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Stellar occultations observed by the Cassini/UVIS instrument provide unique data that probe the meso-
sphere and thermosphere of Titan at altitudes between 400 and 1400 km. This region is a site of complex
photochemistry that forms hydrocarbon and nitrile species, and plays a crucial role in the formation of
the organic hazes observed in the stratosphere, but has yet to be adequately characterized. We analyzed
publicly available data obtained between flybys Tb in December 2004 and T58 in July 2009, with an
emphasis on two stable occultations obtained during flybys T41 and T53. We derived detailed density
profiles for CHy4, CoH,, CoH4, C4Ha, HCN, HCsN and CegHg between ~400 and 1200 km and extinction coef-
ficients for aerosols between 400 and 900 km. Our analysis reveals the presence of extinction layers in the
occultation data that are associated with large perturbations in the density profiles of the gaseous species
and extinction profiles of the aerosols. These relatively stable features vary in appearance with location
and change slowly over time. In particular, we identify a sharp extinction layer between 450 and 550 km
that coincides with the detached haze layer. In line with recent images obtained by Cassini/ISS, the alti-
tude of this layer changes rapidly around the equinox in 2009. Our results point to unexpected complex-
ity that may have significant consequences for the dynamics and physical processes taking place in the
upper atmosphere of Titan.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Cassini/UVIS stellar occultations probe Titan’s atmosphere be-
tween the altitudes of 400-1400 km. This altitude range includes
the ‘agnostosphere’ from 500 to 950 km that is poorly character-
ized because it falls between the thermosphere that is probed di-
rectly by the Cassini Ion and Neutral Mass Spectrometer (INMS)
(e.g., Waite et al., 2005) and Cassini Plasma Spectrometer (CAPS)
(e.g., Coates et al., 2007), and the stratosphere that is probed pri-
marily by observations of thermal infrared emissions (e.g., Couste-
nis et al., 2010; Vinatier et al., 2010a). Solar Lyman « radiation is
mostly absorbed in the agnostosphere near 800 km. Because Ly-
man o radiation is a primary driver of neutral photochemistry,
the agnostosphere is a critical region for the production of many
hydrocarbon and nitrile species that are observed in the strato-
sphere and on the surface of Titan. It is also the transition region
between the thermosphere, where solar EUV radiation drives high
energy ion chemistry that forms many complex molecules (e.g.,
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Vuitton et al., 2009), and the stratosphere, which is dominated
by organic hazes. The formation of the haze depends on seed par-
ticles that are generated by photochemistry. Detailed analysis of
the density profiles of minor species in the agnostosphere is there-
fore important to understanding the composition of the atmo-
sphere as a whole. It can also reveal clues as to how aerosols
grow from small seed particles into large fractal aggregates ob-
served in the main haze layer in the stratosphere (Tomasko et al.,
2008).

Apart from stellar occultations, the only comprehensive mea-
surements of the agnostosphere are the temperature and density
profiles obtained by the Huygens Atmospheric Structure Instru-
ment (HASI) (Fulchignoni et al., 2005) and the density profiles of
CH4, CoH,, and C;H4 derived from solar occultations observed by
the Voyager Ultraviolet Spectrometer (UVS) (Broadfoot et al.,
1981; Smith et al., 1982; Vervack et al., 2004). HCN and HC3N were
also detected in the UVS data but the low spectral resolution did
not allow for the density profiles to be derived for these species
(Vervack et al., 2004). More recently, the composition of the
agnostosphere has also been constrained by analysis of airglow
spectra observed with the Cassini Ultraviolet Imaging Spectro-
graph (UVIS) (Ajello et al., 2007, 2008; Stevens et al., 2011).
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The occultations of o Virginis and A Scorpii that took place in
December 2004 during flyby Tb offered the first view into the
mesosphere and lower thermosphere on Titan (Shemansky et al.,
2005; Liang et al., 2007). The analysis of these occultations by
Shemansky et al. (2005) revealed the presence of CH4 C,Ho,
C,Hy4, CoHg, C4H, and HCN in the data whereas Liang et al. (2007)
used the Tb data to detect and characterize aerosols at altitudes be-
tween 500 and 1000 km. The detection of aerosols in this region
implies that they are formed at high altitudes in the thermosphere.
These results represent a significant advance in the characteriza-
tion of Titan’s upper atmosphere; however, neither Shemansky
et al. (2005) or Liang et al. (2007) presented detailed number den-
sity profiles for the minor species identified in the data and their
analysis did not include all of the species that are detectable.

Here, we reanalyze the Tb occultations and also present the first
analyses of several other stellar occultations that took place be-
tween December 2004 and April 2009. In addition to the species al-
ready identified by Shemansky et al. (2005), we derive density
profiles for HCsN and CgHg. Ferradaz et al. (2009) argued earlier
that HC3N would be detectable in the UVIS data with a sufficiently
high signal to noise (S/N) and we confirm that this is the case. The
detection of CgHg is important because it may play a significant
role in forming the seed particles for aerosol growth (Lavvas
et al, 2011). We also confirm the presence of aerosols and show
that extinction due to aerosols increases with decreasing altitude
below 700 km. We determine the altitude of the detached haze
layer (Porco et al., 2005) from the occultation data as a function
of time and show that the results are consistent with recent images
of the layer obtained by the Cassini Imaging Science Subsystem
(ISS) (West et al., 2011).

We present detailed density profiles for all of the minor species
identified in the data and extinction profiles for the aerosols. The
profiles were derived from two occultations observed during flyby
T41 in February 2008 and T53 in April 2009. These occultations
were chosen because of the pointing stability of the spacecraft dur-
ing the measurements and a high altitude resolution of 0.4-2 km.
These data allow for a significantly higher signal to noise (S/N) than
that obtained for the Tb occultations. The density profiles were re-
trieved between ~600 and 1200 km for CH,4, between ~400 and
1000 km for C;H,, C;Hy and C4H,, between ~500 and 1000 km
for HCN and HC3N, and between ~400 and 900 km for CgHg. The
extinction coefficients for the aerosols were derived for altitudes
between 400 and 900 km. In general, the number density profiles
have an altitude resolution of 10-50 km, depending on the quality
of the retrieval for each species.

The light curves! derived from several occultations reveal evi-
dence for distinct extinction layers in the data. We show that these
layers are associated with large perturbations in the density profiles
of the minor species and the extinction coefficients of the aerosols. In
particular, we identify two distinct layers: a low altitude layer be-
tween 450 and 550 km and a high altitude layer, which appears
either as a broad extinction layer centered around 600 km or as a
sharp layer between 700 and 800 km. The low altitude layer coin-
cides with the detached haze layer (Porco et al., 2005) whereas the
high altitude layer arises mostly from perturbations in the density
profiles of the gaseous species. We note that similar layers were ob-
served before in the Voyager/UVS light curves near 385 km and be-
tween 630 and 770 km (Broadfoot et al., 1981; Smith et al., 1982).

The temperature profiles derived from the data also contain
perturbations with characteristics similar to those seen in the HASI
data (Fulchignoni et al., 2005). These perturbations have a vertical
wavelength of 100-200 km and an amplitude of 10-20 K. Strobel

T A light curve refers to transmission as a function of impact parameter. Impact
parameter refers to the shortest distance between the line of sight from the UVIS
instrument to the occulted star and the surface of Titan.

(2006) suggested that such perturbations are gravitational tidal
waves. We show that the large perturbations in the density profiles
of the minor species are also consistent with slowly varying waves
such as those driven by the tides - although other possibilities ex-
ist and our findings should be confirmed by future studies and new
observations.

The layout of the paper is as follows: Section 2 covers the obser-
vations and data reduction. It includes details on the initial data
reduction, the quality and stability of the observations and analysis
of the transmission spectra and density profiles. It also includes de-
tails of the data simulation and analysis of synthetic occultations.
In Section 3 we discuss the appearance of the extinction layers
and compare the altitude of the detached haze layer with ISS mea-
surements. By careful analysis of the transmission spectra, we
show how different absorbers are identified and discuss the den-
sity profiles of the gaseous absorbers. We also derive the extinction
profiles for the aerosols and constrain their properties by using the
data. In Section 4 we discuss the variability in the temperature pro-
files and calculate chemical and transport timescales to analyze the
density profiles of the minor species. In Section 4, we also briefly
address the evolution of the aerosols as they move to lower alti-
tudes from the production region. The summary of our results
and concluding remarks are included in Section 5.

2. Methods
2.1. Observations and data reduction

The occultations were observed by the FUV channel (1120-
1910 A) of the UVIS instrument (McClintock et al., 1993; Esposito
et al.,, 2004). The instrument consists of a telescope, a toroidal grat-
ing spectrograph, and a two-dimensional pulse counting micro-
channel plate detector equipped with a Coded Anode Array
Converter (CODACON) readout anode. The size of the telescope en-
trance pupil is 20 x 20 mm, the telescope is equipped with an off-
axis parabolic mirror with dimensions of 22 x 33 mm and a focal
length of 100 mm. The CODACON array consists of 1024 x 64
(spectral x spatial) ‘pixels’, each  with dimensions of
0.025 x 0.1 mm and a width of 0.78 A in the spectral dimension.
The FUV channel has three changeable slits with widths of
0.075 mm (high resolution), 0.15mm (low resolution), and
0.8 mm (occultation slit). All of the occultations we analyzed were
observed with the low resolution slit, which has a field of view
(FOV) of 1.5 x 60 mrad.

We obtained the occultation data from the archive of the Plan-
etary Data System (PDS). Details on the timing of the observations
and observing geometry are included in Table 1 for several flybys.
For each occultation, we calculated transmission as a function of
impact parameter a and wavelength bin denoted by the central
wavelength 4,. In general, the image of the star was recorded on
a limited section of the detector array that varied in spatial width
between 5 and 9 pixels. Due to the point spread function (PSF) of
the instrument, most of the signal is contained within one central
pixel of the image with only a small fraction of the counts in the
surrounding pixels. In order to obtain a single spectrum for each
impact parameter, we summed the signal over the spatial pixels
within each wavelength bin without accounting for possible sub-
pixel variations of the detector PSF. Often the detector background
signal can be estimated from dark images obtained during the
occultation while the line of sight (LOS) to the star is optically
thick. The dark count in the UVIS images appears sporadically as
random single count peaks, implying that the dark current of the
detector is barely registered as 1 analogue-to-digital unit (ADU).
These random peaks cannot be analyzed statistically and conse-
quently we made no attempt to remove the dark current from
the data.
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Table 1
Stellar occultations.

Flyby? Date Star (LAT,LON)® Local time (h) Type Zp (km)°
Th1  12/13/2004 «Vir (58,315)  1.53 2 NA
Tl 12/13/2004 iSco (-36,318) 133 1 510
T21 12/12/2006 o Eri (-36,118) 6.03 1 510
T23  01/13/2007 5 UMa (-5232) 225 1 510
T411 02/23/2008 ¢CMa (-6,333)  2.42 1 498
T4111 02/23/2008 €CMa (-27,175) 13.3 1 498
T471 11/19/2008 5 UMa (1,24) 207 2 500
T4711 11/19/2008 BCMa (56,340)  23.7 N/A N/A
T48  12/05/2008 €CMa (19,320) 097 2 52
T52 04/03/2009 o Eri (37,313) 12.9 2 450
T53  04/19/2009 «Eri  (39,296)  14.0 2 450
T58  07/08/2009 5 UMa (—11,31) 7.55 2 450

2 Note that the list of occultations is not complete. We excluded some occulta-
tions severely compromised by data drop outs.

" The coordinates are given for the impact parameter of a ~ 500 km.

¢ Altitude of the detached haze layer (corresponds to the center of the layer as
determined from light curves).

As a result of this initial processing, we obtained the spectra of
the occulted star, measured in detector counts, as a function of
time for each occultation. In order to relate these spectra to alti-
tudes in the atmosphere, we calculated the impact parameters by
using the appropriate SPICE kernels and subroutines provided by
the Navigation and Ancillary Information Facility (NAIF). In most
cases the star was not observed at the center of the slit and the
LOS to the star did not coincide with the instrument boresight vec-
tor; therefore we calculated the orientation of the LOS and the
location of the star in the FOV of the instrument by using its right
ascension (o) and declination (6) from the Hipparcos catalogue. We
updated these coordinates to the epoch of the observations by tak-
ing into account the proper motion of the star and used them to
calculate the impact parameter and location of the nearpoint? on
the surface of Titan as a function of time.

Based on the measured spectra, the observed transmission
T(a, ) is given by:

S(a, )
So(7p)

T(a, i) = (1)

where S(a,/,) is the transmitted spectrum as a function of impact
parameter, and So(/,) is the reference spectrum of the star, both in
detector counts. The latter is obtained by averaging S(a, 4,) over all
impact parameters higher than a limit above which the atmosphere
is transparent. We identified this limit by dividing the data into
100 A bins between 7,=1200-1900 A and fitting an exponential
function to the resulting light curves. The limit varies from 1200 to
1600 km and generally decreases with increasing wavelength due
to the effect of different absorbers and their density profiles in the
atmosphere. As aresult, we assumed that the atmosphere is transpar-
ent at a > 1650 km and calculated So(/,) accordingly. We used the
T41 1 and T53 occultations (Table 1) for detailed analysis of density
and temperature profiles. In order to do so, we binned the data to alti-
tude resolutions between 1 and 10 km. For both occultations, the
resulting signal to noise (S/N) at the chosen altitude resolution is
much better than that based on the Tb occultations with a vertical
resolution of 25 km (Shemansky et al., 2005).

In order to explore the stability of the spacecraft during all of
the occultations, we used the stellar coordinates to map the loca-
tion of the star in the spectrograph slit as a function of time. This
analysis revealed that the pointing was stable during T21, T41,
and T53. However, during all of the other occultations the star

2 Nearpoint refers to the point on the surface of Titan directly below the tangent
point of the LOS on a circle with a radius given by the impact parameter a.

moved slightly in the FOV, occasionally even drifting in and out
of the slit. For each occultation, we cross-correlated the transmis-
sion spectra S(a, 4,) obtained from a > 1650 km with the reference
spectrum Sp (4p). The results indicate that the pointing drift is asso-
ciated with a wavelength shift. Also, in some cases the light curves
show evidence for substantial flux variations, particularly when
the star is drifting towards the edge of the slit. It may be possible
to correct the data for some of the occultations by developing a cal-
ibration algorithm that correlates the wavelength shift and the flux
variations with the position of the star in the slit. This is beyond the
scope of the present work and at this point we chose to retrieve
density profiles from stable occultations only.

The PDS archive files provide a separate calibration algorithm
for each occultation that can be used to convert detector counts
to “apparent” radiance and vice versa. Fig. 1 shows the calibrated
reference spectrum of € CMa obtained from the T41 I occultation,
compared with a spectrum of the star obtained from the IUE ar-
chive. This comparison shows that the calibration algorithm per-
forms satisfactorily and that the IUE spectrum can be used in the
forward model for fitting transmission spectra and creating syn-
thetic occultations for testing the retrieval (see Sections 2.2 and
2.3). There are some disagreements between the UVIS and IUE
spectra at wavelengths between 1200 and 1350A and near
1550 A but these do not affect our analysis. We note that the re-
ported wavelength resolution of the low resolution slit is 4.8 A
(Esposito et al., 2004) but this only applies to extended sources.
For point sources such as a star the wavelength resolution is deter-
mined by the line spread function (LSF) of the instrument. The LSF
was measured for the H Lya line (1215.67 A) and can be approxi-
mated by a central Gaussian distribution with a standard deviation
of ~1.2 A and two Lorentzian distributions that capture the broad
wings of the line profile (Greg Holsclaw, personal communication).
The Gaussian component dominates and consequently we adopted
a Gaussian LSF with a standard deviation of 1.2 A for retrieval
purposes.

The S/N of the UVIS instrument is described by (Esposito et al.,
2004):

N*(a, 1) = S(a, 2,) + Bt 2)

where B is the detector dark count per pixel per second and 6t is the
integration time. This implies that S/N is determined by photon
counting statistics. We verified that this is the case by exploring
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Fig. 1. The FUV spectrum of € CMa from the IUE archive (thick red line) and based
on calibrated UVIS observations (black line). The IUE spectrum was convolved to the
resolution of the UVIS instrument and binned to UVIS spectral elements with a
width of 0.78 A. The figure shows that the calibration algorithm provided by the
PDS performs satisfactorily. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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the UVIS spectra of ¢ CMa retrieved from a > 1650 km in different
wavelength bins. Fig. 2 shows the signal as a function of impact
parameter for a wavelength bin centered at 7, = 1500.46 A together
with a histogram of the counts. We fitted Gaussian and Poisson dis-
tributions to similar histograms in different wavelength bins and
generally obtained standard deviations that are in very good agree-
ment with Eq. (2). The disagreement with Gaussian statistics is less
than 10% for 96% of the pixels at wavelengths between 1200 and
1900 A. We note that many of the ‘bad’ pixels are located at
Jp>1800 A, where the count rate is low. Based on this analysis,
we calculated the uncertainty on the transmission curves based
on the observed signal simply by using standard formulae of error
propagation for normally distributed errors.

2.2. Retrieval of atmospheric properties
The observed transmission is related to the properties of the

atmosphere by:

[ diR(p. /) Tam(@, 2 )Fo(7)
T(a, %) = jdi’R(zP,x’)Fo(A') (3)

where R(/p,4) is the instrument response function, Tgm(a, 1) is the
atmospheric transmission function, and Fy(4) is the flux of the star.
We note that airglow and light scattered into the FOV of the instru-
ment by the atmosphere do not affect the observed transmission in
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Fig. 2. (a) The observed signal from € CMa as a function of impact parameter for a
single pixel centered at 1, =1500.46 A. The mean of the counts is 45.7 and the
standard deviation implied by Eq. (2) is 6.7. (b) Histogram of the counts fitted by a
Gaussian with a mean of 45.2 and a standard deviation of ¢=6.2. A Poisson
distribution (not shown) fitted to the same data yields a mean of 45.9 and standard
deviation of 6.8.

the wavelength range of the FUV channel significantly. We verified
this by comparing the apparent radiance of the UVIS spectra with
airglow measurements. The FUV airglow spectrum of Titan has been
measured both off the disk (Ajello et al., 2008) and off the limb at
altitudes above 750 km (Stevens et al., 2011). The spectrum consists
of emissions from N, excited by photoelectron impact and solar UV
light, resonantly scattered H Lya radiation and sunlight reflected by
N, and modified by aerosol and hydrocarbon absorption. At wave-
lengths between 1250 and 1900 A the emission features in the limb
spectra have a maximum radiance of ~3 RA~! whereas the disk
emission increases with wavelength, reaching a radiance of
~30R A" at 1900 A. The two stars of interest to the present study
are € CMa (T41) and « Eri (T53). The flux measured by UVIS for the
fainter of the stars, € CMa, varies between ~10~° and
103 ergs ! cm 2 A~! (corresponding to ~1-20 kR A~! in calibrated
UVIS data) at relevant wavelengths for impact parameters ranging
between 500 and 1000 km. This means that for the most part air-
glow is buried within the uncertainty of the data. Further, the ob-
served signal is not affected by refraction or scintillation by the
atmosphere.

Given the above simplifications, the atmospheric transmission
function is given by:

Ta[m (a7 j‘) = exp |:_ Z O-;(aa )“)Ns(a):| (4)

where Ny(a) is the column density of species s. The effective cross
section (e.g., Kyrola et al., 2010) is defined as:

2 >y (r, )rdr
o;(a,2) = / S
O N@ e ve—a
where r is the distance from the center of the planet and the local
extinction coefficient is given by:
As(r,2) = ns(r)os(r, 2) (6)

where ny(r) is the local number density and o(r,4) is the local
extinction cross section. Generally, we assumed that the spectrum
of the occulted star varies smoothly with wavelength and simplified
Eq. (3) to:

()

T(a,ip) = / dIRUip, 7Y Taem (@, )

where [di'R(Z,,2) = 1. We compared the results of the retrieval
obtained with a forward model based on Eq. (3) and the archive
spectra of the stars with the results obtained by using the simplified
equation above and noted that the retrieved density profiles were
not significantly different between the two cases.

Extinction in the mesosphere and lower thermosphere of Titan
arises from absorption by hydrocarbon and nitrile species, and
scattering and absorption by aerosols. We analyzed the transmis-
sion spectra at different impact parameters and used them to re-
trieve column densities based on the optical depth contributions
of different species. In order to facilitate the retrieval of column
densities, Eq. (3) can be written as:

T = F(N) + AT (7)

where F is a forward model that relates the column densities N of
the different species to transmission T measured at different wave-
lengths, and AT represents the measurement errors. We solve this
equation for N by maximizing the conditional probability P(N|T)
that, given values T, the column densities are given by N. This is
equivalent to minimizing a cost function given by (e.g., Rodgers,
2000):

~2InP(N[T) = [T~ F(N)]'S.'[T - F(N)] (8)

where S, is a covariance matrix based on the measurement errors.
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Several methods have been used to solve Eq. (7) in the past. In
particular, Kyrola et al. (1993) studied the performance of methods
that included variants of the Levenberg-Marquardt (LM) maximi-
zation of P(N|T), minimization of a linearized model, and various
types of weighted least squares solutions. They found that a variant
of the LM method that includes the instrument response function
produces the best results and is also computationally the most
effective. Consequently, we adopted the LM method for all of the
column density retrievals. We note, however, that instead of con-
volving the cross sections with the instrument LSF separately, we
convolved transmission in the forward model in line with Eq. (3).

As indicated by Eq. (3), the forward model is based on the re-
sponse of the instrument, the properties of the atmosphere, and
the extinction cross sections of different absorbers. We modeled
instrument response by simulating line broadening based on the
LSF discussed above. In addition to line broadening, instrument re-
sponse may include effects such as flux variations caused by point-
ing drifts and internal scattering caused by instrument optics (e.g.,
Shemansky et al., 2005). As explained in Section 2.1, we mapped
the location of star in the FOV during the occultations in order to
check for pointing errors. Subsequently, we decided to limit the re-
trieval of density profiles to two of the stable occultations, namely
T41 I and T53. Further, we assumed that internal scattering is lim-
ited to wavelengths near the H Lyo line and only analyzed data at
wavelengths longer than 1250 A. We did not find evidence for sub-
stantial corruption of the data in the T41 I or T53 occultations by
internal scattering in this wavelength range.

In order to calculate atmospheric transmission, we used the
most recent laboratory measurements of the absorption cross sec-
tions available for each species. The references and other informa-
tion about the cross sections are included in Table 2. We note that
the listed cross sections of HCN and CgHg have not been used be-
fore in the analysis of UVIS data. For the most part, the measured
cross sections apply to temperatures close to those in the upper
atmosphere of Titan. The exceptions are HCN and CgHg whose cross
sections were measured close to or at room temperature (see Ben-
ilan, Y. et al., 2011, in preparation; Capalbo, FJ. et al., 2011, in prep-
aration). We assumed that the cross sections do not change
significantly with altitude, i.e., that they are not affected by tem-
perature fluctuations in the atmosphere. This assumption is justi-
fied because the temperature fluctuations above z =500 km in
the atmosphere of Titan are of the order of ~10-20 K (e.g., Fulchig-
noni et al., 2005). These fluctuations are not large enough to affect
the retrieval significantly (e.g., Capalbo, 2010) and, in any case, the
cross sections were not measured at a sufficient sample of temper-
atures to justify complicating the analysis.

Table 2
Absorption cross sections.

511

The extinction cross sections of the aerosols are uncertain. It is
customary to assume that Titan aerosols are similar to laboratory
tholins. In particular, the optical properties of Khare et al. (1984)
tholins have been used extensively to characterize the extinction
cross sections of the aerosols in previous studies. Recent modeling
indicates that the size, shape and composition of the aerosols may
change significantly below the lower edge of the primary produc-
tion region near z =750 km in Titan’s mesosphere (Lavvas et al.,
2010, 2011). Even if the aerosols are similar to the Khare et al.
(1984) tholins in the stratosphere, this does not guarantee that
the same is true in the thermosphere where the formation of the
aerosols is initiated. With this caveat in mind, we nevertheless
used the indices of refraction of the Khare et al. (1984) tholins to
derive extinction cross sections for the aerosols from Mie theory.
This is because at present there are few other constraints on the
composition and optical properties of the high altitude aerosols.
We also attempted to use the data to characterize the wavelength
dependence of the extinction cross sections and compared the re-
sults with the Khare et al. (1984) tholins (see Section 3.4).

Having obtained the column density profiles, we converted
them into local number density profiles. This is justified because
for impact parameters below 1650 km the T41 I and T53 occulta-
tions span only a narrow range of latitudes and longitudes. In order
to convert the column densities into number density profiles, we
expressed the column density N; at impact parameter g; in discrete
form as:

where AN; is the error on N; and the matrix Aj is given by:

Ay—2 / LA
! T 12 —a?

where f(r) is some function that describes the variation of density
with altitude within a single grid cell between r;_; and r;. We as-
sumed that the density is constant within grid cells, i.e., that f{r) = 1.
The local density n; at altitude z; is obtained by inverting Eq. (9).
However, a simple inversion leads to a magnification of the mea-
surement errors that can corrupt the solution. In order to control
the growth of the errors, we used the Tikhonov regularization tech-
nique (Tikhonov and Arsenin, 1977) to perform the inversion. This
technique was previously used by Quemerais et al. (2006) in the
analysis of Mars occultations and we closely followed their imple-
mentation of it. Thus the number densities are given by:

(10)

-1
n- (AnglA + ¢>5LTL> A’S_'N (11)

Species Temperature (K) Wavelengths (A) Resolution (A) References Altitude range (km)?

CHy4 150 1250-1430 0.6 Chen and Wu (2004) 550-1300
R° 1430-1520 ~1 Lee et al. (2001)

CoH, 150 1250-1900 0.07 Wau et al. (2001) 400-1200

CyoHy 140 1250-1900 0.6 Wau et al. (2004) 400-1200

C4H, 173 1250-1700 0.5 Ferradaz et al. (2009) 400-1000
R 1700-1950 ~1-6 Fahr and Nayak (1994)

CyHg 150 1250-1500 0.6 Chen and Wu (2004) 400-700
R 1500-1600 ~1 Lee et al. (2001)

CeHs R 1250-1900 1 Measured® 400-850

HCN 255 1250-1850 0.6 Measured 600-1000

HC3N 203 1250-1900 0.5 Ferradaz et al. (2009) 500-1000

Tholins? N/A 1250-1900 N/A Khare et al. (1984) 400-900

¢ Estimated range of impact parameters for reliable retrieval of column densities (see Section 2.3). Note that these limits may be different if the abundances of the absorbers

differ significantly from those used in the data simulation.
b Room temperature.

¢ The cross sections of C¢Hg and HCN were measured recently (Capalbo, FJ. et al., 2011, in preparation; Benilan, Y. et al., 2011, in preparation).
4 Calculated from Mie theory with the appropriate optical properties (see Section 3.4).
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where ¢; is the regularization parameter and L is a second deriva-
tive operator that smooths the solution in altitude. The matrix

G=— (ATS—lA T\ ATt ; . . .
= . A+ oL L) A'S_" is known as the retrieval gain matrix

and GA is the averaging kernel matrix, which provides a diagnostic
for the altitude resolution of the retrieval. We adopted a regulariza-
tion parameter based on the measurement errors g, given by
¢s = ¢o/0% where ¢ is an arbitrary constant. The inversion is iter-
ative and proceeds until a satisfactory density profile is obtained.
During each iteration, the altitude resolution is degraded while
the errors get smaller. Based on the retrieved column densities of
different species, we achieved vertical resolutions between 10 and
60 km for the number density profiles.

2.3. Data simulation

In order to test the reliability of the retrieval and to estimate the
altitude ranges for which the density profiles of different species
can safely be obtained, we created synthetic occultation data sets
with different characteristics based on the orbital geometry of
T41 I (Table 1). For the purposes of this simulation, we used a pho-
tochemical model to calculate realistic number density profiles for
CH4, CoH,, GoHy, C4H5, CoHg, CgHg, HCN and HC3N (LaVVaS et a].,
2008a,b). These species are based on the absorbers that we identi-
fied in the data (see Section 3.2). The photochemical calculations
assumed a solar activity and zenith angle appropriate to the time
and latitude of the observations. We used the temperature profile
measured by HASI (Fulchignoni et al., 2005) as input for the model.
We converted the model number densities into LOS column abun-
dances by using Eq. (10) with a vertical grid spacing of 0.1 km. We
interpolated the column densities to the ~0.4 km resolution of the
T41 1 occultation and calculated the spectrum of optical depth for
each impact parameter by using the absorption cross sections
listed in Table 2. Instead of using the model to generate an extinc-
tion profile for the aerosols, we used an optical depth profile of the
aerosols similar to the one retrieved from the data (see
Section 3.4).

Based on the combined optical depth of all of the absorbers, we
calculated atmospheric transmission as a function of impact
parameter and wavelength. In order to simulate the observed sig-
nal from the occulted star, we used the IUE spectrum of € CMa
(Fig. 1). For each impact parameter, we multiplied the stellar flux
by model transmission. Because the wavelength resolution of the
high dispersion IUE spectrum is ~0.2 A we degraded the transmit-
ted spectra to UVIS resolution by using a Gaussian LSF with a stan-
dard deviation of 1.2 A (see Section 2.1). We then binned the fluxes
into UVIS pixels and used the UVIS calibration algorithm in reverse
to convert the fluxes into detector counts. Because the S/N of the
UVIS data is worse than the S/N of the IUE data, we added random
noise to each transmitted spectrum separately in order to simulate
the larger uncertainty in accordance with Eq. (2).

The procedure described above yields synthetic stellar spectra
at each impact parameter as would be observed during a real
occultation. We calculated transmission based on the synthetic
data by using the procedure outlined in Section 2.1 and retrieved
column density and number density profiles from the transmission
spectra by using the methods introduced in Section 2.2. Fig. 3 dem-
onstrates that the synthetic light curves and spectra are a good
representation of the real data. It shows a synthetic light curve
for J,=1500.46 A, which can be compared with the real data for
a> 1650 km in Fig. 2, and a synthetic spectrum of optical depth
averaged over a =700-750 km, which can be compared with the
real data in Fig. 11. The results illustrate that the synthetic noise
and count rate agree well with the observed signal. They also show
that the chosen absorbers and model abundances are appropriate
for modeling extinction in the upper atmosphere of Titan.

Fig. 4 contrasts the column densities retrieved from the syn-
thetic occultation with the original model profiles. The results im-
ply that the LM fits are accurate for retrieving the column densities
of CHy, C,H,, C4H,, CsHg and HC3N within the altitude ranges given
in Table 2. In general, the error calculated by the LM algorithm is
also consistent with the expected results within the valid altitude
range. The HCN retrieval is more uncertain because it relies on a
few sharp absorption lines near 1410 A in the cross section that
overlap with absorption by other species (see Section 3.2). How-
ever, the input model profiles are still consistent with the error
in the retrieval between a ~ 500-1000 km. In general, it should
be assumed that the retrieval is accurate within the 3¢ uncer-
tainty. This is not the case for C;Hg at a> 700 km because its
absorption cross section overlaps with that of CH,4 and it has no
clear absorption lines that can be identified in the data. The re-
trieved column density profile of C;Hg deviates significantly from
the model at high altitudes. In this case the error calculated by
the LM algorithm is clearly incorrect. This raises a question about
the general validity of the error estimates, but these simulations
do provide a guide to where the analysis of the real data can be
trusted. A more comprehensive error analysis may be required to
verify them in the future. We note that including C;Hg in the retri-
evals at altitudes where it cannot be properly constrained can
change the density profiles of CH4 and HC3N.

Fig. 5 shows the number densities based on inverting the col-
umn density profiles with Tikhonov regularization. In general,
the inversion performs well if the column density profiles span a

(a) 80

Signal
N
o
T

20

0 500 1000 1500 2000

Impact parameter (km)

—In(1/1o)

0.01

1500 1600 1700 1800

Wavelength (A)

1400 1900

Fig. 3. (a) Synthetic light curve based on the T41 I occultation for a single pixel
centered at 7, = 1500.46 A (see Fig. 2 to compare the noise and count rate with the
real data at a> 1650 km). (b) Spectrum of optical depth averaged over a=700-
750 km based on synthetic data (see Fig. 11 for comparison).
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Fig. 4. Column density profiles retrieved from synthetic T41 [ data. Dotted lines
show the input model profiles. The altitude ranges for reliable retrieval of the
density profiles for different species based on these results are listed in Table 2.

reasonable range of altitudes. As indicated by Eq. (11), the number
density n; at altitude z; is related to row j of the retrieval gain ma-
trix Gj;, which is known as the contribution function. The approxi-
mate width of the contribution function is a measure of the
required span of the column density profiles for the inversion to
be reliable. Our analysis of the synthetic occultations indicates that
the profiles should span at least 200-300 km with a reasonable
altitude resolution to facilitate reliable inversions. We note that
this requirement is not universal - it depends on the vertical pres-
sure scale of the atmosphere and the given range is therefore spe-
cific to Titan. In the current simulation, we adopted an altitude
resolution of 4 km for the column densities. The rows of the aver-
aging kernel matrix (GA); provide an estimate of the altitude reso-
lution of the number density profiles. The kernel functions are
approximately Gaussian and they are centered around the relevant
altitude point z;. We estimated the altitude resolution by fitting the
functions with Gaussian distributions after the inversion and eval-
uating the full width half maximum (FWHM) of these distribu-
tions. Our analysis indicates that the altitude resolution of the
retrieved density profiles varies between 20 and 40 km, depending
on the number of iterations and the value of the regularization
parameter. The choice of these parameters depends on the quality
of the column density profiles. Again, it should be assumed that the
densities are accurate within the 3¢ confidence interval.

As indicated in Section 3.3, the density profiles of the minor
species in Titan’s atmosphere contain large wave-like features. It
is important to verify that the retrieval captures the magnitude
and structure of these features accurately because this is crucial
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Fig. 5. Number density profiles retrieved from synthetic T41 I data. Dotted lines
show the input model profiles.

to understanding their origin (see Section 4). In order to do this,
we perturbed the density profiles of C,H,, C4H;, CoHy, CeHg, HCN,
and HC3N with a sinusoidal wave that has a vertical wavelength
of 200 km and an amplitude corresponding to 75% of the mean
density at each altitude. We then generated a new synthetic occul-
tation based on the perturbed density profiles and retrieved them
from the data with the usual methods. As an example, Fig. 6 con-
trasts the retrieved density profiles of Co;H4 with the input model
profiles. The results illustrate that the retrieval is accurate even
in the presence of large perturbations in the density profiles.

Retrieving the density profiles of the aerosols is complicated be-
cause the FUV extinction cross sections derived from the optical
properties of Khare et al. (1984) tholins are featureless and it can
be difficult to distinguish extinction by aerosols from absorption
by hydrocarbons and nitriles (see Section 3.2). We used the LM fits
to retrieve column densities of the aerosols from synthetic data,
assuming that the aerosols are spherical and have a mean radius
of r,=12.5nm at all altitudes. This is not necessarily a realistic
description of the aerosols but sufficient for testing the retrieval
algorithm. Fig. 7 shows the retrieved column density profile to-
gether with the original optical depth profile divided by the cross
section of the spherical aerosols. The results show that the LM
method is a reliable method for separating extinction by tholins
from absorption by gaseous species below a ~ 1000 km. It should
be noted, though, that the quality of the fit relies on wavelengths
between 1850 and 1900 A where few other species in the fit are
absorbing. If other absorbers are present in this region, the retrie-
val can be more complicated.
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3. Results
3.1. Extinction layers

Fig. 8 shows optical depth as a function of wavelength and im-
pact parameter for the T41 I and T53 occultations. The T41 I occul-
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Fig. 7. Column density profile of spherical tholins with a radius of r,=12.5 nm

retrieved from synthetic T41 I data. The input column density profile is shown by
the dotted lines.

tation is characterized by two sharp extinction layers (regions of
enhanced optical depth) centered around 500 km and 725 km,
and possibly other smaller features between these layers. The
T53 occultation, on the other hand, is characterized by a broad
extinction layer centered around 600 km and another smaller layer
near 450 km. Light curves for the other stellar occultations avail-
able from the PDS archive are shown in Fig. 9, which shows that
the extinction layers appear as local minima in the transmission
curves. Generally, there are two types of occultations. Some occul-
tations are similar to T41 I in that they have extinction layers near
500 km and at higher altitudes between 700 and 800 km while
others are similar to T53, with one broad layer near 600 km. It is
interesting to note that occultations after T48 have another smaller
layer centered near 450 km. As we demonstrate below, this layer is
the detached haze layer that shifts to a lower altitude around the
equinox of 2009.

The 500 km layer in panel (a) of Fig. 9 clearly coincides with the
detached haze layer that was seen in images obtained by the Cas-
sini Imaging Science Subsystem (ISS) (Porco et al., 2005). This fea-
ture appears in the A Sco occultation (Tb II) and consequently both
Shemansky et al. (2005) and Liang et al. (2007) suggested that it
may be caused by aerosol extinction. This was also assumed by
Lavvas et al. (2009) who used the UVIS extinction data together
with ISS measurements of scattered sunlight to characterize the
aerosols within the layer. At first, the lack of this layer in some of
the occultations appears to challenge the idea that the detached
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Fig. 9. Transmission averaged over 1700-1800 A as a function of impact parameter
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haze layer can be seen in the UVIS data. However, a more careful
analysis shows that the low altitude layers generally coincide with
the detached haze layer. The ISS images from flyby Tb show that
the detached haze layer merges with the main haze layer near
the north polar region and that its altitude decreases with increas-
ing northern latitude above 30°N. Both Tb I and T47 II probe high
northern latitudes and this explains the lack of a clear 500 km layer
in these occultations. It is surprising that the detached haze layer is
apparently not present in the T47 I and T48 occultations that probe
low northern latitudes. However, both of these occultations con-
tain a much broader extinction layer that includes the 500 km
layer and could be masking it from view.

More recent ISS images indicate that the detached haze layer
underwent a rapid change in altitude near the equinox of 2009
(West et al., 2011). This affected its location in the T52, T53, and
T58 occultations because these flybys took place close the equinox.
All of these occultations contain an extinction layer between 430
and 480 km. We show in Section 3.4 that the optical depth profile
of the aerosols derived from the T53 data has a peak near 450 km.
Therefore, our results indicate that the detached haze layer had
shifted down to ~450 km by April 2009 at least at northern lati-
tudes and by July 2009 even at southern latitudes. This is illus-
trated by Fig. 10 that shows the altitude of the detached haze
layer in the ISS images as a function of time (West et al., 2011) to-
gether with the altitudes obtained from the UVIS data. It demon-
strates that the altitudes of the detached haze layer in the UVIS
data and ISS images are consistent with each other between
2004 and 2009.

Extinction within the layers is not only due to aerosols. The den-
sity profiles of the gaseous absorbers also contain strong perturba-
tions that coincide with the extinction layers. In particular, the
700-800 km layer that appears in some of the occultations, and
the broad 600 km layer are mostly caused by significant perturba-
tions in the density profiles of the minor species that depend on
time and/or latitude. In order to separate extinction by aerosols
from absorption by hydrocarbons and nitriles, we performed a de-
tailed analysis of the transmission spectra derived from T41 I and
T53 occultations. In Section 3.2 below we show that the data can
be fitted with a reasonable combination of aerosols and gaseous
species. Our analysis demonstrates that the extinction profiles of
the aerosols and gaseous species both contain perturbations that
give rise to the extinction layers in the light curves.

3.2. Minor species

Shemansky et al. (2005) used the Tb 4 Sco and « Vir occultations
to identify CH4, CoH,, CoHy, CoHg, C4Ho, and HCN in the UVIS data.
Liang et al. (2007) used the same data to study the properties of
high altitude aerosols on Titan (see also Lavvas et al., 2009). They
concluded that the aerosol cross section has a wavelength depen-
dency proportional to 4~!°. Assuming that the aerosols have the
optical properties of solid laboratory tholins (Khare et al., 1984),
they derived a density profile for the aerosols between 500 and
1000 km. This resulted in the detection of aerosols at altitudes as
high as 1000 km in Titan’s thermosphere. Later, Ferradaz et al.
(2009) argued that HC3N may also be detectable in the data. They
also showed that using up to date measurements of the absorption
cross sections leads to a better fit to the C4H, features. In this sec-
tion we discuss the identification of different absorbers based on
the T41 I occultation. We confirm that HC3N is detectable and iden-
tify CgHg in the data. We also show that due to confusion with
other absorbers, the data place only loose constraints on the wave-
length dependency of aerosol extinction.

3.2.1. Extinction around the 725 km layer

We fitted column densities to the data with a combination of
CHy4, CoH,, CoHy, C4H,, CoHg, CsHg, HCN, HC3N and aerosols by using
the LM algorithm discussed in Section 2.2. In line with Liang et al.
(2007), we assumed that the aerosols are spherical with a radius of
ro=12.5nm and that they have the optical properties of tholins.
Note that we chose this radius for illustration purposes only -
the wavelength dependency of the aerosol cross section does not

550 j T T T j
__ 500} t % H % .
& t :
3 ss0f ]
2 i ]
= ]
350 L . . . ]
2004 2006 2008 2010 2012
Year

Fig. 10. The observed altitude of the detached haze layer as a function of time based
on Cassini/ISS measurements by West et al. (2011) (crosses) and UVIS data
(diamonds). The error on the UVIS points was estimated from the approximate
width of the 450-500 km extinction layer in the data.
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change significantly with size, given a feasible range of radii
between r,~5-40nm at a=500-1000 km (see Section 3.4).
Fig. 11 shows the spectrum of optical depth for the T41 I occulta-
tion averaged over impact parameters between a =700-750 km.
It also shows the optical depth contributions from different
absorbers and normalized optical depth residuals based on the best
fit. The latter are given by (14 — 7,n)/c where 7,4 is the observed
optical depth, t,, is the model depth, and ¢ is the measurement er-
ror. We chose this altitude region for illustration purposes because
it coincides with the 725 km extinction layer. The column densities
based on the fit are shown in Table 3. As indicated by Fig. 11, the
spectrum contains easily recognizable absorption lines of CHy,
C,H,, C4H, and C,H4 but the identification of C,Hg, CgHg, HCN,
HCs N and tholins is based on less distinct features. In order to ver-
ify the identification of these species in the data, we removed them
one by one from the forward model and explored the quality of the
resulting fit.

The best fit to the average data at a = 700-750 km with all of the
above absorbers yields a value for reduced chi squared of y2 = 5.9.
Removing C¢Hg and recalculating the best fit based on the remain-
ing species increases this value to y2 = 8.4. We performed the F
test to assess the statistical significance of the detection of C¢Hg
by calculating F, = Ay?/x? based on fits that excluded and in-
cluded CgHg. The value of F, = 350 indicates that the detection is
statistically significant. This can be seen in Fig. 12, which shows
the optical depth residuals for the best fit without C¢Hg and the
absorption cross section of CgHg that was scaled to match with
the residuals. The residuals contain a broad absorption band cen-
tered around 1790 A that agrees with the cross section of CgHg
and cannot be fitted with aerosols alone. As indicated by Fig. 11,
this feature disappears when CgHg is included in the fit.

Ferradaz et al. (2009) pointed out that the absorption lines of
HC;N and C4H, overlap between 1350 and 1500 A, making them
difficult to separate. However, they argued that HC3N can be
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Fig. 11. Spectrum of optical depth averaged over a = 700-750 km based on the T41 I data. The solid lines in the two upper panels show the data and the other lines show
contributions from different absorbers based on best fit column densities listed in Table 3 and absorption cross sections listed in Table 2. The third panel shows the
normalized best fit optical depth residuals [defined as (74 — T,n)/0 Where 14 is the observed optical depth, 7,, is the model depth, and ¢ is the measurement error]| based on
absorption by CH,, CoH,, CoHy, C4H,, CoHg, CeHg, HCN, HC3N and aerosols. In this case, we assumed that the aerosols are spherical with a radius of r, = 12.5 nm. The optical

depth of C;Hg is not shown because it is only an upper limit at this altitude.
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Table 3
Best fit column densities in the extinction layers of T41 I.

Species N; (cm~2) 500-550 km N; (cm~2) 700-750 km
CH,4 N/A (1.6+0.03) x 10'®
CyH, (1.8 £0.04) x 10'7 (3.4 +0.05) x 106
C,H,4 (3.9+0.04) x 106 (2.5+0.02) x 10'¢
C4H, (3.3£0.1) x 10" (1.7£0.05) x 10'"®
C,Hg (5.5+0.2) x 10'7 <2.7 x 10'®

CeHe (6.6+0.3) x 10" (7.8+0.3) x 10"
HCN N/A (2.3£0.2) x 10'®
HC3N N/A (2.4 £0.06) x 10"
Tholins? (5.3£0.7) x 10° (7.7+£0.3) x 10"

2 The radii of the spherical tholins were assumed to be r,=40 nm at a=500-
550 km and r, = 12.5 nm at a = 700-750 km (see text).

detected with sufficient S/N because its presence affects the relative
intensity of the main absorption bands of C4H, in the transmission
data. We note that the T41 [ data have the best S/N and this occul-
tation is therefore the best candidate for this type of identification.
Indeed, removing HCsN leads to 2 = 8.5 and F,, = 370 between the
fits that exclude and include HC3N. Fig. 13 shows the optical depth
residuals for the fit that does not include HC3N together with the
scaled absorption cross section of HC3N. Compared to the residuals
in Fig. 11, it shows missing absorption in the model near the
'X; — %] transition (~1450 A) of HCsN, the strongest band in its
FUV spectrum. This confirms the detection of HC3N as statistically
significant.

The absorption lines of HCN at 7, < 1500 A overlap with those of
C,He, C4H,, C;H4 and CoH,. The only feature that stands alone is the
peak near 1410 A (see Fig. 11) that appears consistently at several
altitudes in different occultations. Removing HCN from the fit leads
to 2 = 6.7 and F, = 107 between the fits that exclude and include
HCN. Fig. 14 shows the optical depth residuals and scaled absorp-
tion cross section of HCN for the fit that does not include HCN. It
shows missing absorption in the forward model that coincides
with some absorption lines of HCN at 7, < 1500 A. The detection
of HCN is thus statistically significant near 725 km, although less
so than the detection of HC3N.

We also removed CHg from the fit. The transmission spectrum
does not contain any clearly identifiable absorption lines of C;Hg
but Cassini INMS measurements show that its mixing ratio is
(7.3 £2.6) x 107> near 1080 km (Cui et al., 2009). Photochemical
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Fig. 12. Normalized optical depth residuals (solid line) of a model fit (y? = 8.4)
based on absorption by CHy4, CoH,, C4H;, CoHy4, CoHg, HCN, HC3N and tholins. The
data were averaged between a=700-750 km. The dotted line shows the scaled
absorption cross section of CgHg. The residuals point to significant missing
absorption in the forward model that coincides with absorption by C¢Hg and thus
shows that it is detectable in the data.
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Fig. 13. Normalized optical depth residuals (solid line) of a model fit (y2 = 8.5)
based on absorption by CH4, C;H,, C4H,, CoH4, CoHg, HCN, CgHg and tholins. The data
were averaged between a=700-750km. The dotted line shows the scaled
absorption cross section of HC3N. The residuals reveal missing absorption in the
forward model associated with the 'Y, — ' transition of HC3N.

calculations indicate that the mixing ratio should range between
107> and 10~* at altitudes of 400-1000 km (e.g., Lavvas et al.,
2008b) and similar mixing ratios were derived from Cassini/CIRS
data for altitudes below 400 km (Vinatier et al., 2010a). Based on
these constraints, the expected column density of C;Hg between
700 and 750 km is 7 x 10'®> cm~2. This column density is not high
enough to produce significant absorption in the data. In fact,
removing C,Hs does not affect the fit - it does not change y? at
all. As indicated by the data simulation in Section 2.3, only upper
limits can be derived for the column density of C,Hg at a = 700-
750 km. We derived this upper limit by increasing the column den-
sity of CoHg until y2 reached 6.9 and listed the resulting value in
Table 3.

Lastly, we explored the contribution of aerosols. Fig. 11 shows
the featureless extinction cross section of the Khare et al. (1984)
tholins that, together with a small contribution from CgHg, are
responsible for extinction between 1850 and 1900 A. Removing
the aerosols from the fit leads to 2 = 6.5 and F, =87 between
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Fig. 14. Normalized optical depth residuals (solid line) of a model fit (y? =6.7)
based on absorption by CH,4, CoH;, C4H,, CoHy, CoHg, CsHg, HC3N and tholins. The
data were averaged between a =700-750 km. The dotted line shows the scaled
absorption cross section of HCN. The residuals point to missing absorption in the
forward model that coincides with absorption lines of HCN. Note that absorption
lines at wavelengths shorter than 1400 A are not detectable because the atmo-
sphere is impenetrable for UV light in that region at the given range of impact
parameters.
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the fits that exclude and include aerosols. These values indicate
that the detection of aerosols is statistically significant. This is
illustrated by Fig. 15, which shows the residuals for the fit that ex-
cludes aerosols. It indicates that the forward model fails to fit the
spectrum satisfactorily at 4, > 1800 A when aerosols are excluded.
However, the two unidentified absorption lines between 1870 and
1900 A complicate this picture. These features represent 4-6 ¢
deviations from the fit. They are present at all altitudes in the
T41 I data where atmospheric absorption is detected. The S/N of
the T53 data is slightly worse and the features represent only 2-
4 ¢ deviations but are still present. They are not prominent in occ-
ultations obtained during flybys other than T41 [ and T53 because
high S/N is required to see them. It should also be noted that the
features are located in a region of the spectrum where the true er-
ror may be larger than that implied by Eq. (2) (see Section 2.1).

The presence of unidentified absorption lines raises the pros-
pect of other absorbers being responsible for extinction in the
1850-1900 A region in addition to aerosols. In fact, several hydro-
carbon and nitrile species have cross sections with prominent
absorption lines in this region. For instance, photochemical calcu-
lations indicate that the column density of CgH,, which has a broad
absorption feature centered between 1800 and 1900 A, should be
comparable to that of CgHg near 750 km (Lavvas et al., 2008b).
Other possible absorbers include, for instance, (CH3) CsHs (toluene)
and (m,o,p)-(CH3),CsH, (xylene). These species are formed by
replacing H atoms in the CgHg rings with CHs radicals. Thus, similar
to CgHe, their cross sections are characterized by a broad absorp-
tion band near 1800-1900 A with some additional features. They
are interesting because CgHg is abundant in the thermosphere
(Vuitton et al., 2008) and in the UVIS data. CHs, on the other hand,
is the most abundant radical in the photochemical models and its
attachment to CgHg could constitute a first step towards the forma-
tion of more complex molecules. In this respect, p-(CH3),CgH, is
particularly interesting because its cross section contains two
peaks that agree broadly with the unidentified features in the data.
Unfortunately, neither the published cross section for this species
(Suto et al., 1992) or the UVIS data at these wavelengths are of high
enough quality to support more definite conclusions.

3.2.2. Extinction around the 500 km layer

Fig. 16 shows the spectrum of optical depth averaged over im-
pact parameters between a = 500-550 km. It also shows the optical
depth contributions from different absorbers and residuals based
on a fit that includes C,H,, C;H4, C4H,, CoHg, CsHg and aerosols.
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Fig. 15. Normalized optical depth residuals (solid line) of a model fit (2 =6.5)
based on absorption by CH4, CoH,, C4H,, CoHy, CoHg, HCN, HC3N and CgHg. The data
were averaged between a = 700-750 km. The exclusion of aerosols from the model
leads to missing absorption at 4, > 1800 A and slight excess absorption by CgHg.

This altitude range was chosen because it coincides with the de-
tached haze layer. The best fit column densities that yield
72 = 2.8 are listed in Table 3. In this case, we assumed that the
aerosols are spherical with a radius of r, = 40 nm that is appropri-
ate for the detached haze layer (Lavvas et al., 2009). The exclusion
of HCN and HC3N from the model does not affect the results be-
cause the transmission spectrum is saturated at 4, < 1450 A and
thus the significant absorption lines of these species are not visible.
By saturation in this context we mean that the optical depth in this
region of the spectrum is high enough to absorb practically all of
the stellar flux. We note that the spectrum is also saturated in
the strong absorption lines of C,H, near 1480 A and 1520 A and
thus the apparent excess absorption produced by the model in
these lines is not a problem because the true optical depth of the
atmosphere is higher than that implied by the data in Fig. 16.

Removing C,Hg from the best fit for the 500 km detached haze
layer leads to 2 = 3.4 and F, = 175 between the models that ex-
clude and include C;Hg. This result is surprising because, due to
saturation at 2, < 1520 A, the retrieval relies on matching the ex-
tended slope and absorption bands in the cross section of C;Hg at
wavelengths shorter than 1550 A with the data in Fig. 16. However,
it agrees with the data simulation in Section 2.3, which indicates
that the column density of C,Hg can be retrieved satisfactorily for
a=500-700 km. Despite this statistical detection of C;Hg, we note
that the retrieved densities of both CH4 and C;Hg should be treated
with caution at altitudes below ~650 km.

It is interesting to note that, compared to a = 700-750 km, aero-
sols are detected with higher confidence at a=500-550 km.
Removing the tholins from the fit leads to y2 =21 and produces
large optical depth residuals that are shown in Fig. 17. In addition
to leading to a worse fit at /, > 1800 A, the exclusion of aerosols
also causes problems at shorter wavelengths where significant
‘background’ extinction by aerosols is required to fit the spectral
lines of the minor species. This implies that, as expected, aerosol
extinction is significant near and above the detached haze layer.
Further, the opacity of the aerosols increases significantly with
decreasing altitude below 700 km.

We note that y2 statistics cannot be used to obtain strong con-
straints on the wavelength dependence and thus the size of the
aerosols in the haze layers. In order to show this, we excluded tho-
lins from the model and instead assumed that the extinction cross
section of the aerosols varies simply as o, o 4,”. Having done this,
we recalculated the LM fits by treating the proportionality constant
and o as free parameters. We found that values of o = 0-2.5 lead to
practically identical values of 2 both for a=500-550 km and
a=700-750 km. On this basis, values of « > 2.5 are excluded by
the data. The extinction cross sections of the tholins we used in this
study are consistent with this constraint (see Section 3.4).

The strong absorption bands of C;H;, C;Hy4, C4H; are clearly vis-
ible in the data and their presence at a=500-550 km does not
need to be tested further. Instead, we verified that CgHg is still
detectable. Removing it leads to y2 = 3.6 and F, =219 between
the models that exclude and include CgHg. Thus the detection of
CsHg is statistically significant at a = 500-550 km. Fig. 18 shows
the optical depth residuals for the best fit without CgHg. Again, they
include the broad absorption band of CgHg centered around
1790 A.

With y2=59 at a=700-750km and y2=2.6 at a=500-
550 km, the best fits are good but not perfect. Fig. 11 shows that
the largest discrepancies between the model and the data appear
within the narrow absorption lines of C;H, and C,H4. These prob-
lems also appear at the lower range of impact parameters (see
Fig. 16). The problem of fitting the strong absorption lines of
C>H, near 1520 A and 1480 A is not serious at 500 km because
the lines are saturated and their true depth is not known. Also,
the 1520 A absorption line of C,H, is nearly saturated at 700 km.
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Fig. 16. Spectrum of optical depth averaged over a = 500-550 km based on the T41 I data. The solid lines in the two upper panels show the data and other lines show
contributions from different absorbers based on best fit column densities listed in Table 3 and absorption cross sections listed in Table 2. The lower panel shows the best fit
normalized optical depth residuals (xﬁ = 2.8) based on absorption by C;H,, C;Hy, C4Ha, CoHg, CeHg and aerosols. We assumed that the aerosols are spherical with a radius of
r. =40 nm. Note that the excess absorption in the 1480 A and 1520 A absorption lines of C,H, is not a problem because the transmission spectrum is saturated in these lines.

However, the fits systematically underestimate absorption within
the strong absorption bands of C,H, around 1700 A. There could
be several reasons for the discrepancies - here we discuss only
the most obvious possibilities.

First, the wavelength resolution of the instrument that we as-
sumed in the forward model could be inaccurate. In particular,
we have ignored the extended wings of the LSF (see Section 2.1).
However, this means that we have assumed a slightly better wave-
length resolution than that implied by the full LSF and including
the wings would only make the problem of fitting the C;H4 bands
worse. Second, low temperatures lead to narrow absorption lines
with strong cores, and using cross sections measured at a temper-
ature higher than the temperature in the atmosphere could lead to
the observed discrepancy between the model and the data within
the cores of the C;H,4 lines. However, the cross section of C;H,4 that
we use in our analysis was measured at 140 K and thus a temper-
ature disagreement is not likely to explain the discrepancy

between the model and the data. The third possibility is that the
intensities of the absorption bands in the laboratory measure-
ments are uncertain - although the systematic uncertainty in the
measurements should be smaller than 10%.

We note that the above discussion should be treated with cau-
tion because the results apply to a 50 km range of impact parame-
ters, and the column densities of all of the species change sharply
with altitude both near 525 km and 725 km. In order to retrieve
column density profiles for different species, we used smaller alti-
tude bins of 1-8 km. Fig. 19 shows y? as a function of altitude for a
retrieval with an altitude resolution of 4 km, indicating that the
quality of the fit is excellent within the smaller altitude bins at
all impact parameters. This means that the uncertainties on the re-
trieved column densities should be accurate, where appropriate,
and the inclusion of unidentified absorbers later should not have
a large impact on the derived values. We conclude that the detec-
tions of CH,, C,H,, CoHy, C4H,, CeHg, HCN, HC3N and aerosols in the
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Fig. 17. Normalized optical depth residuals (solid line) for a model fit (y2 = 21)
based on absorption by C;H,, C4H,, CoHy, CoHg and CgHg. The data were averaged
between a=500-550 km, i.e., within the detached haze layer. The exclusion of
aerosols from the model does not only deteriorate the fit at 2, > 1800 A but also
leads to a worse fit at shorter wavelengths.
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Fig. 18. Normalized optical depth residuals (solid line) for a model fit (y? = 3.6)
based on absorption by C;H,, C4H,, C;Hy, CoHg and tholins. The data were averaged
between a=500-550 km, i.e., within the detached haze layer. The dotted line
shows the scaled absorption cross section of CgHg. The residuals point to missing
absorption by C¢Hg near 1790 A in the forward model.

data are secure. Extinction within the 725 km layer in the T41 |
data arises mostly from hydrocarbons and nitriles, with a small
contribution from aerosols. Extinction by aerosols is much stronger
in the detached haze layer between a = 500-550 km. Our results
indicate that the data can only be used to obtain upper limits on
the column density of C;Hg above ~700 km. We discuss the retrie-
val of the density profiles further in Section 3.3 below.

3.3. Density profiles

In Sections 3.1 and 3.2 we argued that the extinction layers evi-
dent in the light curves arise from perturbations in the density pro-
files of the minor species and in the extinction profiles of the
aerosols. In particular, we argued that the 725 km layer in the
T41 I data and the 600 km layer in the T53 data are mostly due
to hydrocarbons but that the 500 km and 450 km layers in these
occultations coincide with haze layers. Here we show that,
although extinction by haze is significant in the 450-550 km lay-
ers, the density profiles of the hydrocarbon species also have max-
ima in both the high and low altitude layers. This conclusion is
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Fig. 19. )2 as a function of impact parameter based on the retrieval of column
densities from the T41 I data with an altitude resolution of ~4 km. This implies
binning 10 points in altitude from the original data for each grid point in the
retrieval.

based on best fit density profiles of the gaseous absorbers. Further,
in Section 3.4 we show that there is a distinct peak in the extinc-
tion coefficients of the aerosols associated with the 500 km and
450 km layers in the T41 and T53 data, respectively, whereas no
sharp features coincide with the 725 km and 600 km layers.

Figs. 20 and 21 show the column density profiles retrieved from
the T41 I and T53 data, respectively. They demonstrate that the
extinction layers coincide with local maxima in the column density
profiles of the minor species. Both the 500 km and 725 km layers
appear in the T41 I profiles whereas only the 600 km layer is appar-
ent in the T53 profiles. In both cases the relative density perturba-
tions are much more prominent in the profiles of the minor
hydrocarbons and nitriles than they are in the density profile of
CH4. This means that the mechanism responsible for causing the
density perturbations does not affect CH, in the same way as it af-
fects the other minor absorbers.

Until now, the composition of the atmosphere between z = 500-
1000 km has been largely unknown. Before the UVIS measure-
ments presented by Shemansky et al. (2005), the only available
density profiles for the minor species were based on solar occulta-
tions observed by the Voyager/UVS instrument (e.g., Broadfoot
et al., 1981; Smith et al., 1982; Vervack et al., 2004). The wave-
length coverage of these observations was 530-1700 A with a
spectral resolution of 18-30 A. The altitude resolution varied be-
tween 7 and 20 km. These data were discussed by Smith et al.
(1982) who only considered extinction by N,, CH; and C;H; in their
analysis. A thorough reanalysis by Vervack et al. (2004) lead to a
revision of the earlier results and the detection of C;H4 in the data.
They also found evidence for the presence of either HCN or HCsN
but the wavelength resolution in the UVS data was not sufficient
to separate the absorption features of these species from each
other. The results highlighted the importance of understanding
the performance of the instrument and the potentially large errors
caused by exclusion of important absorbers from the analysis. In
particular, the densities of CH; and C,H, derived by Vervack
et al. (2004) are lower than the original densities obtained by
Smith et al. (1982) and in much better agreement with photo-
chemical models (Wilson and Atreya, 2004).

As explained in Section 2.2, we inverted our column density
profiles in order to obtain number density profiles and compared
the results with Voyager/UVS and UVIS measurements, INMS den-
sity profiles for the thermosphere and CIRS mixing ratios for the
stratosphere. For instance, Fig. 22 shows the density profiles of
CH,4 based on the T41 I and T53 data, newly analyzed INMS data
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Fig. 20. Column density profiles of hydrocarbon and nitrile species retrieved from
T41 I data.

for flyby T41, Voyager UVS results (Vervack et al., 2004), and UVIS
densities for flyby Tb (Shemansky et al., 2005). It shows that the
UVS densities are comparable to the T41 densities above
1000 km and slightly higher than the T41 densities between 900
and 1000 km. Overall, the agreement between the UVS and T41
data is fairly good. The Tb densities retrieved by Shemansky et al.
(2005) are in very good agreement with the T41 results below
1000 km. Above 1000 km, the Tb density does not agree with any
other measurements. This is probably due to the fact that the re-
trieval of number densities for CH4 based on UVIS data is generally
unreliable at high altitudes.

The INMS densities of CH4, were measured during the inbound
trajectory of flyby T41 at latitudes between 34 and 44°S in the day-
side. The UVIS T41 densities are ~2.9 times higher than the INMS
densities near 1000 km and on average 3.3 times higher at alti-
tudes between 1000 and 1200 km. This factor of ~3 difference is
further evidence for the need to revise the INMS absolute calibra-
tion (Waite et al., in preparation). The T53 densities are compara-
ble to T41 below 800 km but the T53 density profile differs
significantly from the other measurements between 800 and
1100 km. As explained in Section 4.1, this reflects a lower temper-
ature in this region of the atmosphere during flyby T53, and points
to potentially interesting variability in the density profiles as a
function of latitude and/or time.

Fig. 23 shows the density profiles of C,H, based on T41 I and
T53 data, Voyager UVS data (Vervack et al., 2004) and preliminary
UVIS results for flyby Tb (Shemansky et al., 2005). The UVIS densi-
ties of CoH, from T41 I and T53 are larger than the UVS densities at
altitudes between ~550 and 850 km and lower than the UVS den-
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Fig. 21. Column density profiles of hydrocarbon and nitrile species retrieved from
T53 data.

sities above 850 km. The UVS densities agree well with the T53
densities below 550 km and the T41 I densities agree with the
T53 densities below 500 km. This implies that the UVS and UVIS
measurements agree between 400 and 500 km. The discrepancies
between the UVS and UVIS densities at higher altitudes are difficult
to explain. We note, however, that the UVS density is constant with
altitude between 680 and 980 km, implying that the mixing ratio
of CoH, increases strongly with altitude there. This result is incon-
sistent with most photochemical models and the UVIS data. Wilson
and Atreya (2004) noted that their nominal photochemical model
failed to account for the low mixing ratio of CH; in the UVS data
between 500 and 700 km although the model was in reasonable
agreement with the other UVS measurements. They suggested that
more absorption should have been ascribed to C;H, in the UVS
reanalysis by Vervack et al. (2004). In the light of our results, this
is probably true. We note that the UVIS Tb II density of C,H,
(Shemansky et al., 2005) is systematically higher than either the
T41 I and T53 results at altitudes higher than 700 km. This differ-
ence is not significant, however, because the reported uncertainty
in the Tb II densities is 100%.

The differences between T41 I and T53 are considerable. The
T41 I density profile of C;H; contains a sharp and relatively narrow
minimum between 650 and 700 km that also appears in the den-
sity profiles of all the other minor species other than CH,. Another
minimum in the density profile is located just below the detached
haze layer near 500 km. The T53 density profile, on the other hand,
contains a deep minimum below 600 km where the density of C,H,
is 5-10 times lower than the T41 I density. These perturbations ob-
served in the density profiles coincide with the extinction layers in
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Fig. 22. Density profile of CH4 based on different observations. The INMS densities were obtained during the inbound trajectory of flyby T41 at latitudes between 34 and 44°S
during the Titan day. The UVIS Tb densities are based on the occultation of 1 Sco analyzed by Shemansky et al. (2005). The UVS ingress densities are from Vervack et al. (2004).
We note that the INMS T41 density is approximately 2.9 times lower than the UVIS T41 density near 1000 km and 3.3 times lower on average between 1000 and 1200 km.
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Fig. 23. Density profile of C;H, based on different observations. The UVIS Tb
densities are based on the occultation of Z Sco analyzed by Shemansky et al. (2005).
The UVS ingress densities are from Vervack et al. (2004). Note that the vertical
resolution of the T41 I and T53 retrievals is indicated by the spacing of the plot
symbols.

the light curves shown in Fig. 9. It is interesting to note that the
minima and maxima in the T41 I and T53 profiles are out of phase,
particularly between 500 and 600 km. The T41 I densities are
approximately two times higher than the T53 densities above
850 km. These results indicate that the density profiles can vary
substantially between different observations, and this variability
makes it difficult to compare different retrievals with each other
and photochemical models objectively. More data are required to
establish the nature and magnitude of the typical variations.

Fig. 24 shows the density profiles of C;H,4 based on T41 I and
T53 data, Voyager UVS data (Vervack et al., 2004) and preliminary
UVIS results for flyby Tb (Shemansky et al., 2005). Qualitatively,
the T41 I and T53 density profiles are similar to the density profiles
of C,H, presented above for the same flybys in that the profiles
contain large perturbations that coincide with the extinction layers
in the light curves. The difference between the T41 I and T53 den-
sities of C;H,4 above 800 km is also similar to the difference in the
densities of C;H, between these two flybys. The UVS densities

agree roughly with the mean density implied by the T41 I and
T53 profiles below 850 km but lack the strong perturbations seen
in the UVIS data. This is curious because the UVS light curves con-
tained a two-layer structure similar to what we observe (Broadfoot
et al., 1981) and thus the lack of structure in the Vervack et al.
(2004) profile could be related to uncertainties in the retrieval.
The UVIS Tb Il density agrees with the UVS density above
900 km, but both the UVS and Tb Il results disagree with our retrie-
val. We note that the slope in both the UVS and Tb II results ap-
pears too shallow and thus the T41 I and T53 densities are
probably more reliable than the UVS or Tb II results.

Fig. 25 shows the density profiles for C4H,, CsHg, HCN, and HC3N
derived from the T41 I and T53 occultations. The vertical resolution
of the inverted density profiles is indicated by the spacing of the
plot symbols. Again, the density profiles contain perturbations that
coincide with the layers in the light curves. These perturbations in
the column density profiles are occasionally so sharp that we had
to degrade the altitude resolution severely to ~50 km for some of
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Fig. 24. Density profile of C;H, based on different observations. The UVIS Tb
densities are based on the occultation of / Sco analyzed by Shemansky et al. (2005).
The UVS ingress densities are from Vervack et al. (2004). Note that the vertical
resolution of the T41 I and T53 retrievals is indicated by the spacing of the plot
symbols.
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the species in order to avoid negative densities near the minimum
in the T41 I data. For the same reason we have not plotted densities
for T53 below 550 km. It should be noted that these problems asso-
ciated with the inversion method do not imply that the results are
inaccurate. The data simulation in Section 2.3 shows clearly that
the inversion is accurate at some resolution even when large per-
turbations are present in the data.

Finally, we compared our results for the photochemically active
species with CIRS measurements below 500 km and INMS mea-
surements in the thermosphere. This comparison is best done in
terms of mixing ratios. However, stellar occultations at FUV wave-
lengths cannot be used to derive the density of N,, which absorbs
primarily in the EUV. Instead, we used the N, densities measured
by HASI (Fulchignoni et al., 2005) to calculate volume mixing ra-
tios. In order to remove the wave-like features from the HASI data,
we fitted the density profile with a simple slope, assuming that
density decreases exponentially with altitude. We then calculated
the UVIS mixing ratios based on the T41 I data and the smooth ver-
sion of the HASI density profile. The results are shown in Fig. 26,
together with mixing ratios measured by INMS and CIRS. We note
that using the HASI density profile can lead to potentially large sys-
tematic errors in the UVIS mixing ratios, particularly if the temper-
ature profile differs significantly from the HASI measurements.
Because the T53 temperatures are generally cooler than the T41 I
or the HASI measurements (see Section 4.1), we did not include
mixing ratios for T53 in Fig. 26.
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Fig. 25. Density profiles of minor species based on the T41 I and T53 occultations.

The CIRS mixing ratios were taken from Vinatier et al. (2010a).
They are based on observations during flyby T27 (March, 2007)
that probe latitudes near 20°S. We chose this location for compar-
ison because it is close to the latitude of the T41 I observations in
the southern hemisphere. The CIRS limb measurements of the
abundances of C,H, and HCN extend to altitudes above 400 km
and connect with the UVIS measurements. The CIRS mixing ratios
of HCN are in good agreement with the altitude dependence im-
plied by the UVIS measurements. The same applies to C,H,,
although there is a slight disagreement between the CIRS and UVIS
profiles near 450 km. This could be due to uncertainties in the
background density profiles and/or retrieval of the UVIS density
profiles near the lower altitude limit of the light curves. There
are no CIRS measurements for C4H,, C,H4, and HC3N in the upper
stratosphere and mesosphere. Broadly speaking, the UVIS results
are in agreement with the general trend implied by the INMS
and CIRS measurements, i.e., that the mixing ratios of the higher
order hydrocarbon and nitrile species increase steadily with alti-
tude as these species diffuse down to the stratosphere from the
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Fig. 26. Volume mixing ratios for various minor species. The INMS mixing ratios for
C,H,/CyHy, C4H,, and HC3N are globally averaged values that were corrected for the
effects of wall adsorption/desorption within the instrument (see Table 4 in Cui
et al., 2009). The INMS mixing ratios for HCN and C¢Hg were taken from Vuitton
et al. (2007, 2008). The mixing ratio for HCN is based on data from flyby T5 at 74°N
while the mixing ratio of CsHg was measured during flyby T26 at 25.7°N. The latter
value was not corrected for the effects of chemistry that takes place on the chamber
walls in the instrument. The CIRS mixing ratios were taken from Vinatier et al.
(2010a) and they were measured during flyby T27 near 20°S. The UVIS mixing ratios
are based on the T41 I data and were calculated with the density profile measured
by HASI (Fulchignoni et al., 2005). As we did not account for uncertainties in the
HASI profile, or systematic uncertainty arising from a possible departure of the real
density profile from the HASI measurements, the true error of the UVIS mixing
ratios is likely to be larger than that implied by the figure.
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photochemical production region in the mesosphere and lower
thermosphere. Taken together, the UVIS and CIRS data imply a
presence of a minimum near 400 km in the mixing ratios of
C,H,, CoHy, and C4H,. However, it should be noted here that the
T41 I results do not coincide exactly with the T27 CIRS measure-
ments in terms of location and time.

The INMS mixing ratios for the mixture of C;H,/C;Hy4, C4H, and
HC3N were retrieved by Cui et al. (2009). These are globally aver-
aged values that were properly corrected for the wall adsorption
and desorption effects within the INMS Closed Source Neutral
(CSN) mode. They are in very good agreement with the UVIS data
and support the conclusion that, as expected, the photochemical
production region of these species is indeed located in the thermo-
sphere. The INMS mixing ratios for HCN and CgHg are based on
Vuitton et al. (2007, 2008). The abundance of HCN was not deter-
mined directly - rather it is based on the inferred abundance of
HCNH" in the INMS measurements and reversing the chemistry
that leads to the production of this ion. The estimated mixing ratio
is consistent with the UVIS results and implies that the mixing ra-
tio of HCN decreases with altitude above 1000 km. There is a gap
between the UVIS and INMS measurements of the abundance of
CsHgs between 850 and 1000 km, but the comparison implies that
the mixing ratio of CgHg also decreases with altitude above
850 km. We note, however, that we used the uncorrected INMS
abundance CgHg in Fig. 26 and in reality the given value is more
likely to reflect the combined abundance of CgHg and CgHs. The
INMS mixing ratios of HCN and CgHg were measured during flybys
T5 and T26, respectively, probing latitudes of 74° and 25.7°. Thus
variations with latitude and time are also possible.

The broad agreement between our measurements and other
Cassini data provide confidence that we have correctly identified
the important absorbers in the data. Once additional UVIS data
are analyzed, a more thorough comparison between models and
existing observations should solidify this conclusion. We note that
a comparison of the CIRS and INMS data with the UVIS results al-
lows for density profiles to be characterized from the photochem-
ical production region in the thermosphere to lower stratosphere
at different locations and times. The results will provide valuable
constraints on the chemistry and dynamics in the atmosphere of
Titan.

3.4. Aerosols

In Section 3.1 we argued that both gaseous absorbers and aero-
sols are required to explain the appearance of the extinction layers
in the light curves. The first part of this claim was verified in Sec-
tions 3.2 and 3.3. In the former we showed that the average trans-
mission spectra within the extinction layers of the T41 I data were
best fitted with a combination of minor species and aerosols. In the
latter, we verified that the extinction layers coincide with peaks in
the density profiles of the gaseous species. This is nicely illustrated
by Fig. 8 that shows the optical depth contours for T41 I and T53.
The contours indicate that the strong absorption lines of C;H,,
C4H, and C;H, are enhanced within the layers. To complete the
argument, we now show that the extinction profiles of the aerosols
also contain layers. In particular, the detached haze layer appears
consistently in the data between z=450-550 km whereas the
higher altitude layers in T41 I, T53, and similar occultations are
mostly due to gaseous absorbers.

Fig. 27 shows optical depth of the aerosols as a function of im-
pact parameter for the T41 I and T53 occultations. In order to re-
trieve optical depth due to aerosols, we assumed that the
aerosols are spherical with a radius of r, = 12.5 nm at all altitudes
and used Mie theory to obtain extinction cross sections assuming
the optical properties of tholins (Khare et al., 1984). We note, how-
ever, that the choice of a radius merely fixes the wavelength

dependency of the aerosol cross sections. This dependency does
not vary significantly with the size of the particles (see below)
and thus the optical depth profiles can be used to derive density
profiles for aerosols of different size - as long as the aerosols have
the optical properties of spherical tholins. We chose this method of
obtaining the optical depth profiles because it allows us to include
aerosols in the LM fits. This means that we do not have to assume
that a specific wavelength range is entirely free from absorption by
other species and we can use the full wavelength range of the FUV
channel to constrain the extinction coefficients of the aerosols.

In order to find out if the UVIS data could be used to constrain
the size of the aerosols by exploring the wavelength dependency of
aerosol extinction, we used the refractive indices of the Khare et al.
(1984) tholins to calculate extinction cross sections for spherical
aerosols with radii between r, = 0.2-60 nm. The average cross sec-
tion of these aerosols at wavelengths between 7, = 1850-1900 A
increases by eight orders of magnitude from 3.4 x 10722 cm? to
3.1 x 107" cm? with increasing radius. We fitted the cross sec-
tions with a wavelength dependency proportional to /.~ * at wave-
lengths between 1400 and 1900 A. We found that o increases from
~1.4to 2.3 as r, increases from 0.2 to 25 nm. As the radii grow lar-
ger than 25 nm, « decreases and for r, = 60 nm, « = 0.6. We showed
in Section 3.2 that the UVIS data are consistent at all altitudes with
o < 2.5. Unfortunately this constraint includes all possible particle
radii. Thus the size of the aerosols cannot be constrained further
without observations of aerosol extinction and scattering at other
wavelengths.

We inverted the optical depth profiles of the aerosols in order to
obtain local extinction coefficients. Fig. 28 shows the resulting pro-
files for T41 I and T53. Aerosol extinction in the T41 I data peaks in
the detached haze layer near 520 km and tentatively, there is an-
other peak near 800 km. In the T53 data, aerosol extinction peaks
near 470 km and tentatively, there is another peak near 600 km.
We note that there is a small altitude shift between the peaks ob-
served in the local extinction profiles and the optical depth pro-
files. This is because the optical depth profiles represent column
integrated extinction, which should be compared with the ISS
images rather than local extinction. Thus the location of the de-
tached haze layer at a = 450 km in the T53 data is consistent with
the collapse of the layer that began a few months prior to the equi-
nox (West et al., 2011). This completes the argument that the low-
er altitude extinction layers in the UVIS data are associated with
the detached haze layer while the higher altitude extinction layers
are mostly due to perturbations in the density profiles of the gas-
eous species.
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Fig. 27. Optical depth profiles of aerosols derived from the T41 I and T53

occultations. Here the optical depth was averaged over wavelengths between
1850 and 1900 A (see text for the details of the retrieval).
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Fig. 28. Extinction due to aerosols averaged between 1850 and 1900 A as a function
of altitude for T41 I and T53.

Lavvas et al. (2009) used Cassini/ISS images (Porco et al., 2005)
and aerosol extinction coefficients derived from the 4 Sco (Tb II)
occultation (Liang et al., 2007) to constrain the imaginary part k
of the refractive index and the radius of the aerosols. They found
that the aerosols in the detached haze layer have a radius of
r,=40nm and k<0.3 at 1875 A. These results are based on the
assumption that aerosols are the only absorber responsible for
extinction at wavelengths between 1850 and 1900 A in the UVIS
data. Fig. 16 and related discussion indicate that this assumption
is safe within the detached haze layer but it could be dangerous
at higher altitudes. The presence of additional absorbers lowers
aerosol extinction and allows for larger particle sizes. Assuming a
radius of r, = 40 nm, the number density of the aerosols in the de-
tached haze layer derived from the extinction coefficients is
~40 cm~3 for T41 1, and ~70 cm™ for T53. These densities are
comparable to each other and slightly higher than those obtained
for Tb II. Unfortunately, the ISS images cannot be used to constrain
the size of the high altitude aerosols because the images only ex-
tend to 600 km in altitude. We used other constraints to obtain
limits for their size. The results are discussed in Section 4.4.

4. Discussion

In previous sections of the paper we discussed the methods and
results of the data analysis. In this section we discuss the implica-
tions of the retrieved density profiles on the structure of the
atmosphere.

4.1. Temperature profiles

Assuming that CH4 is uniformly mixed with N, we used the
density profiles of CH4 to derive temperature profiles for T41 I
and T53 at altitudes between 600 and 1100 km. These profiles
are shown in Fig. 29 together with the HASI measurements (Ful-
chignoni et al., 2005). The T41 I and T53 temperatures are similar
at altitudes below 780 km, and slightly cooler than the HASI tem-
peratures. The T41 I temperature agrees fairly well with the HASI
measurements between 800 and 1100 km, whereas the T53 tem-
perature is unrealistically high above 900 km and significantly
cooler than the other measurements between 780 and 900 km.
We note that the CH4 temperature profiles presented here are only
accurate below the homopause. Above the homopause, CH, is dif-
fusively separated and the derived temperatures are anomalously
high. The agreement of the T41 I temperature with the HASI mea-
surements at high altitudes therefore implies that the CH; homo-

pause is located between 1000 and 1100 km. However, the steep
increase in temperature with altitude in the T53 data indicates that
CH, is diffusively separated above 900 km. This raises the interest-
ing possibility that the altitude of the apparent homopause on Ti-
tan varies with latitude and/or time.

The altitude of the homopause coincides with a distinct change
in the slope of the density profile of CH,. The T53 density of CH,
(see Fig. 22) decreases with a scale height of H,=50km up to
~900 km. This value is consistent with a mean temperature of
T ~ 150 K below 750 km. Because gravity decreases with altitude,
the measured scale height is also consistent with a lower mean
temperature between 750 and 900 km. Above 900 km the T53 den-
sity of CH,4 decreases with a scale height of H, = 97 km. Given that
the mass ratio of N, to CH,4 is 1.8, this value is roughly consistent
with diffusive separation above 900 km with a mean temperature
of T=150K, which is in line with the mean temperature of the
thermosphere determined from the INMS measurements (Cui
et al., 2009). The altitude of the homopause in the T53 data is also
consistent with the results of Yelle et al. (2008) who used the den-
sity profile of “°Ar measured by the INMS to derive an eddy diffu-
sion coefficient of K, ~ 3 x 10”7 cm? s~ ! in the lower thermosphere
that implies a homopause near 850 km.

The T41 I density profile of CH4 (see Fig. 22) can be fitted with a
scale height of H, =55 km below 850 km. This corresponds to a
temperature of T~ 152 K. Above 850 km, the density of CH, de-
creases with a scale height of H, = 78 km. This change in the slope
of the density profile can be interpreted in two different ways.
With a mean temperature of T~ 150 K it implies an intermediate
regime between diffusive separation and mixing. Alternatively,
with a mean temperature of 180-200 K that agrees with the HASI
measurements, it implies that CH4 is uniformly mixed up to the
altitude of 1000-1100 km. The latter result agrees with earlier
Voyager measurements (Strobel et al., 1992; Vervack et al., 2004)
and INMS measurements (e.g., Yelle et al., 2008; Cui et al., 2009)
that are consistent with a high CH; homopause. As we pointed
out above, the differences in the density profiles of CH, between
T41 I and T53 may imply that the apparent altitude of the CH4
homopause changes with time and/or latitude. This could be due
to changes in global circulation or atmospheric escape. We discuss
these possibilities further below.
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Fig. 29. Temperature profiles derived from the density profiles of CH,4 for T41 I
(solid line) and T53 (dotted line). The altitude resolution is 20-40 km, with the
higher resolution obtained for T41 I. The dashed line shows the HASI temperature
profile (Fulchignoni et al., 2005). The temperature profiles show evidence for waves
with a vertical wavelength of 100-200 km and an amplitude of 10-20 K. The T41 |
profile agrees well with the HASI profile above 800 km, although with a variable
wave pattern. The T53 temperatures are unrealistically high above 900 km due to
diffusive separation of CH,.
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While K, is normally associated with turbulent mixing and
breaking waves, it is also well known that vertical bulk motion dri-
ven either by circulation or escape of an atmospheric constituent
can have the same effect on the composition as an enhanced K,,
in one-dimensional models. By assuming a nominal eddy diffusion
coefficient of K,,=5 x 10’ cm?s~!, Muller-Wodarg et al. (2003)
showed that the while the nominal homopause is located near
800 km, the timescale for vertical and horizontal motion due to cir-
culation is shorter than the timescale for molecular diffusion be-
tween 800 and 1200 km. Mixing of the atmosphere by circulation
in this region can lead to an effective K, ~ 10° cm?s~! that shifts
the homopause to a higher altitude in agreement with the
observations.

The differences between the T41 I and T53 occultations could
thus be due to mixing by large scale circulation. The T41 I occulta-
tion probed a region of the atmosphere near the subsolar latitude
during night time whereas T53 probed northern midlatitudes dur-
ing daytime. Asymmetric solar heating of the detached haze layer
during daytime can lead to overturning meridional circulation that,
possibly accompanied by strong zonal winds, leads to upwelling at
subsolar latitudes and downwelling at higher and lower latitudes.
Upwelling leads to more efficient mixing of the atmosphere, pro-
ducing a higher CH, homopause, whereas downwelling leads to
less efficient mixing of the heavier constituents. This is consistent
with the differences between the T41 I and T53 occultations. The
presence of strong circulation is also supported by the temperature
difference between the occultations above 750 km. This tempera-
ture difference is consistent with INMS measurements indicating
that the equatorial regions of the thermosphere are generally war-
mer than the polar or mid-to-high latitude regions (Cui et al.,
2009).

Mixing by circulation should affect all of the species whereas
escape is more effective in changing the density profiles of the
lighter species. Yelle et al. (2008) showed that argon is not effec-
tively mixed above the homopause near 850 km while CH, and
H, are. They pointed out that the density profile of CH; measured
by the INMS is consistent with a diffusion-limited escape flux of
2.5-3.0 x 10° cm~2 s~ . Similarly, the density profile of H, in the
upper atmosphere can be explained by an escape flux of
1.4 x 10" cm~2 s~ (Cui et al.,, 2008). Both of these fluxes are sig-
nificantly higher than the thermal Jeans escape rate. We note that a
simultaneous analysis of the density profiles of several minor spe-
cies could be used to distinguish the roles of circulation and escape
mechanisms in shaping the density profiles of CH4 and H, more
accurately. However, such analysis requires more observations
that cover a much larger sample of latitudes and local times than
the present study.

All three temperature profiles in Fig. 29 show evidence for
wave-like variations with an amplitude of 10-20 K and a vertical
wavelength of 100-200 km. This is not surprising - evidence for
similar waves has been obtained by the HASI instrument through-
out the atmosphere (Fulchignoni et al., 2005) and INMS in the ther-
mosphere (Muller-Wodarg et al., 2006). Evidence for waves was
also seen in the Voyager data (e.g. Hinson and Tyler, 1983; Fried-
son, 1994) and ground-based stellar occultations (e.g., Sicardy
et al., 1999). Strobel (2006) suggested that the perturbations ob-
served in the upper atmosphere could be caused by gravitational
tidal waves, which are driven by the small but finite eccentricity
of Titan’s orbit around Saturn. These waves are expected to satu-
rate near 500 km. Once evanescent, their amplitude no longer
grows with altitude and they become quasi-sinusoidal, i.e., similar
in appearance to the waves in the HASI data. The saturation ampli-
tude and vertical wavelength of these waves depend strongly on
the background zonal wind profile.

In order to explore the nature of the temperature perturbations,
we fitted the T41 I temperature profile with slopes of dT/

dz~017Kkm~! between 650 and 870km and dT/
dz ~0.13 Kkm™! between 870 and 1000 km. We then subtracted
these slopes from the retrieved temperature profile in order to iso-
late the perturbations, which are shown in Fig. 30. The perturba-
tions have an amplitude of 10-20 K and a vertical wavelength of
80-200 km, although they probably represent a superposition of
several different waves and therefore the results should be inter-
preted with caution. Nevertheless, the properties of the waves
are broadly consistent with the amplitude and wavelength of tidal
gravity waves (e.g., Strobel, 2006). Unfortunately, the uncertainties
related to the retrieval and the limited altitude range of the data do
not justify more extensive fits to characterize the waves. More
observations are required for such an analysis. We also investi-
gated the possibility that the sharp temperature gradients associ-
ated with the wave are superadiabatic and drive local convective
instabilities (e.g., Fulchignoni et al., 2005). Fig. 31 shows the tem-
perature gradients for T41 I evaluated from the data together with
the adiabatic lapse rate. It indicates that the temperature gradients
can become slightly superadiabatic. This could be produced by
breaking gravity waves.

4.2. Chemical and transport timescales

Before characterizing the density profiles of the minor species
in detail, it is instructive to explore the timescales for different
physical processes that control the composition of the atmosphere.
The continuity equation for individual species s is given by:
sV (p¥) =~y (o + Fa)] + (P~ L) (12)
where Fp and F,, are mass fluxes due to molecular and eddy diffu-
sion, respectively, and Ps and Ls are chemical production and loss
rates, respectively. Diffusive fluxes occur predominantly in the ver-
tical direction and thus horizontal diffusion is neglected. The second
term on the left hand side of Eq. (12) describes advection due to
horizontal and vertical winds. Under the assumption of hydrostatic
equilibrium vertical winds are driven exclusively by diverging or
converging horizontal flows to ensure the conservation of mass by
circulation. Although vertical winds are much slower than horizon-
tal winds, they can have a large impact on the density profiles of dif-
ferent species because the scale height of the atmosphere is
typically much shorter than the relevant horizontal length scale
that is often estimated by L ~ R, where R, is the radius of the planet.

Table 4 presents the timescales for advection, diffusion and
photochemical loss processes at representative altitudes in Titan's
mesosphere and lower thermosphere. We defined the chemical
time constant as 7. = (Ls/ps)"! and calculated it by using the density
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Fig. 30. Temperature perturbation derived from the T41 I CH4 temperature profile.
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Fig. 31. Temperature gradients based on the T41 I data (solid line). The dotted line
shows the adiabatic lapse rate I' = —g/C,.

profiles and reaction rate coefficients included in the model of Lav-
vas et al. (2008a,b). The timescale for molecular diffusion is given
by tp = H?|Ds; where H is the scale height. We calculated these
timescales for different constituents by using binary diffusion coef-
ficients of the relevant species with N,. In order to calculate the
eddy diffusion timescale (7,,), we used K, derived by Yelle et al.
(2008). The transport timescales for horizontal (7y) and vertical
winds (t,,) were calculated by Muller-Wodarg et al. (2003). We
note that these timescales may be too long between 500 and
900 km. If the wind speeds in the mesosphere are comparable to
stratospheric wind speeds (e.g., Flasar et al., 2005), the horizontal
transport timescale can be comparable to the timescale for turbu-
lent mixing.

As expected, the parameters in Table 4 place the homopause
near 850 km. The eddy diffusion timescale is shorter or comparable
to the advection timescale below the homopause. This gives rise to
the diffusion of the higher order hydrocarbon and nitrile species
from the photochemical production region near 800 km down to
the stratosphere. We note that this picture can be slightly modified
by upwelling and subsidence associated with circulation that can
cause latitudinal variations in the mixing ratios of the constituents
similar to those observed in the stratosphere (e.g., Coustenis et al.,
2010). The chemical time constants below 850 km are generally
longer than the diffusion timescale for species such as C,H,,
C,H4, HCN and HC3N. However, for CgHg and C4H, the chemical
time constants are shorter than the prominent transport time-
scales and thus their density profiles could be closer to chemical
equilibrium in the mesosphere than the density profiles of the
other species detected in the UVIS data.

The chemical timescales for C;H, and C;H4 at 1000 km are long-
er than the timescale for molecular diffusion. In principle, the den-
sity profiles of these species can thus be used to determine
whether the atmosphere really is uniformly mixed at high alti-
tudes in the T41 I data or not. However, a closer examination of
the timescales indicates that this is not safe. The difference be-
tween the chemical and diffusion timescales is not necessarily suf-
ficient, especially if one accounts for the larger scale height
associated with higher temperatures between 800 and 1000 km.

More complex modeling of the chemistry and dynamics and com-
parison with data may enable this type of analysis in the future. For
reference, the scale heights derived from the T41 I density profiles
of C;H, and C;H,4 above 850 km are 76 km and 61 km, respectively.
The large difference between these values indicates that at least
the density profile of C,Hy4 is affected by photochemical processes
above the homopause.

4.3. Density structure

The temperature profiles in Fig. 29 indicate that the density pro-
file of CH, is perturbed by waves. The amplitude of the perturba-
tions is similar to the saturation amplitude of tidal gravity waves
in the mesosphere (Strobel, 2006). However, compared to CH,
the perturbations in the density profiles of the other minor species
are much larger. Initially, it would seem reasonable to argue that
such large density perturbations cannot be caused by the same
waves that are responsible for the temperature perturbations.
We show below that this is not true and demonstrate that low fre-
quency waves can cause large perturbations in the density profiles
of the minor species as long as the mixing ratios of these species
increase with altitude and the eddy diffusion coefficient is suffi-
ciently low. In order to illustrate this argument, we focus our atten-
tion on the density profile of C;H; based on the T41 [ data and then
briefly generalize our results to the other species. A more compre-
hensive analysis of the photochemical processes and dynamics is
reserved for future work.

The density perturbation p’(r) due to gravity waves is related to
the pressure and temperature perturbations simply by the ideal
gas law:

pl(r) _pr) T
Po(r)  Po(r)  To(r)

where subscript 0 refers to the background (mean) fields in the
atmosphere. The pressure perturbations are typically small, indicat-
ing that in general p'(r)/po (1) &~ —T(r)/To(r). The density perturba-
tion p'(r) and the mean density po(r) are given by separate sums
over the perturbations and densities, respectively, of the individual
species. Thus the relative perturbations p;/p,, of the constituents in
Eq. (13) cannot be separated. Further, even if the density perturba-
tion p; is comparable to the actual density of species s, the contri-
bution of the species to the left hand side of Eq. (13) is at most
comparable to its mass mixing ratios. Because the mass mixing ra-
tios of the minor species other than CH4 are negligible, Eq. (13)
alone does not constrain the amplitudes of the relative perturba-
tions p/pg,.

We note that in terms of the mass mixing ratios qs, Eq. (12) can
be written as (e.g., Jacobson, 1999):
0q; 1

EJF(V'V)%:;

(13)

(P L)+ V- (pKaVa, (14)
where K, is the eddy diffusion coefficient and we ignored molecular
diffusion to simplify the equation. This is not a significant omission
at this point, especially because most of the discussion in this sec-
tion concerns the density profiles below the homopause. First, we
analyzed the photochemical production and loss rates in the above
equation. Fig. 32 shows the volume mixing ratio of C,H, together

Table 4
Chemical and transport timescales.
Altitude (km) CoH,y, . CoHy, T C4H,, ¢ CgHe, T HCN, 7. HGN, 1. p Tz Tw Ty
500 2 x 107 6 x 10° 2 x10° 2 x10° 2 x 10° 107 5x 108 10° 4 x 108 4 %108
750 6 x 108 3 x 10° 5 x 10° 2 x10° 107 107 6 x 108 108 4 x 10° 4 x 10°
1000 108 10° 2 x10° 10° 108 3x10° 10° 10° 4x10° 4x10°

The values are given in seconds for T=160 K and H = 55 km. The diurnal time constant is ~2 x 10°s.
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with mixing ratios calculated by the photochemical model of Lavvas
et al. (2008a,b). Again, we used the smooth version of the HASI den-
sity profile (Fulchignoni et al., 2005) to calculate the mixing ratios
from the data (see Section 3.3). The photochemical calculations
are appropriate for the solar activity and latitude of the T41 I obser-
vations. Apart from the perturbations, the photochemical model is
in reasonable agreement with the data.

The production of C;H, above 500 km in the model is mostly
due to photolysis of C;H4. The photolysis rates peak near 800 km
and once produced, C;H; diffuses to lower altitudes where it is also
partly destroyed by photolysis. As a result, the mixing ratio of C;H,
increases steeply with altitude between 500 and 800 km. Qualita-
tively, this scheme agrees with the results of Wilson and Atreya
(2004) but disagrees with the results of Yung et al. (1984) who ar-
gued that reactions between the CH; radicals are the most impor-
tant production mechanism of C;H, in the upper atmosphere. We
note that this simple scheme leads to a good qualitative agreement
between the mean state mixing ratio of C;H; in the UVIS data and
photochemical models. This resolves the earlier problems associ-
ated with fitting the density profile of C;H, derived from the Voy-
ager/UVS data (Vervack et al., 2004) with photochemical models.

In order to assess the magnitude of the perturbations in the
mixing ratio of C;H,, we subtracted the model mixing ratios from
the data. The resulting relative mixing ratio perturbations q./q, as
a function of altitude are shown in Fig. 33. The data were smoothed
to an approximate vertical resolution of ~25 km before subtrac-
tion. The amplitude of the perturbations decreases with altitude.
Below 750km the large perturbations have an amplitude of
~40-60%. We note that these results are uncertain because of
uncertainties in the retrieval and because the mean mixing ratios
are not known exactly. Also, we did not take into account the fact
that the density of the atmosphere is also perturbed. If, for in-
stance, the total density perturbations are in phase with the minor
species density perturbations, the mixing ratio perturbations
would appear smaller. It is not straightforward to determine the
vertical wavelength of the perturbations because the observed pat-
tern could be due to several, superimposed waves of different ori-
gins. However, the large perturbations appear to have a
wavelength of 150-200 km.

In order to show that large perturbations driven by low
frequency waves are possible, we derived a simple expression for
the amplitude of the relative mixing ratio perturbations based on
the equation of continuity for g; by assuming linear perturbations.
The details of the derivation and the assumptions leading to the
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Fig. 32. The volume mixing ratio x; of C;H, derived from the T41 I data (diamonds)
and based on the photochemical model of Lavvas et al. (2008a) (solid line). Note
that the volume mixing ratio was calculated by using the HASI density profile (see
text).

result are included in Appendix A. Basically, we assumed that the
perturbations are waves and expressed them as:

q; = qsy expli(mr + ke — ot + 0)] (15)
W = w; expli(mr + k¢ — ot + 6,,)] (16)
p' = pyexpli(mr+ k¢ — wt + 0,)] (17)

where w is the frequency, m is the vertical wavenumber, k is the zo-
nal wavenumber, and 6,, = 0, + 7/2, 0,, and 0, are the phase angles
of w and p’ and q;, respectively. We treated w’ and p’ as free param-
eters and did not seek a self-consistent solution for these quantities.
Therefore we had to fix the phase relationship between w’' and p’ to
something that is consistent with, for instance, the results of Strobel
(2006) for gravitational tidal waves. Further, we assumed that the
amplitudes of the perturbations are constant in altitude. This
assumption is not generally valid but it is reasonable in regions
where the waves become saturated and their amplitudes no longer
grow with altitude. These assumptions are somewhat ad hoc, but
they are satisfactory for our purposes. Our aim is merely to demon-
strate that certain types of waves can cause large perturbations in
the density profiles of the minor species. A more quantitative char-
acterization of the physical nature and origin of such waves should
be pursued in future work.

Substitution of the perturbations given above into the equation
of continuity (A.1), considerable algebra and several simplifications
yield an expression for the relative amplitude r; = g51/qs0 of the
mixing ratio perturbations:

1 .9q0  [(wi/m) + (p,/po)Kz] exp(if) as)
%o O [l(@/m) — wo — (Ku/H) + m2KC,

Is1 €xp(ily) =

mK,,
(Q/m) —wp — (K;/H)

0=0,+m—tan™’ { (19)

where H is the scale height, gy is the unperturbed mass mixing ra-
tio, and Q = w — kug/(rsin@) is the intrinsic Doppler-shifted wave
frequency. Note that we assumed that the phase of the waves prop-
agates eastward towards lower altitudes so that m <0 and k > 0.

At the ‘wave advection’ limit where K, — 0, the relative ampli-
tude ry; is given by:

(20)
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Fig. 33. The relative C;H, mixing ratio perturbation qs1/gso (solid line) and the CH,4
temperature perturbation (dotted line) normalized with a mean temperature of
160 K. Note that the results are uncertain because of the uncertainties of the
retrieval and because the mean state is not known a priori.
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These simple expressions clarify the physical insight into the mech-
anism that leads to large perturbations. In regions where the gradi-
ent of the mixing ratio for CoH, is positive, i.e., below ~800 km in
Titan’s atmosphere, the perturbations in the mixing ratios are in
phase with the temperature perturbations and 90° out of phase
with the velocity perturbations. The sink that causes the minimum
near 680 km arises because the wave-related velocity perturbation
is positive above the minimum and therefore the wave advection
term in Eq. (A.2) is positive. However, this mechanism is only effec-
tive if the frequency of the wave is sufficiently slow. Otherwise
advection does not have enough time to establish large fluctuations
before the velocity perturbation changes. Also, when K, # 0, eddy
diffusion acts to remove any density perturbations. At sufficiently
high values of K,,, the phase of the mixing ratio perturbations
changes and the amplitude of the perturbations becomes small.
We estimated the required values for wy, m, Q, and wy that
would lead to the observed value of ry; ~ 0.4-0.5 for C,H,. For this
purpose, it is convenient to define a frequency parameter given by:

At the limit where wg=0 and ug=0, this parameter is simply
Q= . According to photochemical calculations, the gradient term
for C;H, near 680 km is (1/qs0)0qs0/Or ~ 107> m~1. At the limit of
zero background flow, a ratio of wy/w ~ 4.4 x 10* m therefore leads
to the required 40-50% perturbation in the mixing ratio of C;H,
near the minimum of 680 km. Because of the large w;/w ratio,
low frequency waves are required to cause the observed perturba-
tions. If we assume that the period of the observed waves is equal to
one Titan rotation, i.e., ® = 4.5 x 10~% Hz, the required value for the
amplitude of the vertical velocity perturbation is w; =20 cm s~ . It
is interesting to note that this value is consistent with the satura-
tion amplitude for gravitational tidal waves, which also have the re-
quired frequency (Strobel, 2006). Alternatively, thermal tides could
also have a similar, low frequency. We note that solar heating of the
detached haze layer (Lavvas et al., 2009) could possibly excite such
tides in the upper atmosphere of Titan. This possibility should be
addressed in future studies.

The characteristics of gravitational tidal waves depend strongly
on the background zonal wind profile. Strobel (2006) calculated
the saturation amplitudes of the waves for three different zonal
wind profiles: weak zonal winds, ‘realistic’ zonal winds and strong
zonal winds. In the weak wind case the zonal wind speed was set
to 135 m s~! at 170 km. The realistic zonal wind case was based on
the measured wind speeds of 183 ms~! near 220 km (Moreno
et al,, 2005) and the strong zonal wind case included strong high
altitude winds that may be required to explain the latitudinal den-
sity gradients in INMS observations (e.g., Muller-Wodarg et al.,
2006). The zonal wind speeds above 600 km for the weak, realistic
and strong wind cases were 45, 55, and 125 m s, respectively.
Assuming that the zonal wind speed is 55 ms~! above 600 km,
we obtain a Doppler-shifted frequency of Q ~ 2.9 x 107> Hz for
the semi-diurnal tide near the equator at 680 km. In this case,
the required velocity perturbation is w; ~ 130 cm s~!, which is lar-
ger than the values calculated by Strobel (2006). We note, how-
ever, that the background dynamics above 500 km is uncertain,
and there are many possible sources of gravity waves with differ-
ent characteristics. Further, the frequency parameter €, can be
made comparable to w above simply by introducing a finite (local)
value for wg and/or by adjusting the assumed gradient of the mix-
ing ratio. Given these uncertainties, we have demonstrated suffi-
ciently that the observed perturbations can be caused by low
frequency waves and our results therefore constitute evidence
for the presence of such waves in the upper atmosphere of Titan.

The perturbations can also be damped by eddy diffusion. We
used Egs. (18) and (19) to estimate the limiting value of K, that al-
lows for the perturbations to persist. At K,, = 10’ cm? s~ !, the rela-
tive perturbation amplitude reduces from rs; =0.44 to ry =0.42
whereas for K,, = 10% cm? s, it reduces to r5; = 0.14. With a nom-
inal value of K,, =3 x 107 cm? s~ (Yelle et al., 2008), the perturba-
tion amplitude is rg; = 0.31. A 44% perturbation in this case can be
recovered if w; ~ 30 cm s~!. We note that the presence of the per-
turbations in the data places constraints on the possible values of
K,,. Even for relatively large values of w; ~ 65 cm s~ !, K,, must be
lower than ~10% cm? s~ .

Fig. 33 shows that the amplitude of the mixing ratio perturba-
tions decreases with altitude and becomes very small above
850 km. There are two reasons for this behavior. First, the mixing
ratio becomes nearly constant with altitude. Second, the timescale
for molecular diffusion becomes shorter than the timescales for
wave advection and eddy diffusion. Thus the wave is damped at
high altitudes and the perturbations in the density profiles of the
minor species become comparable to the relative temperature per-
turbations. We note that if the density perturbations are driven by
waves, the amplitude of the perturbations depends on the gradient
term (1/qs0)0qso/Or. We calculated the gradient terms for C;H,,
C4H,, CgHg, HCN and HC3N near 680 km based on the photochem-
ical model profiles. The values are 1.8 x 107>, 1.7 x 107>,
1.8 x 107>, 1.4 x 107>, and 1.5 x 107>, respectively. Thus the per-
turbation amplitudes for different species near 680 km in the T41
[ data should be comparable, with C;H; having a slightly shallower
perturbation compared to the other species. The density profiles in
Section 3.3 seem to confirm this trend, providing further support
for the idea that the density perturbations really are waves. Obvi-
ously, the perturbations do not appear in the density profile of CHy
because its mixing ratio is roughly constant with altitude. We note
that the T41 I mixing ratios are in broad agreement with the pho-
tochemical model profiles with the exception of CgHg. The model
underestimates its mixing ratio by a factor of 5-10 above 800 km
and overestimates the mixing ratio below 800 km. A more exten-
sive comparison between photochemical models and the data is
beyond the scope of this work and will be reserved for future work.

The linear perturbation model may not be appropriate for char-
acterizing the large perturbations observed in the data. Therefore
we used a numerical model to solve the continuity equation (14)
with wave-like perturbations. We ignored chemical reaction terms
and molecular diffusion, and forced the equation in the same way
as the linear solution by introducing fixed perturbations to w and
p. We separated the real and imaginary parts of the equation and
integrated them iteratively over time by using a second order Run-
ge-Kutta method with constant slope boundary conditions. The
integration was carried out until the solutions reached steady state
on a vertical grid extending from 300 to 1300 km with a cell spac-
ing of 5 km. We looked for an agreement with the data by using the
model mixing ratio of CoH, as an initial condition. We adopted the
eddy diffusion profile from Yelle et al. (2008) for the simulations.

Fig. 34 shows the model results contrasted with the observed
density profile of C;H; based on the T41 I data. It also shows the
fixed perturbations assumed for the net density n, vertical velocity
w and temperature T. The model provides a good fit to the data
with a vertical wavelength of ~210 km and a vertical velocity per-
turbation of w; = 35 cm s~!. These parameters are roughly consis-
tent with the linear calculations discussed above. We note,
however, that the amplitude of the velocity perturbations and
the vertical wavelength are obviously connected to the tempera-
ture and density perturbations, and their values cannot be chosen
at random. Also, the vertical wavelength of the temperature per-
turbations appears to be shorter than 200 km and this implies that
the density and temperature profiles could be affected by a super-
position of several different waves. Clearly, our purpose here is not
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to characterize these waves exactly but simply to demonstrate that
large perturbations in the density profiles of the minor species
caused by low frequency waves are possible.

Because the temperature and density perturbations may repre-
sent a superposition of several waves, trying to fit all of the fea-
tures simultaneously could be misleading. Further, the large
temperature perturbation observed in the HASI profile between
450 and 600 km may not be caused directly by the wave. Lavvas
et al. (2009) demonstrated that it arises from solar heating of the
detached haze layer, which can also generate waves above the
layer. In general, aerosols have a large impact on the energetics
and therefore dynamics of the upper atmosphere. This highlights
an interesting aspect of the observed light curves. In T41 I and sim-
ilar occultations the 500 km layer is a stable feature whereas the
altitude and amplitude of the higher altitude layer changes slightly
between occultations. This makes sense, of course, because we
would not expect to observe the density minima and maxima at
exactly the same altitude at all times if they are caused by wave
motions. We showed earlier that the higher altitude layer arises
mostly from perturbations in the density profiles of the minor spe-
cies whereas aerosol extinction is significant within the detached
haze layer. Because the altitude of the detached haze layer does
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Fig. 34. The density profile of C;H, fitted with the numerical perturbation model.
(a) Shows the fixed perturbations to temperature, density and vertical velocity
adopted for the simulations and (b) compares the results from the model (dashed
line) with the data (circles). We adopted values of 2=210km, p;/po=0.12 and
w' =35 cm s~ . The key result is that the density perturbation for C,H, is larger than
the overall density perturbation between 650 and 700 km because of the large
positive gradient in the mixing ratio of C;H; in this region.

not oscillate, this indicates that the properties of the wave are
modified by haze layers.

We have shown that large perturbations caused by low fre-
quency waves are possible in principle - although this conclusion
must be verified by self-consistent simulations and a systematic
analysis of the observed density profiles that will be available in
the future. Incidentally, such perturbations are routinely observed
in the mesosphere on Earth. For instance, the density profiles of O
and O3 indicate that gravity waves in the vicinity of the mesopause
can induce larger relative perturbations in the density profiles of
the minor species than those implied by the temperature or total
density perturbations (e.g., Xu et al., 2000, 2003). These perturba-
tions are mostly associated with short chemical timescales and the
resulting large variations in the chemical source terms driven by
the temperature and density perturbations while wave advection
plays only a minor role. On Titan the chemical time constants of
the minor species are generally much longer than on Earth and
wave advection is more important. However, we note that the
chemical timescales for C¢Hg and C4H, are comparable to the im-
plied timescale of the wave motions, and for these species chemi-
cal perturbations caused by the wave could also be important.

Given that there are some uncertainties related to the proper-
ties of the waves, it is prudent to explore other possible explana-
tions for the fluctuations in the density profiles of the minor
species. Needless to say, an upward vertical velocity of ~20-
30 cm s~ ! driven by circulation in a region where the mixing ratios
increase with altitude could also produce a sink in the density pro-
files of the minor species. In this regard it is interesting to note that
the density minima around 680 km in the T41 I data coincide
rather closely with the density maxima at a similar altitude in
the T53 data. Further, the sink near 680 km in the T41 I data can
also be interpreted as a local minimum in the mixing ratios of
the minor species if the model profiles are properly adjusted (see
Fig. 32). Presumably, then, the maxima in the T53 data could be ex-
plained by downwelling.

Because fast mesospheric winds are feasible, a vertical velocity
of 20-30 cm s~ is not unreasonable. However, it is not easy to see
what type of circulation would cause such localized features in the
density profiles. Rather, it is possible that some combination of cir-
culation and gravity waves is responsible for the appearance of the
layers. The properties of the wave are somewhat different in the
T53 data and this could well be related to differences in the
dynamical state of the atmosphere between the two occultations.
We note that self-consistent solutions for the perturbation ampli-
tudes of temperature, velocity, and the densities of the different
species are required to clarify the influence of the background
dynamics on the waves and thus on the composition of the atmo-
sphere (e.g., Xu et al., 2003). The solutions should be pursued along
with circulation models that take into account the heating of the
haze layers and mechanical forcing by the waves. The results
should be coupled with realistic thermal structure calculations that
assess the impact of the fluctuations in the density profiles of the
aerosols and species such as HCN on the temperature profile.
Clearly, these types of calculations are complex and will only be
justified once more observations become available to facilitate bet-
ter comparison between models and data.

We note that abrupt altitude variations in K,, can also cause a
minimum in the density profiles if the value of K,, decreases shar-
ply below the production layer, provided that there is another
source (chemical or otherwise) of the relevant species at lower alti-
tudes. For instance, Wilson and Atreya (2004) were able to fit the
deep minimum in the Voyager/UVS density profile of C,H, (Ver-
vack et al., 2004) by adopting a profile for K, that increases sharply
with altitude and reaches values in the thermosphere that imply
that the homopause is located near 1000 km. We tested our photo-
chemical calculations by adopting a number of different profiles for
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K, but could not find combinations of chemistry and K, that pro-
duce the sharp minima observed in the data. Further, the value of
K, would have to be lower by two orders of magnitude than the
values given by Yelle et al. (2008) to prevent mixing from affecting
the depth of the density minima in the absence of wave advection.
We also verified that the minima are not caused by condensa-
tion of any of the minor species onto, say, meteoritic dust (e.g.,
Liang et al., 2007). Lavvas et al. (2009) have already shown that
condensation of the key constituents is unlikely at the tempera-
tures measured by HASI, particularly in the detached haze layer.
However, the CH, temperature derived for T41 I is 20-30 K cooler
than the HASI temperature between 600 and 750 km and the tem-
peratures derived for T53 are 30-40 K cooler than the HASI profile
at similar altitudes. Even so, we calculated saturation densities that
are orders of magnitude higher than the observed densities. The
only exception is CgHg during T53. The saturation density for
CsHe in the temperature minimum of 890 km in the T53 data is
10° cm 3. Surprisingly, this implies that CgHg is allowed to condense
at this location. Thus condensation of CgHg and similar species can
occur periodically in the mesosphere and lower thermosphere.

4.4. High altitude aerosols

Based on the assumption that aerosols are solely responsible for
extinction at wavelengths between 1850 and 1900 A, Liang et al.
(2007) argued that they are detectable up to the altitude of
1000 km. This is an important result because, together with INMS
and CAPS measurements (Waite et al., 2007; Coates et al., 2007), it
implies that the seed particles for aerosols are created in the ther-
mosphere. We agree with Liang et al. (2007) in principle but note
that the possible presence of other absorbers may lead to lower
aerosol extinction at higher altitudes. The formation of the aerosols
may be initiated by the growth of polycyclic aromatic compounds
(PACs) (Lavvas et al., 2011, and references therein). These are ini-
tially formed by reactions of CgHg with radicals such as C;H, CN,
and HCCN. We point out that reactions involving CsHg and CH;
could also be important. Although not very reactive, CHs is the
most abundant hydrocarbon radical in Titan’s atmosphere. These
reactions could lead to the formation of toluene and xylenes.

The formation and evolution of the aerosols by the PAC mecha-
nism proceeds in three stages at different altitudes in the atmo-
sphere (Lavvas et al., 2011). The PACs are formed at altitudes
between ~650 and 1000 km where only a small fraction of them
generates the seed particles for aerosol growth. The seed particles
coagulate to form larger particles while they also undergo surface
growth through the deposition of PACs onto the surface of the seed
particles. The surface chemistry allows them to retain a roughly
spherical shape above ~650 km. Below 650 km aggregation begins
to dominate over surface deposition and the fractal dimension Dy
changes from 3 to 2 between 500 and 650 km. In this region aero-
sol extinction should increase with decreasing altitude. Such an in-
crease is seen below 700 km in the T41 I and the T53 data.
Extinction decreases steeply with altitude below the detached haze
layer as spherical growth is replaced by fractal aggregate growth
that leads to the formation of the fractal aerosols observed in the
main haze layer (Tomasko et al., 2008).

As we noted in Section 3.4, the Cassini/ISS images are limited to
altitudes below ~600 km and thus we cannot constrain the proper-
ties of the high altitude aerosols directly. However, the properties
of the aerosols are to some degree constrained by the observed
temperature profile and the extinction coefficients shown in
Fig. 28. A heating rate of ~2 x 10~ erg cm 3 s~ is required to pro-
duce a temperature of 160-170 K near 750 km (Yelle, 1991). The
solar flux at Titan, on the other hand, is ~1.5 x 10*ergcm 3 s,
Thus an aerosol extinction coefficient of 1.3 x 1073 cm™! at
5000 A implies a heating rate comparable to that due to the gas-

eous opacity in the upper atmosphere. The UV extinction coeffi-
cient derived from the T41 I data is ~8 x 107cm™"' at 1875 A.
Unless there is an unaccounted source of cooling in the atmosphere
near 750 km, this means that the ratio of the visible (5000 A) to the
UV extinction coefficient that characterizes the high altitude aero-
sols is less than ~2 x 1074,

We find that small particles (with radii less than ~10 nm) and
an imaginary index of refraction k < 10~# at 5000 A are consistent
with this constraint. We note that the required value of k is much
smaller than values of k between 0.1 and 0.01 that apply to Khare
et al. (1984) tholins or constraints obtained from DISR observations
for aerosols at lower altitudes (Lavvas et al., 2010). We also calcu-
lated the net heating rates based on refractive indices adjusted to
match with DISR observations. The resulting heating rates vary be-
tween 2 and 6 x 1077 erg cm > s~ ! for spherical particles with radii
ranging from 50 to 5 nm. We note that these calculations include
infrared cooling from aerosols, with the refractive index at infrared
wavelengths based on CIRS observations (Vinatier et al., 2010b).
The net heating rates are two orders of magnitude higher than
the heating rate based on gaseous opacity, and thus the optical
properties of the high altitude aerosols probably differ from those
observed within and below the detached haze layer.

The sedimentation velocity of aerosols with a radius of
ro=15nm at z=750km is 58 cm s~'. This means that the sedi-
mentation timescale is faster than the timescales for eddy diffusion
and wave advection with w; ~ 30 cm s~ ! (see Section 4.3). If we as-
sume that the high altitude enhancement in the T41 I aerosol
extinction profile is related to wave motions, we can obtain an-
other loose constrain on the particle size. The sedimentation time-
scale is comparable to the wave advection timescale for particles
with radii of r, < 7 nm. It should be noted, though, that the fluctu-
ation in the extinction profile of the high altitude aerosols in the
T41 I data is smaller than the relative fluctuations in the density
profiles of the minor species. Thus the density of the high altitude
aerosols is probably controlled by some intermediate regime be-
tween sedimentation and wave effects and slightly larger radii
are also allowed.

5. Summary and conclusions

We reanalyzed the Cassini/UVIS stellar occultations obtained
during flyby Tb (Shemansky et al., 2005; Liang et al., 2007) in
December 2004 and presented new analyses of other occultations
that took place between flybys Tb and T58 in July 2009. In partic-
ular, we concentrated on two occultations obtained during flyby
T41 in February 2008 and T53 in April 2009. These occultations
were chosen because of the stability of the spacecraft during the
occultations and the high altitude sampling resolution of 0.4-
2 km. Because the data were binned in altitude, these occultations
allow for a significantly better S/N in the density profiles and trans-
mission spectra when compared with, for instance, the Tb occulta-
tions at similar resolution. Thus the T41 and T53 observations
represent a good benchmark for identifying different absorbers
and retrieving column density profiles. However, we also obtained
light curves for all of the other stellar occultations that were recov-
ered from the PDS database.

In addition to confirming the detection of CH4, C;H,, C;Hy, C4Ho,
CyHg, and HCN in the data (Shemansky et al., 2005), we identified
absorption bands by HC3N and CgHg. The detection of CgHg is
important because radical chemistry involving CsHg may play a
role in forming the seed particles for aerosol growth (Lavvas
et al., 2011). We also showed that extinction by aerosols increases
with decreasing altitude below 700 km (see also, Liang et al., 2007).
An increase in the extinction coefficients of the aerosols may be
associated with aggregation of the aerosol particles and a gradual
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change of the fractal dimension Dy from 3 to 2 (Lavvas et al., 2011).
We note that aerosol extinction above ~700 km is uncertain be-
cause the presence of additional absorbers such as CgH, cannot
be ruled out.

We derived density profiles for the minor species identified in
the data and the extinction profiles for the aerosols. In order to ob-
tain these density profiles, we used the most recently measured
absorption cross sections (Table 2). Where possible, we used cross
sections measured at temperatures comparable to those observed
in the upper atmosphere of Titan. The extinction cross sections
for the aerosols were derived from Mie theory based on the optical
properties of the Khare et al. (1984) tholins. We obtained column
density profiles for different absorbers by fitting the transmission
spectra at a predetermined altitude resolution that varied between
1 and 8 km. The best fit is based on a forward model that takes into
account the wavelength resolution of the UVIS instrument and
atmospheric transmission. We used the Levenberg-Marquardt
algorithm to obtain the most likely combination of column densi-
ties at each impact parameter that gives rise to the observed
extinction. By analyzing synthetic data based on number density
profiles obtained from a photochemical model, we demonstrated
that this method is reliable in separating the contributions of dif-
ferent absorbers from each other.

The column density profiles were converted into number den-
sity profiles by a controlled inversion that relies on the Tikhonov
regularization technique (Tikhonov and Arsenin, 1977). This meth-
od yields the most likely number density profiles that give rise to
the observed column density profiles and their uncertainties. The
combination of the LM retrieval of the column density profiles
and the inversion by Tikhonov regularization has been used before
in the analysis of stellar occultations on Mars (Quemerais et al.,
2006) and Earth (e.g., Kyrola et al., 2010). We also tested this meth-
od by analyzing synthetic occultations and found that it can be
used to derive reliable number density profiles — even when these
profiles contain large perturbations. The density profiles were re-
trieved between ~600 and 1200 km for CH,4, between ~400 and
1000 km for C,H,, C;H4 and C4H,, between ~550 and 1000 km
for HCN and HC3N, and between ~400 and 900 km for CgHg. The
extinction coefficients for the aerosols were derived for altitudes
between 400 and 900 km. In general, the resulting number density
profiles have an altitude resolution of 10-50 km.

Together with Cassini/CIRS and Cassini/INMS measurements,
our results confirm that hydrocarbon and nitrile species are formed
in the thermosphere and that their mixing ratios increase with alti-
tude below 800 km. This behavior is in line with predictions by
photochemical models. We also compared our results with previ-
ously retrieved density profiles between 500 and 1200 km. Our re-
sults differ from those of Vervack et al. (2004) based on Voyager/
UVS observations for species other than CHy. The T41 I density pro-
file of CH, agrees well with the UVS measurements. It also agrees
well with the density profile of CH, retrieved by Shemansky
et al. (2005) from the UVIS Tb data at altitudes below 1200 km.
We note that there are large variations in the density profiles be-
tween the T41 I and T53 observations. Thus some of the discrepan-
cies between the UVS and UVIS data could be due to variability in
the atmosphere. This is unlikely to be the case for C,H, though.
Both our analysis and the work of Shemansky et al. (2005) indicate
that the UVS densities of C;H, are systematically underestimated
between 550 and 850 km.

The light curves based on the occultations observed between
December 2004 and July 2009 contain distinct extinction layers.
The appearance of these layers changes with time and location,
but overall they are stable features that vary only slowly over time.
In particular, we identified two distinct layers: a low altitude layer
between 450 and 550 km and a high altitude layer that appears
either as a broad extinction layer centered around 600 km or as a

sharp layer between 700 and 800 km. The low altitude extinction
layer coincides with the detached haze layer (Porco et al., 2005).
We determined the altitude of this layer as a function of time based
on the UVIS data and showed it to be consistent with the rapid
change in altitude from ~500 km to 450 km that was observed in
recent Cassini/ISS images (West et al., 2011). We note that this col-
lapse, and the accompanying changes in the atmospheric structure,
may be responsible for some of the differences in the density and
temperature profiles between the T41 and T53 data. A comprehen-
sive study of the existing occultations should verify whether this is
the case or not.

The high altitude extinction layer is mostly due to large pertur-
bations in the density profiles of the gaseous absorbers. Such per-
turbations also coincide with the detached haze layer. The
temperature profiles derived from the T41 I and T53 density pro-
files of CH4 also contain perturbations. These perturbations are
similar to the waves observed in the HASI data (Fulchignoni
et al.,, 2005) in that they have a vertical wavelength of ~100-
200 km and an amplitude of 10-20 K. We derived temperature gra-
dients based on the CH, profiles and found that the wave can drive
local convective instabilities near the minima of the temperature
profile. Such behavior is consistent with breaking gravity waves
driven by tides that were proposed as an explanation for the HASI
observations by Strobel (2006).

The relative perturbations in the density profiles of the minor
species other than CH4 are significantly larger than the relative
temperature perturbations. We demonstrated that a low frequency
wave, such as a tidal wave, can cause substantially larger relative
density perturbations than the relative temperature perturbations
for minor species whose mixing ratio increases steeply with alti-
tude. We showed that the large perturbations in the density pro-
files of CyH,, CyHy4, C4H,, CgHg, HCN and HC3N can be
approximately fitted by a wave that has a vertical wavelength of
~200 km and a frequency based on the diurnal time constant. Thus
our results provide evidence for large-scale, low-frequency waves
that affect the temperature and density profiles in Titan’s meso-
sphere and lower thermosphere - although the observed perturba-
tions probably represent a superposition of several waves. It is
interesting to note that similar perturbations were observed in
the density profiles of HCN and HC3N at high northern latitudes
in the stratosphere by Teanby et al. (2007). It has been suggested
that these perturbations are associated with waves and global
dynamics in and near the polar vortex (Teanby et al., 2009). We
note that waves can also influence the density profiles directly,
and not only through their effect on global dynamics.

We note that gravity waves cause large perturbations in the mix-
ing ratios of the minor species in the mesosphere on Earth (e.g., Xu
etal.,, 2000, 2003; Xu and Smith, 2004). On Earth, the large perturba-
tions near the mesopause arise mostly from perturbations in the
chemical reaction rates that are driven by waves. On Titan, the pho-
tochemical timescales are long and wave advection is likely to be
more important. The potential similarities in the dynamics of the
mesosphere between Titan and the Earth implied by our results are
interesting. On Earth the density profiles of the minor species and
mesospheric circulation are both shaped by gravity waves and the
same may be true on Titan. However, this needs to be verified by a
careful analysis of more data that is interpreted with the aid of circu-
lation and thermal structure models that account for the heating of
the haze layers and momentum and energy transfer by waves.

We obtained the extinction coefficients of the aerosols as a func-
tion of altitude assuming that the aerosols are spherical tholins. As
we noted above, aerosol extinction increases with decreasing alti-
tude below 700 km. This could be consistent with a production re-
gion between 700 and 1000 km and a transition from spherical
growth to aggregation between 500 and 700 km (Lavvas et al., 2011).
The extinction coefficients contain a sharp peak that coincides with



T.T. Koskinen et al./Icarus 216 (2011) 507-534 533

the detached haze layer and another broader peak associated with
the high altitude extinction layers. By comparing the UVIS extinction
coefficients (Liang et al., 2007) with ISS images, Lavvas et al. (2009)
showed that the radius of the aerosols in the detached haze layer is
rq ~ 40 nm. Unfortunately, the UVIS extinction data alone cannot be
used to obtain firm constraints on the size of the high altitude
aerosols. Assuming that the wavelength dependency of the aerosol
cross sections is proportional to /.~ % the data are consistent with
o < 2.5 atall altitudes. This range of o includes all reasonable particle
sizes. However, we used the temperature profile in the T41 I data
to obtain a loose upper limit of r,~10nm at 700 km for the
radius of the aerosols. If correct, this means that the particles grow
significantly between 500 and 700 km.

We have taken the first steps in characterizing the density and
temperature profiles in Titan’s mesosphere and lower thermo-
sphere - a region of the atmosphere that has received little atten-
tion to date because it falls between the thermosphere above and
the stratosphere below and is thus out of reach by most Cassini
instruments. We hope that our work conveys the remarkable rich-
ness of information available in the UVIS stellar occultation data
about this fascinating region of Titan’s atmosphere that holds the
key to the formation of organic hazes that have held the interest
of the scientific community for decades.
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Appendix A. Linear perturbation approximation for waves in
the density profiles of minor species

Here we treat the different minor species as passive tracers of
the wave motions. This implies that the timescale of the wave mo-
tion is much faster than the chemical lifetime of the tracers and
that the perturbations in the mixing ratios of the minor species
do not affect the overall properties of the wave. Our purpose is
simply to examine the impact of different types of (gravity) waves
on the density profiles of the trace gases. Consider the equation of
continuity for a minor species s given by:

%, 09 vog  u g

E)t+war+r 80+rsin68¢

1 00, I M; H oM\ g,
=Ppor rp(Kzz""Ds)W_r pDs ]_M_MW q (A1)

where ¢s is the mass mixing ratio, Ds is the average molecular
diffusion coefficient, M is the mean molecular weight, and H is
the pressure scale height. We assume that the waves propagate in
zonal and vertical directions only and expand this equation by using
perturbed quantities of the form f(t,r, ¢) = fo(t,1) + f(t,1,¢). Note that
the mean state fo(t,r), which is characterized by an equation similar
to the equation of continuity above, does not vary with latitude or
longitude and that the perturbations are considered small. The
latter condition implies that the products of perturbations are
negligible. Further, we assume that the mean molecular weight
and D; are constant with altitude, and that K,,, M, and D, are not

perturbed. We also assume that terms including the ratio p'/po
and terms containing the gradient of the mean or perturbed scale
height divided by the mean scale height are negligible. With these
assumptions we obtain:
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Ks = Kz, + Dy
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Generally we will assume that H, ~ H. We scaled the terms in Eq.
(A.2) with characteristic values for Titan’s atmosphere at altitudes
between 500 and 1000 km. In this region we assumed that
K;~ 107 cm? s~!, H~ 60 km, and D, ~ 10’ cm? s~! (near the homo-
pause). The scaling analysis allows us to simplify the equation by
excluding terms that include the ratio 2/r.

We assume that the perturbations are waves with a constant
amplitude with respect to altitude. This is not a valid assumptions
for atmospheric gravity waves in general, but it is reasonable for
local analysis or regions where the waves have become saturated
so that their amplitude no longer grows with altitude. Thus the
perturbations are expressed as:

p =

qs = qs; expli(mr + k¢ — ot + 0g)]
W = wy expli(mr + k¢ — ot + 6y)]
p' = p, expli(mr + kd — wt + 0,)]

where m and k are the vertical and zonal wavenumbers, and 0y, 0,,
and 0, are the phase angles of w' and p’ and q;, respectively. Because
we consider the impact of generic waves on the density profiles of
the minor species and do not calculate p’ and w' self-consistently,
we have not derived formal polarization equations to specify the
phase angles. Instead, we assume simply that 6,, = 6, + 7/2. Substi-
tuting these perturbations into Eq. (A.2) yields:
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where Q = o — kug/(rsin0) is the intrinsic Doppler-shifted wave fre-
quency, which can also be expressed in terms of the zonal phase
speed as Q = ky(c, — up) with k, = k/(rsin0). As an example, we con-
sider waves whose phase propagates eastward towards lower alti-
tudes (e.g., Strobel, 2006) well below the homopause so that k > 0,
m <0, and K, > D,. Further, we assume that K, is approximately
constant with altitude. Canceling expli(mr + k¢ — wt)] and some
algebra then yields:

1 .9q5 [(W1/m) + (p1/Po)Kz] exp(i0)

(A3)
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where 151 = qs1/qs0 and ¢;; = 2/m is the intrinsic vertical phase speed.
Here we do not specify the type of mixing that is parameterized by
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K, other than that it is diffusive in nature. However, we acknowl-
edge that this mixing could arise partly from the waves themselves
through their effect on the mean mixing ratio ¢so.

Next we consider the advection limit where K; and D;— 0 in Eq.
(A.3). In this case we have:

, W Q 1 0gy
q, = __<E_WO> or (A6)

Assuming that the waves propagate vertically only and that there is
no background flow, this equation becomes:
iw 9qy,
w or

¢; = —sgn(m) (A7)

We note that this equation agrees with Eq. (7) of Xu and Smith
(2004). For downward propagating phase (m < 0) with 6,,= 6, + «/
2, it implies that the perturbations in the mixing ratios are in phase
with the temperature perturbations when s increases with
altitude.
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