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Strong	  =es	  to	  other	  Titan	  science	  
•  For	  Dynamics:	  

– Radia=ve	  hea=ng	  and	  cooling	  by	  haze	  
– Provides	  clues	  to	  seasonal	  behavior	  
– Constrains	  and	  plays	  a	  role	  in	  General	  Circula=on	  
Models	  and	  may	  be	  important	  for	  super-‐rota=on	  

•  For	  Chemistry	  
– A	  sink	  for	  photochemistry	  star=ng	  from	  the	  gas	  
phase	  

– A	  source	  of	  organics	  on	  the	  surface	  
•  Profoundly	  affects	  surface	  visibility	  below	  5	  
μm	  
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Components	  of	  Titan’s	  Haze	  

Porco	  et	  al.	  Nature	  434	  159,	  2005	  

Main and 
detached haze. 
Hemispheric 
contrast and 
altitude 
variations with 
different 
seasonal 
phase lags 

Winter polar vortex.  
Complicated 
structure and 
condensate 
formation. 

Fine structure 

Zonal structure. 
Tilted from Titan 
spin axis (Roman 
et al., 2009) 
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Tropical haze band 
de Kok et al. 2010 



Ver=cal	  Distribu=on	  

5	  



Occulta=on	  Results:	  UV	  (UVIS)	  
L200 LIANG, YUNG, & SHEMANSKY Vol. 661

Fig. 1.—The transmission spectrum of the UVIS l Sco occultation integrated
over the impact parameter 514–537 km (thin solid line), compared to the best-
fit synthesis (D. E. Shemansky et al. 2007, in preparation) using the combined
identified species (thick solid line) and to model C from the present physical
chemistry code (dashed line). The dotted line shows the aerosol component
combined with the CH4 absorber in this reduction. The CH4 absorber (l !

) is included with aerosol here as a means of including a large part of˚1490 A
the impact of the instrument point-spread function on the fitting process. The
optical depth in region SP1 is entirely attributed to aerosol extinction; the small
difference between the observed data and the aerosol component at SP1 is an
artifact of the UVIS EUV instrument point-spread function. The abundances
of the species for this case are given in Table 1 (see text).

Fig. 2.—Aerosol density (filled circles) derived from the UVIS l Sco oc-
cultation compared to the CH4 (dashed line) scaled by 10!9 (Shemansky et al.
2005; Shemansky 2006). The increase of the mixing ratio of the UVIS aerosols
through the mesosphere to at least 1000 km implies that the production of
aerosols must take place at significant rates throughout the mesosphere and
thermosphere. The UVIS-derived temperature profile is shown by the dotted
line, which reflects a correction to the one presented by Shemansky et al.
(2005). The model aerosol profiles are shown by the thin and thick solid lines
(see text). The over- and underestimations are due to the fact that we assume
a constant sedimentation velocity of 0.25 cm s!1, calculated at 535 km (Cabane
et al. 1992).

TABLE 1
Summary of Model Results

Molecule Cassini Model A Model B Model C Model D WA04

N2 (#1021) . . . . . . . . . . 5.8 5.8 5.8 5.8 5.8 5.8
CH4 (#1019) . . . . . . . . 6.0 15 9.4 9.5 9.7 13
C2H2 (#1017) . . . . . . . . 2.1 15 9.1 1.9 1.7 1.5
C2H4 (#1016) . . . . . . . . 4.0 9.3 5.7 4.0 2.0 3.4
C2H6 (#1016) . . . . . . . . 7.0 200 110 17 9.2 20
HCN (#1017) . . . . . . . 1.0 5.6 3.7 0.69 0.53 0.017
C4H2 (#1015) . . . . . . . . 4.5 59 37 12 2.1 41
C6N2 (#1014) . . . . . . . . !1.0 15 16 5.7 8.0 …
C6H6 (#1014) . . . . . . . . !1.4 18 13 12 0.041 0.21
HC3N (#1015) . . . . . . . !3.9 27 25 6.9 7.8 0.96
C2N2 (#1015) . . . . . . . . !4.0 0.84 1.2 0.34 0.42 0.00035
Tholin (#1011) . . . . . . 4.6 … … … … …

Notes.—Values are line-of-sight column-integrated abundances, in units of molecules cm!2,
reported by matching the observed N2 abundance. Model A: Hydrostatic atmosphere. Model B:
Nonhydrostatic atmosphere, an ad hoc downward wind, and extinction due to the derived tholins
are assumed (see text). Model C: Same as model B, but with additional sinks for the tabulated
nine photochemical species (see text). Model D: Same as model C, but with the updated hydro-
carbon chemistry from Moses et al. (2005). WA04: Model results from Wilson & Atreya (2004).
Note that, in this Letter, the microphysical processes of C6N2 are not solved self-consistently,
and hence the tabulated abundances of C6N2 do not reflect the removal by condensation.

species. The C6H6 cross section peaks at 1759.9–1815.1 ,Å
blended primarily with C2H4. Dicyanodiacetylene has a cross
section peak in the SP1 spectral region. Dicyanodiacetylene
and benzene have not been detected in the absorption spectra
(D. E. Shemansky et al. 2007, in preparation). Aerosol extinc-
tion is detectable at !970 km in the transmission spectra and
dominates all absorbers at all wavelengths in the UVIS except
for CH4, at altitudes below 400–450 km.
Figure 1 shows the contribution of aerosol extinction to the

total measured optical depth at 514 km. In the spectral region
SP1 aerosol extinction is entirely responsible for the optical
depth. The measurable spectral region for extracting the aerosol

component is 1500–1900 , where the wavelength dependenceÅ
of extinction shows a proportionality to . The Voyager and!1.5l
Cassini photometric observations in the UV spectral region
(Porco et al. 2005; West et al. 2006) have revealed the presence
of detached haze layers at Titan. The Cassini results show the
presence of a latitudinally uniform detached layer near 500 km
in forward-scattered 3380 photons. The relationship of thisÅ
phenomenon to the aerosols identified here requires further
investigation. A comparison to Voyager results (Smith et al.
1982) shows that the major differences are that the apparent
strong extinction by aerosols takes effect about 100 km higher
for Voyager and that significantly more extinction is evident
for Voyager in the 700–1000 km region. The Voyager data
show a broad extinction maximum near 770 km.
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Liang et al., Astrophysical Journal, 661: L199–L202, 2007 
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FIG. 5.— Number density profiles retrieved from synthetic T41 I data.

Dotted lines show the input model profiles.

tinction 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 1850–1900 Å where few

other species in the fit are absorbing. If other absorbers are

present in this region, the retrieval can be more complicated.

3. RESULTS

3.1. Extinction layers
Figure 8 shows optical depth as a function of wavelength

and impact parameter for the T41 I and T53 occultations. The

T41 I occultation is characterized by two sharp extinction

layers (regions of enhanced optical depth) centered around

500 km and 725 km, and possibly other smaller features be-

tween 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 available from the PDS are

shown in Figure 9, which shows that the extinction layers ap-

pear as local minima in the transmission curves. The occul-

tations can be crudely classified in terms of appearance – al-

though with some outliers. We will refer to occultations with

extinction layers near 500 km and 700-800 km (such as T41 I)

as Type 1 Titan occultations and occultations with a broad

lower altitude layer near 600 km (such as T53) as Type 2 Titan

occultations. We note that the Type 2 classification is based

on the broad layer near 600 km and a lack of a higher altitude

layer rather than a lack of a sharp feature near 500 km. This is

FIG. 6.— (a) Column density profile and (b) number density profile of

C2H4 retrieved from synthetic T41 I data. A sinusoidal fluctuation with a

vertical wavelength of 200 km and an amplitude corresponding to 75 % of

the mean density was introduced to the model profiles shown by the dotted

lines.

FIG. 7.— Column density profile of spherical tholins with a radius of

ra = 12.5 nm retrieved from synthetic T41 I data. The input column density

profile is shown by the dotted lines.

Koskinen et al. 2011 
Latitude 6◦ S 
February 23, 2008 

Latitude 36◦ S 
December 13, 2004 

These imply unbelievable 
radiative heating rates – 
Roger Yelle will elaborate. 



From	  CH4	  and	  N2	  to	  aerosols	  
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What	  goes	  up	  (methane,	  
nitrogen)	  comes	  back	  down	  as	  
more	  complex	  organics,	  
nitriles,	  and	  ‘tholin’	  haze	  
	  
Figure	  from	  Waite,	  JH	  Jr.,	  et	  
al.(2007)	  The	  process	  of	  tholin	  
forma=on	  in	  Titan’s	  upper	  
atmosphere.	  Science	  
316:870–875	  



Occulta=on	  Results:	  Near	  –	  IR	  
(VIMS)	  

Titan solar occultation observed by Cassini/VIMS 213

Fig. 13. At each altitude level, number N of spheres per aggregates that has the
minimum !2. Horizontal lines represent the interval of value of N with equal prob-
ability.

Fig. 14. Number density profile for aggregate of 30,000 spheres. The three profile
were calculated using three values of the reference solar spectrum: I0(") (straight
line), 0.995! I0(") (dashed line), 1.005! I0(") (dotted line).

of Khare et al.’s tholin in our data. These differences indicate that
there are real chemical differences between the actual Titan haze
and the materials called tholins produced in the lab. These dif-
ferences concern the nitrogen content of the haze that must be
inferior in actual haze than in Khare’s tholins. This result added
to the identification of aliphatic chains in the aerosols with the
3.4 µm absorption bands suggest that actual haze might have lit-
tle nitrogen, such as photochemical analogs produced by Tran et
al. (2003b) or Jacovi and Bar-Nun (2008).

5.4. Results on density profiles

Our inversion process begins at 854 km altitude. However, den-
sities retrieved between 854 and 470 km are somewhat dependent
on the normalization of the lightcurves. The error bars derived

Fig. 15. Haze number density profiles fractal aggregates with four values of N . Note
the horizontal logarithmic scale. The fit by n = n0 ! exp("z/H) for under 420 km
and between 420 and 460 km are overplot (straight solid lines). The values of H
are presented in Table 3.

from the least square fit of the transmission spectra are formal
error bars. They underestimate the uncertainty at these altitudes.
If the reference solar spectrum is modified by 0.05%, a typical
value considering the quality of the data in some spectral chan-
nels, the density profile can change by more than a factor of ten
above 500 km, but it is little changed under this level. This is il-
lustrated in Fig. 14 which displays density profiles for N = 30,000
calculated with a reference solar spectrum, outside the occultation,
I0(") multiplied by 1.005, 1 and 0.995, the typical error factors on
I0("). This uncertainty is mainly due to the determination of I0(").
The presence of some data points with transmission larger than 1,
for example at about 2 µm at about 500 km, is another factor of
uncertainty. That’s why density profiles hereafter are only repre-
sented for altitudes lower than 500 km.

The haze density profiles with their 3-# error bars are pre-
sented in Fig. 15. Because their transmission spectra best fit the
observations, only the four profiles corresponding to values of
N = 1000, 3000, 10,000 and 30,000 spheres per aggregate are
shown. We can note on this figure that the product nN of the den-
sity and the number of spheres per aggregate is quite constant.
We estimate that nN # 3 ! 10"10 m"3 at 100 km and nN # 10"9

at 300 km of altitude. This quantity is proportional to the mass
density n$N 4

3%r3, with $ is the density of the haze and r and the
radius of each sphere. Assuming $ = 1000 gm"3, a good approx-
imation for photochemical materials, we find values for the mass
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Latitude 71◦ S 
January 15th, 2006 

Fall–off with scale height 60 km 
below 500 km altitude 



Ver=cal	  Profiles	  from	  the	  Descent	  
Imager	  and	  Spectral	  Radiometer	  

aggregates as shown in Appendix A. Dividing the opacity
in each layer by the cross section and the thickness of the
layers gives an estimate for the number density of the haze
particles. This is done for the red and blue SA wavelengths
in Fig. 51. Above 80 km the number density estimates from
the opacity at the red and blue wavelengths agree, with a
number density of about 5/cm3 at 80 km decreasing with a
scale height of 65 km. The fractal aggregates above 80 km
consist of some 3000 monomers each with a radius of
about 0.05 mm. This gives these particles an equal-volume
radius of 0.72 mm and an equal projected area radius of
2.03 mm. We modified the fractal phase function for
scattering angles 491 slightly at wavelengths between 491
and 934 nm for improved fits to the SA observations, while
keeping the cross sections computations as given in
Appendix A. If the monomer size turns out to be less than
0.05mm after the polarization data are more completely
modeled, the projected area of the aggregate particles must
still be near the size given here to match the forward
scattering measured by the SA near the sun.

Between 30 and 80 km, the haze particles have accumu-
lated additional material that has increased their single-
scattering albedo. Thus, the particles in this region of the
atmosphere may include condensate material in the spaces

between the monomers. The red and blue cross sections for
the fractals are not in exactly the same ratio as the opacities
required by the optical observations in this altitude region,
and we derive slightly different number densities depending
on the wavelength used. These number densities differ by
about 30%. The number densities are likely to be a bit
greater than the 5/cm3 found at 80 km. Since the particles
are likely not pure binary cluster–cluster collision aggre-
gates and since the lower atmosphere may contain two
aerosol components (haze plus a separate condensate), our
computations of number densities are only approximate in
this altitude region. Here, we used the same phase function
as in the region above 80 km except we added a small
backscattering peak longward of 675 nm to fit the DLVS
observations at different azimuths.
In the lowest 30 km, the opacity of the particles has a

much less steep dependence on wavelength, and the
particles are likely larger in size. As the cross sections of
the particles change only slowly with wavelength in this
altitude interval, the size parameter of the particles is likely
much greater than unity. If the particles are approximated
as spheres large compared to the wavelength in order to
estimate their number density, then there is a relationship
between size and number density. If the particles have
effective radii of 3 mm from 30 to 7 km altitude, then their
number density is near 0.7/cm3. If the particles are larger,
with effective radii near 10 mm in the lowest few kilometers,
then the number density is some 10 times smaller in this
altitude interval.
Here, we should distinguish between the features of the

model that depend on the approximate method in
Appendix A to compute scattering from large fractal
aggregates from those that are independent of these
approximations. The phase function was determined from
the SA camera, and the forward-scattering nature of the
aerosols did not depend on the appendix except that the
expressions there helped guide the variations of the phase
function with wavelength. The violet photometer and the
spectrometers looked upward and downward, and they
determined the vertical variations of optical depth once the
forward-scattering nature of the phase function was
known. We depended on the expressions in Appendix A
to determine the number of monomers in the aggregate,
and to connect the single-scattering albedo to the
imaginary refractive index of the haze for comparisons
with the Khare et al. (1984) laboratory measurements. The
cross sections in Appendix A were also necessary to
connect the optical depths to particle number densities
above 80 km altitude.
It is interesting to compare the vertical structure of the

haze aerosols with that used by other authors. A number of
other investigators including Lemmon (1994), Tomasko et
al. (1997), Young et al. (2002), and Rannou et al. (2003)
have used models having a relative clearing of aerosols in
the lowest 80 or so kilometer of Titan’s atmosphere. The
DISR observations at the Huygens landing site permit no
such clearing. The earlier models were constrained to fit the
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Fig. 51. The haze number density as a function of altitude. Above 80 km
the derived optical depths in red and blue wavelengths are in the same
ratio as the cross sections for the fractal aggregates used, and give the
same number densities. From 30 to 80 km the red and blue optical depths
are at slightly different ratios as used for the fractal aggregates, and give
slightly different number densities. This may be partly due to the
condensate material filling in some voids in the haze particles, and the
fractal rules for cross sections may be partially in error. In the lowest
30 km, the particles are much larger than the visible wavelengths, and the
extinction efficiency parameter is approximately 2. This leads to a number
density that depends on the size of the particle, and may be in the range
from several hundredths to several tenths of a particle per cubic
centimeter.

M.G. Tomasko et al. / Planetary and Space Science 56 (2008) 669–707698
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Op=cal	  Proper=es	  
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The	  Haze	  is	  Highly	  Polarizing	  

WES'I AND SMITH
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FIG. 2. The solid and broken curves show phase functions for the
type 11 aggregate particles having monomers with radius 0.06 Aim, at the
wavelengths indicated in the figure. The + symbols show the composite
phase function at 2640 A for a bimodal distribution of aggregates and
0.03-fjm-radius spheres which improves the fit at short wavelengths.

angles greater than 90°. This may be partly a consequence of the plane
parallel atmosphere assumption used in calculating the models. Curva-
ture effects are known to be very important at large phase angles for
photometry models (Smith et al., manuscript in preparation). More work
needs to be done, both by including curvature effects in the polarization
calculations and by constructing more sophisticated models which ac-
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FIG. 3. Pioneer 11 and Voyager 2 polarization measurements of Titan compared with predictions for a plane-parallel, semi-infinite atmosphere
of type II particles having monomers with radius 0.06 Am. In order to fit Titan's geometric albedo the imaginary index of refraction of these particles
is 0.21, 0.085, 0.023, and 0.013 at wavelengths 2640, 4520, 6480, and 7500 A (continuous curves). The real index is close to 1.7 (based on laboratory
work of Khare et al., 1984). The models shown by the dashed curve at the two shortest wavelengths incorporate a second size mode of 0.03-/Jm-
radius spheres (17% of the phase function is contributed by these particles in the UV, 4% in the blue). The dotted curve at 7500 A shows the
depolarizing influence of the surface when the atmosphere becomes less optically thick (optical depth 0.5) at 7500 A. Error bars are no larger than
the size of the dots.

count for partitioning and size distributions of monomers and aggregates
and vertical gradients in particle properties. The main problem of recon-
ciling the photometry and polarimetry has been largely overcome by our
proposal that aggregate particles constitute a significant component of
the aerosol content of Titan's haze.

A similar problem existed for Jupiter's stratospheric haze, although it
received less attention. This haze is both forward scattering (Tomasko
et al. 1978) and strongly polarizing (Smith 1986). Spherical particles do
not provide both properties (Stoll 1980). Aggregate particles are there-
fore good candidates for Jupiter's haze layer.

These findings have important ramifications for Jovian stratospheric
microphysical modules and Titan evolutionary models which use as a
constraint sedimentation rates of material to the deeper atmosphere or
surface. Sedimentation rates for aggregate particles can differ by large
factors from those for equal-mass spheres, depending on the size and
structure of the particle (Meakin et al. 1989). Titan's stratospheric haze
particles are in the Epstein drag regime, where the molecular mean free
path is larger than the particle diameter. The sedimentation velocity (u)
is governed by the ratio of particle mass to projected area,

0- pgvg

where p, and pg are the densities of the particle and gas, VP and o- are
the particle volume and projected area, g is the gravitational accelera-
tion, and vg is the average velocity of gas molecules. The Titan haze
particles we propose have VP = 7.1 x 10l jim 3 and r = 6.0 X 10-2
jim'. Their effective density (the density for a sphere of equal projected
area and equal mass) is reduced by a factor of 1.6 from that for a solid

332

v

From West and Smith, Icarus 90, 330-333 (1991) 
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Blue	  Polariza=on	  from	  DISR	  

12	  

set differs significantly from 180!. Nevertheless, the trends of the
models and data are in reasonable agreement.

The shapes of the single-scattering phase functions for intensity
and degree of linear polarization for the models used in the blue
channel are shown in Figs. 21 and 22. These curves are computed
as described in Tomasko et al. (2008) with the exception that the
single scattering matrix element P11 at scattering angles greater
than 9! are taken from Henyey–Greenstein functions smoothly
grafted to the forward peak derived for the fractal aggregate model.
This was done to fit the intensity profiles measured by the Solar
Aureole camera at a range of azimuth angles from the Sun. The
adjustment is relatively modest, but it results in intensity profiles
significantly closer to those measured by the camera. The polariza-
tion curves in Fig. 22 use the same single-scattering polarization
functions given by the pure fractal expressions in the appendix
of Tomasko et al. (2008).

The height of the phase function for scattering near 90! com-
pared to the forward peak is constrained by the Solar Aureole cam-
era as well as by the upward-looking visible spectrometer (ULVS)

of DISR when looking opposite to the Sun relative to the ULVS mea-
surements that include the solar beam. We estimate that the
uncertainty in the level of the phase function at 90! relative to
the forward peak is approximately 20%. Accordingly, we have com-
puted polarization models for comparison with the observations in
the blue channel with a 20% change in this value. We find that a
20% change in the value of the single-scattering phase function rel-
ative to the height of the forward peak leads to a change in the
polarization of some 5% in the maximum polarization at each alti-
tude. This corresponds to a change in monomer radius of about
0.01 lm.

5.6. Need for polarization from particles at low altitudes

Next, we explore the possibility that unpolarizing particles are
contained in the aerosols below some altitude. In the blue channel,
high polarization comes from the Rayleigh optical depth of the
atmosphere at deep levels. In red light, this contribution is much
smaller relative to that of the aerosols, so the effect of unpolarizing
particles at low altitudes is expected to make a more dramatic
change to the models. Fig. 23 shows curves of maximum polariza-
tion as functions of altitude for three different models. One model
shows the fractal aggregate model with monomer size 0.04 mm
from Fig. 18. In the other two models, the single-scattering polar-
ization is set to zero for all particles below 80 km or 30 km. We
can see that the variation of maximum polarization in these mod-
els with no polarization below 80 km bears little resemblance to
the observations below the level where the particle polarization
is set to zero. We have limited ability to reject the model with
no polarization below 30 km due to our limited number of mea-
surements in this altitude range. We conclude that the decrease
in polarization with altitude in red and blue light down to at least
30 km is due to simple dilution by multiple scattering rather than a
decrease in the polarization caused by the aerosols at low altitudes.

5.7. Red polarization vs. zenith angle

Finally, we examine the shape of the measured and model
polarizations in the red channel as functions of zenith angles at
various altitudes. We previously showed that in the blue channel
the shapes of the model and measured curves were in reasonable
agreement. This is not always the case in the red channel, as shown
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Fig. 21. The shapes of the single-scattering intensity phase functions used for the
blue models. The peaks for scattering angles less than 9! are from the appendix of
Tomasko et al. (2008) while the curves for angles greater than 9! are smoothly
mated to the Henyey–Greenstein functions used in Tomasko et al. (2008) to fit the
blue Solar Aureole measurements at a wide range of angles from the Sun.
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approximate methods of Appendix 1 of Tomasko et al. (2008). Comparisons with
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0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 20 40 60 80 100 120 140

Maximum Red Linear Polarization Vs. Altitude

Observed
Pol atall altitudes
Pol = 0 below 80 km
Pol = 0 below 30 km

Re
d 

Po
la

riz
at

io
n

Altitude (km)

Fig. 23. Curves of red maximum polarization vs. altitude for the 0.04 lm monomer
radius particles of Fig. 18 and with two modifications where the polarizing
properties of the particles are set to zero below either 80 km or 30 km. There is no
indication in the polarization measurements that unpolarizing particles are
required at low altitudes.
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on the points reflect the range of values obtained with what are
considered acceptable variations in the pointing parameters. As ex-
pected, the models with monomer radii varying over the entire
range shown give acceptable fits to the red polarization
observations.

5.5. Blue polarization as a function of altitude

Once the pointing parameters have been determined for the
observations at each altitude, the comparable plot for the blue
observations can be made (see Fig. 19). As expected, the blue

observations provide constraints on the monomer size. The obser-
vations at altitudes from 3 to 134 km are fit quite well by a mono-
mer radius of 0.04 lm.

Fig. 20 shows the variation of polarization measured in the blue
channel as a function of zenith angle compared to the model with a
monomer radius of 0.04 lm. Note that while the shapes of the
model curves are in reasonable agreement with the maximum
measured polarization near the central azimuth of the measure-
ments, the curves can occasionally have too much or too little cur-
vature with zenith angle, and can differ from the observations at
the extreme zenith angle ranges of the measurements by 5% in
some cases. This is because for these measurements not exactly
at 180! azimuth, the position angle of polarization is not well
aligned with the axes of the instrument analyzers, and the errors
in the observations grow as the ends of the zenith angle are
reached, especially when the azimuth angle of the measurement

Fig. 17. Contours of the figure of merit describing the fit to polarization in the red
Solar Aureole filter. The best fit here is near a tip away from the Sun of !6! and an
orthogonal tip of +6!.
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Fig. 18. The maximum values of linear polarization measured in the red channel
(points) compared to models containing monomers of radii from 0.03 lm to
0.07 lm, as labeled. The error bars on the measured points reflect the range
resulting from reductions using a range of probe attitudes. The range of probe
attitudes shown is a few degrees in azimuth, tip toward the Sun, and tip in the
orthogonal direction, amounts that are possible within other known constraints.
Note that within the range of uncertainty of the observations, models with any of
these monomer radii would give acceptable fits to the observations.
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Fig. 19. Similar to Fig. 18, but for the blue channel and using the central attitude of
the range derived from the red at each altitude. Note that the uncertainties in the
blue polarization measurements are reasonably small once the attitude of the probe
is constrained. The curves are for monomer radii of 0.03, 0.04, and 0.05 lm. The
model with monomer radii of 0.04 lm gives a good fit to the observations.
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dependence on probe attitude is greatest.
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Op=cal	  Depth	  from	  DISR	  
Fig. 48 and in Table 2 permits us to fit all the DISR
observations in the atmosphere of Titan.

4. Summary and discussion

Here we summarize our main conclusions regarding the
distribution and optical properties of Titan’s haze above
the Huygens landing site. Table 3 summarizes the values
and uncertainties in the aerosol parameters. The strong
linear polarization observed in both red and blue
wavelengths requires that the monomers out of which the
aggregate particles are built have radii of 0.05 mm or less.
The size of the SA requires that the aerosols consist of
some 3000 monomers (to within a factor of 2). Above
80 km, the cumulative aerosol extinction optical depth
decreases with increasing altitude with a scale height of
65 km. This scale height could be as great as 80 km when
the uncertainty in the tip of the spacecraft at high altitudes
is considered. It is interesting to note that determinations
of the scale height of the haze aerosols at large altitudes
near 300 km from the Imaging Science System (ISS)
cameras on Cassini give a scale height near 65 km for the
haze there in good agreement with our preferred value
(R. West, private communication). The single-scattering
phase function is constrained by the SA measurements near
the sun, and has sufficiently strong forward scattering to fit
the brightness of Titan seen at large phase angles relative to
smaller phase angles (Rages et al., 1983). Between 80 and
30 km, the variation in the cumulative aerosol optical depth
is linear with altitude. In the lowest 30 km the variation in
the cumulative aerosol optical depth is again taken to
be linear with altitude, but with a different slope. The
wavelength dependence found for the optical depths of the
aerosols in each of these three vertical regions (above
80 km, from 30 to 80 km, and below 30 km) is given in Fig.
47, and the vertical variation in haze opacity is shown at
several wavelengths in Fig. 50.
The visible spectrometers look downward as well as

upward. Thus, they are sensitive to changes in the net solar
flux with altitude, permitting measurement of the single-
scattering albedo and its variation with altitude. At high
altitudes (at 144 km), the single-scattering albedo as a
function of wavelength shortward of 900 nm implies values
of the imaginary refractive index similar to the measure-
ments by Khare et al. (1984).
Note that both below 80 km and above 144 km the

single-scattering albedo of the particles decreases from
900 nm to the long wavelength end of the DISR measure-
ments at 1600 nm. The same pattern was observed in the
albedo of the surface of Titan in measurements made at the
surface using our onboard lamp (Tomasko et al., 2005).
This ‘‘blue slope’’ in the spectrum of the surface from 900
to 1600 nm was unexpected and did not match laboratory
spectra of water or hydrocarbon ices. It is interesting that
the same behavior is seen in the aerosols in the atmosphere
that presumably fall to cover much of the surface. Perhaps
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Fig. 16. Observed optical depths in continuum wavelengths for 6 altitudes levels (symbols) and fits (solid line) by an exponential law ! = !0 ! ""q . q values are plotted in
Fig. 17.

Table 3

N H1haze ± 1-# error
77–414 km

H2haze
29–461 km

1000 59.4 ± 1.5 17.2 ± 10.1
3000 59.4 ± 1.42 17.1 ± 10.1

10,000 60.1± 1.42 16.6± 10.1
30,000 61.2 ± 1.43 16.1± 10.3

density of about 1.5 ! 10"11 g cm"3 at an altitude of 100 km and
5.2 ! 10"13 g cm"3 at 300 km.

The profiles of Fig. 15, with a horizontal logarithmic scale, in-
dicate that the number density increases exponentially as altitude
decreases. This behavior is consistent with physical models. With
no eddy diffusion and no growth of the particles, in a steady state
atmosphere where haze is produced at some high level, it can be
shown that the density follows an exponential law characterized
by a scale height Hhaze. We note also that the observed slope is
not constant. There is hint of an inflexion at about 420 km, thus
we can define two scale heights to describe the profiles. In Fig. 15,

we overplot the exponential fits n = n0e
" z

H1haze for z between 77

and 414 km (26 points used) and n = n0e
" z

H2haze for z between
429 and 461 km (3 points used). The values of H1haze and H2haze
are reported in Table 3 for values of N over 1000. For H1haze, the
formal 1-# error bars in this table are quite small. However, the
dispersion of the calculated values of H1haze suggests that the er-
ror bar on the scale height H1haze is about 2 or 3 km. With a
value of about 60 km, H1haze is of the same order as the scale
height calculated for the extinction profile.

For H2haze, the errors are significantly larger because only 3
density values are used for the fit and these values have larger
error-bar than densities at lower level. This inflexion is thus
marginally detected in our data set. However, this change of scale
height between 400 and 500 km has been observed in the density
profile retrieved from Cassini/UVIS observations of a stellar occul-
tation (Liang et al., 2007). This inflexion corresponds to the clear
layer between the main haze layer and the detached haze layer
above 500 km observed in ISS images (Porco et al., 2005).

5.5. Spectral behavior of the haze

Here we briefly compare our results with others which adopt
a more global approach of the haze optical properties, that is the
wavelength dependence of its optical depth of the haze. It is clas-
sical to model the scattering by small particles as a power law
! (") = !0""q . Assuming a fractal dimension of 2 as in the model
presented before, size of particle could be retrieved from the value
of q. At each altitude, the optical depth observed in the contin-
uum wavelengths is adjusted by a power law depending on the
two free parameters !0 and q. In Fig. 16, the wavelength depen-
dence of the optical depth is presented for a selection of altitudes
below 470 km. The best-fit model is overplotted to the data. We
observe a change with altitude in the value of the exponent q. The
variation of q with altitude is presented in Fig. 17, with its 1-#
error bar. This variation must be considered carefully as the opti-
cal depth is very small at high altitude (above 400 km) and very
large under 100 km. However, at intermediate altitudes, between
120 and 300 km, we have value of q between 1.7 and 2.2. The ob-
servations in 2003 of two ground-based stellar occultation by Titan
led to a value of q = 1.8 ± 0.5 at about 250 km and between 0.9
and 2.2 µm (Fig. 17 and Sicardy et al., 2006). Our result is con-
sistent with this value. From DISR measurements, Tomasko et al.
(2008) inferred a value of q = 2.34 above 84 km, also consistent
with our own values.

6. Conclusions

In this paper, we have presented different analysis for the ob-
servations of a solar occultation by VIMS. We have shown that
molecular species such as CH4 and CO are detected as they absorb
the sunlight along its path in Titan’s atmosphere. These absorp-
tions have been modeled and we have underlined some di!culties
in measuring precisely the abundances of the detected species.
However, we add a new measurement of the CO abundance of
33 ± 10 ppm between 70 and 130 km. This measurement, asso-
ciated to the other published values will contribute to the study of
this species in Titan’s atmosphere.
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Fig. 17. q values that best fit the optical depth dependence with ! is potted against
altitude (solid line) with its 1-" error bar (dashed line). The gray area repre-
sents the interval of values from the 2003 observation of a Titan stellar occultation
(Sicardy et al., 2006).

A major result of this paper is the detection of a specific ab-
sorption band of aerosols at 3.4 µm. This feature is the signature
of C–H vibrations of aliphatic chains on large organic molecules.
An observation of a similar feature in the atmosphere of Saturn is
an interesting aspect that should be studied further. The observa-
tion of this 3.4 µm feature with an increase spectral resolution will
help in a better determination of the nature of the aerosol particles
responsible for it.

The comparison of the transmission spectra of fractal aerosols
with Khare et al.’s tholins optical properties with the observed
transmission revealed important chemical differences between ac-
tual haze particles and tholins. The N–H and C!N absorption
bands of tholins do not appear in our data.

The aerosol vertical distribution is the third point discussed in
this paper using the continuum wavelengths of the observations.
We have shown that large numbers, namely over 1000, of spheres
par fractal aggregates are needed to fit the observations. The ver-
tical distributions under 500 km follow an exponential law with a
scale height of about 60 km. A hint of inflexion at about 420 km is
attributed to the clear zone between the main haze layer and the
detached haze layer.

Other observations of stellar and solar observation by Titan at
different latitudes will reinforce the conclusions of this paper and
may reveal latitudinal variations.

Acknowledgments

We thank the Centre National d’Etudes Spatiales (CNES) for
supporting the VIMS data interpretation. We also thank B. Bezard
and E. Lellouch for their help in the validation of the radiative
transfer code and for the data interpretation.

References

Baines, K.H., Drossart, P., Momary, T.W., Formisano, V., Gri!th, C., Bellucci, G., Bib-
ring, J.P., Brown, R.H., Buratti, B.J., Capaccioni, F., Cerroni, P., Clark, R.N., Cora-
dini, A., Combes, M., Cruikshank, D.P., Jaumann, R., Langevin, Y., Matson, D.L.,
McCord, T.B., Mennella, V., Nelson, R.M., Nicholson, P.D., Sicardy, B., Sotin, C.,
2005. The atmospheres of Saturn and Titan in the near-infrared: First results of
Cassini/VIMS. Earth Moon Planets 96, 119–147.

Baines, K.H., Drossart, P., Lopez-Valverde, M.A., Atreya, S.K., Sotin, C., Momary, T.W.,
Brown, R.H., Buratti, B.J., Clark, R.N., Nicholson, P.D., 2006. On the discovery of
CO nighttime emissions on Titan by Cassini/VIMS: Derived stratospheric abun-
dances and geological implications. Planet. Space Sci. 54, 1552–1562.

Bar-Nun, A., Dimitrov, V., Tomasko, M., 2008. Titan’s aerosols: Comparison between
our model and DISR findings. Planet. Space Sci. 56, 708–714.

Botet, R., Rannou, P., Cabane, M., 1997. Mean-field approximation of Mie scattering
by fractal aggregates of identical spheres. Appl. Opt. 36, 8791–8797.

Boudon, V., Champion, J.P., Gabard, T., Loëte, M., Michelot, F., Pierre, G., Rotger, M.,
Wenger, C., Rey, M., 2004. Symmetry-adapted tensorial formalism to model rovi-
brational and rovibronic spectra of molecules pertaining to various point groups.
J. Mol. Spectrosc. 228, 620–634.

Brown, R.H., Baines, K.H., Bellucci, G., Bibring, J.P., Buratti, B.J., Capaccioni, F., Cerroni,
P., Clark, R.N., Coradini, A., Cruikshank, D.P., Drossart, P., Formisano, V., Jaumann,
R., Langevin, Y., Matson, D.L., McCord, T.B., Mennella, V., Miller, E., Nelson, R.M.,
Nicholson, P.D., Sicardy, B., Sotin, C., 2004. The Cassini Visual and Infrared Map-
ping Spectrometer (VIMS) Investigation. Space Sci. Rev. 115, 111–168.

Coustenis, A., Achterberg, R.K., Conrath, B.J., Jennings, D.E., Marten, A., Gautier, D.,
Nixon, C.A., Flasar, F.M., Teanby, N.A., Bézard, B., Samuelson, R.E., Carlson, R.C.,
Lellouch, E., Bjoraker, G.L., Romani, P.N., Taylor, F.W., Irwin, P.G.J., Fouchet, T., Hu-
bert, A., Orton, G.S., Kunde, V.G., Vinatier, S., Mondellini, J., Abbas, M.M., Courtin,
R., 2007. The composition of Titan’s stratosphere from Cassini/CIRS mid-infrared
spectra. Icarus 189, 35–62.

de Kok, R., Irwin, P.G.J., Teanby, N.A., Lellouch, E., Bézard, B., Vinatier, S., Nixon,
C.A., Fletcher, L., Howett, C., Calcutt, S.B., Bowles, N.E., Flasar, F.M., Taylor, F.W.,
2007. Oxygen compounds in Titan’s stratosphere as observed by Cassini CIRS.
Icarus 186, 354–363.

D’Hendecourt, L.B., Allamandola, L.J., 1986. Time dependent chemistry in dense
molecular clouds. III. Infrared band cross sections of molecules in the solid state
at 10 K. Astron. Astrophys. Ser. 64, 453–467.

Flasar, F.M., Achterberg, R.K., Conrath, B.J., Gierasch, P.J., Kunde, V.G., Nixon, C.A., Bjo-
raker, G.L., Jennings, D.E., Romani, P.N., Simon-Miller, A.A., Bézard, B., Coustenis,
A., Irwin, P.G.J., Teanby, N.A., Brasunas, J., Pearl, J.C., Segura, M.E., Carlson, R.C.,
Mamoutkine, A., Schinder, P.J., Barucci, A., Courtin, R., Fouchet, T., Gautier, D.,
Lellouch, E., Marten, A., Prangé, R., Vinatier, S., Strobel, D.F., Calcutt, S.B., Read,
P.L., Taylor, F.W., Bowles, N., Samuelson, R.E., Orton, G.S., Spilker, L.J., Owen, T.C.,
Spencer, J.R., Showalter, M.R., Ferrari, C., Abbas, M.M., Raulin, F., Edgington, S.,
Ade, P., Wishnow, E.H., 2005. Titan’s atmospheric temperatures, winds, and com-
position. Science 308, 975–978.

Fulchignoni, M., Ferri, F., Angrilli, F., Ball, A.J., Bar-Nun, A., Barucci, M.A., Bettanini, C.,
Bianchini, G., Borucki, W., Colombatti, G., Coradini, M., Coustenis, A., Debei, S.,
Falkner, P., Fanti, G., Flamini, E., Gaborit, V., Grard, R., Hamelin, M., Harri, A.M.,
Hathi, B., Jernej, I., Leese, M.R., Lehto, A., Lion Stoppato, P.F., López-Moreno, J.J.,
Mäkinen, T., McDonnell, J.A.M., McKay, C.P., Molina-Cuberos, G., Neubauer, F.M.,
Pirronello, V., Rodrigo, R., Saggin, B., Schwingenschuh, K., Seiff, A., Simões, F.,
Svedhem, H., Tokano, T., Towner, M.C., Trautner, R., Withers, P., Zarnecki, J.C.,
2005. In situ measurements of the physical characteristics of Titan’s environ-
ment. Nature 438, 785–791.

Gri!th, C.A., Penteado, P., Rannou, P., Brown, R., Boudon, V., Baines, K.H., Clark,
R., Drossart, P., Buratti, B., Nicholson, P., McKay, C.P., Coustenis, A., Negrao, A.,
Jaumann, R., 2006. Evidence for a polar ethane cloud on Titan. Science 313,
1620–1622.

Gurwell, M.A., 2004. Submillimeter observations of Titan: Global measures of strato-
spheric temperature, CO, HCN, HC3N, and the isotopic ratios 12C/13C and
14N/15N. Astrophys. J. 616, L7–L10.

Gurwell, M.A., Muhleman, D.O., 1995. CO on Titan: Evidence for a well-mixed verti-
cal profile. Icarus 117, 375–382.

Gurwell, M.A., Muhleman, D.O., 2000. CO on Titan: More evidence for a well-mixed
vertical profile. Icarus 145, 653–656.

Hidayat, T., Marten, A., Bezard, B., Gautier, D., Owen, T., Matthews, H.E., Paubert,
G., 1998. Millimeter and submillimeter heterodyne observations of Titan: The
vertical profile of carbon monoxide in its stratosphere. Icarus 133, 109–133.

Imanaka, H., Khare, B.N., Elsila, J.E., Bakes, E.L.O., McKay, C.P., Cruikshank, D.P.,
Sugita, S., Matsui, T., Zare, R.N., 2004. Laboratory experiments of Titan tholin
formed in cold plasma at various pressures: Implications for nitrogen-containing
polycyclic aromatic compounds in Titan haze. Icarus 168, 344–366.

Jacovi, R., Bar-Nun, A., 2008. Removal of Titan’s noble gases by their trapping in its
haze. Icarus 196, 302–304.

Jacquinet-Husson, N., Scott, N.A., Chédin, A., Garceran, K., Armante, R., Chursin, A.A.,
Barbe, A., Birk, M., Brown, L.R., Camy-Peyret, C., Claveau, C., Clerbaux, C., Co-
heur, P.F., Dana, V., Daumont, L., Debacker-Barilly, M.R., Flaud, J.M., Goldman,
A., Hamdouni, A., Hess, M., Jacquemart, D., Köpke, P., Mandin, J.Y., Massie, S.,
Mikhailenko, S., Nemtchinov, V., Nikitin, A., Newnham, D., Perrin, A., Perevalov,
V.I., Régalia-Jarlot, L., Rublev, A., Schreier, F., Schult, I., Smith, K.M., Tashkun, S.A.,
Teffo, J.L., Toth, R.A., Tyuterev, V.G., Vander Auwera, J., Varanasi, P., Wagner, G.,
2005. The 2003 edition of the GEISA/IASI spectroscopic database. J. Quant. Spec-
trosc. Radiat. Trans. 95, 429–467.

Jacquinet-Husson, N., Scott, N.A., Chédin, A., Crépeau, L., Armante, R., Capelle, V., Or-
phal, J., Coustenis, A., Boonne, C., Poulet-Crovisier, N., Barbe, A., Birk, M., Brown,
L.R., Camy-Peyret, C., Claveau, C., Chance, K., Christidis, N., Clerbaux, C., Coheur,
P.F., Dana, V., Daumont, L., De Backer-Barilly, M.R., Di Lonardo, G., Flaud, J.M.,
Goldman, A., Hamdouni, A., Hess, M., Hurley, M.D., Jacquemart, D., Kleiner, I.,
Köpke, P., Mandin, J.Y., Massie, S., Mikhailenko, S., Nemtchinov, V., Nikitin, A.,
Newnham, D., Perrin, A., Perevalov, V.I., Pinnock, S., Régalia-Jarlot, L., Rinsland,
C.P., Rublev, A., Schreier, F., Schult, L., Smith, K.M., Tashkun, S.A., Teffo, J.L., Toth,
R.A., Tyuterev, V.G., Vander Auwera, J., Varanasi, P., Wagner, G., 2008. The GEISA

18	  

Shaded region from 
 Sicardy et al., 2006, 
J. Geophys. Res. 
111, E11S91 



Par=cle	  Single-‐Scafer	  Albedo	  

Fig. 48 and in Table 2 permits us to fit all the DISR
observations in the atmosphere of Titan.

4. Summary and discussion

Here we summarize our main conclusions regarding the
distribution and optical properties of Titan’s haze above
the Huygens landing site. Table 3 summarizes the values
and uncertainties in the aerosol parameters. The strong
linear polarization observed in both red and blue
wavelengths requires that the monomers out of which the
aggregate particles are built have radii of 0.05 mm or less.
The size of the SA requires that the aerosols consist of
some 3000 monomers (to within a factor of 2). Above
80 km, the cumulative aerosol extinction optical depth
decreases with increasing altitude with a scale height of
65 km. This scale height could be as great as 80 km when
the uncertainty in the tip of the spacecraft at high altitudes
is considered. It is interesting to note that determinations
of the scale height of the haze aerosols at large altitudes
near 300 km from the Imaging Science System (ISS)
cameras on Cassini give a scale height near 65 km for the
haze there in good agreement with our preferred value
(R. West, private communication). The single-scattering
phase function is constrained by the SA measurements near
the sun, and has sufficiently strong forward scattering to fit
the brightness of Titan seen at large phase angles relative to
smaller phase angles (Rages et al., 1983). Between 80 and
30 km, the variation in the cumulative aerosol optical depth
is linear with altitude. In the lowest 30 km the variation in
the cumulative aerosol optical depth is again taken to
be linear with altitude, but with a different slope. The
wavelength dependence found for the optical depths of the
aerosols in each of these three vertical regions (above
80 km, from 30 to 80 km, and below 30 km) is given in Fig.
47, and the vertical variation in haze opacity is shown at
several wavelengths in Fig. 50.
The visible spectrometers look downward as well as

upward. Thus, they are sensitive to changes in the net solar
flux with altitude, permitting measurement of the single-
scattering albedo and its variation with altitude. At high
altitudes (at 144 km), the single-scattering albedo as a
function of wavelength shortward of 900 nm implies values
of the imaginary refractive index similar to the measure-
ments by Khare et al. (1984).
Note that both below 80 km and above 144 km the

single-scattering albedo of the particles decreases from
900 nm to the long wavelength end of the DISR measure-
ments at 1600 nm. The same pattern was observed in the
albedo of the surface of Titan in measurements made at the
surface using our onboard lamp (Tomasko et al., 2005).
This ‘‘blue slope’’ in the spectrum of the surface from 900
to 1600 nm was unexpected and did not match laboratory
spectra of water or hydrocarbon ices. It is interesting that
the same behavior is seen in the aerosols in the atmosphere
that presumably fall to cover much of the surface. Perhaps
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M.G. Tomasko et al. / Planetary and Space Science 56 (2008) 669–707 695

19	  



Constraints	  on	  Composi=on	  

•  Broad	  spectral	  characteris=cs:	  Strong	  
absorp=on	  at	  blue/UV	  wavelengths,	  lifle	  
absorp=on	  in	  the	  red,	  increasing	  absorp=on	  in	  
the	  near-‐IR,	  less	  absorp=on	  below	  30	  km	  

•  C-‐H	  absorp=on	  feature	  seen	  in	  VIMS	  solar	  
occulta=on	  (Bellucci	  et	  al.,	  2009)	  	  

•  Spectral	  features	  in	  the	  thermal-‐IR,	  especially	  
in	  the	  winter	  polar	  vortex	  –	  Carrie	  Anderson	  
will	  discuss	  this	  
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Feature	  at	  3.3	  μm	  
204 A. Bellucci et al. / Icarus 201 (2009) 198–216

Fig. 6. (continued)

cause of the low abundance of nitrogen in Saturn’s stratosphere,
this observation suggests that the observed component might not
be a nitrogenous compound. The Titan and Saturn features are
over-plotted in Fig. 9. It can be seen that there are very similar,
although the fine structure at the bottom of the band is slightly
different.

The strongest absorption of the Titan feature is found in the
16.5 nm wide channel centered at 3.3656 µm (2971 cm!1). For
the Saturn feature, the strongest absorption is found in the same
spectral channel at high altitude (P < 10!2 mbar) but for the spec-
tra at the deepest altitudes (P > 10!2 mbar), the peak is found in
the 16.5 nm wide channel centered at 3.4155 µm (2928 cm!1).
A shoulder spread on the two spectral channels centered at 3.4487
and 3.4648 µm is seen in both data sets, but is more evident in
the Titan data.

A similar absorption is observed since more than 20 years in
the Interstellar Medium (ISM) (Sandford et al., 1991; Pendleton,

1999; Pendleton and Allamandola, 2002). This feature is consid-
ered as a tracer of the solid state organic component of the dif-
fuse interstellar medium (DISM). This 3.4 µm band probes the
C–H stretching mode of aliphatic hydrocarbons. However, this band
does not provide much information about what these aliphatic
chains may be attached to. In the ISM, these chains are supposed
to be attached to large organic molecules. The different stretching
modes (asymmetric or symmetric) of –CH2 and –CH3 groups deter-
mines the position and shape of this absorption. The asymmetric
C–H stretching of –CH3 and –CH2 groups are characterized by sub-
peaks at 3.385 µm and 3.42 µm respectively (Sandford et al., 1991;
D’Hendecourt and Allamandola, 1986). With a mean resolution per
spectral channel of 16.6 nm for VIMS instruments, there is a good
agreement between the observed position of the observed sub-
peak and the laboratory values. Laboratory values are measured
for saturated unbranched hydrocarbons of general formula CH3–
(CH2)n–CH3. On Titan, such molecules are gases or liquid for n
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“Under 480 km, the 3.3 µm CH4 band is mixed with a large and deep additional 
 absorption. It corresponds to the C–H stretching mode of aliphatic hydrocarbon 
chains attached to large organic molecules.” Bellucci et al., 2009 



Refrac=ve	  Index	  from	  Rannou	  et	  al.	  
analysis	  of	  the	  VIMS	  Solar	  Occ	  

refractive index as we find beyond 0:8 lm. They show that large
error may occur when optical constants are derived from optical
properties like the transmission through a film. They rather use a
technique that probes the conversion of the absorbed light into
heat. This enables to probe values of j lower than 10!2, down to
10!4, and show the difference with values obtained from optical
characteristics. From their conclusion, the experimental values of
j around and below 0.01 deduced from optical argument should
be considered carefully. On the other side, the value and the spec-
tral slope of j in the visible for these works, and also for Ramirez
et al. (2002), are also key elements. But, none of the behaviour re-
ported for laboratory tholins, except index of Khare et al. (1984), is
in agreement with our retrieval.

Only ‘kerogen’, whose indices are reported in the review paper
about aerosols by McKay et al. (2001), has a sharply decreasing va-
lue in visible and a floor value around j ’ 0:01 beyond 0:8 lm.
Kerogen also has discrete extinction peaks which do not appear
in actual Titan spectra at wavelengths below 0:6 lm but may be
hidden in spectra by the methane bands beyond 0:7 lm. Such ker-
ogen is certainly not a good chemical analogue, since it contains
oxygen. But it could give a good idea of the appearance of the ac-

tual aerosol material. The sharp change in spectral slope found in
this work at 0:8 lm is a consequence of the inversion in the spec-
tral slope of the single scattering albedo retrieved by Tomasko et al.
(2008a), as reported in our Fig. 5. The slope inversion at 0:8 lm is
also observed in surface spectra (Tomasko et al., 2005). This spe-
cific feature in both airborn aerosol and surface probably has the
same origin, as already noted by Tomasko et al. (2008a). Indeed,
the surface is covered of settled aerosols, and therefore it should
bear their spectral signature.

The second main difference concerns the location of extinction
peaks at 3 lm and at about 3:4 lm. In our analysis, the part of the
extinction observed by VIMS during a solar occultation (Bellucci
et al., 2008), which is not explained by the computed methane
absorption is assumed to be due to aerosols. But our computations
neglect the line-mixing process that may be important in this band
(e.g., Pieroni et al., 2001; Tran et al., 2006a,b). We do not expect
line mixing to account for all the missing absorption at 3:4 lm,
but it could yield an aerosol absorption feature at 3:4 lm smaller
than the peak actually retrieved in our work. Another effect may
play a role; we modified the imaginary refractive index of the
aerosol material, but we used the aerosol real part of the refractive

Fig. 13. Values of Xv around 3:4 lm deduced from the occultation observations (Bellucci et al., 2008). Using the results like those displayed in Fig. 12, we are able to retrieve
the Xv factor that allows to match the observations. We used four spectra between 200 and 250 km, which are not saturated in transmission. The absorption band is fitted as a
Gaussian function of Xv versus k "Xv # 14:26$ exp"!"x! 3:399%2="2:$ 0:0562%%%. Below about 3:25 lm; Xv is between 0.3 and 0.4 and above 3:35 lm; Xv is set to 1. The
three vertical lines show the position of three stretching lines attributed to –CH2 and –CH3 (Quirico et al., 2008).
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Fig. 14. The refractive indices published by Khare et al. (1984) (full circles) and indices retrieved in this work. The modified indices at wavelengths below 1:6 lm fits the
single scattering albedo found by Tomasko et al. (2008a). The segments between 2.75 and 3 lm show the best fit obtained in the 2:8-lm window (thick line) and the upper
and lower limit obtained from the simultaneous fit of the 2-lm and 2:8-lm windows (thin continuous lines), and the limit obtained from the fit of the 2:8-lm window only
(thin dashed lines). Finally, the peak at 3:4 lm is retrieved from Bellucci et al. (2008) occultation data. We plot the larger peak which is needed if aerosols are assumed to be
responsible for the extinction observed in the 3:4-lm band in addition to the methane absorption. The smaller peak corresponds to the case which is needed to link the
imaginary refractive index observed before and after the 3:4-lm band (Fig. 13). In this case, another process is needed to explain the observed absorption. To connect these
portions of curves, we need to produce a peak at 3 lm, smaller than the peak observed in Khare et al. (1984) tholins.

P. Rannou et al. / Icarus 208 (2010) 850–867 863
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Haze	  Microphysical	  Models	  

•  Models	  try	  to	  account	  for	  	  
– Gas	  -‐>	  Par=cle	  conversion	  
– Growth	  from	  vapor	  
– S=cking	  and	  electric	  charge	  
– Size	  evolu=on	  
– Aggrega=on	  
– Sedimenta=on	  and	  (for	  2-‐Dimensional	  models)
advec=on	  

23	  



Models	  with	  Aggrega=on	  
•  Cabane	  M,	  Chassefiere	  E,	  Israel	  G	  (1992)	  Forma=on	  and	  growth	  of	  photochemical	  

aerosols	  in	  Titan’s	  atmosphere.	  Icarus	  96,	  176–189	  
•  Cabane	  M,	  Rannou	  P,	  Chassefiere	  E,	  Israel	  G	  (1993)	  Fractal	  aggregates	  in	  Titan’s	  

atmosphere.	  Planet	  Space	  Sci	  41,	  257–26	  
•  Rannou	  P,	  Cabane	  M,	  Chassefiere	  E,	  Botet	  R,	  McKay	  CP,	  Cour=n	  R	  (1995)	  Titan’s	  

geometric	  albedo:	  role	  of	  the	  fractal	  structure	  of	  the	  aerosols.	  Icarus	  118,	  355–372	  
•  Rannou,	  P.,	  F.	  Hourdin,	  and	  C.	  P.	  McKay	  (2002),	  A	  wind	  origin	  for	  Titan’s	  haze	  

structure,	  Nature,	  418,	  853–85	  
–  Haze	  advected	  upward	  from	  the	  main	  haze	  layer	  forms	  the	  detached	  haze	  

•  Lavvas,	  P.,	  R.	  V.	  Yelle,	  and	  V.	  Vuifon	  (2009),	  The	  detached	  haze	  layer	  in	  Titan’s	  
mesosphere,	  Icarus,	  201,	  626–633	  

–  The	  detached	  haze	  is	  a	  signature	  of	  the	  aggrega=on	  process	  

•  Rodin	  AV,	  Keller	  HU,	  Skorov	  YuV,	  Doose	  L,	  Tomasko	  MG	  (2009)	  Microphysical	  
processes	  in	  Titan	  haze	  inferred	  from	  DISR/Huygens	  data.	  In	  prepara2on	  

–  Monomer	  size	  depends	  on	  charging,	  not	  a	  func=on	  of	  al=tude	  

•  Some	  pros	  and	  cons	  will	  be	  presented	  below	  regarding	  the	  detached	  haze	  
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Laboratory	  Simula=ons	  

•  Haze	  forma=on	  is	  a	  complex	  set	  of	  processes,	  
both	  chemical	  and	  physical,	  and	  depend	  on	  
al=tude	  

•  Laboratory	  simula=ons	  may	  reveal	  their	  nature	  
•  Issues	  include	  the	  rela=ve	  importance	  of	  C-‐H	  
versus	  N-‐H-‐C	  bonds,	  func=onal	  groups	  
(polyacetylenes,	  PAHs,	  HCN-‐related	  
compounds,	  etc.),	  rates	  of	  forma=on,	  size	  and	  
shapes	  of	  solid	  products,	  refrac=ve	  index,	  
solubility,…	  
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A	  Classic	  Laboratory	  Example	  
8384 Bar-Nun et al.' Photochemical Aerosols on Titan 

4117' I•KLI 
Fig. la 

4 1 18 o 1 6 K t,.l X l 6., 61 ½1 El 1 Pm WB1E• 

Fig. lb 

Fig. 1. Scanning electron microscope pictures of the photochemically produced 
aerosols of polyacetylene, polyethylene and polyhydrogen cyanide. (a) Polyacetylene 
particles, showing the perfect spherical shape of single particles. Note that most of 
the aggregates are made of particles of uniform size. The relative number of 
aggregates cannot be accounted for by the coverage of single particles on the grid. 
(b) An aggregate of polyacetylene aerosol particles, demonstrating their semiliquid 
nature. (c) A single spherical aerosol particle of polyethylene. (d) A single 
spherical aerosol particle of polyhydrogen cyanide. The bars at the bottom of the 
pictures are 10 •m for Figure la and 1 •m for Figures lb, lc, and ld. 

Results and Discussion polyhydrogen cyanide are all perfectly 
spherical, as seen in Figure 1. The size 

Shapes and Sizes of the Photochemical Aerosols distribution of several hundred spherical 
polyacetylene particles is shown in Figure 2. 

The photochemically produced single-aerosol Their radii range between -0.1 and 1 •m, with no 
particles of polyacetylene, polyethylene, and particles smaller than 0.1 •m. The radii of the 
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From Bar Nun et al., (1988) Shape and 
Optical Properties of Aerosols Formed by 
Photolysis of Acetylene, Ethylene, and 
Hydrogen Cyanide,  J. Geophys. Res., 93, 
8383-8387  
 
This work provided impetus for my 
investigation of the optical properties of 
aggregate particles which led to  
 
West, R.A., and Smith, P.H., (1991) Evidence 
for aggregate particles in the atmospheres of 
Titan and Jupiter. Icarus 90, 330–333 



Lab	  Parameters	  vs.	  Titan	  

46 
!

 
Fig 7  Plot of the temperature and pressure parameters for various tholin generation methods.  Note that 
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Source:  
Titan Tholins:  Simulating Titan Organic Chemistry in the Post Cassini-Huygens 
Era, submitted to Chemical Reviews  
Morgan L. Cable, Sarah M. Hörst, Robert Hodyss, Patricia M. Beauchamp, Mark A. 
Smith and Peter A. Willis  



The	  Evolu=on	  of	  Titan’s	  
Stratospheric	  Haze	  near	  

Equinox	  2009	  

Robert	  West,	  Jonathan	  Balloch,	  Philip	  
Dumont,	  Panayo=s	  Lavvas,	  Ralph	  

Lorenz,	  Pascal	  	  Rannou	  ,	  Trina	  Ray	  and	  
Elizabeth	  Turtle	  

	  Geophysical	  Research	  Le9ers	  38,	  
L06204,	  2011	  
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Voyager	  2	  Epoch	  (1981)	  

Image	  analyzed	  by	  Rages	  and	  Pollack	  (1983)	  

Image	  analyzed	  by	  Rages	  and	  Pollack	  (1983)	  
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Day	  123,	  2006	  	   Day	  92,	  2010	  	  
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Al=tude	  of	  the	  detached	  haze	  
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Haze	  Profiles	  2006	  and	  2010	  
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Model	  of	  Rannou	  et	  al.	  (2002)	  

are driven to the winter pole by the pole-to-pole cell following a
rather horizontal path. They grow by coagulation and settle near the
pole. Thereafter, particles are carried by latitudinal winds over the
rest of the planet when the strong polar downwelling branch is
progressively replaced by an ascending branch just after equinoxes.
At this time, the top of the polar haze (.350 km) is globally lower
than the detached haze (the top of which is located at 420 km and its
bottom at 400 km) (Fig. 1). Polar aerosols are then redistributed
about one scale height below the detached haze. At the same time,
the detached haze is broken by the transitory equator-to-pole cell
system, until the opposite pole-to-pole cell begins.
The transfer of haze to the winter pole which takes place most of

the time has important consequences for Titan’s atmosphere and
explains several puzzling features of the haze. First, the poleward
motion of the haze in the production zone and the redistribution of
the haze a scale height lower gives a consistent mechanism for the
formation of the detached haze layer by producing a zone where
aerosol extinction is smaller than the surrounding altitudes. Aerosol
size distributions is widely polydiserse !dN=d log r/ r2a with
a . 1) inside the formation zone (detached haze). In this region,
aerosols grow spherically from macromolecules to submicrometre
particles. Outside the detached haze, the distribution ismonomodal
and aerosols grow as fractal aggregates25,26. Thus, considering the
motion of the aerosols as explained above, as well as Fig. 1, we find
that aerosols leave the aerosol production zone near the pole and
then start to grow fractally.
Secondly, the pole-to-pole circulation is also responsible for the

observed hemispheric contrast. The haze material is produced at
about 400 km and the aerosol mass mixing ratio decreases with
altitude below this level. In the summer hemisphere, the ascending
branch (between about the equator and the polar circle) carries up
air from lower layers that is relatively poorly loaded with aerosols. In
the winter hemisphere, the aerosols from the production zone are
carried horizontally from the summer to the winter hemisphere,
producing the detached haze layer, and sink near the winter pole.
This tends to continuously impoverish the summer hemisphere in
aerosols. Because atmospheric gas is bright (compared to the haze)
in the visible, the summer hemisphere then appears brighter than

the winter hemisphere, as observed by the Voyager spacecraft (Fig.
2). For wavelengths larger than about 650 nm, the haze becomes
brighter than the atmospheric gases and surface below. Thus the
summer hemisphere is darker than the winter hemisphere. The size
of the aerosols also vary from one hemisphere to the other—by less
than 20% in the main haze—but their properties only weakly
depend on their size. Thus it does not affect the haze optical
properties as much as concentration differences.

A third effect of this circulation pattern is a quasi-permanent
accumulation of haze in the polar regions (Q . 608) (Fig. 1). The
haze is typically three to five times optically thicker near the poles
than in low latitudes. This accumulation is more marked at the
winter pole, to which haze material is dynamically transported. In
the summer pole the haze accumulation relaxes by sedimentation
and removal by winds. The polar enhancement of the haze is
recognizable throughout the year in the model, although obser-
vations do not clearly indicate such an increase around the summer
pole5,6,8. A lack of horizontal dissipation of the aerosol concen-
tration gradients by transient eddies may account for this difference.
The winter accumulation can be identified as the dark north polar
hood seen by Voyager2. Half a Titan year later (1995–2000), a
southern polar hood is also visible in Earth-based infrared obser-
vations6,8.

The permanent accumulation of haze in the polar regions
produces a stronger infrared cooling during the polar night
(Q . 608) than in the previous fixed-haze model3. In other regions
where the haze is in sunlight, the infrared cooling rate and solar
(visible) heating rate are roughly balanced, offsetting any variation
in the haze. Thus, the net effect is that the accumulation of haze at
the poles reinforces, on an annual basis, the equator-to-pole thermal
contrasts, compared to the case for a homogeneous haze layer. This
effect is maximized because the haze accumulation reaches its
maximum at the winter pole.

Figure 1 Two-dimensional planetary distribution of haze scaled extinction. The scaled
extinction coefficient !b£q£ P !258"" is shown as a function of the latitude and the
pressure for the time Ls # 3538 (less than a quarter of a season before actual Voyager

time). Here b is the haze extinction, q is the mean single scattering albedo and P(258) is

the mean phase function taken at a scattering angle 258. The colour scale shows the log10
of the scaled extinction. This physical quantity directly shows the scattering efficiency of

each level for a phase angle of F # 1558. The detached haze appears as a secondary

layer at.400 km overlying the main haze (below 300 km) from one pole to the other. The

haze is preferentially accumulated near the pole. The wind direction is illustrated by the

stream function integrated from Ls # 2748 to Ls # 3538, where Ls is the solar longitude

(northern spring equinox occurs at Ls # 08). The winds are from the south polar region

(summer) toward the north polar region (winter).

Figure 2 Comparison of the reflected intensity north–south profile between observation
and model. The reflected intensity on Titan in green (0.52–0.60 mm) observed along a

meridian passing close to the subsolar point and the subspacecraft point compared with

the model results at 0.55 mm (ref. 2). Empty and dotted squares are data for the northern

and southern hemispheres respectively. The intensity data (I ) is plotted as product mI as a

function of product mm9, where m is the cosine of the observer zenith angle and m9 is the
cosine of the solar zenith angle. The axis system at the top shows the south or north

latitudes on the planet that correspond to the values of mm9 shown at the bottom. This axis
system reveals any intensity behaviour which follows a Minnaert law I!m" # $mm9%k I0:
The exponent k characterizes the centre (m # 1) to limb (m # 0) darkening of the

intensity. Observation shows that reflected intensity in the southern hemisphere is.25%

higher than in the northern hemisphere. The model is able to reproduce the observed

north–south asymmetry at the Voyager epoch (Ls # 98) with the same centre to limb

slope.

letters to nature

NATURE |VOL 418 | 22 AUGUST 2002 | www.nature.com/nature854 © 2002        Nature  Publishing Group
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Most	  Recent	  Image	  
2011	  DOY	  141	  
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Items	  of	  Note	  
Titan	  detached	  haze	  at	  LS	  near	  20°	  

•  The	  detached	  haze	  is	  visible	  as	  a	  con=nuous	  
en=ty	  everywhere	  south	  of	  the	  north	  polar	  
vortex	  with	  a	  small	  (~13	  km)	  difference	  in	  
equator-‐pole	  al=tude.	  
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Previous	  and	  New	  Measurements	  
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Detached	  Haze	  Evolu=on:	  
Conclusions	  

•  The	  detached	  haze	  has	  undergone	  a	  large-‐amplitude	  seasonal	  varia=on	  in	  
al=tude	  and	  has	  returned	  to	  the	  al=tude	  where	  it	  was	  observed	  in	  
Voyager	  images	  taken	  almost	  30	  years	  (one	  Saturn	  year)	  earlier.	  

•  The	  collapse	  of	  Titan’s	  detached	  haze	  is	  most	  likely	  a	  feature	  of	  the	  
breakdown	  of	  a	  global	  meridional	  cell	  in	  the	  high	  stratosphere	  at	  equinox	  
as	  solar	  hea=ng	  becomes	  symmetric.	  This	  feature	  was	  predicted	  by	  the	  
Rannou	  et	  al.	  (2002)	  circula=on/haze	  model.	  

•  The	  detached	  haze,	  	  a	  scien=fic	  curiosity	  for	  almost	  30	  
years,	  has	  become	  an	  incisive	  test	  for	  Titan	  circula=on	  and	  
haze	  microphysical	  	  models.	  
•  There	  are	  problems	  with	  the	  Rannou	  et	  al.	  model	  which	  calls	  for	  the	  

dissolu=on	  of	  the	  detached	  haze	  simultaneous	  with	  its	  drop	  in	  al=tude,	  so	  far	  
not	  seen.	  

•  The	  microphysical	  model	  of	  Lavvas	  et	  al.	  (2009)	  does	  not	  predict	  al=tude	  
change	  but	  befer	  accounts	  for	  the	  nearly	  constant	  al=tude	  of	  the	  detached	  
haze	  as	  a	  func=on	  of	  la=tude.	  	  It	  must	  be	  coupled	  with	  a	  dynamical	  process	  to	  
account	  for	  the	  observed	  seasonal	  behavior.	  
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