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Abstract 

The study of Titan’s photochemical haze is thus a 

precious tool to gain knowledge on the primitive 

atmosphere of Earth. The simulation in the laboratory 

of analogs of this haze has proved itself to be a useful 

tool to improve our knowledge of the aerosols 

formation on Titan. Tholins (analogues of aerosols) 

produced by PAMPRE experiment were found to be 

mostly insoluble, with only a third of the bulk sample 

that can be solubilized in methanol [1]. This partial 

solubility limited the previous studies by mass 

spectrometry, which were done only on the soluble 

fraction. In this work, we compared both soluble and 

insoluble fraction of tholins in methanol using an 

ultra-high resolution mass spectrometer equipped 

with a Laser desorption ionization (LDI) source, to 

get full insights on these complex samples. Major 

differences are observed in the molecular 

composition of the soluble and the insoluble fraction 

[2]. 

1. Introduction 

It was postulated that soluble and insoluble fractions 

of Titan’s aerosols analogues might be identical at 

the molecular level and differed on their mass value 

[3]. Thanks to laser desorption ionization (LDI) 

source, which allows an ionization of both liquid and 

solid state, it is possible to compare all fractions.  

The goal of this work is to highlight differences 

between each fractions of analogues of Titan’s 

aerosols. 

 

2. Method  

2.1. Sample preparation for analysis 

Tholins were produced using the PAMPRE 

experiment and following the procedure detailed in 

previous publications [4]. In order to separate soluble 

and insoluble fractions, 4 mg of tholins were 

dissolved in 1 mL of methanol in a vial under 

ambient atmosphere. The vial was vigorously stirred 

for 3 minutes to dissolve the maximum amount of 

species. The brown mixture was then filtered using a 

0.2 µm polytetrafluoroethylene (PTFE) membrane 

filter on a filter holder. Of the filtered solution, the 

soluble fraction, was transferred in a glass vial. Half 

dilution with a 50/50 water/methanol mixture was 

performed just before analysis in mass spectrometry. 

The PTFE membrane was then recovered, placed in a 

vial and left open under a neutral atmosphere of 

Nitrogen to evaporate the remaining methanol and 

avoid contamination. The insoluble fraction, 

recovered as a black powder from the membrane, 

was then analyzed by mass spectrometry.  

2.2. Mass spectrometry analyses 

All analyses were performed on a FTICR Solarix XR 

from Bruker equipped with a 12 Tesla 

superconducting magnet and a laser desorption 

ionization source (laser NdYAg 355 nm). 

An extremely complex matter is revealed and 

graphical analysis is necessary to simplify the 

visualization of the data. Using modified Van 

Krevelen diagrams, the global distribution of the 

molecules is observed in each fraction according to 
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their Hydrogen/Carbon ratio and Nitrogen/Carbon 

ratio (Figure 1). From these experiments it appears 

that the molecular composition is very different 

between each fraction with the formation of different 

polymeric structures. Soluble and insoluble fractions 

while emerging from the same set of molecules at 

low m/z actually represent two families of 

compounds that are totally uncorrelated at higher m/z 

values. 

 

Figure 1: 3D modified Van Krevelen diagrams 

showing the comparison of (red) soluble species, 

(blue) insoluble species and (purple) common species 

in Tholins [2]. 

 

3. Summary and Conclusions  

This work highlighted, for the first time, major 

differences between soluble and non-soluble part of 

analogues of Titan’s aerosols. Thanks to the 

comparison of spectra and global data visualization, 

we proved that non-soluble fraction is much less 

hydrogenated than soluble one.  

In addition, we bring to light a phenomenon which 

can occur on the surface of Titan: the fragmentation 

of aerosols due to their interaction with liquid lakes 

present on the surface. 
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Abstract
In this abstract we present updates and expansions to
the line-of-sight extinction measurements taken by the
Mars Science Laboratory Rover at Gale Crater. We
update the single frame line-of-sight dust extinction
record through to beyond sol 2000, and extend this
work using a combination of two radiative transfer al-
gorithms to expand the dataset beyond north pointing
images taken at noon LTST.

1. Introduction
Gale Crater, the landing site of the Mars Science Labo-
ratory Rover, Curiosity, is a 154 km impact crater situ-
ated at 4.5◦ S and 137.4◦ E on the Martian surface,
in the centre of which is Aeolis Mons (colloquially
known as Mount Sharp), a 5 km high mountain. The
topography of Gale Crater has important implications
for atmospheric mixing and aerosol abundance distri-
butions. Before Curiosity arrived on Mars, investiga-
tions into the atmospheric circulation in the vicinity
of Gale Crater were carried out (e.g. [9, 10]) predict-
ing a suppressed thickness of the planetary boundary
layer (the lowest layer of the atmosphere, affected dy-
namically by the presence of the planet’s surface) from
8-10 km outside the crater, to 1-2 km within it. This,
in essence, isolates the crater with only minimal atmo-
spheric mixing with the air outside of the crater occur-
ring, making Gale Crater of particular interest for at-
mospheric dust abundance studies. One of the observ-
able effects of a suppression of the planetary bound-
ary layer is a decrease in the abundance of dust in the
lower atmosphere.

In this abstract, we update the noon-time line-of-
sight (LOS) dust extinction measurements of [3, 4]
through to the present day (sol 2034 at the time of writ-
ing). We will then discuss the preminimary work and
results obtained by expanding the measurements of the
line-of-sight extinction within Gale Crater beyond the
time and pointing restrictions using a combination of

radiative transfer models.

2. North-pointing noon LOS
Observations have been consistently obtained with
MSL’s Navigational Cameras (Navcam) since sol 100,
initially using Dust Devil Search Movies (DDSM),
created to look for Dust Devils in the northern reaches
of Gale Crater. Single frames from these observations
were used [3, 4] to determine the line-of-sight extinc-
tion between MSL and the crater rim. After sol 1582,
when this particular version of the Dust Devil search
movies was retired in favour of others, these observa-
tions were reduced to a single frame to continue this
line-of-sight extinction record. In both cases, DDSM
and single-frame, the observation points due north and
includes regions of the sky, crater rim, and ground in
the vicinity of the rover. As derived in [5], the opacity,
τ and thus the LOS extinction (= τ/d where d is the
distance between the rover and the crater rim) can be
calculated via:

τ = − ln
(

1− IS/IC
IG/IC − IS/IG

)
(1)

where IS , IC , and IG are the spectral radiances of the
sky, crater rim, and ground respectively, as measured
from the Navcam images. This relation is accurate to
within 4% during the 12:00 ± 02:00 LTST, as shown
by radiative transfer models carried out at Texas A&M
University (see [5] for further details).

3. Temporally expanded LOS
These single frame LOS and DDSM observations have
been obtained outside of the 10:00-14:00 LTST time
period, but retaining the northern pointing. Since sol
1582, they have been obtained in every other morn-
ing suite - a weekly set of early morning observations
designed to examine the atmospheric conditions be-
fore daytime atmospheric heating, and thus dust lifting
and cloud dissipation, has occurred. They also, more
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Figure 1: Diurnal distribution of single frame (lower)
and DDSMs (upper) for sol 100 to 2034. Note the
different y axis scales between the upper and lower
panels.

rarely, have been obtained later in the day to constrain
the diurnal variation in extinction. Figure 1 shows the
LTST distribution of all DDSMs (circles) and single-
frame Navcam LOS observations (crosses).

To analyse these observations, we use a combina-
tion of radiative transfer algorithms: the plain parallel
doubling and adding (D&A, [1]) code used in [6, 8]
and Hyperion [7], a 3D radiative transfer code, able to
accurately model the topography of Gale Crater. The
topography of Gale Crater is taken from the 3D digital
elevation model (DEM) constructed from High/Super
Resolution Stereo Camera images (HRSC) on-board
the Mars Express orbiter [2]. The D&A code is used
to determine the sky radiance as a function of time of
day and season - for further details see [8].

Ultimately this work will expand to encompass all
possible Navcam images that include regions of the
sky, crater rim, and ground near the rover to give
as complete a view as possible of the dust extinc-
tion record in Gale Crater possible. These will sub-
sequently be used to produce a quantitative analysis of
the dust deposition rate within Gale Crater as a func-
tion of time.
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Abstract 

Titan’s ionosphere is a dusty plasma where complex 

organic aerosols are formed. As they have a strong 

prebiotic interest, we would like to understand how 

they are formed and how they interact with the 

surrounding plasma. Here we simulate this 

interaction dust-plasma in a DC reactor. We place 

analogues of Titan’s aerosols in a N2-H2 discharge 

and follow their infrared absorption spectrum all 

along the exposure. The evolution of the surface state 

of the sample is also observed by scanning electron 

microscopy. First experiments indicate some 

modifications in the absorption bands and in the 

surface structure. Therefore, the organic aerosols 

seem to be physically and chemically altered by the 

plasma. 

1. Introduction 

Atmospheric aerosols play an important role in the 

climate of planets. Especially, Titan produces such a 

quantity of particles that its surface becomes invisible 

from above. The Cassini-Huygens mission 

discovered that this matter is created high in the 

atmosphere of the moon, where solar radiations and 

Saturn’s energetic particles can ionize nitrogen and 

methane of Titan’s atmosphere. This leads to 

complex chemical processes and the formation of 

organic nanograins in the ionosphere [1]. 

Laboratory simulations succeed in forming similar 

organic grains (“tholins”) using RF plasma or UV 

light. Aerosols form in a few minutes and these first 

chemical steps are relentlessly studied. However, on 

Titan the particles cross the wide ionosphere during 

their descent and stay a while in a harsh plasma 

environment. Especially, the organic grains are likely 

to evolve physically and / or chemically. [2] recently 

studied the effect of UV radiations on tholins. Here 

we look at their evolution under plasma conditions. 

2. Experimental setup 

2.1 Sample synthesis 

Samples are formed in the reactor PAMPRE [3]. A 

CCP RF discharge is ignited at 30W in a gas mixture 

of 95% N2 and 5% CH4 at 0.9mbar. In a few minutes 

it leads to the formation of organic grains.  

Tholins are then diluted with 99% KBr and pressed 

in thin pellets. 

2.2 Exposure in a plasma reactor 

The pellets are exposed during several hours to a N2-

H2 plasma. They are put in the middle of a DC glow 

discharge under a current of 20mA. A flow of 5sccm 

goes through the tube leading to an adjustable 

pressure of 1 to 3mbar. Methane is removed from the 

gas mixture to prevent the formation of new tholins. 

2.3 Analysis of the sample evolution 

The structure of the sample’s surface is examined 

before and after exposure thanks to an Environment 

Scanning Electron Microscope (E-SEM) at LGPM 

(Quanta 200 from FEI). 

Besides, the plasma reactor is adapted to fit inside the 

sample compartment of a FTIR (Bruker V70 with a 

0.16cm-1 resolution). This allows direct in situ 

measurement through the pellet under direct plasma 

exposure. The evolution of tholins are then followed 

by infrared absorption spectroscopy, in transmission 

through the pellet. 

 
Figure 1: experimental setup 
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3. Results 

3.1 Physical erosion  

Pellets are quickly modified when the plasma is 

ignited. Plasma sputtering makes them whiter, 

rougher and eroded on the sides.  

SEM pictures confirm the preferential erosion of 

organic material and the global formation of rough 

structures at the surface 

 

Figure 2: (a) Pellet with 1.5% of tholins in KBr. (b) Same 

pellet after 4h exposure to plasma at 3torr. 

In addition, absolute IR absorbance of eroded pellets 

attests the loss of absorbing matter and the 

augmentation of diffusion with roughness. 

3.2 Chemical modifications 

After normalizing IR absorption bands to remove the 

effects due to physical erosion, we can notice some 

distortions in the spectra during plasma exposure. 

 

Figure 3: Deconvolution in Gaussians of the nitrile band 

before exposure 

 

Figure 4: Evolution of Gaussian’s amplitudes during 

exposure 

4. Perspectives 

Tholins are chemically changed by N2-H2 plasma 

conditions. The next logical step is to modify plasma 

parameters to understand the role of each species 

(electrons, ions, radicals…) in the evolutions seen. 
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Abstract

The nucleation properties of methane and ethane on 
tholins  depends  upon  few  specific  key  parameters 
which  are  generally  poorly  defined  ;  the  wetting 
parameters  m  (equal  to  the  cosine  of  the  contact 
angle made by the embryo on the substrate) and the 
desorption energy of the condensing species on the 
substrate,  ∆Fdes. Often, wetting parameter are found 
in  the  range [0.9-1.0]  to  promote  cloud formation. 
The desorption energies are taken from experimental 
results  on  substrates  approximatively  similar  to 
carbon  or  organic  material,  sometimes  taken  from 
other cases (like water on mineral substrates applied 
to  condensation  of  hydrocarbons on  photochemical 
aerosols) when not simply ignored. In this work, we 
used  the  results  of  an  experiment  dedicated  to 
characterize  the  adsorption  isotherm  prior  to 
nucleation and the nucleation/condensation saturation 
threshold  of  methane  and  ethane  on  tholins,  an 
analogous of Titan aerosols. 

1. Principle of the work

 We used the experimental results of Curtis et 
al., (2008).  For this experiment, the size distribution 
of  the  tholin  grains  and  the  total  volume  is  fully 
characterized.  Then,  the  experiment  consists  in 
increasing  the  saturation  level  from  S=0  to  the 
critical  saturation  Sc of  methane  or  ethane  beyond 
which nucleation and  condensation starts. The resuls 
that we are going to use are the adsorption isotherms 
of  methane  (at  45  K)  and  ethane  (75  K)  prior  to 
nucleation and  the saturation threshold that  trigger 
nucleation.

We  used  the  Langmuir  isotherm  to 
reproduce  methane  adsorption  and  the  Brunauer-
Emmett-Teller  (BET)  isotherm  for  the  ethane 
adsorption.  The  choice  of  the  isotherm  model  is 
primarily  defined  by  the  type  of  the  adsorption 
isotherm,  following  the  IUPAC  (Thommes  et  al., 
2005) classification. For each isotherm, the main free 
parameter  is  the  desorption  energy  ∆Fdes of  the 

adsorbing molecules on the solid substrate. We also 
have to define other parameters like for instance the 
molecule  jump  frequency  or  the  density  of 
adsorption, which are better constrained. 

Figure  1:  Langmuir  isotherm  (IUPAC type  I)  and  
BET isotherm (IUPAC type III)  fitting the methane  
(top) and ethane (bottom) adsorption as a function of  
the saturation ratio

Once the desorption isotherm is understood 
and  the  corresponding  parameters  are  defined  for 
each  molecules,  we  can  study  the  condensation 
threshold. We used a microphysical model based on 
the classical equations of nucleation (Pruppacher and 
Klett,  1997).  However,  we  used  the  relevant 
adsorption isotherm to calculate the nucleation rate, 
instead of the simpler rule used in the classical laws. 
We simulate as closely as possible the Curtis et al., 
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(2008). We reproduce, with a time resolved model, 
the increase of the saturation and we compute at each 
time  step  the  nucleation  rate  and  condensation 
growing  rate.  Our  model  predicts  the  size  of  the 
condensation droplets which appear, then we can also 
compute the opacity of the methane layer that forms 
due  to  condensation  and  we  are  able  to  define  an 
optical threshold for the transmission. 

We use this model over the complete range 
of possible values for m (that is between  -1 and +1) 
and for each values of m,  we simulate the nucleation 
and  the  adsorption  up  to  trigger  the  condensation. 
This allows to define, for each gas, the range of value 
for m which is consistent with the observed critical 
saturation.

2. Main results

We  find  that  methane  adsorption  follows 
very  well  the  Langmuir  adsorption  isotherm,  as 
already noted by Curtis et al. (2008). We find that the 
desorption energy is ∆Fdes =1.5220 ± 0.0715×10-20

 
J  

if  we  include  all  the  uncertainties  and  the  wetting 
factor m  =0.994 ± 0.001.  Ethane adsorption,  fitted 
with a BET isotherm, only allows to retrieve ∆Fsub 

-∆Fdes =  2.723×10-21
 
J  where  ∆Fsub is  the  ethane 

latent heat of sublimation. The interpretation of the 
ethane adsorption will be discussed because it is not 
straighforward, and it could be understood in at least 
two different ways. However, the value of m can be 
retrieved regardless the way to interpret the isotherm, 
and we find the value m =0.966 ± 0.007

Figure 2: Critical threshold as a function of m for  
different parameters of the microphysical model for  
methane  (left)  and  ethane  (right).  The  horizontal  
layers indicate the experimental values of the actual  
critical observed in Curtis et al., 2008 experiment.

3.  Consequences  on  microphysical  
models

The  last  part  of  this  work  will  consist  in 
investigating  the  consequences  of  our  finding  on 
microphysical models. First we show how and why 
the nucleation laws should be modified to account for 
a  more  detailed  description  of  the  adsorption 
isotherm.  We also  investigate  the  consequences  on 
the actual case of Titan (and possibly on other planets 
with photochemical aerosols).  We find that  because 
m is  close  to  1,  finally,  the  fine  detail  of  the 
adsorption or nucleation have little impact provided 
that the desorption energy is well known. For cases 
with  smaller  values  of  m,  (<  0.97)  the  type  of 
isotherm used to calculate nucleation may matter.

 We finally give suggestion of  what could 
be done to go further. Indeed, we used  experimental 
results done with one specific type of tholins, while 
we know that the composition of laboratory tholins 
varies with their formation condition. Their chemical 
composition can also evolve with time while they get 
older.  This  could  have  an  impact  on  the  physical 
parameters that govern adsorption and nucleation. Of 
course,  such  study  should  also  be  performed  with 
other gases relevant to planetary atmospheres.
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Abstract 

Stratospheric ice clouds have been repeatedly 

observed in Titan's atmosphere by the Cassini 

Composite InfraRed Spectrometer (CIRS) since the 

Cassini spacecraft entered into orbit around Saturn 

fourteen years ago. However, their chemical 

composition is still undetermined. For some of them, 

co-condensation could be a formation mechanism. We 

present the laboratory experiments we have conducted 

and the results we have obtained with the aim to 

identify particularly two perplexing observed 

stratospheric clouds, the Haystack and the High-

Altitude South Polar (HASP) ice clouds. 

1. Introduction 

In addition to the tropospheric convective methane 

clouds, a second type of cloud system is observed in 

Titan's stratosphere. Ices clouds of crystalline 

cyanoacetylene (HC3N, 6 band at 506 cm-1) and 

dicyanoacetylene (C4N2, 8 band at 478 cm-1) are 

detected in CIRS far-infrared (far-IR) spectra, at high 

latitudes during the northern winter [1] [2]. CIRS far-

IR data also show that during mid to late northern 

winter on Titan, thin nitrile ice clouds extend globally 

from 85°N to at least 55°S. These ices exhibit several 

overlapping broad-emission features due to low-

energy lattice vibrations [3] (Table 1). Recently, a 

massive stratospheric ice cloud system, called the 

High-Altitude South Polar (HASP) cloud, has been 

discovered in Titan's early southern winter 

stratosphere at high southern latitudes [4]. Most of 

Titan’s stratospheric ice clouds form as a result of 

vapor condensation processes, composed of pure 

organic cyanides (like HC3N and C4N2) but also of 

mixed nitriles and hydrocarbons. The first co-

condensed nitrile ice feature dominated by a mixture 

of HCN and HC3N ices, has been identified in the 

CIRS limb spectra, peaking at 160 cm-1 [3]. Most of 

Titan's organic vapors condense to form successive ice 

shells on Titan's aerosol particles as the vapors cool 

while descending throughout Titan's stratosphere. 

However, depending on the vapor abundances, local 

atmospheric temperatures and saturation vapor 

pressures, these gases enter altitude regions in Titan's 

stratosphere where they can simultaneously saturate, 

and co-condensed. During co-condensation, the ice 

particles mixed together and are no longer isolated 

into successive shells of pure ices (layered ice). The 

presence of other CIRS-observed stratospheric ices, 

such as the unidentified Haystack peaking at 220 cm-

1 and the HASP peaking near 200 cm-1 are puzzling 

since not any pure condensed vapor matches their 

emission features. In the present work, we have 

investigated if co-condensed mixed ices could 

contribute to the Haystack and HASP emission 

features. 

Table 1: Spectral assignment of the stratospheric ice clouds 

detected by CIRS. 

Stratospheric ices 

detected by CIRS 

Far-IR emission features 

(cm-1) 

HC3N 506 (6) crystalline 

C4N2 478 (8) crystalline 

Nitrile composite ice 160 (peak) 

Haystack  220 (peak) 

HASP 200 (peak) 

 

2. Experimental methodology 

We have performed experiments using the 

SPECtroscopy of Titan-Related ice AnaLogs 

(SPECTRAL) high-vacuum chamber set up at NASA 

Goddard Space Flight Center. The SPECTRAL 

chamber (Fig. 1) has been designed specifically for 

measuring laboratory transmission spectra of thin ice 

films of pure and mixed ices, at Titan-appropriate 

temperatures (70 – 130 K) from the near to far-infrared 

region, i.e. from 11700 cm-1 to 50 cm-1. The vapors 

were deposited at low temperatures from 30 K to 160 
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K, and the resulting ice thicknesses were determined, 

the ice phase were analysed by FTIR spectroscopy and 

their optical constants computed. 

 
Figure 1: Schematic of the SPECTRAL high-vacuum 

chamber experimental setup at NASA GSFC. 

3. Results 

3.1 Results: HASP study 

We have co-condensed vapor mixtures of HCN-HC3N, 

C6H6-HC3N and C6H6-HCN at 110 K and analysed the 

resulting mixed ices (Fig. 2). HCN, HC3N, C6H6 are 

gases co-condensing at the pressures, temperatures 

and altitude where the HASP cloud is observed. 

 

 
The spectrum of co-condensed thin ice film from 

mixed vapors of 20% HCN- 80% C6H6 deposited at 

110 K is a good match for the HASP emission feature 

at 200 cm-1. This result demonstrates that the chemical 

composition of the HASP cloud is consistent with a 

mixed C6H6-HCN ice, formed via co-condensation. 

3.2 Results: Haystack study 

Spectra of crystalline HCN ice and crystalline 

propionitrile (C2H5CN) ice obtained from pure vapors 

deposited at 110 K and 135 K, respectively were 

obtained (Fig. 3). They do not match the Haystack 

emission feature at 220 cm-1. 

 
Figure 3: Laboratory Far-IR spectra of different mixed ices 

from co-condensed vapors compared to the CIRS-derived 

spectrum of Titan's Haystack cloud (at 85°N). 

Comparing our laboratory spectra of different mixed 

ices containing HCN, C6H6, C2H5CN to the CIRS data 

(Fig. 3), we do not find any good match for the 

Haystack emission feature yet, but further experiments 

with other co-condensed ices are currently in progress. 
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Abstract 
Titan’s lower stratosphere and troposphere (lower 
atmosphere) receives UV-depleted longer 
wavelength photons. These photons are not energetic 
enough to cause photochemical transformations of 
molecules in the gas phase. However, aerosols with 
longer wavelength absorption could transfer that 
energy to other molecules resulting indirect photo-
induced transformations.  

1. Introduction 
While Titan’s upper atmosphere is photochemically 
very active, due to the aerosols and clouds it is often 
assumed that Titan’s lower atmosphere is 
photochemically inert. However, our recent works 
has clearly shown that even at wavelengths that pass 
through the upper atmosphere unattenuated (longer 
than 300 nm) into the lower atmosphere, 
photochemistry continues to happen (Couturier-
Tamburelli et al. 2014; Couturier-Tamburelli, Pietri, 
& Gudipati 2015; Couturier-Tamburelli et al. 2018; 
Gudipati et al. 2013). Acetylene, the third most 
abundant organic molecule in Titan’s atmosphere and 
most abundant unsaturated hydrocarbon, cannot be 
photoexcited at >300 nm wavelengths, either in the 
gas-phase or in condensed-phase such as clouds or 
ice. Our goal is to understand what would happen if 
acetylene condenses on larger aerosols that could 
absorb photons reaching the lower atmosphere. 
Would acetylene become reactive? Indeed, our 
results indicate it does. 

2. Results 
We irradiated pure acetylene ice deposited on 
sapphire window at 50 K using highly de-focused (to 
avoid multiphoton processes) laser at 355 nm. We 
did not find any significant change in the infrared and 

ultraviolet absorption spectra of acetylene. 
Subsequently, we deposited ~20 nm thick acetylene 
ice film on a ~600 nm thick Titan’s aerosol analog 
coated sapphire window (produced through 
discharge). When irradiated at 355 nm, we found 
significant depletion of acetylene based on infrared 
spectra. We have repeated similar studies at longer 
wavelengths, whereby the depletion effect was not as 
dramatic. 

During these studies we have also monitored gas-
phase molecular abundancies using quadrupole mass 
spectrometry. After careful experimentation and data 
analysis, we recognized that two processes work in 
parallel when acetylene coated Titan’s aerosol 
analogs are bombarded with >300 nm photons: (a) 
photodesorption of acetylene, which accounts to 
about 25% of the total acetylene loss. Remaining 
75% acetylene should have been chemically bonded 
with the aerosol. 
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Abstract

The 13 years of the Cassini mission provide a unique
dataset monitoring the evolution of Titan’s atmosphere
during almost half a Titan year. We present here a
systematic survey of the vertical extinction profiles re-
trieved between 300 to 700 km with an atmospheric
limb multiple scattering model. We sampled the ISS
NAC CL1-UV3 dataset on the entire Cassini mission,
from 2004 (during the northern winter) to the end of
the mission in 2017 (after the summer solstice). The
spatial and temporal variations observed bring new
perspectives on the cycle of the detached haze layer
and its interaction with the dynamics.

1. Introduction
Titan is the only moon of the solar system with a thick
hazy atmosphere. Above its main haze, the presence of
a small detached haze layer was first observed by Voy-
agers [1] during the 80’s flyby of Titan. The analysis
of this strange feature by Rages & Pollack confirms
the existence of an excess of extinction located around
350 km, associated with a peak of particles density and
a local depletion 50 km below [2]. Its horizontal ex-
tent was very stable in altitude and reported at all the
southern latitudes up to 45°N where it connects to the
northern polar hood.

In 2004, 25 years later, Cassini ISS cameras reveal
a similar haze layer located at 500 km [3]. Its altitude
remains stable up to 2007 [4] when it starts to collaspe
down to 380 km in 2010 and disappeared in 2012 after
the equinox [5]. As predicted by 2-3D Global Circula-
tion Models (GCMs) [6, 7, 8], the detached haze layer
reappeared in 2016 [9] at 480 km but reveals a more
complexe behavior than expected.

Therefore, a detailed analysis of the spatial variabil-
ity of Titan’s detached haze layer is required to fully
understand these seasonal variations.

2. Data & Method
Our survey is conducted on 137 images taken by
the Cassini Image Sub-System Narrow Angle Cam-
era (ISS/NAC) with the ultra-violet (CL1-UV3) fil-
ters (Fig. 1) to get the highest temporal and phase
coverage. The average time between two pictures is
40 Earth days (2.5 Titan days). Due to orbital con-
straints, no data were recorded between 03/08-01/09
and 10/10-09/11 but at least 90 % of our sample are
separated by less than 120 Earth days (7.5 Titan days).

Figure 1: Seasonal evolution of Titan’s illumintation
and global scale circulation during the Cassini mis-
sion (2004-2017) with a color-coded time series of the
ISS/NAC CL1-UV3 images used in this study.

The dataset is calibrated using CISSCAL and the
signal to noise ratio on the limb profile is improved
by deconvolving the images with a Poisson maximum
a posteriori method (PMAP) using the point spread
function (PSF) calculated in-flight [10]. The naviga-
tion of the images is initialized with the Spice routines
and the location of the center of Titan is refined by
searching the best alignment on the limb.

To retrieve haze extinction coefficient profiles from
the I/F profiles, we calculated single-scatter I/F in a
spherical-shell geometry between 300 and 700 km al-
titude [2, 11]. The multiple scattering is taken into ac-
count with a correction factor based on a plane-parallel
radiative transfer model using atmosphere properties
fitted on nadir observations (see [9] for more details).
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3. Results
Between 2004 and 2007, the detached haze layer ap-
pears as a continuous layer at 500 km from the south
pole to the north pole where its thickness increases be-
fore its junction with the polar hood at 60°N (Fig. 2).

Around the equinox in 2009, the depletion below
the detached layer starts to drop down to 350 km. We
notice that this drop appears quicker in the southern
hemisphere. The merge with the main haze occurs in
2012 around 300 km with a similar patern as predicted
by GCMs but with a temporal offset of 30° in solar
longitude.

Between 2012 and 2015, no consistent detached
haze is reported even if some sporadic local depletions
could be observed. It’s only in early 2016 that the de-
tached haze reappears as a continuous layer from the
northern hemisphere down to the south pole where it
connects with the main haze.

Finally, in 2017 after the northern summer solstice,
the detached haze layer splits into two layers at 520 km
in the southern hemisphere and at 470 km in the north-
ern hemisphere. This feature reveals a complex unan-
ticipated underlying dynamics. This patern could be
an early stage before the formation of a new persistant
detached haze layer during the northern summer.

Additionally, when it was possible, we conducted
a small-scale analysis to estimate the longitude and
the dusk/dawn variability (not presented here). Our
first results show second order variations which reveal
short timescales events (alternation day/night, wave
activity, . . . ).

Overall, the observations match the large scale be-
havior prediected by the GCMs however we report a
temporal offset during the collapse and the reappear-
ance of the detached haze layer. We also show that
the detached haze layer is not always a constant layer
but varies with latitude, revealing a complex dynamics
which should provide valuable constraints for future
GCMs.
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Abstract 
The sunlight reflected by Titan’s atmosphere is strongly 
polarized at phases near quadrature. This Rayleigh-like 
behavior has provided key clues towards the 
understanding of the aggregate nature of Titan’s 
ubiquitous haze [1, 2]. We are compiling the 
polarization phase curves of Titan with data collected 
with Cassini’s Imaging Science Subsystem (ISS). The 
ISS dataset covers the spectrum from the UV to the 
NIR, and phase angles from nearly zero degrees (full 
illumination) to 150 degrees, thereby extending the 
observations made by the Voyager and Pioneer 
spacecraft decades ago. The ISS dataset confirms the 
older trends in Titan’s polarization, i.e. high fractional 
polarizations at quadrature that increase towards the 
shorter wavelengths. The ISS dataset also shows new 
insight thanks to the relatively good phase sampling and 
to the availability of data at wavelengths affected by 
methane absorption. Since we have spectrally-resolved 
phase curves in both brightness and polarization, we are 
investigating the optimal way to combine that 
information towards the optimal characterization of 
Titan’s atmosphere.  
 
1. Introduction 
Ref. [3] discusses Titan’s brightness phase curves 
obtained from images taken with ISS’s Narrow Angle 
Camera (NAC) and non-polarizing filters. We are 
currently extending that analysis to include images taken 
with the Wide Angle Camera (WAC) as well as with 
polarizing filters. Figure 1 shows a brightness phase 
curve obtained with four instrument configurations an 
the CB2 filter. The  configurations are: i) NAC without 
polarizing filters (Photometric Data (NAC) in the 
Legend); ii) NAC with 3 polarizing filters offset by 60 
deg (Polarimetric Data (NAC)); iii) WAC without 
polarizing filters (Photometric Data (WAC)); iv) WAC 
with two polarizing filters at right angles (Polarimetric 
Data (WAC)). 

 

Figure 1. Cassini/ISS brightness phase curve of Titan taken with the CB2 filter 
(effective wavelength of ~750 nm). The four datasets correspond to measurements 
done with: NAC without polarizers; NAC with 3 polarizing filters; WAC without 
polarizers; WAC with 2 polarizing filters. 

 

Figure 2. Titan’s fractional polarization measured with the NAC and the green 
filter (effective wavelength of ~570 nm). NAC measurements result in the two 
elements of the Stokes vector for linear polarization, Q and U, referred to the 
camera axes. To produce the phase curve in the graph, we have rotated the 
reference plane for each datapoint so that the rotated Stokes elements Uº0 and 
Q>0.  The solid curves are models calculated with a Monte Carlo algorithm that 
solves the multiple scattering problem in Titan’s atmosphere [4]. The models 
assume that the normalized elements of the scattering matrix Fij/F11(θ) are 
Rayleigh-like, meaning that Fij/F11(θ)|aerosolµFij/F11(θ)|Rayleigh. pm parameterizes 
the maximum single-scattering polarization in F12/F11(θ)|aerosol, which occurs for 
θ=90 deg. The model simulations suggest that values of pm~1 are required to 
reproduce the observations. The wiggles in the synthetic phase curves are due to 
poor statistics in the Monte Carlo simulations, which for these exploratory 
examples are run with 105 photons. 
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Figure 2 shows the fractional polarization Q/I obtained 
with the NAC and the green filter (effective wavelength 
of ~570 nm). The fractional polarization is obtained from 
the ratio of Q and I. Figure 3 shows the corresponding 
curve for Q.  

 

Figure 3. Phase curve for Q, obtained with the NAC and the green filter.  

Figures 2-3 show that the sampling in phase angle is 
quite complete, and allows to trace the polarization 
behavior up to phase angles of 150 deg. At this 
wavelength, Titan reaches a maximum fractional 
polarization of 50 percent. This value is representative of 
the haze optical properties over the entire atmosphere 
and within less than one optical depth from the 
atmospheric top. Figure 4 compiles some images of 
Titan’s disk and shows the orientation of the emergent 
electric field.  

We are currently addressing the interpretation of the 
polarization curves with a Monte Carlo model that solves 
the multiple scattering problem in the atmosphere [5]. 
For the time being, we have assumed that the scattering 
matrix of the aerosols can be described in the form 
Fij/F11(θ)|aerosolµ Fij/F11(θ)|Rayleigh. In particular, for 
F12/F11(θ)|aerosol = pm F12/F11(θ)|Rayleigh, where pm is a user-
defined parameter that represents the maximum 
polarization for single scattering.  

The comparison of models to observations should result 
in valuable constraints on the aerosol sizes near the top 
of the atmosphere. Our initial exploration suggests that 
the haze layer to which the measurements are sensitive is 
strongly polarizing, with nearly full polarization in single 
scattering (pm~1, Fig. 2). Our analysis complements the 
linear polarization investigation of Titan’s atmosphere 
during the DISR descent [6], which is probably relevant 
to lower altitudes than those probed by the phase curves 
here. 

Summary and future work 
The Cassini/ISS polarization phase curves that we are 
preparing represent a valuable dataset for the 
characterization of Titan’s aerosols. This emphasizes the 
diagnostics possibilities offered by polarimetry, which 
complements other remote sensing techniques. The next 
steps include the interpretation of the phase curves with 
multiple scattering models.  

Figure 4. Orientation of the electric field in images taken with the NAC and the 
green filter. In these images, it is possible to infer all three I, Q and U elements 
of the Stokes vector. 
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Abstract
Atmospheric modeling involving the condensation
process, such as in photochemical or microphysical
models, requires knowledge of the vapor pressure of
the condensing species as a function of temperature.
Additionally latent heat values, which can be related
to the vapor pressure through the Clausius-Clapeyron
equation, are important when modeling energy trans-
port processes. Online reference sites such as the
NIST Chemistry WebBook contain formulations of the
vapor pressure for many species found in the planetary
atmospheres of our solar system. However the NIST
equations most often report data for the liquid phase,
whereas at the colder temperatures in outer solar sys-
tem, these species would condense as ices. There have
been some works in the literature that compile lists of
vapor pressure equations and data points for sublima-
tion, but an online database allowing the user to per-
form calculations or create plots over a desired tem-
perature range is lacking.

1. Introduction
Understanding the validity of vapor pressure and latent
heat equations for a given temperature range is of great
importance to a variety of researchers across the plan-
etary science community. Applications include photo-
chemical modeling, microphysical modeling, energy
balance models, general circulation models, planetesi-
mal formation models, and interpreting spacecraft ob-
servations.

Ices are prevalent in the outer solar system and have
been detected at the surface of many planetary bod-
ies. The prevalence of methane (CH4) in outer planet
atmospheres leads to an abundance of hydrocarbons
created through photochemistry. The molecular nitro-
gen composition, particularly on Titan and Pluto, also
results in creation of a number of nitrile species. Thus,
modeling the condensation process in the outer solar
system requires knowledge of vapor pressure and la-
tent heat values as a function of temperature, often

well below the triple point of the various (hydrocar-
bon and nitrile) species present in these planetary at-
mospheres.

The National Institute of Standards and Technol-
ogy (NIST) Chemistry WebBook (Linstrom and Mal-
lard: /http://webbook.nist.gov/chemistry/) provides
the most complete online database of vapor pressure,
latent heat, and triple point temperature/pressure val-
ues. [4] is an example, containing temperature rela-
tions for the vapor pressures of nine hydrocarbons an-
ticipated to condense in Neptune’s atmosphere. [1] has
been widely cited by the modeling community. They
give both liquid and ice forms of the vapor pressure
equations for a dozen species, including the alpha and
beta phases of some ices (e.g., N2, CO). [2] more re-
cently conducted an extensive study of sublimation va-
por pressure lab data in order to evaluate the measure-
ments for low temperatures and construct a polyno-
mial fit (similar in form to Brown and Ziegler’s equa-
tion)

While the works cited above have proved extremely
useful, they do have their limitations, particularly with
reference to the outer planet atmospheres in our solar
system – the NIST database primarily due to a lack of
data for low temperatures and Fray and Schmitt due
to gaps in the number of species where suitable equa-
tions could be derived and (as with [1]) the computa-
tional expense of their equation. What would be most
useful for the research community would be the abil-
ity to graphically compare all reference equations for
a given species across any desired temperature range.
Such a task is currently being undertaken by develop-
ing the software tools described below.

2. Vapor Pressure Modules
A number of Fortran 90 modules will be written so
that these equations can be called directly from ex-
isting code. Each reference equation is coded into a
separate function, named with the condensing species
and the specific reference name (e.g. nist, author’s
name). The complete citation and temperature range
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(if available) cited from the original source is listed. A
wrapper function (e.g., vapor_press_CH4) is then used
to access the specific reference equation for a given
species, providing an input argument of phase and ref-
erence ID. There is a similar looking latent_heat_CH4
wrapper function with calls to the collected latent heat
equations.

Each condensing species is self-contained in its own
’database’ module. All module names take the same
form, database_formula, where formula is the molec-
ular formula of the condensing species, e.g. CH4,
C2H6, C2H2, etc. Within each module, the vapor
pressure and latent heat functions all follow the same
naming convention as well, for ease of use.

The Fortran modules will be designed such that they
can be compiled/run on their own or called from an
existing model. Fortran was chosen as many of the
models listed in Sec. 1 have this language as their her-
itage, and also a Fortran compiler is typically avail-
able on the systems of most researchers. Additionally,
Fortran code can be called from C, Python, and IDL.
The modules will be tested on both Linux and Win-
dows platforms and have currently been compiled us-
ing both gfortran and ifort with no problems.

Additionally, a similar set of functions will be coded
in Python. These functions also take temperature as an
input argument, as well as a string for pressure units
for the output value. A reference string is given, sim-
ilarly to the Fortran functions. If the string is simply
’ref’ the function will print a list of available refer-
ences and their temperature range instead of calculat-
ing the vapor pressure or latent heat. The Python dic-
tionary tool allows for the creation of a simple plotting
program, where all relevant equations can be accessed
simply by giving the species’ chemical formula. The
vapor pressure module uses only the Python numpy
package; the pylab package is used in the plotting
module. Python was chosen as it is freely available
and is becoming increasingly used within the research
community - both by modelers and non-modelers to
visualize their data.

3. Summary
Instructions for compiling and running the Fortran and
Python modules will also be provided in the submis-
sion to NASA’s GitHub. In addition to a separate in-
structions file, the Python module also contains a help
function. The vapor pressure and latent heat calcula-
tion functions for all species are contained in a sin-
gle file (module) for the Python code. There will also
be separate python programs for generating the vapor

pressure comparison curves and latent heat curves over
a user-supplied range of temperatures. The Fortran
code will be a set of separate files (modules) for each
species along with a global module file to supply rel-
evant constants (e.g. universal gas constant and unit
conversions). To further provide for a wide variety of
uses, numerical tables of vapor pressure and latent heat
values over a range of temperatures will be generated
for all species and submitted to NASA’s GitHub.

Initial work on equations relevant to icy species in
the Outer Planet atmospheres will be presented here.
Future work will include species relevant to exoplanet
atmospheres.
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