JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, A05304, doi:10.1029/2010JA016284, 2011
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[11 The Cassini Ultraviolet Imaging Spectrograph (UVIS) observed Titan’s dayside
limb in the extreme ultraviolet (EUV) and far ultraviolet (FUV) on 22 June 2009 from a
mean distance of 23 Titan radii. These high-quality observations reveal the same EUV
and FUV emissions arising from photoelectron excitation and photofragmentation of
molecular nitrogen (N,) as found on Earth. We investigate both of these solar driven
processes with a terrestrial airglow model adapted to Titan and find that total predicted
radiances for the two brightest N, band systems agree with the observed peak radiances to
within 5%. Using N, densities constrained from in situ observations by the lon Neutral
Mass Spectrometer on Cassini, the altitude of the observed limb peak of the EUV and FUV
emission bands is between 840 and 1060 km and generally consistent with model
predictions. We find no evidence for carbon emissions in Titan’s FUV airglow in contrast
to previous Titan airglow studies using UVIS data. In their place, we identify several
vibrational bands from the N, Vegard-Kaplan system arising from photoelectron impact
with predicted peak radiances in agreement with observations. These Titan UV airglow

observations are therefore comprised of emissions arising only from solar processes on
N, with no detectable magnetospheric contribution. Weaker EUV Carroll-Yoshino N,
bands within the v/ = 3, 4, and 6 progressions between 870 and 1020 A are underpredicted
by about a factor of five while the (0,1) band near 980 A is overpredicted by about a

factor of three.

Citation:
d0i:10.1029/2010JA016284.

1. Introduction

[2] The observed extreme ultraviolet (EUV, 600-1150 A)
and far ultraviolet (FUV, 1150-1900 A) airglow of Titan
contains a wealth of information on solar driven processes
involving molecular nitrogen (N,). The first observations of
Titan’s UV airglow were made 30 years ago by the Voyager
1 Ultraviolet Spectrometer (UVS) [Broadfoot et al., 1981].
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Early analysis of these data indicated that magnetospheric
electrons controlled the EUV and FUV airglow production
due largely to the identification of the readily excited N,
Carroll-Yoshino (CY) ¢, 'Sy — X'Sg (0,0) band near
958 A, which is optically thick near peak photoelectron
production [Strobel and Shemansky, 1982]. But ensuing
studies of the observed EUV limb profile shape indicated
that magnetospheric electron excitation contributed less than
10% to the signal and that photoelectron excitation domi-
nated [Strobel et al., 1991; Gan et al., 1992]. Stevens [2001]
argued that CY(0,0) was misidentified and suggested that
the UVS EUV airglow observations could be explained
exclusively by photoelectron excitation and photo-
fragmentation of N, producing blended N I multiplets.
However, the low UVS spectral resolution (~30 A) and
uncertainties in the UVS EUV calibration (50%) [Strobel
et al., 1992] prevented a definitive answer to these linger-
ing questions.

[3] Now the Cassini Ultraviolet Imaging Spectrograph
(UVIS) has made high-quality observations of Titan at a
spectral resolution over five times better than the Voyager
UVS. Study of the EUV UVIS disk observations from
December 2004 confirmed the absence of the CY(0,0) band
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with N I multiplets present instead [4jello et al., 2007] and
also revealed features in the FUV that were reported to be
from carbon (C 1) [4jello et al., 2008; Zhang et al., 2010].
A comparison of the integrated EUV and FUV N, airglow
disk emission observed by UVS and UVIS roughly varies as
the solar X-ray ultraviolet (XUV, X <450 A) [4jello et al.,
2007, 2008] and these disk observations were recently
modeled by Lavvas et al. [2011]. However, a systematic
comparison of the many electronic and vibrational transi-
tions observed on the limb by UVIS with predictions from
an airglow model containing the relevant excitation pro-
cesses has not yet been done. The altitude of peak emission
and the shape of the profiles are particularly important in
quantifying the solar driven contribution to the Titan air-
glow and a comparison of observed EUV and FUV limb
profiles with model predictions is critical to this end.

[4] The purpose of this work is to quantitatively under-
stand the EUV and FUV spectral content of Titan’s atmo-
sphere and to model the limb radiances for each set of
emissions observed. We first establish the spectral content
of the Titan EUV and FUV airglow using high-quality
UVIS EUV and FUV limb observations between 750 and
1250 km tangent altitudes. We then adapt an airglow radi-
ance model developed for the terrestrial atmosphere to
Titan, calculate vertical profiles of volume production rates
(VPRs) for the features observed by UVIS, and compare
predicted limb radiances with the observations. Finally, we
discuss our results in the context of previous terrestrial air-
glow observations, the latest laboratory observations of Nj,
and future UVIS airglow observations of Titan.

2. The UVIS Limb Observations

[5] The UVIS is a two-channel imaging spectrograph that
consists of an EUV channel (561-1182 A) and a FUV
channel (1115-1913 A). The detector is a CODACON
(CODed Anode array CONverter), with 1024 pixels in the
spectral dimension and 64 pixels in the spatial dimension.
The low-resolution slit was used for both channels, yielding
a spectral resolution throughout the EUV and FUV of 46 A.
The rectangular field of view of the slit is 2 X 59 mrad in the
EUV and 1.5 x 60 mrad in the FUV.

[6] The primary standards used for determining the UVIS
absolute radiometric sensitivity prior to launch were pho-
todiodes provided by the National Institute for Standards
and Technology (NIST). NIST diodes were used to deter-
mine the absolute sensitivity of two LASP standards, a pulse
counting Hamamatsu 1081 photomultiplier tube with a Csl
photocathode and a pulse counting MCP detector. These
standards were then used to calibrate the UVIS. Measure-
ments of the star Alpha Virginis (Spica) obtained during
cruise (16—17 January 1999) agreed with previous results
[Brune et al., 1979] to within 10% for both EUV and FUV
channels, validating the UVIS laboratory results. Periodic
stellar calibrations (every 100 days on average since 2006)
obtained during cruise and while in orbit are used to track
changes in UVIS sensitivity. From these stellar observations
we estimate the UVIS calibration uncertainty to be 15% or
better for all wavelengths. A discussion of the UVIS
instrument characteristics can be found in the work of
Esposito et al. [2004] and a discussion of the first EUV and
FUV observations of Titan’s disk from 13 December 2004
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(Cassini Orbit TB) may be found in the work of 4jello et al.
[2007, 2008].

[7] Data from the Titan encounter from 22 June 2009 (Orbit
T57) used herein were obtained at a range of ~60,000 km
(~23 Titan radii) and collected over a period of 60 min in
15 separate time steps by way of a unique “stare” observa-
tional mode employed for the first time. This mode com-
pensated for spacecraft motion by repositioning the UVIS
optical axis so that the central pixels of the UVIS slit were
maintained at near 800 km minimum ray height as shown in
Figure 1. This staring sequence allowed, to our knowledge,
the highest S/N observation to date in both the EUV and FUV
of the Titan airglow layer and a total of 888 spectra were
obtained. Figure 1 shows UVIS FUV radiances integrated
between 1250 and 1900 A for each spectrum plotted against
latitude and altitude. The vaguely parabolic relationship
between latitude and altitude in Figure 1 is due to the rect-
angular field of view of the UVIS slit projected onto a fixed
tangent altitude rather than by scanning in altitude. Over-
plotted are the projected spatial dimensions of three of the
FUV pixels in order to convey the spatial resolution in alti-
tude and latitude associated with a single spectrum. Each
FUV pixel subtends 90 km in altitude (1.5 mrad) and each
EUV pixel subtends 120 km in altitude (2.0 mrad).

[8] The uncertainty in pointing the UVIS slit at a fixed
tangent altitude can be divided into two components. The
first is the knowledge derived from pointing vectors after the
observations, which is +0.14 mrad (J. Spitale, personal
communication, 2011) or £8 km. The second is the stability
of maintaining that tangent altitude during each 4 min
integration. We estimate this stability by comparing the
tangent altitudes determined at the beginning, middle, and
end of each integration period. Taking the standard devia-
tion of these altitudes at all spatial pixels over all 15
integrations and referencing them to the tangent altitude
at the middle of each period, we find this uncertainty to be
+23 km. This gives a quadratic sum of +24 km for the total
pointing knowledge of one 4 min integration.

[s] The spectral region used in Figure 1 is dominated by
the photoelectron excited N, Lyman-Birge-Hopfield (LBH)
aIHg - 1X; band system [4jello et al., 2008]. One can see
that the LBH limb radiances peak near 900 km altitude and
are smaller above and below this peak. The T57 observation
spanned tangent altitudes from 750 km to 1350 km, and the
associated spectra in Figure 1 are all from high enough
altitudes that they do not exhibit significant emission from
scattered sunlight.

[10] To maximize the signal-to-noise of the spectra, we
collect all of our results in 100 km altitude bins centered on
every 100 km increment from 800 to 1300 km. For the
absolute uncertainty of the peak emission altitude we use
the quadratic sum of the pointing knowledge uncertainty
(24 km) and the size of the altitude bin (+50 km), leading
to a total of 55 km.

3. Spectral Analysis

3.1.

[11] The first step of our analysis is to identify the spectral
content of the airglow and derive limb brightness profiles of
the main emission sources. Ajello et al. [2008] presented the
first FUV airglow observations of UVIS from Titan’s disk.

FUV Emissions From Processes Involving N,
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Figure 1. A scatterplot of the locations of each of the FUV spectra from the 15 time steps used in this
study. There are a total of 888 separate spectra collected, and solar incidence angles vary slowly during
the observations as indicated. The integrated radiance for the 1250-1900 A spectral region is shown,
which is primarily from the N, LBH bands. Also shown are the vertical and horizontal dimensions for
three of the pixels projected to the minimum tangent height during one of the time steps. The projected

vertical resolution of a single FUV pixel is 45 km.

These observations showed that the FUV was dominated by
LBH, N I multiplets produced by photofragmentation and
photoelectron impact on Ny, the bright H Lyman-« line at
1216 A, and solar scattered light modified by aerosol scat-
tering and hydrocarbon absorption longward of ~1350 A. In
addition, Ajello et al. assigned features at 1464 A, 1561 A,
and 1657 A to C I from CH, fragmentation and identified a
“mystery” feature at 1597 A.

[12] We note two important advances from the earlier
spectral analysis of 4jello et al. [2008]. First, by analyzing
limb spectra at altitudes above 750 km, we avoid the diffi-
culty of separating the relatively bright solar scattered signal
originating from deeper in the atmosphere, which contrib-
utes to the disk observations longward of 1350 A. Second,
we find that the photoelectron excited N, Vegard-Kaplan
(VK) A’S; — X'%¢ system is present longward of 1550 A.
The presence of N, VK bands in the Titan airglow has not
been reported heretofore, but there are relatively bright VK
bands close to the C I wavelengths at 1561 A and 1657 A as
well as the unidentified feature at 1597 A noted by Ajello
et al. [2008].

[13] Our spectral analysis of the FUV limb spectra uses a
least squares fitting procedure that includes all detectable
emission between 1150 and 1900 A. Each of these emis-
sions is calculated at high spectral resolution and then
convolved with the UVIS instrument line shape. These
emissions include the following.

[14] 1.Firstis the H Lyman-c line at 1216 A. The spectral
width of this bright feature is found to be slightly larger than
the other features in the Titan airglow. We therefore degrade
the resolution of this feature slightly so that its full-width at
half-maximum is 7 A rather than 5 A. This effect is con-
sistent with an uncorrected loss in sensitivity at the core of
the line due to persistent exposure by the interplanetary
hydrogen background.

[15] 2. Second is the N, LBH system. The synthesis of
this system uses the formalism described by Conway [1982]
and each vibrational band is modeled using a rotational
structure with a Boltzmann distribution at 170 K, consistent
with temperatures reported for Titan’s upper atmosphere
[De La Haye et al., 2007a].

[16] 3. Third is the N, VK system. We use upper state
(v = 0-10) vibrational populations of Strickland et al.
[1999] and extrapolate to a population of v’ = 11 that is
44% of that for v/ = 10. Branching ratios are from Piper
[1993] and Shemansky [1969]. Electronic and vibrational
energies as well as rotational constants are from Huber and
Herzberg [1979] and the rotational structure is modeled at
170 K.

[17] 4. Fourth are the N I multiplets. These features are
produced primarily by photofragmentation of N, with a
smaller contribution from photoelectron excitation of N,.
Photofragmentation is also sometimes referred to as photo-
dissociative excitation or photodissociative ionization, but
we use the more general term here for simplicity. We use the
relative intensities of the ten N I multiplets within the UVIS
FUV passband, which are obtained from terrestrial airglow
observations of the Hopkins Ultraviolet Telescope and
reported by Bishop and Feldman [2003]. All atomic multi-
plets in the FUV are modeled as a single emission feature.

[18] We further note that there is significant extinction due
to methane (CH,4) between 800 and 1300 km tangent alti-
tudes for wavelengths shortward of 1400 A [e.g., Strobel
et al., 1992] due to the large CH, absorption cross section
at these wavelengths. There are two bright N I multiplets on
either side of this absorption ledge, N 1 1200 A and N 1 1493
A, and the optically thin N I 1200 A/1493 A ratio is 2.8
[Bishop and Feldman, 2003]. The ratio of these features
therefore can constrain the amount of CH, along the line-of-
sight and so we include a fifth free variable in our spectral
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fitting procedure which is the effective CH,4 slant column
abundance observed on the limb. This column is only used
to attenuate the different components of the spectral fit for a
reliable determination of emergent radiances. We will dis-
cuss the sensitivity of the Titan airglow observations to the
CH, abundance further in section 6.

[19] Each FUV spectrum is therefore fit using the
following expression:

D(A,2) = [A1(2)f1y-(N)
+ AZ(Z)fLBH()\) + A3(Z)fVK(/\) + A4(Z)fN[()\)]
- exp[—Ncua (z)ocna(N)] (1)

where D(], z) are the data for minimum tangent ray height
z, fiy-o(N) is the spectral shape of the H Lyman-« line,
fieu(N) is the shape of the N, LBH bands, fyx()) is the
shape of the N, VK bands, fi;()) is the shape of the N I
multiplets, and ocps(N) is the wavelength-dependent CH,
absorption cross section [Lee et al., 2001]. Ncpa(z) (the
effective CHy slant column abundance) and A, (z) are alto-
gether the five least squares best fit coefficients of their
corresponding linearly independent spectral components to
the coaveraged data in each 100 km altitude bin. We use the
synthetic fit to each spectral component to calculate the
radiance contributions at each altitude. A nonlinear least
squares fitting procedure was used, which also provided a
relative fitting uncertainty for each altitude.

[20] Figures 2a—2d show the results of this spectral fitting
procedure at the observed tangent altitude of 1000 = 50 km,
near the FUV emission peak. Figure 2a shows the composite
solution overplotted on the data and the fit is excellent. Also
included in Figure 2a is the best fit of the CH,4 transmission,
referenced to the right-hand axis. The transmission on the
short wavelength side of the spectrum is about 60%, whereas
it is 100% on the long wavelength side of the spectrum due to
the variation of the absorption cross section discussed above.

[21] Figures 2b-2d show the three components of the
composite fit overplotted on the same data shown in
Figure 2a. Figure 2b shows the best fit to the N, LBH
bands. These bands constitute most of the N, emission in
the FUV channel and are nearly optically thin, with only a
small amount of CH4 extinction on the short wavelength
end of the system. The various band progressions are
indicated and the observed radiance is 107.6 £ 12.1 R,
which represents 87% of the emission within the entire
LBH system (1260-2600 A).

[22] Figure 2c shows the first identification of the N, VK
bands in Titan’s atmosphere. There is far more (95%) VK
emission longward of 1900 A [e.g., Broadfoot et al., 1997],
but we compare only the emission within the examined
1150-1900 A spectral region (57.5 + 7.4 R) against model
predictions. The optically thin band progressions are indi-
cated with the (7,0) band near 1689 A being the brightest.
This band and many other VK bands were obscured by the
bright solar scattered background in the disk spectrum of
Ajello et al. [2008]. Other bands clearly present in the
blended limb spectrum are the (5,0), (6,0), (8,0), and (9,0). It
is therefore very likely that the (8,0) band near 1654 A as
well as the weaker (11,0) band near 1563 A were mis-
identified as C I by Ajello et al. and the (10,0) band near
1592 A is likely the reported “mystery” feature. All three of
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these features are within 5 A of those considered by Ajello
et al. We find no evidence of a third C I feature near 1464 A
in Figure 2a as reported by Ajello et al. We attempted to fit
the brightest reported C I feature at 1657 A to the data and
found no detectable emission there, as suggested by the
quality of the composite fit in Figure 2a. We place an upper
limit of 2 R on this feature at 1000 km tangent altitude.

[23] Figure 2d shows the relative intensities of the N I
multiplets produced primarily from photodissociative exci-
tation (hv + N,) with a smaller contribution from photo-
electron excitation (¢ + N,) [Bishop and Feldman, 2003].
Note that the N T 1200 A/N I 1493 A ratio is about 2 rather
than the optically thin ratio of 2.8 as a consequence of CHy
extinction. Other N I multiplets are labeled by tick marks.
The total N I radiance within the spectral region shown is
27.3 + 3.7 R. We therefore conclude that only features
belonging to processes involving N, are present in the FUV
(>1216 A).

3.2. EUV Emissions and the N, Carroll-Yoshino
System

[24] Our approach to the spectral analysis of the EUV
airglow is analogous to that for the FUV in that we assemble
the principal components to the blended spectrum and find a
least squares best fit solution at each altitude. Rather than fit
an EUV laboratory spectrum resulting from electron impact
on N, to the data (as in the work of Ajello et al. [2007]), we
fit the features separately where possible so that we can
identify the largest discrepancies when comparing with
model simulations. If there are many weak features within a
progression (i.e., arising from the same upper state), then we
fit the relative intensities of the entire progression together
instead.

[25] The EUV limb spectra are fit between 750 and 1150 A
and all of the features are convolved with the UVIS
instrument line shape before inclusion into the least squares
fitting algorithm. The different spectral components are
listed here.

[26] 1. The first component is the CY(0,v") bands. The
(0,0) and (0,1) bands near 958 and 980 A, respectively, are
fit together but we use the (0,1)/(0,0) ratio of 40 calculated
under limb viewing conditions from a multiple scattering
model [Stevens, 2001], thereby rendering negligible the
contribution from the optically thick (0,0), as observed
[djello et al., 2007]. The (0,2) band near 1003 A is fit
separately and the (0,v" > 2) bands are weak and not
included. In contrast to the LBH and VK bands, the rota-
tional structure of the CY bands is not explicitly included
in the spectral fitting because the UVIS spectral resolution
(~5 A) is much broader than the width of the bands (~1 A).

[27] 2. The second component is the CY (V' = 3,4,6) bands.
Since these bands are relatively weak and blended, all three
of these progressions are fit together as one spectral com-
ponent. Relative intensities within the blended features are
obtained using emission cross sections of Ajello et al. [1989,
1998]. Bands terminating on the ground vibrational state are
assumed to be optically thick and not included in the fit.

[28] 3. The third component is the N I and N II multiplets.
As in the FUV, these features are produced primarily by
photofragmentation of N,. There are a total of 16 atomic
multiplets within the UVIS EUV spectral region. The
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Figure 2. (a) UVIS FUV data from 22 June 2009 at 1000 + 50 km altitude, where a total of 163 spectra
have been coaveraged. The composite fit to the data is shown overplotted in red, and the transmission is
shown in blue, referenced to the right-hand axis. (b—d) Three important spectral contributions to the com-
posite fit: the N, LBH bands, where the different vibrational progressions are indicated as is the integrated
radiance within the passband; the N, VK bands with the vibrational progressions and total radiance indi-
cated; and the N I multiplets with the total radiance for all 10 indicated.
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brightest three atomic features as measured in the laboratory
under optically thin conditions are fit individually: N II 1085
A, N T 1134 A, and N II 916 A. The other 13 atomic
multiplets in the EUV from 862 A to 1100 A are fit as one
spectral component according to the laboratory-measured
relative intensities of Samson et al. [1991].

[20] 4. The fourth component is the N, Birge-Hopfield I b
T, - X 12; (1,v") bands. Although much of this system is
highly predissociated, the v’ = 1 progression is not for low J
[Lewis et al, 2005a] and the relative intensities of the
vibrational bands are taken from the emission cross sections
of James et al. [1990].

[30] 5. The final component is the H Lyman-£3 line at
1026 A.

[31] Since there is not sufficient structure in the CH,4 cross
section in the EUV to infer the effective column from the
spectral shape, we use the same CH4 column abundance
inferred from FUV analysis for the EUV. EUV CH, cross
sections are from Kameta et al. [2002]. The EUV spectra are
therefore fit with the following expression:

D(\,z) = [A(2)fLy-5(A) + Az (2)fBmi(N)
+ Asz(2)fevass(A) + SiAi(z)fevoi(A)
+ ZjAj(z)fni(A) ] exp[—Nepa (z)ocus (M) (2)

where fi,_3(])) is the shape of the H Lyman-{3 line, fgpi() is
the spectrum for the N, BH I(1,v") bands, fcyzas() is the
spectrum for N, CY (V' = 3,4,6), Xifcyoi()) is the sum over
the two component fit of the CY(0,0)+CY(0,1) bands and
the CY(0,2) band, and Xjfy;;()) is the sum over the four
separate components of the 16 N T and N II multiplets we fit
in the EUV discussed above. The nine A, coefficients are
scalars that are retrieved in the spectral fitting process. As
with the FUV, we use the synthetic fit to each spectral
component to calculate the radiance contributions at each
altitude.

[32] Figures 3a—3d demonstrate the results of this spectral
fitting procedure at the same 1000 + 50 km tangent altitude
of Figure 2. Figure 3a shows the composite solution of all
components overplotted on the data and the fit is excellent.
Also included in Figure 3a is the CH,4 transmission calcu-
lated from the effective slant column abundance inferred in
Figure 2, referenced to the right-hand axis. It ranges from
about 30% on the short wavelength end of the EUV to about
70% on the long wavelength end.

[33] Figures 3b—3d show the components of the com-
posite fit shown in Figure 3a. Figure 3b shows the relative
intensities of the N I and N II multiplets produced primarily
from photofragmentation as well as the H Lyman-{ fit. The
N 11 1085 A/N 11 916 A ratio is found to be 6.2 and the N II
1085 A/N 1 1134 A ratio is 1.4. After accounting for
extinction due to CHy4 along the line of sight, these ratios
become 3.6 and 1.9, respectively. These are somewhat
smaller than the optically thin ratios reported by Samson
et al. [1991] of 4.4 and 3.5, respectively.

[34] Figure 3c displays the fit to the N, CY(3,4,6) pro-
gressions as well as the N, BH I(1,v"”) progression. Most
prominent are the blended CY(3,2)+CY(4,3) bands near
945 A as well as the CY(3,4)+CY(4,5) bands near 985 A.
Wavelengths of the different vibrational bands are indicated
in Figure 3c.

STEVENS ET AL.: TITAN’S ULTRAVIOLET NITROGEN AIRGLOW

A05304

[35] Figure 3d gives the fit to the well known CY(0,v")
progression, which is the brightest observed in electron
impact laboratory observations [Zipf and McLaughlin, 1978;
Ajello et al., 1989]. The (0,0) band is optically thick in
Titan’s atmosphere and absent in the separate disk airglow
observations reported by A4jello et al. [2007]. This result is in
contrast to most Voyager UVS analyses of the Titan airglow
which reported that the (0,0) band dominated the EUV. Note
that the (0,1)/(0,2) ratio is 1.5, which is in contrast to the
optically thin ratio of 10 [4jello et al., 1989]. We discuss the
relative intensities of this important vibrational progression
further in section 5.

4. Airglow Modeling: Calculation of EUV
and FUV Production Rates

[36] The fitting process described above allows us to
retrieve radiances of each feature or progression versus
altitude for comparison with predictions using the Atmo-
spheric Ultraviolet Radiance Integrated Code (AURIC)
[Strickland et al., 1999; Stevens, 2001]. Because there is no
clear evidence yet of N, airglow emissions observed by
UVIS from the dark side of Titan [Ajello et al., 2007], we
proceed under the assumption that the airglow is produced
exclusively by solar driven processes. AURIC has been used
in the analyses of many terrestrial upper atmospheric air-
glow measurements, including all known emissions arising
from photofragmentation and photoelectron excitation of N,
[Bishop and Feldman, 2003]. AURIC uses laboratory-
measured excitation cross sections and the solar spectral
irradiance to calculate photoelectron fluxes and the resultant
VPRs (in cm ™ s7'). From the VPRs we calculate the limb
radiances for comparison against the observations, including
all known sources of opacity along the line of sight.

[371 We adapt AURIC to Titan’s atmosphere by using
the shape of the N, density profile from the Huygens
Atmospheric Structure Instrument (HASI) reported by
Fulchignoni et al. [2005] but scaled to the N, density at
950 km (Orbit T5, 1.32 x 10'® ¢cm™) from the Ion and
Neutral Mass Spectrometer (INMS) reported by De La
Haye et al. [2007a]. This reduces the reported HASI den-
sities at 950 km by a factor of 3.1 and allows for a smooth
description of N, densities below the minimum altitude of
the INMS. This reduction in densities is crucial to matching
the observed altitudes of peak limb radiances between 900
and 1000 km altitude. The HASI N, number density profile
as well as the INMS profile and the one used in our study
are all shown in Figure 4.

[38] We use the solar irradiance measured between 10 and
1050 A at Earth by the Solar EUV Experiment (SEE, Ver-
sion 10.02) [Woods et al., 2008; Lean et al., 2011] on 23
June 2009 scaled by 1/R* (R = 9.57 AU) to account for the
weaker flux at Titan. There are no solar data available on 22
June so we have taken the data from the following day. The
EUV and FUV airglow is controlled by photoelectron
excitation and photofragmentation of N,, which are both
initiated by the solar irradiance at wavelengths below 450 A
[Strickland et al., 1995; Stevens, 2001; Bishop and
Feldman, 2003] and this irradiance is shown in Figure 5.
While the formal systematic uncertainty for these data is
~30%, use of the SEE data in the AURIC model closely
reproduces the terrestrial FUV dayglow observed simulta-

6 of 17



A05304

Radiance (R/A) Radiance (R/A) Radiance (R/A)

Radiance (R/A)

STEVENS ET AL.: TITAN’S ULTRAVIOLET NITROGEN AIRGLOW A05304
N B A B S B B S B By B L B S R B B
1.0 Composite Fit a 1.0 c
0.8 1 Attitude 1000 km - 0.8 .%
- "1 L 0
0.4 T S L04 C
___________ il i 1 o
0.2 L T 0.2 +
P ’ | 1 J Jn ' , " b
0.0 |.' l1|| I.llu AL,‘ i rll.r.l_l |II"|“I1 lll'L“lll'.‘“ y IJL“‘II’ t Jl“ I | a1 l'l L’ |||. IL £l>|l|h ‘ L 0,0 E:)
-0.2 Sl o st o o s amdEe s s i m s s a5 -0.2
800 850 900 950 1000 1050 1100 1150
IO HENLIN L B B L B L B &
=1 NI, NUondHLy-p b ¢
0.81 Nu1085 39 +02R -
0.6 7 M T I 1 T 1 v‘ m I
0.4 1 ’ ’ s
P ) b 4
O O |. i | |J| ‘}_ ol 1LY Y Il‘ ;Ill A |,‘I|]I IE'PIMJI | ‘ri .lmJ Ly lllL"ll.’ s |'I‘L|le‘l- ‘ L
. 1 e ke u i i “
-0.2 Pk [0 I i 1 A o | P TR
800 850 900 950 1000 1050 1100 1150
B S AL A L S S S W B L B L B R
1.0 1 CY(3,4,6): 6.5 + 0.4 R C
0.8 ' CY(v'=3) i T T T T 1 5
; CY(y'=4) ——————
0.6 1 CY(v'=) 23 4 5 & 7 -
0.4 12 4 5 7 8 9 3
0.2 " “ j‘w r
O O |. i _| |.||‘L 1. 1LY 'l'.‘ 1 |.l’>“‘11'i|L Jl‘ i ‘rl ‘.Il'\.l ..1|.1“|LIJ,|| l.LILI‘*I‘li
. k] & l N r PRI I u I ] l I I
-021 0y e T o a0 il M i
800 850 900 950 1000 1050 1100 1150
B T T T L T S A R
1.0 1 N2 CY(0): 2.4 + 0.5 R —— d |
0.8 M T -
] 0 1 2
0.6 1 -
0.4 1 -
M ‘“L 3‘
0.0 |, | Il I.lu il LY I'.' .'..vlLl ’.‘.JIJhILIJI | IJJ |1 | il “ILI..llI .-lILI‘il'li L
. TYRES l IR R iy i |
-0.2 ol A IR B A o Ll N .
800 850 900 950 1000 1050 1100 1150

Wavelength (A)

Figure 3. (a) UVIS EUV data from 1000 + 50 km altitude for the same time period as Figure 2. As in
Figure 2, the composite fit is in red, and the transmission is shown in blue. Spectral contributions to the
composite fit: (b) the N I and N II multiplets in red and H Lyman-£ in green, with the radiance for the
brightest N II 1085 A feature indicated; (c) the N, CY(3,4,6) bands as well as the N, BH I(1) bands; and
(d) the CY(0,v") bands.
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Figure 4. N, number density profile reported from the
HASI experiment (long-dashed line) and the INMS experi-
ment (short-dashed line). The profile adopted for this study
(solid line) is the HASI profile scaled down by a constant
factor of 3.1. Also shown are two different CH,4 density pro-
files from a UVIS occultation [Shemansky et al., 2005] and a
model constrained by INMS observations [Yelle et al.,
2008].

neously by the GUVI instrument [Lean et al., 2011]. The
indicated photon flux (A <450 A) is a factor of six less than
that used in the Voyager 1 UVS EUV airglow analysis of
Stevens [2001] and reflects the much lower solar activity
during the UVIS observational periods.

[39] Using photoionization cross section data from the
Photo-Cross Sections and Rate Coefficients database (http://
amop.space.swri.edu/) [Huebner et al., 1992], we find that
the contribution to the total photoelectron flux from CHy,
which has a mixing ratio of 3% near 1000 km altitude [De
La Haye et al., 2007a], to be less than 10% for energies
above 5 eV and for altitudes between 900 and 1400 km. The
enhanced photoelectron production due to CH, results in a
5% or less enhancement in EUV and FUV VPRs under the
observed conditions and so we neglect this contribution. We
note in passing that it is essential to have precise knowledge
of the solar zenith angle (or solar incidence angle) in order
to properly compute the extinction of the solar irradiance.
We use an average solar incidence angle of 56° for all of our
calculations herein (see Figure 1).

[40] Figure 6a shows the calculated photoelectron flux for
four different electron energies using the HASI N, density
profile scaled down by a factor of 3.1 as shown in Figure 4
and the solar spectral irradiance shown in Figure 5. In
general, production rates of important solar driven UV air-
glow emissions peak near 1000 km where most of the XUV
solar irradiance is absorbed by the atmosphere. Figure 6b
shows the energy spectra of the photoelectron fluxes at
four important altitudes for this study. At 1000 km these
show a peak between 107 and 10® electrons cm s 'ev !
near 6 ¢V with a flux about five orders of magnitude less
near 100 eV, consistent with the model results of Lavvas
et al. [2011]. We note, however, that we have adapted our
model to N, densities reported from INMS measurements
rather than those reported by HASI and used by Lavvas
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et al. Lower N, densities allow for a better fit to the
observed radiance profiles discussed in section 5.

[41] Recently, Young et al. [2010] remeasured the emis-
sion cross sections of the important LBH system in the
laboratory and found important differences in magnitude
and shape from the previous measurements of Ajello and
Shemansky [1985]. The new a state emission cross section
peak near 20 eV is found to be 26% less than the value from
Ajello and Shemansky (after adjustment of the latter cross
section for revised calibration). In addition, the cascade
contribution from higher lying states is found to be 31%
using the a’ and w state excitation cross sections of Johnson
et al. [2005]. The effective peak emission cross section
including cascade is 2.28 x 10”7 cm? at 20 eV [4jello et al.,
2010].

5. Airglow Modeling: Comparison of Model
Results to UVIS Limb Observations

[42] VPRs from AURIC are used to calculate the radiances
of each set of emissions for comparison with the limb
observations presented herein. VPRs are interpolated onto a
finely spaced altitude grid and integrated explicitly along the
line of sight for each tangent altitude under the assumption of
spherically symmetric production. Wavelength dependent
absorption by CHy is included in the calculations using the
density profile from UVIS stellar occultation observations
and reported by Shemansky et al. [2005] (see Figure 4).
Calculated limb radiances are then smoothed vertically over
90 km in the FUV and 120 km in the EUV, consistent with
the projected field of view of a UVIS pixel in the FUV and
the EUV at a line-of-sight distance of 60,000 km.

5.1. FUV Limb Observations

[43] Figure 7 shows VPR vertical profiles and calculated
limb radiance profiles compared against observations for all
of the emissions arising from solar driven processes on N,
in the FUV. Figure 7a shows calculated VPRs of the N,
LBH system, where the peak is 0.8 cm s ' at 1005 km.
This peak VPR is about a factor of 2.5 less than reported by
Lavvas et al. [2011], which can probably be attributed to a
combination of the new smaller LBH emission cross sec-
tions of Young et al. [2010] and the lower solar irradiance in
June 2009 compared to December 2004 for the disk
observations modeled by Lavvas et al. Figure 7b shows the
calculated LBH limb radiances within the UVIS passband
compared against the observed radiances. The fit is very
good and the calculated peak radiance exceeds the data by
only 6%, which is within the estimated calibration uncer-
tainty of UVIS (15%). The calculated altitude of peak
emission is also in agreement with observations, which
provides strong evidence against any magnetospheric source
of LBH excitation and also supports the lower INMS N,
densities. Extinction by CH, for the LBH bands is relatively
small, as indicated by the dashed line in Figure 7b.

[44] Figure 7c shows calculated VPRs for the N, VK
system, which include the significant contributions of cas-
cade from higher lying states [Trajmar et al., 1983;
Strickland et al., 1999]. Figure 7d shows the corresponding
limb radiance profile for the portion of the band sampled by
UVIS. Again, the fit to the peak radiances is very good and
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Figure 5. The solar spectral irradiance used in this study. The irradiance at 1 AU [Lean et al., 2011] has
been scaled down by a factor of 92 to reflect the smaller irradiance at Titan relative to the Earth. The total
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the altitude of peak VK emission also agrees with the
observations. The VK bands are not absorbed by CHy,.

[45] Figure 7e shows calculated VPRs for the ten N I
multiplets in the FUV, which are dominated by N I 1200 A
and N 11493 A (see Figure 2d). The VPRs used to calculate
limb radiance are the sum of that from N, photo-
fragmentation and photoelectron excitation of N,. Each of
these two contributions are overplotted on Figure 7e, where
one can see that photofragmentation dominates the excita-
tion. Emission cross sections from photofragmentation for
all N T and N II features in the FUV and EUV have not yet
been measured in the laboratory, but we assign emission
cross sections to each feature following Bishop and
Feldman [2003]. Emission cross sections for photoelectron
excitation (N,+e — N* + N"*) are from James et al. [1990],
Ajello and Shemansky [1985], Stone and Zipf [1973], and
Mumma and Zipf [1971]. Using densities reported by De La
Haye et al. [2007b], we find that direct photoelectron
excitation of atomic nitrogen is negligible in the production
of the UV airglow. Figure 7f shows the corresponding limb
radiances. Although the altitude of the peak emission is
again fit well, the predicted emission rate peak is in excess
of the observations, which may be due to uncertainties in the
emission cross sections used for photofragmentation.

5.2. EUV Limb Observations

[46] Figure 8 shows VPRs and limb radiances for several of
the most important airglow emissions in the EUV. Figure 8a
shows VPRs for the bright N II 1085 A feature, where
contributions from both photofragmentation and photo-
electron excitation are plotted along with the total pro-
duction. We focus on this EUV multiplet because it is
isolated and bright, constituting 40% of the emission from
the EUV atomic multiplets at the peak. Figure 8b shows
the corresponding limb radiances for this multiplet as well
as the limb observations. We find that the predicted peak
emission and the peak altitude are in good agreement with
the observations. The calculation of N I 1085 A and the
limb radiances for the rest of the features in the EUV is
more sensitive to the prescribed CH, densities than the
FUV calculations, as indicated by the optically thin result
overplotted.

[47] Figures 8c and 8d show the VPRs and limb radiances
for the N, BH I(1) bands. The calculation ignores any
multiple scattering effects and uses emission cross sections
reported by James et al. [1990]. Although these bands have
been identified in the terrestrial airglow [e.g., Gentieu et al.,
1981; Chakrabarti et al., 1983; Morrison et al., 1990;
Bishop and Feldman, 2003], a limb scan has not been
reported heretofore. Moreover, no reliable model-data
comparison has been possible due to blending with adjacent
features (see Figure 3). To our knowledge Figure 8d is
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therefore the first model-data comparison of the BH I(1)
airglow from an N, atmosphere.

[48] Figures 8e and 8f show VPRs and limb radiances for
the N, CY(v' = 3,4,6) progressions. We use the total
emission cross section for the CY system reported by Ajello
et al. [1989] (1.21 x 1077 cm? at 100 V) scaled down by a
factor of 0.164 to represent the emission in CY (V' = 3,4,6).
This scaling includes the total from v' = 3 (5.30 x 10 "°
em?) and v = 4 (8.25 x 102 cm?) [4jello et al., 1998] as
well as v/ = 6 (6.22 x 107" ecm?) [4jello et al., 1989]. We
assume that all CY(v' = 3,4,6) bands terminating on the
ground vibrational state (v"” = 0) are optically thick so those
emission cross sections are not included in our calculations.
In addition, many features overlap other CY(V' = 3.4,6)
emission bands so that laboratory measured CY(v' = 3,4,6)
cross sections cannot easily be quantified [4jello et al.,
1989]. For the v’ = 6 progression we have removed the
(6,3) and (6,6) bands because they are blended with other
features and not identified in higher resolution terrestrial
airglow spectra [Feldman et al., 2001]. We have also given
50% of the laboratory measured emission cross section to
the blended (6,2) band.

[49] Figure 8f shows that predicted CY(V' = 3,4,6)
limb radiances are several times weaker than observations.
Figure 8f also shows that even under optically thin condi-
tions the predicted radiances would be less than observed.
The inclusion of multiple scattering effects from the v"" = 0
levels would not significantly change this result since
emission cross sections to those levels constitute only 14%
of the CY(v' = 3,4,6) cross sections used. Misidentification
of the bands is unlikely since the composite fit in Figure 3a
is extremely good, making it very difficult to identify what
else may be contributing to the UVIS spectrum. One pos-
sibility in this spectral region is the weaker Birge-Hopfield
I (BH II) b''S; — X' bands [4jello et al., 1989], but their
contribution to the terrestrial airglow is very small relative to
other emissions [Feldman et al., 2001]. We discuss the
model-data discrepancy in Figure 8f further in section 6.

[50] The CY(0,v") progression requires a different mod-
eling approach because the resonant (0,0) band near 958 A
has an emission cross section that is 62% of that for the
entire CY system and (0,0) is also extremely optically thick
in Titan’s atmosphere. Photons within this progression are
therefore multiply scattered following excitation with their
ultimate fate either predissociation or loss as emission in
more optically thin bands such as (0,1) near 980 A and (0,2)
near 1003 A. For this progression we use the multiple
scattering model developed for CY(0,v") in the terrestrial
atmosphere [Stevens et al., 1994] and modified for Titan’s
atmosphere [Stevens, 2001]. The input is a plane-parallel
model atmosphere and ¢’4(0) photoelectron excitation rates
calculated with AURIC, branching ratios within the pro-
gression and relevant absorption cross sections calculated at

Figure 7. VPRs and calculated limb radiances of important FUV emissions at a solar zenith angle of 56°. (a) The VPR
vertical profile for the emission in the entire N, LBH system and (b) corresponding limb radiances (black). Observed LBH
radiances are shown in red (see Figure 2) along with the spectral fitting uncertainty (shaded). The portion of the band used in
the comparison (87%) is indicated, as is the optically thin result (dashed line). (¢) The VPR for emission in the N, VK
system and (d) the corresponding limb radiances compared to the data. The portion of the band used (5%) is indicated.
(e) The total VPR for all FUV N I multiplets (solid line), where photoelectron excitation and photofragmentation are shown
separately, and (f) calculated limb radiance compared to the data.
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Figure 9. The N, coupled channels cross section near the
CY(0,1) band at 160 K. Absorption from the BH 1(2,0) band
used in previous Titan airglow work calculating CY(0,v")
radiances is shown in black. Absorption that includes addi-
tional opacity through the C *II,(v = 8) level and that is used
in this work is shown in red. This additional opacity results
in more loss within the CY(0,v") system, where locations of
CY(0,1) rotational lines are indicated. The vertical N, col-
umn abundance near peak photoelectron production is
~1 x 10'® cm? [Stevens, 2001].

millidngstrom resolution. This model was used to calculate
the terrestrial disk radiances of CY(0,v") observed by the
Far Ultraviolet Spectroscopic Explorer. There, calculated
CY(0,1) and CY(0,2) radiances were within 20% of
observations [Bishop et al., 2007].

[s1] The predissociation branching ratio is an important
input to the model because predissociation can be enhanced
by a factor of three over its optically thin value through
multiple scatterings [Stevens, 2001]. Recent work has shown
that predissociation within the CY(0,v") progression has a
strong dependence on rotational level with lower levels less
predissociated than higher levels [Shemansky et al., 1995;
Ubachs et al., 2001]. We herein consider two band averaged
predissociation yields of 1% and 30%, which encompass the
range of yields reported for the rotational levels populated
on Titan [Liu et al., 2005]. Figure 8g shows CY(v' = 0)
VPRs for both 1% and 30% predissociation.

[52] Computation of column emission rates is difficult due
to absorption by overlapping N, EUV bands. We have
shown previously that branching to the CY(0,1) band can
result in loss through absorption in the 100% predissociated
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BH 1(2,0) band, which accidently overlaps the CY(0,1) band
[Stevens et al., 1994; Stevens, 2001]. An important advance
relevant to this problem lies in the ability to calculate
accurate N, absorption cross sections and predissociation
line widths using the coupled channels technique [Lewis
et al., 2005b; Haverd et al., 2005]. Lewis et al. [2008a]
recently experimentally demonstrated enhanced opacity
near 980 A due to the forbidden transition to the C *IL, (v =
8) level, the transition borrowing strength from the dipole-
allowed b-X system through b~C spin-orbit coupling. This
contribution had been neglected previously. In this work we
have used a coupled channels N, model [Haverd et al.,
2005; Lewis et al., 2008b] to calculate EUV cross sections
for N, at a range of relevant temperatures. Figure 9 com-
pares cross sections near 980 A at 160 K, consistent with
temperatures in Titan’s upper atmosphere. The comparison
shows results from Stevens [2001] who neglected the C-X
(8,0) band and the coupled channels absorption cross
sections that include this band. The location of the CY(0,1)
rotational lines are indicated and the enhanced opacities are
evident. We include the new cross sections in our multiple
scattering model, using upper atmospheric temperatures
reported by Fulchignoni et al. [2005]. The inclusion of the
new cross sections results in about 15% smaller (0,1) peak
limb radiances.

[s3] Figure 8h compares our multiple scattering model for
CY(0,0), CY(0,1) and CY(0,2) with the (0,1) and (0,2) limb
observations of UVIS. CY(0,0) is not detectable by UVIS at
any tangent altitude. The model calculations include both
1% predissociation (upper limit on radiance) and 30% pre-
dissociation (lower limit). Predicted peak (0,2) radiances are
in reasonable agreement with UVIS observations, but pre-
dicted (0,1) radiances are on average a factor of three larger
than observations. For these calculations we use a CHy
mixing ratio of 6% that is constant with altitude. Varying the
CH, mixing ratios between 3 and 13% only varies the peak
(0,1) radiance between 5 to 7 R for 1% predissociation. We
also note that the peak altitude of the predicted CY(0,1)
radiances is over 100 km higher than the observed peak
altitude (1000 km) and is the only emission feature for
which the peak altitude is significantly discrepant. We will
discuss these differences next in section 6.

6. Discussion

[s4] Table 1 shows a comparison of all of the key FUV and
EUV emissions shown in Figures 7 and 8 with observations.
Comparisons are for peak brightnesses as well as peak alti-
tudes and differences relative to the observations are shown
for each. Most of the observed emission is in the FUV, which

Figure 8. VPRs and calculated limb radiances of important EUV emissions. (a) The VPR vertical profile for the bright N II
1085 A multiplet calculated, with contributions from photoelectron excitation and photofragmentation plotted separately,
and (b) calculated N II 1085 A limb radiances (solid black line) compared to the observations (red), with the optically thin
model result overplotted (dashed black line). (c) VPR for emission in the N, BH I(1) progression and (d) BH I(1) limb
radiances compared to the observations, analogous to Figure 8b. (e) VPR for emission in the N, CY (v’ = 3,4,6) progressions
and (f) CY(3,4,6) limb radiances compared to the data. (g) The total VPR for excitation in the N, CY(0,v") progression,
which is calculated using both 1% and 30% predissociation of c¢'4(0) (see text), and (h) calculated limb radiance for CY
(0,1) and CY(0,2) using a multiple scattering model compared to the data, where the shaded region represents the results

for different amounts of predissociation.
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Table 1. Comparison of Modeled and Observed Titan Limb Airglow Radiances

Observed Modeled Model Observed Modeled Model — Observed
Peak (R)* Peak (R)° Observed Peak (km) Peak (km) (km)
N, LBH® 136.0 £ 12.5 143.9 1.1 900 + 55 933 33
N, VK¢ 67.8 +7.4 52.0 0.8 900 + 55 928 28
N I¢ 31.8 £4.8 47.4 1.5 900 + 55 956 56
N1I 1085 A 41+02 4.5 1.1 900 + 55 996 96
BH I(1) 20+03 1.6 0.8 900 + 55 1009 109
CY(3.,4,6) 6.5+04 1.4 0.2 1000 + 55 1014 14
CY(0,1) 1.4+02 42£19° 3.0 1000 + 55 1120 120
CY(0,2) 09+0.2 0.7 03¢ 0.8 1000 £ 55 1080 80

?All observations also have a 15% systematic calibration uncertainty that is not shown.
®Calculations use a solar incidence angle of 56°, CH, densities of Shemansky et al. [2005], and N, densities shown in Figure 4. Limb radiances are
smoothed over 90 km (FUV) or 120 km (EUV), and all model results have a 30% uncertainty due to the XUV solar irradiance used.

“Observations and model results represent 87% of the N, LBH system.
dObservations and model results represent 5% of the N, VK system.
“Includes all N I features between 1150 and 1900 A.

fUses 1 to 30% predissociation of the ¢'4(0) state and 6% CH,.

is comprised of the N, LBH bands, the N, VK bands and
N I multiplets. The brightest two UV systems are the LBH
and VK, where the total predicted peak radiances are
within 5% of the observations and calculated peak altitudes
are within uncertainty of the observations, indicating that
solar forcing alone can quantitatively explain the observed
airglow.

[s5s] Although the overall agreement between model pre-
dictions and the observations is mostly very good, there are
some important differences, primarily in the EUV. One
significant discrepancy is that the peak brightness for the
CY(3,4,6) bands is a factor of five less than the observa-
tions. It is unlikely that these emissions are misidentified
because higher-resolution terrestrial airglow observations
reported by Feldman et al. [2001] clearly show the bright
CY(3,2)+CY(4,3) bands at 943 A and the CY(3,4)+CY(4,5)
bands at 985 A without significant blending. Our model
calculations of CY(3,4,6) for Titan do not include any
contribution to the extinction by overlapping N, bands
discussed in section 5, which would worsen the discrepancy
with observations. We currently have no explanation for the
source of this discrepancy, but we note that the CY(3,4,6)
bands borrow their intensity from the b’-X levels [4jello
et al., 1989, 1998] and we cannot detect the b’ bands in
Titan’s airglow. The exchange of intensity between these
two systems in the atmosphere of Titan is beyond the scope
of this work but is a topic worthy of future study.

[s56] Another discrepancy is that the predicted CY(0,1)
peak radiance at 980 A is a factor of three larger than the
observations. Although this might suggest a missing source
of opacity, we note that the predicted peak altitude is over
100 km higher than observed so that additional opacity
would worsen the peak altitude comparison. This is also
unlikely because the CY(0,1) band radiances were fit to
within 20% in terrestrial airglow data [Bishop et al., 2007].
Additional observations of this important progression would
lend critical insight to these differences.

[s57] Table 1 also shows that the FUV atomic features
arising primarily from photofragmentation are predicted to
be 50% larger than the observations. It is unlikely that the
solar irradiance used is the source of the discrepancy since
the VK bands and the bright LBH bands are fit so well. It is
more likely that the emission cross sections used [Bishop
and Feldman, 2003] are too large. This underscores the

critical need for laboratory measurements of photo-
fragmentation cross sections of N, in the EUV and FUV.

[s8] We emphasize that limb radiance of many emission
features modeled herein are sensitive to the prescribed CHy
mixing ratio. A comprehensive analysis of the Titan data
would result in constraints on the CH,4 abundance. As a first
step, we consider the sensitivity of our analysis to two dif-
ferent CH4 density profiles reported from a UVIS stellar
occultation [Shemansky et al., 2005] and from an atmospheric
model constrained by INMS observations [ Yelle et al., 2008],
both of which are shown in Figure 4. We use the N 11200 A
feature for this sensitivity study; Figure 10a shows the cal-
culated VPRs for this feature. Figure 10b shows the optically
thin calculation of the limb radiances as well as the UVIS
observations. We remove the calculated CH,4 opacity from the
observations using the inferred transmission (see Figure 2a)
and scale the optically thin calculation down to this result
(a factor of 0.55). This scaling removes any systematic
uncertainties from the calculation, such as those from emis-
sion cross sections. We then calculate the emergent radiances
for the two different CH, profiles shown in Figure 4 and find
that the larger CH,4 abundances reported by Shemansky et al.
[2005] are slightly more consistent with our observations of N
1 1200 A. We caution that the Shemansky et al. profile, the
Yelle et al. profile, and the airglow data presented here are all
based on separate Titan observations so that a variable CH,
abundance for each set of conditions may well reconcile the
discrepant results. Additional observations with latitude and
at other times of year would be helpful in this regard. The
airglow retrievals are not sensitive to absorption by other
hydrocarbons such as acetylene (C,H,) and ethane (C,Hg)
due to their relatively low abundances.

[s9] A significant finding of this work is that the altitude
of peak emission is sensitive to the N, densities. Larger N,
densities from HASI produce an altitude of peak emission
60-70 km higher in Titan’s atmosphere, which is inconsis-
tent with the June 2009 peak airglow observations shown in
Table 1. Scaling the HASI densities down by a factor of 3.1
is consistent with the INMS (T5) densities at 950 km and
yields radiance profiles that are more consistent with the
airglow peaks of the different emission features.

[60] The CY(0,1)/CY(0,2) ratio observed by UVIS at peak
emission is found to be 1.5 at 1000 km altitude. The opti-
cally thin (0,1)/(0,2) ratio is 10 [4jello et al., 1989], whereas
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Figure 10. (a) The calculated VPR of the N I 1200 A feature. (b) Calculated N I 1200 A optically thin
limb radiance (black long-dashed line). The UVIS observations are shown as the solid red line with dots
indicating the uncertainty in the measurements. The dashed red line with open circles shows the observed
limb emission without CH4 extinction (7 = 0). We fit the optically thin model result (black long-dashed
line) to the optically thin observation using a scale factor of 0.55. The sensitivity of the calculated limb
emissions to larger (solid black line [Shemansky et al., 2005]) and smaller (solid blue line [Yelle et al.,

2008]) CH,4 densities is shown (see Figure 4).

the predicted ratio is six as a result of the large (0,1)
opacities discussed in section 5. The observed ratio of 1.5
cannot be reconciled with variations in the predissociation
branching ratio, which affects the (0,1) and (0,2) emissions
equally.

7. Summary

[61] We present the highest-quality limb observations of
the Titan EUV and FUV airglow to date by UVIS on Cassini
from the 22 June 2009 encounter (Cassini orbit T57), which
are sufficiently close to Titan to resolve the peak of the
emission between 900 and 1000 km for the first time. We
find that the spectral content between 750 and 1950 A
consists exclusively of H Lyman-c at 1216 A, H Lyman-(3
at 1026 A and emissions resulting from processes traceable
to a N, source. We find no C I multiplets in the UVIS FUV

spectra as reported previously [Ajello et al., 2008; Zhang
et al, 2010] and instead identify several photoelectron
excited N, VK bands in the FUV as the likely source of the
emission.

[62] We adapt a model for the terrestrial UV airglow
to Titan to predict the limb radiances between 800 and
1200 km tangent altitudes. We find that solar driven pro-
cesses alone can account for the observed radiances, without
the need for a supplemental source such as from the mag-
netosphere. The brightest N, systems are the LBH and the
VK bands and predicted combined peak radiances for these
are within 5% of observations. Although uncertainties in the
UVIS calibration (15%) and the estimation of the solar XUV
irradiance (30%) allow for a nonsolar contribution of up to
40% at the peak of the LBH and VK bands, the observed
peak altitudes and the shape of the FUV and EUV emission
profiles in general do not imply a magnetospheric source for
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these data. Analysis of additional Cassini encounters with
Titan may nonetheless require a magnetospheric source to
the airglow, depending on Titan’s interaction with Saturn’s
magnetosphere during the encounter [e.g., Rymer et al., 2009].

[63] Computations of weaker EUV N, bands from the CY
system disagree with the observations at peak emission. In
particular, the CY(3,4,6) bands are overpredicted by a factor
of five and the CY(0,1) band is underpredicted by a factor of
three. The large disagreement between the HASI and INMS
N, profile has been clarified by using the sensitivity of the
peak emission altitude to the N, density profile. We find that
the INMS values are consistent with our model-data com-
parisons. CHy4 densities reported by Shemansky et al. [2005]
are consistent with the extinction of the UV airglow in our
model; other values are unlikely to reconcile the model-data
discrepancies in the airglow presented herein. Calculations
of FUV N I multiplets produced primarily from photo-
fragmentation of N, are in excess of observations by 50%
underscoring the need for laboratory measured cross sec-
tions for this process.

[64] Although the N, UV dayside airglow of Titan is far
weaker than its terrestrial counterpart [Bishop and Feldman,
2003] due to its greater distance from the Sun, the solar
driven processes controlling the emergent features from the
upper atmosphere are remarkably similar.
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