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Abstract we identify molecular nitrogen (N,) emissions in the Martian upper atmosphere using the
Imaging Ultraviolet Spectrograph (IUVS) on NASA’s Mars Atmosphere and Volatile EvolutioN (MAVEN)
mission. We report the first observations of the N, Lyman-Birge-Hopfield (LBH) bands at Mars and confirm
the tentative identification of the N, Vegard-Kaplan (VK) bands. We retrieve N, density profiles from the VK limb
emissions and compare calculated limb radiances between 90 and 210 km against both observations and
predictions from a Mars general circulation model (GCM). Contrary to earlier analyses using other satellite
data, we find that N, abundances exceed GCM results by about a factor of 2 at 130 km but are in agreement
at 150 km. The analysis and interpretation are enabled by a linear regression method used to extract
components of UV spectra from IUVS limb observations.

1. Introduction

The relatively low abundance of molecular nitrogen (N,) in the present Martian atmosphere has been a topic of
great interest [e.g., Dalgarno and McElroy, 1970; Brinkmann, 1971; Fox, 1993]. Although it seems evident that
concentrations of N in the past were much higher than they are now [McElroy et al., 1976], new observations of
N, on Mars would improve calculations of its escape rate and its evolution from primordial concentrations
[Fox and Dalgarno, 1980; Fox, 1993]. These observations would be particularly valuable above about
120 km, where the upper atmosphere diffusively separates. In this region of the atmosphere measurements from
mass spectrometers on the Viking landers indicated that N,/CO, increases from about 3 to 10% between 130 and
160 km [Nier et al., 1976; Nier and McElroy, 1977].

Even though the ultraviolet spectrometer on Mariner 6 found no evidence of N, in the Martian upper atmo-
spheric dayglow nearly 50 years ago [Barth et al., 1969], interest in its detection by this means has nonetheless
persisted. Fox and Dalgarno [1979] predicted overhead intensities of a variety of N, bands and suggested that
the photoelectron excited Vegard-Kaplan (VK) bands in the mid-UV (MUV) may be detectable. In practice,
however, the measurement is challenging because the N, dayglow emission is weak relative to the bright
and spectrally complex emissions arising primarily from processes on CO, that are present throughout
the MUV [e.g., Jain et al., 2015].

Leblanc et al. [2006] reported a tentative identification of VK emission using limb observations from the
Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) instrument on
the Mars Express mission. Leblanc et al. [2007] later determined that the SPICAM VK emission was about 3 times
weaker than predicted by Fox and Dalgarno [1979], suggesting that Fox and Dalgarno had overestimated these
emissions and that new calculations using more recent parameters may resolve the discrepancy. Fox and Hac
[2013] updated the calculations using the latest molecular constants, cross sections, and solar irradiance models
and determined that revised predictions of limb intensities were indeed consistent with SPICAM observations.
However, using a separate model calculation, Jain and Bhardwaj [2011] concluded that N, abundances must
be about a factor of 3 smaller in order to reconcile the SPICAM observations with their results.
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Table 1. IUVS Limb Observations for This Work Here we present new MUV observations
Date 18 October 2014 of N, VK limb emission from the upper
uT 16:44 atmosphere of Mars using the Imaging
MAVEN orbit 109 Ultraviolet Spectrograph (IUVS) aboard
Solar zenith angle 44° NASA’s Mars Atmosphere and Volatile
Fro7 65 EvolutioN (MAVEN) Mission. The VK
Local solar time 14.3 di tracted with ltiol
Latitude 12°N r.a iances are.ex racted with a mu |Pe
Longitude 131°E linear regression (MLR) approach using
MAVEN latitude 15°N templates for spectral components
MAVEN longitude 147°E discussed herein. We compare the
MAVEN altitude 320 km

extracted limb emission to model results
and present the first observations of N,
Lyman-Birge-Hopfield (LBH) bands in the far-UV (FUV). First, we describe the IUVS limb observations, we fol-
low that with a description of the spectral analysis and then compare model limb radiances against VK and
LBH observations.

2. The Observations

The MAVEN satellite was launched on 18 November 2013 and arrived at Mars on 22 September 2014. It was
inserted into an elliptical orbit, which is nominally about 175 km by 6200 km above the planet’s surface
[Jakosky et al., 2015]. lUVS images the Martian atmosphere onto a 0.06° X 11° entrance slit using two chan-
nels: a FUV channel (110-190 km) and a MUV channel (180-340 nm). At periapsis IUVS scans the limb of the
Martian upper atmosphere between about 225 and 90 km at a vertical resolution of ~5km with the slit
nearly parallel to the orbital plane. Additional details on the IUVS instrument may be found in McClintock
et al. [2014].

MAVEN orbits Mars about 5 times a day, and the IUVS is mounted on an Articulated Payload Platform that
orients the IUVS field of view toward the limb during each periapsis pass. IUVS obtains 12 limb scans per
orbit, and we focus herein on one scan from 18 October 2014, obtained a day before the passage of comet
Siding Spring [Schneider et al., 2015] during MAVEN Orbit 109. The spectra are from Level 1C IUVS data
which are averaged in regularly spaced 5 km altitude bins centered between 92.5 and 267.5 km. Relevant
attributes of the observations used in this work are summarized in Table 1. Since the Martian dayglow is dri-
ven primarily by solar processes [e.g., Fox and Dalgarno, 1979], it is important to monitor the solar activity
during the observations when comparing against model results. During the observations presented here,
the Sun was moderately active with an F;¢ 7 radio flux of 171 solar flux units (1 SFU = 1072Wm™2Hz ") at
one astronomical unit (AU). For these observations, Mars was 1.62 AU from the Sun so that the F;, 7 flux at
Mars was 65 SFU.

3. Spectral Analysis

Both the MUV and FUV IUVS dayglow limb spectra are a blend of emissions arising primarily from solar pro-
cesses on CO, and other minor species. We model the shape of each component and convolve them with
the line spread function of the instrument. These template spectra are then simultaneously fit to the IUVS
periapsis limb data (Version v03_r01) using MLR to isolate and extract the N, contribution. Stevens et al.
[2011] used this approach successfully in the analysis of the Titan UV dayglow observed by the Cassini
Ultraviolet Imaging Spectrograph (UVIS). We adapt the approach to Mars herein and discuss its application
to the MUV VK bands next followed by the FUV LBH bands.

3.1. The MUV VK Bands

The MUV dayglow spectrum at Mars is dominated by the CO Cameron bands (a*I1 — X'="; see Jain et al.
[2015]). Although they are most prominent between 180 and 250 nm, there is Cameron band emission
present longward of 250 nm where several photoelectron excited N, VK bands (A 3y* _X'=") are present.
We select the wavelength region between 258.0 and 287.5 nm to retrieve the VK spectrum since two VK
bands ((0,5) and (0,6)) have already been tentatively identified in this region [Leblanc et al., 2006]. Even at
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these longer wavelengths, the Cameron band emission can be brighter than the VK emission, so it is crucial to
accurately simulate the Cameron band shape in order to remove its contribution to the signal.

The Cameron bands were modeled by Conway [1981] using the Mariner 9 dayglow data, and we adapt that
approach here. Conway found that the rotational distribution of the bands observed by the ultraviolet spec-
trometer on board Mariner 9 could be approximated by a Boltzmann distribution at two different tempera-
tures: one at 1600 K and one at 10,000 K. We find that the IUVS data fit better at lower temperatures than
inferred from Mariner 9 data and herein use temperatures of 800K (J < 20) and 6000K (J>20) for our
analysis. Upper state vibrational populations are from Conway [1981] and branching ratios are from
James [1971] for v'=0 and v'=1 and from Conway for v' > 1. Rotational and vibrational constants used in the
synthesis of all the vibrational bands are from Huber and Herzberg [1979]. We model transitions from eight upper
vibrational states and 15 lower vibrational states, as well as 180 rotational levels for each band.

The VK bands are modeled using the vibrational and rotational constants tabulated by Huber and Herzberg
[1979] with line intensity factors from Schlapp [1937]. Upper state vibrational populations are from
Strickland et al. [1999], which include the effects of cascade and quenching [Gronoff et al., 2012]. Branching
ratios between v'=0-6 are from Piper [1993], and between v'=7-11 from Shemansky [1969]. We include 11
upper vibrational states and 17 lower vibrational states as well as 40 rotational transitions for each vibrational
band [Stevens et al., 2011]. The bands are modeled throughout this work with a Boltzmann distribution and a
characteristic temperature of 200 K.

As described above, the VK analysis is limited to the narrow spectral region between 258.0 and 287.5 nm, which
minimizes the uncertainties introduced by the Cameron band two-temperature fit. Other important contribu-
tions modeled in this MUV spectral region include the CO," ultraviolet doublet (UVD) [Evans et al., 2015], the
CO," Fox-Duffendack-Barker (FDB) bands [Farley and Cattolica, 1996], and the O 297.2 nm line, which are all
at longer wavelengths than the above spectral region [Jain et al, 2015] but nonetheless contribute to the
emission near 287 nm.

There are several additional components that contribute weakly. The CO™* first negative bands are included
and modeled following the approach of Conway [1981]. Any contribution due to solar scattered light from
aerosols or dust is removed by including an observed spectrum of solar scattered light in the MLR. This
spectrum is from a nadir-viewing IUVS dayglow observation of the Martian disk. Above 90 km tangent alti-
tude, this contribution is weak. Occasionally, metal emissions (Mg*, Mg, Fe*, and Fe) can appear in the MUV
spectrum, and these are also included in the MLR using the approach of Schneider et al. [2015]. As discussed
by Schneider et al., the metals dramatically appear following the passage of comet Siding Spring at Mars in
late October 2014, but the data considered here are taken before closest approach of the comet so the
metal emissions although included in the MLR are weak. Finally, we include a baseline offset in the MLR
that accounts for small broadband variations such as uncertainties in the subtraction of the detector
dark current.

We smooth each of the 11 contributions described above with the IUVS line spread function in order to
include them as independent vectors to the MLR. The line spread function is determined from an extended
nadir-viewing dayglow observation of the H Lyman-a line at 121.6 nm by IUVS early in the mission. The shape
of the feature is modeled with two Voigt functions, and the spectral widths of these are modified until the
most prominent features in the MUV dayglow spectrum are adequately fit (175-300 nm). The full width at half
maximum (FWHM) that best fits the data varies from 1.1 nm near 1775nm to 1.0 nm near 300 nm and is
generally consistent with prelaunch estimates [McClintock et al., 2014].

Figure 1a shows an IUVS limb spectrum along with a composite fit from the MLR. The spectrum is from a
tangent altitude of 127.5 km, which is near the airglow peak. The contribution from the Cameron bands
is evident at the short wavelength end of the spectrum and that contribution is split out in Figure 1b.
The combined contributions from CO," UVD, CO,* FDB, and O 297.2 nm are evident at the long wavelength
end, and those are split out in Figure 1c. Also evident near 261 nm and 276.5 nm are the N, VK (0,5) and VK
(0,6) bands, respectively. These are overplotted on the residual spectrum in Figure 1d. The total VK radiance
within the plotted wavelength region and the estimated uncertainty from the MLR for this contribution
are indicated. We also tentatively identify the weaker VK (2,7) and VK (1,7) bands, which have not been
identified in Martian airglow spectra heretofore.
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Figure 1. (a) An IUVS MUV limb spectrum (black histogram) near the airglow peak with the composite MLR fit overplotted
(red). (b) The contribution from the CO Cameron bands, where the residual from the limb spectrum is shown with the MLR fit.
(c). The total contribution from the C02+ uvD, C02+ FDB, and O 297.2 emission features. (d) The N, VK band residual,
calculated by subtracting all other components to the MLR fit in Figure 1a. The modeled VK spectrum is overplotted in
red, and the total radiance is indicated (note the change in scale).

3.2. The FUV LBH Bands

The photoelectron excited FUV N, LBH bands (aIF[g — X129+) have never been identified in any Martian airglow
spectra heretofore. This is primarily because they are weak relative to other blended FUV features. We use a
similar approach to extract LBH radiances from the FUV limb spectra as we did in the MUV. Specifically, we iden-
tify all known components, model their spectral variation at high resolution, convolve the components with the
instrument line spread function, and simultaneously fit them to the data in a targeted wavelength region using
MLR (131.0-142.5 nm). The line spread function used is the [lUVS FUV H Lyman-a observation of the Martian disk
with a FWHM of 0.7 nm. As with the MUV, the wavelength scale and the dispersion relation are determined
using multiple discrete features over a larger passband (114-168 nm), whereas the LBH radiance is determined
in the narrow spectral region over which the emission is brightest.

The most prominent feature in the LBH spectral region selected above is the O 135.6 nm multiplet [Jain et al,,
2015]. We determine the wavelengths of the atomic multiplets from the National Institute of Standards and
Technology database [http://www.nist.gov/pml/data/asd.cfm] and use the Einstein A values to describe their
relative intensities. The bright O 130.4 nm multiplet is included in the MLR but is far enough away from the short
wavelength edge of the targeted spectral region so that its contribution is negligible. Also included in the MLR are
the C* multiplet at 133.6nm as well as the carbon monoxide Fourth Positive (CO 4PG) bands [Kurucz, 1976;
Durance et al., 1980]. CO 4PG is primarily produced from two different processes: photodissociation and dissocia-
tive recombination. We use a different upper state vibrational population for each of these processes and fit them
as independent components in the MLR. Also, since CO 4PG can be optically thick in the Martian upper atmo-
sphere we additionally split these two components into optically thick bands that terminate on the ground state
(v"=0) and optically thin bands (v" > 0). For the LBH spectral region, only the optically thick CO 4PG bands are
present and their contribution from both sources is small but is nonetheless included in the MLR. Similarly, the
C multiplet at 132.9 nm identified in previous data sets [Barth et al., 1971] is included in the MLR, but its contribu-
tion is very small. The vibrational and rotational structures of the LBH bands are modeled following the approach
of Conway [1982] at a temperature of 295 K throughout the Martian atmosphere.
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Figure 2. (a) An IUVS FUV limb spectrum (black histogram) near the airglow peak with the composite MLR fit overplotted
(red) from the same scan as used in Figure 1. (b). The contribution from the O 135.6 nm multiplet, where the residual from
the limb spectrum is shown with the MLR solution. (c) The contribution from C* 133.6nm and the optically thick solution
(v" = 0) for CO 4PG. (d) The residual LBH spectrum and the modeled LBH spectrum, where the total LBH radiance is indicated
(note the change in scale).

Figure 2a shows an IUVS FUV spectrum from the Martian dayglow at a tangent altitude of 132.5 km for the
same scan as used in Figure 1. The O 135.6 nm multiplet is prominent near the middle of the spectrum,
and this feature is split out from the data in Figure 2b. Figure 2c shows the other smaller contributions to this
portion of the spectrum, including the C* 133.6 nm feature and the CO 4PG bands. Finally, Figure 2d shows
the residual N, LBH spectrum as well as the MLR fit overplotted. The total LBH limb radiance for this spectral
region is indicated as well as the estimated uncertainty from the MLR. Four prominent LBH features clearly
rise above the noise and are coincident with the expected feature positions as indicated by the fit, and we
identify them as the (4,0), (3,0), (2,0), and (1,0) bands [Conway, 1982; Stevens et al., 2011].

4, Results

We extract the VK radiance from the MUV limb data as well as the LBH radiance from the FUV data in 5 km
increments from 90 to 210 km. The resultant limb profile is shown in Figure 3, where the uncertainties are
obtained from the MLR fits at each altitude. IUVS was calibrated against UV-bright stars and scaled by
instrument geometric factors appropriate for extended source observations. The MUV systematic uncertainty
estimated from these stellar calibrations is +30%, and retrieved N, limb radiances and densities using the VK
bands are linearly dependent on this uncertainty [Evans et al, 2015]. The FUV systematic uncertainty is
estimated to be +25%.

The VK limb radiances are inverted to retrieve a N, density profile using an algorithm described by Stevens
et al. [2015] for UVIS observations of Titan's upper atmosphere, which is dominated by N,. The application
of the N, density retrieval to the upper atmosphere of Mars and the forward model calculation using the
N, bands described herein is discussed in Evans et al. [2015]. Stevens et al. showed that Titan N, density retrie-
vals constrained only by photofragmented multiplets (N* 108.5nm and N 149.3 nm) yield model limb
radiances that also agree well with VK and LBH observations, indicating a consistent understanding
between these three sets of emissions in a N -dominated atmosphere. This underscores the value of the
VK bands for retrieving N, densities from the Martian UV dayglow.

STEVENS ET AL.

N, IN THE UPPER ATMOSPHERE OF MARS 9054



@AG U Geophysical Research Letters 10.1002/2015GL065319

200 1 - Dotq 18 Oct |201 4 The converged solution in Figure 3

a { - szter"aVO' ;22'24;{1 agrees well with the VK observations at
X 1801 Bk U : 5 almost all altitudes shown. Using this
o 1R N, retrieval we show the predicted limb
S 160 _ i L radiance profile for the LBH emission.
g 140 i L We emphasize that this forward model
- { _ result is not constrained by the IUVS LBH
S 120—: v e C observations and relies only on the N,
% 100 L density profile retrieved from VK obser-
2 100 _ i i _ vations. Nonetheless, the remarkable
80 4 ; N2 LBH . N2 VK . . L agreement is on average within 15% and

0 1 2 3 provides additional evidence that the

Limb Radiance (kR) LBH bands are identified in the Martian

upper atmosphere.
Figure 3. Observed integrated limb radiances for the N, VK bands PR
(258.0-287.5 nm) and the Ny LBH bands (131.0-142.5 nm). The solar /150 Shown in Figure 3 are calculated
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cates the 1-c uncertainty of the retrieval. Overplotted (dashed lines)  ties from the Mars Global lonosphere-
are calculated limb radiances for the VK and LBH bands [Stevens et al., Thermosphere Model (M-GITM) [Bougher
2015; Evans et al., 2015]. The LBH model radiances are based only et al, 2015; Evans et al,, 2015], for the con-
on the N, density retrieval from the VK bands. Also overplotted " . . I .
: o ) ) ditions consistent with those indicated in

(dotted lines) are predictions from a Mars general circulation model, )
which are significantly less than observations near the airglow peak Table 1. The figure shows that predicted
at 130 km. VK limb radiances are significantly less

than observations near the airglow peak
at 130 km but more consistent with observations near 150 km. LBH radiances are less sensitive to N, density
changes due to CO, opacity on the limb in the FUV [Yoshino et al., 1996]. The retrieved N, abundance
at 130km (2.9x 10°cm3) is a factor of 2.5 more than the M-GITM results at the same altitude and for
the same scan. Analyses of a month of limb scan data from IUVS indicates that on average the retrieved
N, densities are less than this but still exceed the M-GITM results by about a factor of 2 with a significant
amount of variability about the mean (~50%). We find that the discrepancy with M-GITM results is altitude
dependent so that near 150 km the retrieved N, abundance (2.3 x 108 cm™3) is generally in agreement with
M-GITM results. Retrieved N, densities that are a factor of 3 less than predictions [e.g., Jain and Bhardwaj, 2011]
are not supported by these IUVS data. Comparison of N, mixing ratios with M-GITM results can be done through
the retrieval of CO, densities from the CO," ultraviolet doublet near 289 nm, and this is discussed further in
Evans et al. [2015].

5. Conclusions

We have shown that the spectral content of the Martian UV dayglow can be disambiguated if each con-
tribution is separately identified and simulated. We synthesize all of the spectral components from both
an atomic line database and models that include the rotational and vibrational structure of the known
molecular emissions. Weaker emissions such as those from N, are extracted by systematically removing
the blended contributions as shown in Figures 1 and 2. The MLR approach implicitly requires an accurate
description of the wavelength scales, the IUVS dispersion relation, and the line spread function of the
instrument, and all of these are constrained by IUVS observations of the Martian dayglow in late 2014.
Through analyses of VK limb radiance profiles, we find that retrieved N, number densities generally
exceed general circulation model predictions by about a factor of 2 at 130km but are in agreement
near 150 km.

We have focused this study on a single 2 min scan from the first orbit of IUVS limb observations on 18
October 2014. From this scan, we identify four N, LBH bands (Figure 2d) which have not been identified
at Mars before and tentatively identify two additional VK features also not identified at Mars before
(Figure 1d). IUVS continues to observe the limb, and these observations will clarify the vertical, horizontal,
and temporal variation of the N, abundance and mixing ratio in the Martian upper atmosphere [e.g., Evans
et al., 2015].
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