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Keypoints
1. Two Martian years of UV dayglow limb observations of oxygen at 130.4 and 135.6
nm; first published results at 135.6 nm since Mariner 6/7.
2. Solar flux cannot fully explain the brightness variations; strong correlation of the
emissions confirms current photochemistry understanding.
3. Emissions mainly arise from direct excitation of O; limb brightness and peak altitude

are strongly modulated by CO, absorption.
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Abstract

We present an overview of two Martian years oxygen dayglow limb observations of the
ultraviolet (UV) emissions at 130.4 nm and 135.6 nm. The data have been collected with the
IUVS instrument on board the MAVEN spacecraft. We use solar flux measurements of EUVM
on board MAVEN to remove the solar induced variation and show the variations of the
maximum limb brightness and altitude with season, SZA and latitude, which reflects the
strong variability of the Martian atmosphere. The 130.4 and 135.6 nm peak brightness and
altitudes are strongly correlated and behave similarly. Both emissions are modeled for
selected data using Monte Carlo codes to calculate emissions arising from electron impact
on O and CO,. Additional radiative transfer calculations are made to analyze the optically
thick 130.4 nm emission. Model atmospheres from the Mars Climate Database serve as
input. Both simulated limb profiles are in good agreement with the observations despite
some deviations. We furthermore show that the observed 130.4 nm brightness is dominated
by resonance scattering of the solar multiplet with a contribution (15-20%) by electron
impact on O. Over 95% of the excitation at 135.6 nm arises from electron impact on O.
Simulations indicate that the limb brightness is dependent on the oxygen and CO, content,
while the peak emission altitude is mainly driven by the CO, content because of absorption
processes. We deduce [0]/[CO,] mixing ratios of 3.1% and 3.0% at 130 km for datasets
collected at Ls=350° in Martian years 32 and 33.
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1 Introduction

The lower Martian atmosphere consists mainly of CO, (e.g. Nier and McElroy, 1977)
with minor contributions of argon, N,, O, and CO. Traces of other species are also present. In
the thermosphere, the highly dynamical intermediate region between the lower atmosphere
and the induced magnetosphere (Bougher et al., 2000), the composition is also governed by
photochemical reactions producing and destroying neutral species and ions. One of them is
neutral atomic oxygen that is produced by photodissociation of CO, (e.g. Barth, 1974) and
which supersedes CO, as the most abundant neutral species above 200 km and up to the
lower exosphere. Already since Mariner 4 radio occultation observations in 1965 atomic
oxygen is known to be a minor constituent in the lower atmosphere (e.g. Donahue, 1966;
McElroy, 1967), where it nevertheless plays a major role in the control of the thermal
structure, also in the CO, dominated region. It contributes to highly efficient cooling of the
Martian atmosphere through collisions with CO, molecules that are hence left in an excited
vibrational state and dissipate their energy through the 15-um thermal emission (Bougher

and Roble, 1991, Bougher et al., 2014).

The first in situ mass spectrometer observations of the Martian atmosphere have
been performed by the two Viking landers in 1976 (Nier and McElroy, 1977) that gave insight
into the composition of the atmosphere. Quantitative analysis of atomic oxygen could,
however, not be performed as oxygen is a highly reactive species and prone to possible
recombination with the instrument surfaces. The Neutral Gas and lon Mass Spectrometer
(NGIMS; Mahaffy et al.,, 2015) onboard the Mars Atmosphere and Volatiles EvolutioN
(MAVEN; Jakosky et al., 2015) now performs routine in situ density measurements down to
145 km in the atmosphere and even down to about 120 km during ‘Deep Dip’ campaigns of
the mission (e.g. Bougher et al., 2017). [0]/[CO;] mixing ratios between 2.2% and 3% at the
lowest measured altitudes have been found on the dayside (Stone et al., 2018). Still, the
derived oxygen densities have an uncertainty of a factor of 2 due to surface recombination
processes (Fox et al.,, 2017). Oxygen densities have also been derived by photochemical
equilibrium calculations using observations of O" from Viking measurements and electron

temperature and density profiles. Hanson et al. (1977) derive an O mixing ratio of 1.5% at
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130 km. Based on photochemical equilibrium calculations of CO,*, Fox and Dalgarno (1979)
find ratios of 1.4% at 120 km and 3% at 130 km. Fox et al. (2017) compare an updated model
with NGIMS ‘Deep Dip’ measurements and find model-derived atomic oxygen densities
larger by a factor of 4 compared to the mass spectrometer results below 155 km. They use
photochemical equilibrium calculations of O, and state that their model’s main uncertainty

is the electron density.

In contrast to in situ observations with mass spectrometers, observation of airglow of
the respective atmospheric constituents with imaging spectrometers is a powerful tool to
probe the atmosphere of a planet with a significant better coverage and down to lower
altitudes. Limb observation of airglow emissions is a standard technique to study altitude
profiles of the chemical species in the atmosphere and its thermal structures and allow
observations at altitudes below the spacecraft periapsis. Emissions from excited O('S), O(*S)
and O(°S) states of atomic oxygen fall into the ultraviolet (UV) range of the dayglow emission
spectrum at 297.2, 130.4 and 135.6 nm respectively. While the O('S) state is largely
produced by CO, dissociation and an exclusive indicator of the CO, density in the lower
thermosphere (~70 km; Gkouvelis et al., 2018), the O(?S) and O(°S) state are expected to be
good proxies of the oxygen content in the thermosphere (Strickland et al., 1972; Stewart et
al.,, 1992). Limb profiles from the latter two excited states show peak brightness in the

thermosphere between 100 and 150 km.

The first observations of the 130.4 and 135.6 nm multiplets were performed with UV
spectrometers during the Mariner 6 and 7 flybys in 1969 and analyzed by Barth (1971),
Thomas (1971), Stewart (1972) and Strickland et al. (1972). They found that resonance
scattering of the solar multiplet is the main contributor to the 130.4 nm resonance triplet
and that the 135.6 nm line doublet is mainly produced by photodissociation of CO,, while
Thomas (1971) concluded that it is mainly produced by photoelectron impact on atomic
oxygen. They furthermore indicate that oxygen densities can be directly derived from the
130.4 nm data under the assumption of a given exospheric temperature plus a given solar
flux at 130.4 nm and derived atomic oxygen mixing ratio of 0.5 to 1% at 135 km. To our
knowledge, these are also the only reported results of 135.6 nm observations in the Martian

atmosphere up to now. Afterwards, observations at 130.4 nm were reported also from
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Mariner 9 (Strickland et al., 1973; Barth, 1974) that orbited Mars from November 1971 until
October 1972. From these data, Strickland et al. (1973) deduced oxygen mixing ratios
between 0.5 and 1% at 135 km. From the comparison of all Mariner data they expect that a
variation of the oxygen density by a factor of 3 or more is not unexpected.

The UV channel of the SPICAM instrument on board Mars Express observed Mars
between 2004 and 2011 and detected the weak signature at 135.6 nm, but no analysis was
published. Leblanc et al. (2006) reported a dependence of the 130.4 nm triplet brightness
and therefore of the oxygen density on the solar zenith angle (SZA), indicating a drop of
oxygen density in the Martian atmosphere by an order of magnitude from SZA interval 14°-
37° to 37°-60°. Chaufray et al. (2009) reported a decrease in the oxygen density by a factor
of 2 between the SZA intervals 20°-55° and 55°-90° from SPICAM observations. Furthermore,

they deduced an oxygen mixing ratio between 0.6 and 1.2%.

With the arrival of the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft
at Mars in 2014 a new era of quasi-continuous airglow observations has begun. At the time
of writing, two full Martian years of data are available covering a large part of the declining
phase of solar cycle 24. The observations encompass various ranges of latitudes and SZA for
the different epochs, providing a much more complete picture of the behavior of the
planet’s atmosphere than ever before. Among other scientific instruments, MAVEN carries
the Imaging Ultraviolet Spectrograph (IUVS, McClintock et al., 2015) that collects spectra in
in the range of 120-340 nm, and the Extreme Ultraviolet Monitor (EUVM, Eparvier et al.,
2015). For the first time, the EUV solar flux is observed while UV dayglow measurements are
being taken, which are driven by the solar flux. Chaufray et al. (2015) presented first results
of 130.4 nm line limb observations from IUVS and used the data to derive atomic oxygen
density in the range of 10’-10% cm™ for temperatures of 200-300 K at an altitude of 200 km
using radiative transfer modeling.

In the present study, we investigate dayglow limb observations of the oxygen FUV
emission multiplets at 130.4 and 135.6 nm by the IUVS instrument and take advantage of
the simultaneous observations of the solar input by EUVM. The limb dayside observations
range from Ls= 217° in Martian Year (MY) 32 to Ls= 192° in MY 34. Due to MAVEN’s orbit

around Mars and alternating operational modes, there is not continuous coverage of the
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dayside and neither continuous limb observations, but IUVS still provides an unprecedented

and extremely rich dataset.

1.1 Emissions from the O(%S) and O(’S) excited states

The 01 *S°-*P transition is an allowed triplet-triplet transition to the ground state
emitting at 130.22, 130.49 and 130.60 nm (here referred to as the 130.4 nm line). As it is an
allowed transition to the P ground state, it is subject to strong resonance scattering, and in
particular the solar 130.4 nm triplet radiation is efficiently scattered (Equation (1)). Hence,
the Martian atmosphere is optically thick at this wavelength, which requires the use of
radiative transfer codes to account for multiple scattering in order to interpret the
observations and link its brightness to the O abundance. Apart from solar irradiation, the
0(3s) state can be excited by direct electron impact on oxygen atoms (Equation (2)) and by
electron dissociation of CO, (Equation (3)), CO and O, that leave a neutral oxygen atom in
the excited state. Resonance scattering is clearly identified as the major contributor to this
emission and other sources play a less important role. Electron impact on CO and especially
on O, can be totally neglected. Even though electron impact on O and CO, are often
neglected as minor sources, these sources now appear to contribute about 15-20% to the
total observed emission rate as will be shown in this study. From those two process, electron
impact on O is the dominant source above ~110 km. Quenching processes plays no role, as

the radiative lifetime of the upper level of the transition is very short, in the order of 10 s.

hvizps + O -> 0(%s) (1)
e+0 -> o(s) + e (2)
e +CO, -> CO+0(%s)+e (3)

The OI °S°-2P transition is a forbidden quintet-triplet transition to the ground state at
135.56 and 135.85 nm (referred to as 135.6 nm line) and features no resonance scattering. It
can be considered optically thin at Mars. The transition is weakly metastable (185 ps, Mason
1990) and therefore does not experience significant quenching at the low pressure levels of
the Martian thermosphere. Possible sources are the same as at 130.4 nm, except for
resonance scattering of the solar radiation: electron impact on O (Equation (4)) and electron

dissociation of CO, (Equation (5)), CO and O,. We will show that — following an update of
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excitation cross sections and modeling — the major source for this emission is indeed
photoelectron impact on O while dissociative excitation of CO, by electron impact remains a
minor source. Electron impact on CO and O, are neglected. Therefore, the produced 135.6
nm emission should be a direct indicator of the oxygen density in the Martian
thermosphere.

e+0 -> o(’S) + e (4)

e +CO, -> CO+0(°S)+e (5)

Photodissociation of CO;, and CO by EUV solar radiation can lead to the production of
oxygen atoms in the O(®S) and O(°S) excited states, but their contribution are expected to be
negligible. Only upper limits of cross sections for the production of O(*S) are known that are
in the order of 10?° cm? at short wavelengths (Gentieu and Mentall, 1973).

Figure 1(a) shows a spectrum of the FUV channel of IUVS featuring the oxygen
emissions. Other prominent features in the figure are for example the dominant Lyman-a
line at 121.6 nm, atomic carbon lines at 127.8, 156.1 and 165.7 nm, a Cll line at 133.5 nm
and several lines of the CO 4™ Positive bands. A more complete list can be found e.g. in
Ajello et al. (2019). Figure 1(b) displays the corresponding limb profiles of the 130.4 nm
(blue) and 135.6 nm (red) emissions. The dots indicate the maximum brightness of each

profile.

2 Observations

The MAVEN spacecraft (Jakosky et al., 2015) orbits Mars on a highly elliptic trajectory
in a 4.5-hour near-polar orbit with an inclination of 75°. The apoapsis altitude is 6250 km and
the periapsis altitude flybys ~160 km. IUVS is one of the eight scientific instruments on board

the spacecraft.

2.1 IUVS observations
IUVS on board MAVEN is capable of observing the Martian upper atmosphere within
a total spectral range of 115-340 nm. This spectral range is divided into a far- and a mid-

ultraviolet (FUV and MUV) channel. The oxygen emissions at 130.4 and 135.5 nm fall into the
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range of the FUV channel. The uncertainty of the absolute calibration in the FUV channel is
currently estimated to £25% (Jain et al., 2015). The spectral resolution of the FUV channel is
~0.6 nm, therefore the two oxygen multiplets are not resolved in this instrument mode. The
echelle channel of IUVS is in principle able to separate the components in the two multiplets
and the study of the individual line components will be exciting future work.

IUVS operates in limb, coronal scan, and disc modes, depending on the orbital phase.
Here, we consider limb observations that cover tangent point (TP) altitudes between 70 and
200 km. The instrument is located on a two-axes gimbal and is equipped with a pivoting
plane mirror that allows scanning and mapping as well as to chose between two different
fields of regard (‘limb’ and ‘nadir’). The combination of those allows the instrument to
observe with a duty cycle of 50-100%, even though the respective spacecraft pointing
requirements of the other instruments onboard MAVEN are normally not compatible with
each other. The entrance slit of the instrument is 11° x 0.06° providing thereby the
instrument field of view. The IUVS array detectors record images that contain spatial
information in one and spectral information in the other dimension. In limb mode, the
entrance slit is parallel to the orbit plane and to the direction of the spacecraft motion. The
mirror reflects the incoming UV light onto the detectors before it rotates to point the field of
regard to a different tangent point altitude in order to record the next spectral-spatial
image. One periapsis limb scan is normally built up of 21 of these images and up to 12
individual limb scans can be taken per orbit. The cadence of the observations in limb mode is
4.8 seconds, with the integration and read-out time being of 4.2 and 0.6 seconds,
respectively.

The IUVS instrumental team provides different levels of data products on the NASA
Planetary Data System (PDS): Level 1A (raw data), level 1B (calibrated data), and level 1C
(processed data). The processed data provides calibrated brightness of individual emission
lines that are obtained through multiple linear regression fits of individual spectral
components that had been identified in laboratory spectra and taking into account the
reflected solar spectrum background (Stevens et al., 2011). The level 1C radiances are
binned onto a defined TP altitude grid with a vertical resolution of 5 km. The IUVS FUV
spectrum shown in Figure 1(a) is the average of 19 individual limb observations, recorded

with tangent point altitudes between 120-140 km above the Martian surface.



246
247
248
249
250
251
252
253
254

255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

Confidential manuscript submitted to JGR — Space Science

2.2 EUVM observations
EUVM on board MAVEN continuously measures the solar EUV flux at Mars using
three different wavelength channels: 0-7 nm, 17-22 nm, and 117-125 nm. From this data the
full solar EUV spectrum is reconstructed (Thiemann et al., 2017) and 1 nm resolution spectra
from 0-190 nm are available on the NASA PDS, for each minute as well as daily averaged
spectra. The total solar 130.4 nm triplet radiance can be extracted from these spectra under
some assumptions and can be employed for modeling (Section 4). We use EUVM model data

Version 11.

2.3 Description of IUVS dataset

At the time of writing, the observations cover almost two full Martian years and
provide an unprecedented dataset, covering various latitude ranges per epoch. The
observations cover the time period from October 2014 till June 2018 corresponding to
Southern summer in MY 32 till Southern summer of MY 34. The data used in this study is
level 1C version 07 and 13. In Figure 1(b) several limb profiles at 130.4 nm (blue) and 135.6
nm (red) are plotted. A dot indicates the peak intensity between 100 and 170 km of each
profile. In the following, mostly this peak intensity and the corresponding TP altitude (in the
following only referred to as altitude) are used for analysis.

Note that for the optically thin 135.6 nm profile, the brightness peak altitude is a
good approximation for the peak of the actual emission rate, the profile resembles a
Chapman layer and the scale heights are relatively small. On the other hand, at 130.4 nm,
the atmosphere is optically thick, meaning that the instrument observes the optically thick
source function, which is attenuated exponentially by the scattering of the oxygen atoms
and also by the absorption of CO,. The observer does not see much farther than a distance
corresponding to unity optical depth (t = 1), hence the observed brightness peak and its
altitudes are more spread than at 135.6 nm. Also the topside scale height is significantly
larger. The brightness at 135.6 nm is generally lower than at 130.4 nm, but the altitude of

the peak emissions is comparable.

Figure 2 gives an overview of the available periapsis limb dataset observed on the

dayside with SZA < 75° and with the condition that at least 6 data points have been recorded
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within an altitude range of 115-155 km. Additionally, only limb profiles are considered that
show an intensity larger than 0.1 kR in both emissions in the peak altitude region. The plot is
divided into three different latitude ranges, each covering 60°, for which the maximum
intensity of each 130.4 nm limb scan is plotted versus the orbit number. The upper x-axis
gives the Martian season in solar longitude Ls and the MY. The color code indicates the local
time (LT) of the respective scan, binned in 2 hours intervals during daytime and 6 hours
intervals for nighttime. Nighttime observations have SZAs below 75° only close to the
respective summer pole. Note that not all individual data points are visible due to

overlapping.

The brightness varies significantly throughout the observational period, especially in
the first phase of the mission when observed intensities were higher on average than later.
The observed variations depend on the season, solar flux, SZA and latitude. We attempt to
remove these dependencies in first order in the next paragraph by limiting the SZA range
and normalizing the brightness by the solar flux. We will furthermore show the dependence
on the SZA for different latitude intervals. The brightness distribution at 135.6 nm looks

similar to that of Figure 2 (see supplementary material, Figure S1).

The peak altitude of the individual scans at 130.4 nm is shown in Figure 3(a). The data
are displayed as a histogram due to the altitude resolution of 5 km, which would make it
difficult to observe trends in a simple scatter plot. The data is binned into a grid of 5 km
altitude versus 100 orbits per pixel. It should be noted that in this figure, all local times and
latitudes are included. Nevertheless, a clear variation of the peak altitude with time is seen
with altitude minima around Mars apoapsis and maxima around periapsis. The majority of
the peak intensity altitudes fall into the range between 115-150 km. The altitude variation at
135.6 nm (Figure 3(b)) is very similar, but the 135.6 nm peak emission altitude appears more

confined in its distribution.

10
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3 Data analysis

3.1 Normalization by solar flux

Interpretation of previous Martian airglow observations had to rely on solar
measurements made close to Earth that required taking into account the relative positions
of Mars, Earth and the Sun, the distance of Mars to the Sun and the solar rotation. These
factors naturally introduce a varying and possibly large uncertainty. Hence, direct
dependences on proxies such as the F10.7 index or using the solar 130.4 nm flux observed
from Earth orbit for modeling of the 130.4 nm oxygen line in the Martian atmosphere were
possible only to some extent. With the availability of the EUVM instrument in Mars orbit,
providing solar flux measurements and extrapolated solar, these uncertainties reduce to
instrument calibration uncertainties. In the following, we investigate the direct dependence
of the 130.4 and 135.6 nm lines on the solar flux by normalizing the brightness of both
emissions by their respective solar forcing.

The brightness at 135.6 nm are normalized by the measured EUV flux in the following
way: the energy per spectral bin given by the EUVM data is converted to the total number of
photons that is able to produce photoelectrons and to furthermore excite the upper state of
the O(°S) emission. This includes all wavelengths between 10 nm and 55 nm, which
corresponds approximately to the ionization energy of CO, (13.7 eV) and O (13.6 eV), plus
the energy needed to leave the oxygen atom in the O(°S) excited state of 9.14 eV (=135.6
nm). The EUV flux below 10 nm has been excluded, as these photons deposit their energy
deep in the atmosphere and hence do not have a significant effect on the peak intensities.
The 135.6 nm brightness is divided by the resulting number of photons. Additionally, the
number of photons in the solar 130.4 nm triplet is calculated from the EUVM measurements.
The brightness at 130.4 nm is divided by a weighted combination of the EUV photons (15%)
and the solar 130.4 nm photons (85%). The amount of the contribution from each part
comes from the model results that are discussed in Section 5.

Figure 4(a) shows the maximum brightness of each profile versus the orbit number
for all data with SZA < 40°. Blue corresponds to the brightness at 130.4 nm and red to the
brightness at 135.6 nm. In Figure 4(b), the brightness is normalized by the solar flux as
described above and Figure 4(c) shows the solar 130.4 nm triplet flux in blue, the integrated

EUV flux up to 55 nm in red and the distance from Mars to the Sun in black. EUVM

11
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observations are continuous, but only data that corresponds to the full IUVS dataset
discussed here is plotted.

The observational period covers almost the complete descending phase of solar cycle
24, as can be seen in the downward trend of the solar flux intensity. This trend is overlaid by
the yearly variation due to the changing Mars-Sun distance and, on a smaller scale, the solar
rotation. It should be noted that the ratio between the EUV flux shown in the figure and the
solar 130.4 nm line flux is not a constant, as the solar spectrum is more variable throughout
the solar cycle at shorter wavelength and more constant towards longer wavelengths

(Woods et al., 2015).

The normalization by the solar flux removes some of the variation, for example the
highest observed intensities at the beginning of the mission are rather average after
normalization. Nevertheless, the resulting intensity distribution is far from being constant
and is still surprisingly complex. Strickland et al. (1973) already noted that they could not see
a direct correlation between the F10.7 solar activity index and their derived oxygen intensity.
Obviously, the atmosphere itself changes significantly with time. Correlation of the
brightness at 135.6 nm with the EUV flux shows that 79% of the variation in the brightness
can be explained by variation in the solar flux. At 130.4 nm, taking into account 15% of the
EUV flux and 85% of the solar 130.4 nm flux, it is 73%. Also interesting is the intensity
increase around orbit 5000. It is (i) stronger at 130.4 nm than at 135.6 nm and (ii) even more
pronounced after the division by the solar flux. This feature is not related to an SZA
dependence or observational bias towards the SZA and coincides with the ending phase of
the dust storm period. The approximate same period one MY before, however, does not

seem to reproduce this behavior.

3.2 Correlation of peak intensities and altitudes of 130.4 and 135.6 nm lines
As discussed, the excitation of the O(®S) and O(’S) excited states of oxygen are, apart
from solar forcing, mainly dependent on the oxygen content in the atmosphere and to some
extend on CO,. Hence, a correlation between the intensities of the two corresponding
emissions at 130.4 and 135.6 nm can be expected. Figure 5(a) shows the maximum

brightness at 135.6 nm versus the brightness at 130.4 nm. A clear correlation is visible,

12



367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

394
395
396
397

Confidential manuscript submitted to JGR — Space Science

which appears even more confined in Figure 5(b), where the brightness is normalized by the
solar flux in the way described above. The corresponding correlation coefficients are 0.8 for
the original and 0.75 for the flux-normalized distribution, while the reduced x* for a linear fit
are 112.7 and 5.5, respectively. The slope of the linear regression curve in panel (a) indicates
that the brightness at 130.4 nm is on average more than twice as large as brightness at 135.6
nm.

When binning the data into 90° Ls intervals, this ratio ranges from 0.3 to 0.47 with
correlation coefficients between 0.7 and 0.85 (compare Figure S2). The ratio trend follows
well the changes in the solar flux at EUV wavelengths below 55 nm and the solar oxygen
130.4 nm line. There is no clear dependence on any other parameter like the solar longitude
or latitude. A trend with respect to the SZA can be seen in the sense that lower intensity
values of both lines are related to higher SZA, as it is expected and shown later.

The yellow triangles and blue filled circles represent the datasets that will be
discussed in Section 3.4. The triangles are part of the population that is spread-out above
the regression curve in Figure 5(a) and move almost exactly onto the curve after flux
normalization (Figure 5(b)). During the time of observation of this specific dataset (Ls= 350,
MY 32), the solar EUV flux was larger compared to the solar 130.4 nm flux than for the blue
dataset (Ls= 350, MY 33). Hence, the 135.6 nm brightness is enhanced in the MY 32 dataset
compared to the later one.

Figure 5(c) shows the peak brightness altitude of the two oxygen emissions plotted
versus each other in a 5 km binning. The solar flux has no direct influence on the altitude of
the peak emission. The peak altitudes at 135.6 nm and at 130.4 nm coincide almost
perfectly, the 135.6 nm limb profiles peak appears on average slightly (but less than 5 km)
lower than the ones at 130.4 nm. The brightness peaks at about 120 to 125 km. The peak
altitude variation at 130.4 nm is larger than the variation at 135.6 nm. No clear correlation is

observed between the intensity (non- as well as flux-normalized) and the altitude.

3.3 Dependence of the peak brightness on the SZA
Figure 6 shows the dependence of the solar flux normalized peak brightness at 130.4
nm with respect to SZA for three Martian years, MY 32 (blue), MY 33 (black) and MY 34

(green). The panels of the figure show in each row latitude intervals of 30° each, going from

13



398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429

Confidential manuscript submitted to JGR — Space Science

North to South, and in each column Ls intervals of 90°. The plotted data do not distinguish
specifically between local times. For a Chapman-like layer like the 135.6 nm emission, a
dependence proportional to cos(SZA) is expected, since the photoelectron production
decreases linearly with decreasing solar flux. Also, at 130.4 nm a decrease of the brightness
with SZA is expected, as because of the optical thickness solar photons can be scattered
before reaching large SZA due to the slant atomic oxygen density. Any deviation from this in
the flux-normalized data is then due to atmospheric changes.

Towards higher latitudes, the drop in intensity with SZA is strongly pronounced. The
trend is still visible at lower latitudes, but the distributions are not as confined. This might be
an observational bias, as there are more data points within the low latitude datasets. In the
following we briefly compare the data taken during the same Martian season but in different
Martian years.

Ls 180°-270°, Northern hemisphere autumn equinox to Northern hemisphere winter
solstice: This period includes perihelion at Ls= 251° and usually marks the beginning of the
dust storm season. There are very few data points for MY 32, but they coincide well with the
data from MY 33 in the Northern hemisphere, as well as the MY 33 data coincides well with
the data from MY 34 in the Southern hemisphere. In MY 33 at Southern latitudes (30°-60°)
two populations are visible that correspond to different local time. The fewer data points
with lower intensity that cover a larger SZA range were recorded in the morning, while the
other data were taken in the afternoon. This hints to a morning-afternoon asymmetry that
was observed by Stewart et al. (1992) in Mariner 9 nadir observations and will be
investigated in more detail in a follow-up study.

Ls 270°-360°, Northern winter solstice to Northern Spring equinox: The flux-
normalized peak brightness in MY 32 is strongly enhanced compared to their counterparts in
MY 33 at equatorial latitudes and SZA around 60°. At the moment, we cannot explain this
feature, but it is likely not a true SZA dependence, but rather a localized seasonal effect. This
feature is much more pronounced in the non flux-normalized data and corresponds to the
Southern summer in MY 32 in the Southern hemisphere close to the equator. While for MY
32 the explicit data coverage for this Ls interval is from 310° to 350° — and therefore
coinciding with observed dust in the atmosphere (Montabone et al., 2015) — the data from
MY 33 has been recorded between 340° and 360° solar longitude and does therefore not

capture the peak of the dust season, but only parts of its end. Hence, it is likely that this
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enhancement around SZA = 60° is caused by dust in the atmosphere. It requires, however,
further analysis.

Ls 0°-90°, Northern spring equinox to Northern summer solstice: Again, the earlier
dataset (now MY 33) shows higher brightness compared to the following year (MY 34), even
though the enhancement is not as strong as for the precedent datasets. Also the increased
feature at SZA = 60° is still visible. Intensities within this period are on average slightly higher
than in other epochs.

Ls 90°-180°, Northern summer solstice to Northern autumn equinox: For MY 33
mainly the Northern hemisphere is covered by the observations, while for MY 34 more
observations have been done in the Southern hemisphere. In the overlapping region close to
the equator in the Northern hemisphere, the intensities overlap well, even though the MY

34 brightness are slightly lower.

Note that caution has to be taken when drawing conclusions from this comparison.
The Lsinterval separation might be the same, but the observational coverage within every Ls

interval is different for different MYs, as has been partly discussed above.

The behavior of the brightness of the two oxygen lines is very similar, but the
dependence on the SZA seems to be less pronounced at 135.6 nm (Figures S3, S4, and S5).
Additionally, in certain time periods differences are visible: Ls 0°-90° in MY 33: in Southern
latitudes, the 130.4 nm intensity decreases strictly and confined with increasing SZA. For the
135.6 nm line this behavior can be seen as well, but the scatter is much larger. The same is
true for Ls 270°-360°, MY 33, where the 130.4 nm brightness shows a strongly confined
decrease at high SZAs at the Southern pole region. In contrast, at the same Southern latitude
interval, the situation is reversed for the two lines in dataset 180°-270°, MY 33, just before
the observations of the previously described dataset. Here, the brightness at 130.4 nm
shows a widespread and almost constant behavior towards high SZAs, while the 135.6 nm

line follows the expected trends.
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3.4 Mean profiles

The individual limb profiles are quite variable and clearly represent a snapshot of the
atmospheric conditions at the time of the observation. In order to provide a more qualitative
analysis of the data and to investigate how the atmosphere changes with varying
observational parameters, we create mean profiles from several individual limb profiles. A
narrow range of observational parameters (Ls, SZA, latitude) is selected and all limb profiles
corresponding to these conditions are bundled. In the following, we present two example
datasets falling into the end of MY 32 (triangles, Figure 5) and MY 33 (filled circles), both at
Ls= 350° and in the Southern hemisphere at about -16° latitude. They each contain scans
with similar SZAs, but cover different local times: in MY 32 the morning is observed while in
MY 33 the early afternoon is captured. Table 1 gives the overview of the parameters of the
two samples. The samples reflect interesting Southern summer conditions, just in the
declining phase of the dust storms of the respective year. They have been chosen, as they
are one of the few ‘observational condition sets’ that could be found to be very similar for
two different MYs. Even though MAVEN/IUVS provides an unprecedented quasi-continuous
dataset, and keeps filling in gaps in Ls, latitude and SZA, the combination of these three
parameters is naturally complex and the same conditions have rarely been caught yet twice
throughout the mission.

Figure 7 shows the sets of limb profiles for the two MYs, blue lines representing
130.4 nm limb profiles, while 135.6 nm limb scans are plotted in red. Top panels refer to MY
32, bottom panels to MY 33. The mean of all brightness profiles and the corresponding
standard deviation are calculated in every 5 km altitude bin and shown by the black dots and
+1-0 horizontal bars. Again, the topside scale heights of the two emissions are notably
different and conspicuously larger for the optically thick 130.4 nm triplet (199 km for MY 32
and 258 km for MY 33) and small for the optically thin 135.6 nm doublet (24 km for both
datasets). The vertical profiles of both lines change significantly from one year to the other,
in peak brightness as well as in peak altitude. However, within each dataset the profiles
clearly represent a homogeneous group allowing the creation of meaningful average
profiles, which will be compared to the corresponding modeling results in Section 5. In order
to obtain the peak brightness and altitude with a resolution of 1 km, we fit the vertical
profile with a polynomial near the peak altitude following Gkouvelis et al. (2018). The fit

results are also listed in Table 1.
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The 130.4 nm brightness dropped by 30% from MY 32 to MY 33 for the given
conditions, while the 135.6 nm brightness decreased by about 45%. As for the peak altitude,
the 130.4 nm emission in MY 33 deviates to higher altitudes compared to the previous year,

while it remains almost unchanged at 135.6 nm.

4 Model description

4.1 Model inputs

4.1.1 Model atmospheres

We use the Mars Climate Database (MCD) Version 5.3 (Millour et al., 2009, 2017)
which is based on the LMD model (Forget et al., 1999; Gonzalez-Galindo et al., 2009, 2015)
to extract model atmospheres providing the respective altitude distribution of the main
neutral constituents, depending on season, local time, latitude and solar activity. At the time
of writing, the MCD covers climate conditions for the individual MYs 24-33 accounting for
the respective EUV and dust scenarios. The dust scenario properties are based on
measurements and modeling (Montabone et al., 2015).

Figure 8 shows the density profiles for the atmospheric species related to the oxygen
photochemistry (CO,, O, CO and O,) that were extracted from the MCD. The solid lines refer
to the conditions of the previously introduced dataset for MY 32 at Ls= 350° and the dashed
lines to one MY later (second dataset). It is clearly visible that density and temperature
profiles, and therefore the density profile scale heights, have decreased as a result of the

declining solar cycle.

4.1.2 Solar flux from EUVM
We generate average solar flux EUV spectra from the daily averaged data provided
on the NASA PDS. Only dates that correspond to the selected limb profiles are used as input
for the models. The solar 130.4 nm line intensity serving as one of the inputs for the
radiative transfer code is produced following the same averaging procedure. Since the EUVM
data are provided in 1 nm intervals, only a fraction of the solar flux in the interval from 129.5

nm to 131.5 nm corresponds to the 130.4 nm multiplet. This fraction is calculated to 0.77 of
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the full interval, after an estimate based on the high-resolution solar spectrum by the SOHO-
SUMER instrument (Curdt et al., 2001). We have no knowledge how this fraction might

change with time and assume it therefore to be constant.

4.1.3 Excitation and absorption cross sections

Compared to previous studies, some cross sections for the reactions of
photoelectrons with atmospheric constituents have been updated. We discuss here briefly
which cross sections are used for the calculations.

e + O The cross sections for electron impact on oxygen are derived from the
analytical formula and parameters given in Green and Stolarski (1972) and Jackman et al.
(1977) using the GLOW code (https://www?2.hao.ucar.edu/modeling/glow/code). For the
130.4 nm triplet, the maximum of the cross section is 17.2 x 10™® cm? at an electron energy
of 20 eV and in good agreement (within £10%) with the values from Zipf and Erdman (1985)
and Johnson et al. (2003). For the 135.6 nm doublet, we scale the cross section by a factor
of 0.78 in order to make it comparable to values from Zipf and Erdman (1985). The
maximum cross section at 16 eV results then in 8.9 x 107® cm”.

e + CO, For the electron impact on CO; resulting in 130.4 nm emission, the cross
section from Mumma et al. (1972) is adapted with a scaling factor of 0.61 as suggested by
Itikawa (2002), resulting in a maximum value of 6.1 x 10™*® cm? at 115 eV. This value is then
in very good agreement with the latest measurements by Ajello et al. (2019), that provide
new results at 30 eV and at 100 eV, even though the value at 30 eV is about 30% higher in
the Ajello measurement than in the scaled Mumma cross section. The shape of the cross
section at 135.6 nm has been measured by Ajello (1971b) and is now rescaled by a factor of
0.18, taking into account the measurements by Ajello et al. (2019). The electron impact
excitation cross section reaches a maximum value of 1.9 x 10™"° cm” at 115 eV.

e + CO Electron impact on CO resulting in the O(3S) and O(°S) exited states is
neglected in the current study as cross sections (Ajello, 1971a) and CO densities are small.
The peak cross section for the 130.4 nm triplet at 110 eV amounts to 8.0 x 10™*° cm? and the
cross section for the 135.6 nm doublet is estimated to be smaller by a factor of 0.85 (6.8 x
10" cm? at 100 eV). According to Ajello et al. (2019) the cross section for the O(%S)

production (130.4 nm) is slightly higher (8.8 x 10™*® cm? at 100 eV), but even significantly
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lower for the O(°S) state (135.6 nm): 1.8 x 10™° cm? at 100 eV. The values are therefore
comparable with the cross sections for electron impact on CO,, but at the respective
altitudes between 100 and 150 km, the CO density is at least an order of magnitude smaller
than the CO, density. Also, the contribution by electron impact on CO; is already a minor
source for both oxygen lines, so that the CO-impact source can safely be ignored.

e + 0, The cross section for electron impact on O, is 11.4 times less than the one for
electron impact on oxygen for the 130.4 nm line (Stone and Zipf, 1974). The cross section for
the 135.6 nm emission is not known, but is most likely even smaller. Furthermore, the O,
density is about two orders of magnitude lower than the CO, density; hence, we neglect this
process here for both emissions.

Absorption by CO, During the modeling process, absorption processes due to CO,
must be considered. Firstly, the solar flux is accordingly attenuated as it penetrates the
Martian atmosphere and secondly, when integrating the emissions from the O(?S) and O(°S)
excited states, the CO, content along the line of sight is taken into account. The CO,
absorption cross section is rather large at EUV wavelengths below 100 nm that produce the
photoelectrons (in the order of a few 10" ecm?, Huebner et al., 1992) and the solar flux at
these wavelengths is normally fully absorbed at altitudes below 70 km. On the other hand,
the CO, absorption cross section values at 130.4 and 135.6 nm are small. Still, they
contribute significantly to the characteristics of the observed limb profile (Section 5.1). At
these wavelengths, the high resolution cross sections from Venot et al. (2018) at 150 K are
being used: 1.14 x 10 cm? (130.22 nm), 6.77 x 10" cm? (130.49 nm), 5.93 x 10*° cm?
(130.60 nm), 5.3 x 10" cm? (135.56 nm), 8.85 x 10™*° cm? (135.85 nm). For a cross section of

1 x 10 cm? the vertical optical depth for absorption by CO, becomes unity at 105 km.

4.2 Models

4.2.1 Monte Carlo code
Monte Carlo simulation for the calculation of the photoelectron production by the
solar EUV flux penetrating the model atmosphere are used in this study. The resulting
photoelectron spectrum is a function of altitude between 400 and 60 km above the surface
with a spatial resolution of 2 km between 60 and 190 km and 5 km between 190 and 400

km. Calculations of the collisional sources are based on the Direct Simulation Monte Carlo
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(DSMC) method that has been developed to calculate the brightness profiles of emissions of
the Earth, Jupiter, Saturn, Venus and Mars atmospheres (Shematovich et al. 2008; Gérard et
al., 2008). Collisional excitation rates including photoelectron impact and photodissociation
in combination with the respective atmospheric densities are calculated. Finally, the total
volume production rates are obtained as a function of altitude, which is integrated along the

line of sight to simulate limb observations in the optically thin case.

4.2.2 Radiative transfer code

For the 130.4 nm triplet we combine the photoelectron volume excitation rates of
the O(?S) state from the Monte Carlo code with calculations for the production rate from the
solar 130.4 nm line. The line shape of the solar triplet is taken from Gladstone (1992) and is
normalized using on the reconstructed solar spectra based on the EUVM measurements as
described before. For these two sources we employ the REDISTER radiative transfer code
from Gladstone (1985) and calculate the effects of multiple scattering including angle-
averaged partial frequency redistribution. This allows photons to escape an optically thick
atmosphere by scattering in frequency from the core of the line into the optically thin line
wings. The cascading contribution from upper levels is taken into account by using the
‘optically thick’ cross sections from Zipf and Erdman (1985). The population of the ground
state sublevels is assumed to be proportional to the degeneracy of the sublevels, i.e. to 2J+1,
with J = 2, 1 and 0 for 130.2, 130.5 and 130.6 nm, respectively. This is equivalent to a
thermal distribution as shown by Hubert et al. (2015) for the Earth. Furthermore Rayleigh
scattering is included with its cross section is derived from the polarizability of the CO,
molecule. Instead of using g-factors in the calculations, the scattering of the solar radiation is
explicitly taken into account by the radiative transfer code, thus giving internally the primary
source of photons due to scattering of the solar flux. The modeling methodology that we use
is indeed similar to the one followed by Hubert et al. (2010) for the upper atmosphere of
planet Venus, except that we can take advantage of the direct measurement of the solar
EUV flux. The resulting optically thick source function, again, is integrated along the line of
sight applying the formal solution of radiative transfer in order to obtain limb profiles. The
atmosphere becomes optically thick (t > 1) at the respective line centers (130.2, 130.5 and

130.6 nm) below approximately 270, 255 and 215 km (MY 32) and below 240, 225 and 195
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km (MY 33). At 130 km altitude it reaches an optical depth of t = 89, 53 and 18 for the
atmosphere of MY 32. The corresponding values for MY 33 are t=52, 31 and 10.

5 Modeling the observations

In order to better understand how the two oxygen emissions respond to changes in the
atmospheric density profiles, the temperature profiles and the solar flux, we perform
sensitivity tests. It is understood that the density profiles of the atmospheric constituents
and the temperature profile are strongly linked and not independent of each other. Hence,
the results of the sensitivity tests should not be interpreted in absolute values, but rather
tendencies in the behavior of the observed peak brightness and altitude of the two oxygen

multiplets can be derived.

5.1 Sensitivity to atmospheric constituents

For the sensitivity tests, the atmosphere of MY 32 (Figure 8, solid lines) is used and
oxygen and CO, densities are scaled individually, while the densities of all other atmospheric
constituents are being kept. These two species are considered to be the dominant
contributors to emission and/or absorption of the two lines. Additionally, all atmospheric
constituents are scaled with the same factor. The changes in the peak brightness and its
altitude are investigated. Figure 9 shows the results. Top panels display the respective peak
brightness in kR as a function of the atmospheric scaling factor, while bottom panels show
the corresponding dependence of the peak brightness altitude. The red solid line represents
the total brightness at 135.6 nm, which is the sum of the electron-impact contribution on O
and CO,. The blue dashed-dotted line is the contribution of electron impact on O and CO,; to
the 130.4 nm brightness and the dashed line the contribution resulting from the resonance
scattering of the solar 130.4 nm flux and subsequent radiative transfer. The solid blue line
shows the sum of both contributions. For comparison, the peak brightness and peak
brightness altitude of the corresponding mean profile (Figure 7(a,b), Table 1) is added to the
plots as data points at scaling factor unity. Note that the ‘steps’ in the altitude dependence
of the emission is due to the spatial resolution of the model atmosphere, which is

approximately 2 km at these altitudes.
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Oxygen density (Figure 9(a,f)): As expected for an optically thin emission, the
brightness at 135.6 nm rises almost linearly with increasing oxygen content. At 130.4 nm,
this dependence is much less linear, but it is not as flat as expected for an optically thick
emission. This is contrary to the assumption that the 130.4 nm triplet brightness is rather
insensitive to the oxygen abundance (e.g. Strickland et al, 1973). The extended optically thin
wings of the line triplet are likely to contribute significantly to the brightness at the peak, as
has been suggested by Gladstone (1988) for the Earth and by Chaufray et al. (2015) for Mars.
At higher altitudes, where the contribution of the optically thick line core is more dominant
compared to the wings, the brightness increase with O density increase should be smaller.
Notable is also that with increasing oxygen density the photoelectron-impact contribution
becomes more important compared to resonance scattering. For the shown example
atmosphere, the contribution rises from 18% for no scaling to 33% for a scaling factor of 4.
Our understanding is that the solar contribution remains largely determined by the solar flux
and is therefore less sensitive to the oxygen density, while the electron-impact excitation
rate is proportional to the number of electron-oxygen collisions that occur per second.
Hence, increasing the oxygen density increases the primary input of emitted photons into
the system, resulting in a near linear dependence.

The altitude dependence of both lines is rather flat indicating that the oxygen
abundance has almost no influence on the observed peak altitude. This can be also seen
implicitly in the 130.4 nm study by Chaufray et al. (2015, Figure 3). Again, the extended
optically thin line wings at 130.4 nm could explain the extremely weak dependence on the
peak brightness altitude. The slight decrease in altitude at 130.4 nm is most likely owed by
the changing importance of the two contributions (resonance scattering and electron
impact) whose primary source functions peak at slightly different altitudes, and also by the
different scale height of these source functions. This is then smeared out by the radiative
transfer, which allows the observer only to penetrate the atmosphere to distances that
correspond approximately to where the optical depth becomes unity. These results show
also the difficulty and complexity of interpreting optically thick emissions, especially so close

to the homopause of the atmosphere.
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CO, density (Figure 9(b,g)): With increasing CO, density, the peak brightness of both
oxygen emissions decreases. This is (i) due to absorption of the penetrating solar light at EUV
and 130.4 nm wavelengths, which results in lower production rates and (ii) because of the
absorption at 130.4 and 135.6 nm along the line of sight of the observer.

This effect also strongly influences the observed altitude of the peak intensity that
increases significantly with increasing CO, density, since photons produced deep inside of
the atmosphere are unable to reach any instrument located at high altitude. The solar flux
cannot penetrate as deep into the atmosphere, so that the photoelectrons are produced at
higher altitude. The emission is additionally cut on the lower end by the absorption of the
denser CO, atmosphere below. Hence, the altitude of the observed brightness peak can be
used as an indicator for the CO, density rather than the oxygen density. The observed range
of peak altitudes (Figure 3) indicates that the CO, density changes by factors larger than 5
within a MY.

All atmospheric constituents (Figure 9(c,h)): At first glance the combined
effects of the changes in the oxygen and CO, density appear as a superposition of the effects
to the peak intensity and altitude as described before. The brightness increases with
increasing atmosphere density, but the attenuation by CO, diminishes the magnitude. The
altitude behaves like for the CO, scaling, as the oxygen density has almost no influence.
Caution should be taken when interpreting these results though, as the simple scaling of the
atmospheric constituents leads to different changes in the atmosphere, due to the different
scale height of O and CO,: both species do not experience the same temperature profile
with the same scaling factor. Tests with isothermal temperature profiles show, however,

that this effect is not very strong.

5.2 Dependence on the temperature profile
The temperature profile of the atmosphere defines the scale height of the vertical O
and CO, density profiles. It is assumed to be isothermal in the exosphere (above ~200 km)
and influences the Doppler width in the radiative transfer model that grows with increasing

temperature. Chaufray et al. (2009) found an increase in brightness at 130.4 nm with
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increasing exospheric temperature at high altitudes (above 250 km) and at the same time a
decrease at lower altitudes. The temperature profiles below the exobase are rather complex
and rapidly changing in the region of the observed peak emission (Figure 8(b)). In order to
simplify, we apply isothermal temperature profiles between 150 and 350 K for the sensitivity
study. This means running the simulations without changing the density profiles of the
atmospheric components, but only modifying the temperature profile to a constant profile
of one temperature at a time. This is obviously not ‘physical’ and a change of the
temperature profile influences the scale height of the atmospheric constituents (see also
discussion on scale height in Section 5.4), but this approach shall only demonstrate general
dependencies. The results are shown in Figure 9(d). As reported by Chaufray et al. (2009),
the peak brightness at 130.4 nm decreases slightly with increasing temperature, but not at
135.6 nm. The peak brightness altitude, however, does not show any change within the
tested parameter range and is therefore not displayed. The changes in brightness can be
almost neglected compared to the effects of changing atmospheric constituents and also

compared to the changes induced by the solar flux variability.

5.3 Dependence on the solar flux

The solar flux at Mars varies over the course of the collected dataset by +60% for the
EUV and a bit less for the solar 130.4 nm line due to the solar cycle and the varying Sun-Mars
distance. The dependence of both lines on the solar flux is strictly linear as seen in Figure
9(e). The solar flux here is scaled the same for all wavelengths even though we know that
the changes in the solar spectrum are wavelength-dependent to some extent. For the
example atmosphere, the variations in the solar flux can infer brightness changes as large as
0.4 kR at 135.6 nm and +0.65 kR at 130.4 nm. This order of magnitude roughly covers the
brightness changes observed during the mission up to now. Note, however, that this is
without taking into account the effect of the SZA meaning that the changes in the solar flux
cannot fully explain the changes in the observed oxygen dayglow brightness. As seen before,
it explains about 70-80% of the changes. The resulting variations then, indeed, reflect
changes in the atmospheric structure and composition.

The solar energy injected into the Martian atmosphere modulates the atmospheric

structure (Bougher et al., 2017), but other than that it has no direct influence on the altitude
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of the observed peak, at least within a reasonable range of variation. A significant
modification of the balance between electron-impact sources and the resonance scattering
of the solar line source of photons could lead to a modification of the peak altitude at 130.4
nm. This, however, would be more likely to happen if the flux scaling were made

wavelength-dependent.

5.4 Modeling individual cases

The results of modeling the two datasets shown in Figure 7 are displayed in Figure
10. Panel (a) shows the results for the dataset taken in MY 32 and panel (b) for the dataset
taken in MY 33. As before, results at 130.4 nm are shown in blue and at 135.6 nm in red. The
data is given as filled circles with the 1-o variation of the respective dataset as horizontal
bars. The model result of the total brightness is represented by the solid lines, which is the
sum of a main contribution (dashed line) and a minor contribution (dashed-dotted line). At
130.4 nm, the major contribution arises from resonance scattering of the 130.4 nm solar flux
and the minor contribution results from electron impact on O and CO,. Electron impact on
oxygen is by far the dominant source at 135.6 nm with only very little contribution of
electron impact on CO,. The modeled and observed peak brightness and altitude results of

the model are given in Table 1.

Peak brightness: At the peak altitude of the model simulations, the contribution of
solar flux to the 130.4 nm triplet brightness is 80% for the first dataset (a) and the remaining
20% result from photoelectron impact. For the second dataset (b), this ratio is 84% to 16%.
The latter ratio has been used for the flux normalization that was discussed earlier. For the
peak brightness of the 135.6 nm doublet, electron impact on O contributes 96% for MY 32
and 94% for MY 33 of the total emission for both datasets, making the contribution of
electron impact on CO, rather negligible. Except for the 130.4 nm brightness in MY 33 (+4%),
the model results seem to slightly underestimate (-5%) the observed brightness. However,
given the excitation cross section uncertainties and the combined uncertainty of the
absolute calibration of the IUVS detector and the EUVM instrument as well as in the model
atmospheres, these results are in excellent agreement and well within the variability of the

dataset.
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Comparing the two datasets, the brightness at 130.4 nm decreases by 30% from MY
32 to MY 33 for the given dataset, while at 135.6 nm it drops by about 45%. The ratio of the
peak brightness of the two oxygen lines changes from 0.59 to 0.46. The model atmospheres
show a 34% decrease in the CO, density and a 43% decrease in the atomic oxygen density at
130 km, which is in good agreement with the calculated intensity changes. Regarding the
solar input, the average solar flux between 0-55 nm drops by 39% and the flux in the solar

130.4 nm line by 6% with respect to the MY before.

Peak altitude: For the definition of the altitude grid, IUVS uses the IAU reference
ellipsoid with equatorial radius = 3396.19 km and average polar radius = 3376.20 km (NASA
PDS) and the MCD was run with a reference radius of 3396 km. The altitudes were then
converted to the IAU ellipsoid. For the MY 32 dataset, the observed limb peak altitude at
130.4 nm is extremely well reproduced by the model within the uncertainties. The offset is
larger for the dataset of MY 33, in which the fitted observed limb profile reaches its
maximum about 5 km above the model maximum. The brightness at 135.6 nm peaks in the
IUVS observations about 3 km below the model for the first and 3 km above the model for
the second dataset. The vertical resolution of the MCD at these altitudes is 2 km.

In contrast to the peak brightness, the observed peak altitude is not dependent on
the absolute calibration of IUVS and EUVM. It depends on the atmospheric densities and the
CO, absorption cross sections. The cross sections are the same for both model runs. As the
optically thin emission at 135.6 nm is easier to interpret, we rely on the oxygen doublet
results for a tentative scaling of the atmospheric components in order to match the model to
the observations. Note that for this scaling and the derived results, we do not modify the
temperature profile of the MCD atmospheres, which would be beyond the scope of this
study. The atmospheric densities of the MCD are scaled by a factor of 0.7 in order to match
the altitude, and the oxygen density is afterwards increased by a factor of 1.1 in order to
match the intensity. These changes lead to a good agreement of the 130.4 nm brightness as
well, while the model limb profile will peak 2 km below the IUVS observations. In order to
match the peak altitudes for MY 33, an increase in the atmospheric density by 1.5 would be
required, with a subsequent increase of the oxygen density by 20%. This will, however,

overestimate the brightness at 130.4 to outside the variability of the dataset.
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Scale height: The observed 135.6 nm intensity nicely follows a Chapman layer and its
topside scale height is well reproduced by the model especially for the first dataset. The
scale heights of the IUVS observations are about 24 km and of the model results 23 km for
MY 32 and 20 km for MY 33. Contrarily, at 130.4 nm, a change in the scale height can be
seen at altitudes between 160 and 180 km, where the model scale height deviates from the
observed mean profile. The model therefore underestimates the observed scale height
significantly with about 155 km in the model to 199 km in the observations in MY 32 and 133
km to 256 km in MY 33. During the study, this change in scale height has been observed in
many of the produced mean profiles. The model is not able to reproduce this characteristic,
as it includes no process that would cause this feature. Reasons for this scale height change
may include a hot oxygen population, which is currently not considered in the model and is
also not expected at these altitudes, but has been observed at much higher altitudes (~500
km, Deighan et al.,, 2015). The corresponding simulated brightness excess has been
calculated to be in the order of only 10 to 20 R (e.g. Lee et al., 2015; Leblanc et al., 2017).
Also Chaufray et al. (2016) conclude that the effect of a hot oxygen component should not
change the dayside emission rate of the thermal oxygen component. Another possibility is a
mismatch in the shape of the temperature profile in the atmospheric model as resonance
scattering cross section is inversely proportional to the temperature (T) by T°° and
therefore sensitive to thermal profile in the atmosphere. The exospheric temperature
derived from NGIMS measurements during the second Deep Dip campaign (April 2015, Ls =
329°, Bougher et al., 2015) are in the order of 275 K, while the MCD calculates for the same
conditions significantly lower temperatures of around 200 K. As the NGIMS measurements
are close in time and similar to the observing conditions to the first period studied here, we
can assume the temperature profile provided by the MCD for our study is not accurate.
Another factor could be a mismatch in the oxygen density profile of the MCD. It also should
be noted that the illumination conditions at the spacecraft position and at the tangent point
may be different and since the atmosphere is optically thick at 130.4 nm, the observed
profile does not necessarily coincide completely with the conditions at the tangent point.
Also, the fact that the scale height difference is more pronounced in the dataset with a
weaker brightness could indicate a diffuse background emission with a large scale height.
Interestingly, the bottom side scale height nicely agrees at 130.4 nm, while the model is not

able to reproduce it at 135.6 nm. A reason for the mismatch can be that the calculation of
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the photoelectron flux caused by the short wavelength part of the solar EUV radiation is
inaccurate in the Monte Carlo code below the peak due to the large numerical noise at this

altitude.

Oxygen mixing ratios: From the model atmosphere we derive [0]/[CO,] mixing
ratios. For the dataset from MY 32 we find a ratio of 2.9% at 130 km, which is slightly higher
than previously reported mixing ratios from UV dayglow observation, but are comparable to
results from photochemical equilibrium calculations (e.g. Fox and Dalgarno, 1979). When we
then apply the previously discussed scaling factors (nco2 x 0.7, no x 0.77) based on the
observations at 135.6 nm, we derive a mixing ratio of 3.1%. For the MY 33 dataset, the
mixing ratio is 2.5%. If a scaling factor of 1.5 is applied to the CO, density and a factor of 1.8
to the oxygen density, this ratio increases to 3.0%. However, it should be noted that the
uncertainties in the IUVS brightness are also in this order of magnitude, as will be discussed

below.

5.5 Error sources and uncertainties

Absolute calibration of UV spectrographs is a challenging task and the IUVS FUV channel
intensity calibration is currently estimated to be reliable up to +25% (Jain et al., 2015). PDS
versions 7 and 13 are used. Furthermore, the extraction algorithms for the spectral line
derivation removing contributions from blended lines at the respective wavelengths can play
a role. The (14,3) line from the CO 4t positive bands falls into the line wing of the 130.4 nm
oxygen emission and the CO 4" positive (14,4) line emission overlaps with the 135.6 nm
emission. Another source of uncertainty is the absolute calibration of the EUVM instrument
at EUV wavelengths and at 130.4 nm, and the model. The total uncertainty between 10 nm
and 55 nm is wavelength dependent (see Figure 3(c) in Thiemann et al., 2017) and at 130.4
nm ~10%.

The excitation cross sections have been updated frequently during the last years,
using measurement with more sophisticated experiment setups. While the shape of the
cross sections for electron impact on O and CO; leading to oxygen atoms in the excited
states O(*S) and O(’S) is thought to be well known, their absolute magnitude was changed

sometimes by factors of 3 or more. Assuming the instrument calibration to be accurate, the
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current study could imply that the latest magnitudes of the all cross sections are now rather
well constrained. Nevertheless, studies and discussions are ongoing. For example the recent
analytical study of the cross section by Tayal and Zatsarinny (2016) suggests the optical
emission cross section for electron impact on O leading to the emission at 130.4 nm is
smaller by a factor of 0.6 at the peak electron energy (20 eV) and different in shape, thereby
being lower than most cross section measured or calculated until then. This case would
affect the calculated brightness from this process accordingly, but by less than a factor of
0.6, as the shape of the cross section is flatter and almost converging with previous
published results towards higher electron energies (Tayal and Zatsarinny, 2016, Fig. 15).
Finally, the model atmosphere densities have their uncertainties as well. From our
results we conclude that the uncertainty in the CO, density can easily be as large as a factor
of 1.5. This is also indicated by results using IUVS observations of the CO," UV doublet at
298-299 nm. Another uncertainty is the temperature profile above 100 km, as discussed
above (see scale height discussion). Obviously, the temperature profile influences the
density profiles of all species. Regarding the altitude modeling, a small uncertainty is
introduced as the covered latitude range of the datasets translates into an altitude range of

0.6 km when converting the altitude grid of the model to the IAU reference ellipsoid.

6 Summary and discussion

We present an overview of two Martian years (MYs) of atomic oxygen dayglow limb
observations in the UV at 130.4 nm and 135.6 nm. The line multiplets are emitted from the
OI(*S) and OI(°S) excited states, respectively. This is the first time since the Mariner 6/7
observations that results for the oxygen emission at 135.6 nm are analyzed. The data has
been recorded between 2014 and 2018 with the IUVS instrument on board the MAVEN
spacecraft.

From the extracted peak brightness of all available limb data with an SZA lower than
75°, we observe that the highest intensities have been recorded in the beginning of the
mission, owing to the higher solar activity at that time. The MAVEN mission started shortly

after the maximum of solar cycle 24 and was approaching minimum conditions at the end of
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the dataset described here. The observed limb peak brightness varies between 0.2 and 1.8
kR at 130.4 nm and between 0.1 and 1.1 kR for the 135.6 nm emission.

Normalization of the peak brightness by in situ EUVM solar flux measurements (only
solar EUV flux between 10 and 55 nm for 135.6 nm and a combination of this flux (16%) and
the solar 130.4 nm flux (84%)) does not remove all the variability in the brightness. The solar
flux is responsible for about 70-80% of the observed brightness variations; the remaining
part arises from atmospheric changes. While the flux normalization reduces on average the
variability of the observed intensities in both oxygen multiplets, for some observations it
enhances the variability for the 130.4 nm triplet, but not of the 135.6 nm doublet. The time
of the observations showing this behavior coincides with the end of the dust storm season at
the end of MY 33 and the beginning of MY 34 and remains still to be explained.

We also find that the behavior of the two multiplets (in terms of variability of the
peak brightness and the peak altitude) is very similar. The 130.4 nm line appears slightly
more variable, but both follow the same general trends. Direct comparisons of the peak
brightness at 135.6 nm and 130.4 nm lead to correlation coefficients of 0.78 for the non-
normalized data and of 0.76 for the flux-normalized data with a reduced y° for a linear fit of
112.7 and 5.5, respectively. On average, the 130.4 nm brightness is larger by a factor of 2.2
than the brightness at 135.6 nm observed at the same time. This factor varies between 2.1
and 3.4 when binning the data into 90° solar longitude intervals. It is primarily driven by the
solar cycle influence and only secondarily by the season and the ratio decreases with
declining solar cycle. This is because the short wavelength part of the solar spectrum
changes stronger throughout the solar cycle than the longer wavelength part (Woods et al.,
2015). For example the average flux below 55 nm dropped by 39% from May 2015 to April
2017 (corresponding to Ls = 350° in MY 32 and 33), while the solar intensity at 130.4 nm
dropped by only 6% within the same time frame.

The dependence of the flux-normalized peak brightness on the SZA is very similar for
both lines, more pronounced at 130.4 nm and stronger at higher latitudes, even thought the
latter might be an observational bias. An intensity enhancement around 60° SZA for the time
in the end of MY 32 and begin of MY 33 at equatorial latitudes is observed, but not yet
explained. A possible candidate for changes in the atmosphere at the end of a MY is a
(global) dust storm. Furthermore, hints for a morning-afternoon asymmetry are visible in the

observed brightness, featuring excess in the afternoon brightness, which has been reported
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earlier by Stewart et al. (1992) in nadir observations of Mariner 9. This will be investigated in
more detail in the future.

The observed altitudes of the peak emissions coincide well for the two emissions, the
130.4 nm limb profiles peak between 120 and 125 km, with the 135.6 nm profiles peaking on
average less than 5 km lower. From individual limb profiles we find the highest observed
peak brightness altitudes are 155 km during Southern summer (Ls = 270°) close to the
Southern pole and the lowest observed altitudes are 105 km at equatorial regions during
Northern hemisphere Summer (Ls = 90°). Note that this can be biased, as Northern and
Southern hemisphere are not equally covered by the observations for the same time
periods. But due to the varying distance to the Sun, the Martian atmosphere is known to
expand and contract (e.g. Bougher et al., 2017) and the maximum and minimum altitudes
with respect to solar longitude would be expected to behave accordingly. The solar flux
intensity on the other hand has no direct influence on the altitude of the peak brightness.

Mean limb profiles have been created for a narrow range of observational
parameters and two sets are presented for similar conditions in different MYs (MYs 32 and
33): SZA = 34°, latitude = -16°, Ls = 350°. The observed intensities vary from one year to the
other (decrease from MY 32 to MY 33) by 30% at 130.4 nm and by 45% at 135.6 nm, while
the altitude increases slightly from 126 to 128 km for the 135.6 nm emission and from 128 to
131 km for the 130.4 nm emission. The two datasets are modeled using model atmospheres
from the MCD, solar flux measurements from EUVM, Monte Carlo calculations for electron
impact on atomic oxygen and CO,, and additionally radiative transfer calculations for
multiple scattering at 130.4 nm.

The 130.4 nm triplet is mainly produced by resonance scattering of the solar 130.4
nm radiation by oxygen atoms (in the order of 80% to 85% for the modeled examples) and
secondly by electron impact on O and CO,. Electron-impact cross sections have been
updated and lead to the conclusion that electron impact on oxygen is the main contributor
(95%) for electron-impact induced emission at 130.4 and 135.6 nm. Only about 5% arise
from electron impact on CO,, while all other processes (electron impact on CO and O,, and
photodissociation) are negligible. The photoelectron-impact contribution at 130.4 nm grows
almost linearly with oxygen density. For the shown example atmosphere, its contribution

rises from 16% for no scaling to 26% when the oxygen density is scaled by a factor of 4.
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The limb profiles feature different topside scale heights with respect to the two
emissions. It is in the order of 20 km for the optically thin 135.6 nm emission and
significantly larger (exceeding 100 km) at 130.4 nm at which the Martian atmosphere
becomes optically thick below 290 and 255 km for the two selected datasets. The vertical
optical depth reaches 1 = 161 and t = 93 at 130 km, respectively. The mean limb profiles at
130.4 nm show a change in scale height between 160 and 180 km, which is not reproduced
by the model. An explanation could be a diffuse background from a hot oxygen population,
but this is expected at higher altitudes (Deighan et al., 2015) and to contribute only very
little to the total brightness (Lee et al., 2015; Leblanc et al., 2017). Another more likely
possibility is a not well-matching vertical temperature or oxygen density profile from the
MCD. This is suggested by NGIMS measurements showing profiles with significantly higher
temperatures (Bougher et al., 2015). Also, effects due to the optical thickness may play a
role, as the limb profile observed by the spacecraft does not necessarily coincide with the
actual observational conditions (SZA, latitude) at the tangent point. This scale height change
requires further investigation.

Sensitivity tests show that the CO, density influences to some extent the peak
brightness and strongly the peak brightness altitude of the two emissions by its absorption
properties. Considering the observed peak brightness altitude range of 115 to 150 km over
the course of the observations, this indicates changes in the CO, density by more than a
factor of 5. The oxygen density influences mainly the brightness of the multiplets, nearly
linearly at 135.6 nm, and less linear, but surprisingly strong, for the optically thick 130.4 nm
emission. This is likely due to the contribution of the extended optically thin wings of the
emission. The solar flux affects the observed maximum limb brightness linearly, but not its
altitude, while the temperature affects slightly the peak brightness at 130.4 nm and does not
affect the peak brightness altitude under the artificial condition that the atmospheric density
profiles are not changed.

From the model atmospheres we calculate [0]/[CO,] mixing ratios at 130 km for the
two analyzed datasets and find 3.1% for the dataset in MY 32, which includes an
atmospheric scaling factor of 0.7 for CO; and 0.77 for O in order to match the observations.
For the dataset in MY 33, the ratio is 3.0% using scaling factors of 1.5 for the CO, density and
1.8 for the O densities. These values have been derived using model sensitivity tests and the

results of the peak brightness and altitude at 135.6 nm. These results are in less agreement
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with the 130.4 nm observations, but considering the overall uncertainties still a good match.
The mixing ratios are larger than previously reported values based on UV dayglow
observations at 130.4 nm, which are in the order of 0.5% to 1.2% (e.g. Strickland et al., 1973;
Chaufray et al.,, 2009), but comparable to results from early photochemical equilibrium
calculations (e.g. Fox and Dalgarno, 1979; Hanson et al., 1977). They also coincide well with
NGIMS measurements from Deep Dip 2, taken at Ls = 329.5° at 4° Southern latitude (Stone
et al., 2018) and SZA between 5° to 10° that resulted in a mixing ratio of about 3.3% (Fox et
al.,, 2017). As a result, the two shown examples of our study do currently not support the
new photochemical equilibrium calculations from Fox et al. (2017) that show higher mixing
ratios than NGIMS by a factor of 4.

It is now clear from MAVEN data that large variations in the observed peak brightness
of the two oxygen emissions are a fact. With respect to solar activity, the IUVS dataset
(declining phase of solar cycle 24) covers observations from Mariner 9 (declining phase of
solar cycle 20) and SPICAM (declining phase of solar cycle 23), while the Mariner 6/7
observations were collected at higher solar activity (solar maximum of solar cycle 20). Those
observations were taken at Ls = 200° (at the beginning of the dust season and between
Northern hemisphere autumn equinox and perihelion) at SZA = 27° and 44° during MY 8 and
the observed brightness were 0.8 kR at 130.4 nm and 0.4 kR at 135.6 nm (Barth et al. 1971).
Given the higher solar activity that time, the emissions are lower compared to what has
been observed with IUVS for similar conditions. Mariner 9 data (Strickland et al., 1973) were
collected between Ls = 294° and Ls = 320° (late Southern summer, dust storm season) of MY
9 at latitude = -45° and at around 10am local time (SZA = 31° to 36°). At 130.4 nm they
reported peak brightness of 0.8 kR, which, again, is lower than IUVS observations under
similar conditions. The SPICAM observations at 130.4 nm shown by Leblanc et al. (2006)
demonstrate the brightness rising from 0.3 kR at high SZA to 0.65 kR at low SZA during
Northern hemisphere summer. While the high SZA numbers are consistent with IUVS results,
at low SZA the intensity seen by SPICAM is lower by up to a factor of 2 for MY 33 but by less
than this for MY 34. In summary, even though it seems that IUVS is generally observing
larger brightness than its predecessors, it is not possible to conclude a systematic offset due
to the strong variability on the individual limb scans. It is the first time that it is possible to
investigate a large number of limb profiles of the same observational conditions, allowing to

deduce general trends and dependencies of the involved parameters.
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Future work will take advantage of this in order to have a more detailed look into

specific conditions, as for example during the dust storm seasons, and also to derive oxygen

mixing ratios in dependence of temporal and spatial variations.

7 Main conclusions

For the first time since Mariner, the O 130.4 nm and 135.6 nm lines have been
studied simultaneously. Even though the Martian atmosphere is optically thick at
130.4 nm and optically thin at 135.6 nm, the peak brightness and the peak
brightness altitude of the limb profiles of both emissions are strongly correlated.
This indicates a rather straight forward photochemistry, matching today’s
knowledge of the excitation processes of the O(®S) and O(°S) excited states.

The photochemistry of the two emissions involves mainly atomic oxygen for the
production (solar resonance scattering of O atoms (~20%) and electron impact on
O (~80%) at 130.4, nm and electron impact on O (~95%) at 135.6 nm), with very
minor contributions of electron impact on CO,. CO,, on the other hand, plays a
major role in the attenuation of the observed profiles, by absorption of the
incoming solar radiation and photoelectrons, thereby reducing the production
rate, and by absorption along the line of sight of the dayglow emission.

The changes in the peak brightness and altitude of the limb profiles at 130.4 and
135.6 nm that are observed over the course of two Martian years and the
declining solar cycle cannot be fully explained by the solar flux influence itself,
but rather indicates a change of more than a factor of 5 in the CO, density with
time. The expansion of the atmosphere is strongly visible by the varying peak
brightness altitude being largest during perihelion and lowest during aphelion.
Also, in the solar flux-normalized brightness of the two emissions, differences
between different Martian years are visible, especially during the dust storm
season.

The peak altitude is strongly dependent on the CO, density profile, while the
intensity depends on both, O and CO,. Therefore, the CO, column density at this

altitude can be derived and in combination with the knowledge of the peak
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brightness, it should be possible to deduce directly [0]/[CO,] mixing ratios from
the observations. This will be future work.

e The peak brightness dependence on the SZA seems more pronounced at higher
latitudes, which is likely due to the cooler and therefore less variable atmospheric
temperature. We also find hints to a morning-afternoon brightness asymmetry.

e The model atmospheres provided by the MCD appear to describe well the
Martian atmosphere as Monte Carlo and radiative transfer modeling of the two
emissions reproduce the observed limb profiles reasonably. The solar forcing in
these models is extremely well confined as we use EUVM measurements at Mars
as an input. We are, however, not able to exactly reproduce the scale height at
130.4 nm, which is probably caused by an inaccurate temperature profile in the
MCD.

e From two test cases, we report [0]/[CO,] mixing ratios derived from the model
atmospheres that are in good agreement with the Ilatest in situ mass
spectrometer Deep Dip data from NGIMS, that appear to be slightly larger than
previously reported mixing ratios from remote UV airglow observations and that
are lower than the latest reported values from photochemical equilibrium

calculations.
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Table 1: Parameters of the two datasets shown in Figure 5 and Figure 7. For L, LT, SZA and latitude the mean values of
the respective sample and their standard deviation within that sample are given. Additionally, the maximum fitted

brightness (B.,), the corresponding altitude (Z,,,,) and the scale heights (H) are listed. The values in parentheses refer to

the model results.

My 32 My 33

Solar longitude 350.02 +0.91 350.00 £0.42

Local time 9.76 £ 0.08 14.14 +0.10

SZA 35.29+1.54 33.66 +£1.09

Latitude -16.68° +2.48 -15.21°+3.35

Number of scans 13 17

Orbits 1275-1303 4920 -4938

Earth date 27/05/2015 - 01/06/2015 13/04/2017 — 16/04/2017

max 130.4 nm data (model)

B

Bmax 135.6 nm data (model)

Zmax 130.4 nm data (model)

Zmax 135.6 nm data (model)
H 130.4 nm data (model)

H 135.6 nm data (model)

1.15+0.08 kR (1.10 kR)
0.68 + 0.09 kR (0.65 kR)
128 + 1km (128 km)
126 +1km (129 km)
199 km (155 km)
24 km (23 km)

0.80+ 0.6 kR (0.83 kR)
0.37+£0.04 kR (0.35 kR)
131+ 1km (126 km)
128 + 1 km (125 km)
258 km (133 km)
24 km (20 km)

Figure 1: (a) MAVEN/IUVS FUV mean limb spectrum: average of 19 individual scans recorded between 120 and 140 km
altitude. (b) the same 19 limb profiles at 130.4 nm (blue on the right) and at 135.6 nm (red on the left). The dots indicate
the maximum intensity between 110 and 155 km tangent point (TP) altitude for each individual profile. The data has
been taken in MY 32 at Ls=309°, between orbits 885 and 890, around 16h local time in an SZA interval of 56°-63° and a

latitude interval of -6° to 10°.

Figure 2: All data of 130.4 nm peak brightness versus orbit number, the three panels cover 60° latitude each, going from
north (a) to south (c). The color code indicates local time (LT) intervals with the restriction of the SZA<75°. Martian

season (solar longitude) and Earth date are also indicated. Figure S1 shows the corresponding plot at 135.6 nm.

Figure 3: Distribution of peak intensity altitudes at 130.4 nm (a) and at 135.6 nm (b). The data are binned into intervals of
100 orbits and 5 km altitude.

Figure 4: (a) 130.4 nm (blue) and 135.6 nm (red) maximum brightness of each limb profile versus orbit number for all
data with SZA<40°. (b) same as (a), but the brightness at 130.4 and 135.6 nm is normalized by the solar flux (see text). (c)
130.4 nm solar triplet flux (blue) and EUV integrated flux from 10-55 nm (red) from EUVM, and distance to Mars to Sun
(black).

Figure 5: (a): Peak brightness at 130.4 nm versus peak brightness at 135.6 nm with a linear fit. Fit equation and
correlation factor R are given. The two dataset discussed in Section 3.4 and after are shown as yellow triangles (MY 32)
and blue filled circles (MY33, Table 1). (b): same as (a), but the brightness is normalized by the respective solar flux (F).

The reduced )(2 of the linear fits are 92.3 and 4.3, respectively. (c) Peak brightness altitudes of individual limb scans at
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135.6 nm line versus the peak brightness altitude at 130.4 nm in 5 km altitude bins. The grey line indicates the angle

bisector.
Figure 6: Solar flux-normalized 130.4 nm intensities vs. SZA for latitude and Ls intervals.

Figure 7: IUVS limb profiles at 130.4 nm (blue, left) and at 135.6 nm (red, right) for the two datasets in MY 32 (top) and

MY 33 (bottom). The mean profiles and their +1-c variability are shown by the data points with horizontal bars.

Figure 8: (a) Vertical density profiles of species related to oxygen photochemistry and (b) temperature profiles extracted
from the MCD for the two conditions described in Table 1. The solid lines show the profiles for MY 32 and the dashed
lines for MY 33.

Figure 9: Peak brightness (top row) and peak altitude (bottom row) at 130.4 nm (blue) and at 135.6 nm (red) in
dependence of the oxygen (a, f), CO, (b, g) and all atmospheric components’ (c, h) density, and the beak brightness in
dependence of the isothermal temperature (T;,) (d) of the solar flux (e). The filled circles indicate the IUVS dataset taken

in MY 33 (Table 1).

Figure 10: Model-data comparison for the datasets from MY 32 (a) and MY 33 (b). The mean profiles from Figure 7 are
plotted as points with horizontal variability bars reflecting the brightness variation within each dataset. The solid lines
represent the total modeled brightness, the dashed lines the major and the dashed-dotted lines the minor contributor to

the modeled brightness.
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