In-situ exploration of Titan’s
atmosphere

Adapting SPEX for a balloon mission to Titan

Nicoletta Silvestri

August 31, 2010

Faculty of Aerospace Engineering - Delft University of Technology







In-situ exploration of Titan’s
atmosphere

Adapting SPEX for a balloon mission to Titan

MASTER or SCIENCE THESIS

Nicoletta Silvestri

Supervisor: dr. D.M. Stam
SRON - Netherlands Institute for Space Research
Sorbonnelaan 2, 3584 CA, Utrecht The Netherlands

Co-Supervisor: dr. L.L.A. Vermeersen

Astrodynamics & Space Missions
Faculty of Aerospace Engineering - TU Delft

Kluyverweg 1, 2628 CD Delft The Netherlands

Faculty of Aerospace Engineering - Delft University of Technology






Preface

The Aerospace Engineering Masters at the Delft University of Technology is con-
cluded with the development of a final project. The research and the development of
the project are documented in a thesis work. This report presents the thesis work of
the author. The project hereby presented has been developed at SRON - Netherlands
Institute of Space Research - in Utrecht at the division of Earth and Planetary Science.
The last stage of this research has been carried out at the chair of Astrodynamics and
Space Missions at the aforementioned faculty. The thesis is addressed to people who
are interested in both atmospheric science and instrument engineering. This thesis will
provide the reader with basic but thorough insight into the related disciplines of radia-
tive transfer in planetary atmospheres and spectropolarimetry. The reader that will go
through the report will read about how to characterize the microphysical properties of
aerosol particles contained in the atmosphere of Titan by using the spectropolarimeter
SPEX for in-situ exploration aboard a hot-air balloon. This thesis can serve as a means
for broadening ones knowledge on the subject or as a start for further research.

The background knowledge on radiative transfer and light scattering phenomena is
given by Chapters 4 to 6. Here, the single scattering and the multiple scattering tak-
ing place in the atmosphere of Titan are explained together with numerical simulations
of radiative transfer. If the reader is more interested in spectropolarimetry, the author
would recommend to take a look at Chapter 7. Here, SPEX (Spectropolarimeter for
Planetary Exploration) and its novel spectropolarimetric technique is treated in detail.
In this chapter, the advantages of its new method are compared to classical polarimet-
ric techniques. In addition, the author would like to bring the attention of the reader
to the content of appendix A. Here it is possible to find the article presented by the
author at the 7** edition of the International Planetary Probe Workshop (IPPW-7)
held in Barcelona on June 14-18 2010. The article is a concise version of the thesis
work. Together with the article, I would definitively recommend to read Chapter 1
where a detailed introduction to the whole project is given.

I would like to thank my thesis supervisor Dr. Daphne Stam in specific for her constant
and fruitful guidance in the 'new world’ of atmospheric radiative transfer. I would like
to thank her for her help, patience and constant availability during the research. A spe-
cial thanks goes to Dr. ir. Martijn Smit and Dr. ir. Jeroen Rietjens, without their help
this thesis work would not have been possible. I would like thank my co-supervisor dr.
Bert Vermeersen for his guidance during the last stage of the thesis work. A particular
thank goes also to the EPS division members for the incredible year spent together at
SRON. In particular I would like to thank Dinand Schepers, my desk-mate at SRON
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and friend in life. A special word of appreciation goes out to the students from the 9**
floor for keeping me company during this work. Specifically, in random order, Guido
Ridolfi, Antonio Pagano, Stefan van Doorn, Hermes Jara Orue, Tom de Groot, Mirjam
Boere, Vivek Vittaldev. Moreover, I am particularly grateful to my’dutch family’ and
to Federica and Manuela for their precious friendship. Last but not least, the biggest
thank goes to my boyfriend Bob who supported me during the IPPW-7 and during
most of the thesis work. I would like to thank him for helping me out with drawing
the new design of SPEX and making the movie about the Titan-balloon.

This thesis work is dedicated to my Family, who gave me the possibility to become
who I am.

Nicoletta Silvestri
August 23, 2010



Summary

Titan is the biggest moon orbiting the planet Saturn. The peculiarity of Titan lies in its
thick nitrogen atmosphere with a surface pressure of 1.5 bar. The atmosphere consists
of two thick haze layers thought to be composed of fractal-shaped aerosols. Knowing
the properties of the hazes is crucial for understanding the existence and evolution of
Titan’s atmosphere and the dynamical processes that take place therein. This work
investigates how we can characterize the hazes in Titan’s atmosphere using a balloon-
borne spectropolarimeter SPEX, the Spectropolarimeter for Planetary EXploration.
First, we focus on the haze particles: what is the knowledge that has been acquired
so far and what more do we need to know about the aerosols? Next, we explain
the concept of spectropolarimetry, which is the method we plan to use to get more
information about the haze. Then, we explain how to measure the aerosol’s properties.
We describe the SPEX instrument and its novel polarimetric method, and compare it
with classical polarimetric methods. SPEX measures simultaneously the radiance and
the degree and direction of linear polarization of sunlight scattered inside a planetary
atmosphere. We present numerical simulations of sunlight scattered inside Titan’s
atmosphere and numerical simulations of realistic performances of SPEX as payload on
the hot-air balloon of the Titan Saturn System mission (TSSM) which was submitted
for the ESA’s Cosmic Vision Program. In its current design, SPEX has been optimized
as payload for a Mars orbiter. For Titan we would prefer a higher spectral resolution to
resolve the methane features that show up in the spectra of scattered sunlight inside the
atmosphere. Moreover, compared to a Mars SPEX, we would prefer different viewing
angles due to its placement on a balloon instead of on an orbiter. We conclude that
if we increase the thickness of the birefringent crystals in the SPEX’ pre-optic system
from 4 mm (Mars design) to 16 mm, we can resolve the strong methane bands present in
Titan’s spectra, which will allow us to retrieve aerosol information contained in these
bands. An interesting solution for the viewing angles would be to have a rotating
disk placed on a boom beneath the balloon’s gondola and inclined under an angle of
40° with respect to the vertical axis. The disk would contain a number of apertures
looking outward along its rim. We conclude that SPEX on the TSSM balloon would
be a powerful tool for characterizing Titan’s haze.
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1 Introduction

Titan is the largest moon in the Saturn system and it is the second in size in the
whole Solar System after Ganymede. The average distance with respect to Earth is
about 9.2 AU, for this reason it belongs to the outer part of the Solar System. The
radius of the moon is 0.4 times the size of Earth, Titan revolves around Saturn in 16
Earth days and revolves (with Saturn) around the Sun in 29 Earth years. Since its
discovery in 1655 by Christiaan Huygens, Titan has been the subject of many stud-
ies. The peculiarity of Titan lies in its extremely thick atmosphere and the important
dynamical phenomena that take place inside the atmosphere. The vertical extension
of Titan’s atmosphere is 10 times that of the Earth’s, up to 1000 km from its surface.
Its vertical structure is similar to the atmospheric vertical profile we have on Earth as
shown in Fig.1.1. Like Earth’s, Titan’s atmosphere is primarily composed by nitrogen
(N2), however, with methane (CH4) and not oxygen (O2) as the next most abundant
constituent [Flasar et al., 2005; Raulin, 2007]. Haze and aerosols are CHy and Ny
byproducts resulting from photochemistry phenomena taking place in the upper layer
of the atmosphere. Titan’s atmosphere is a hot-topic nowadays because hydrocarbons
(i.e. organic compounds consisting entirely of carbon and hydrogen) are building blocks
for amino acids necessary for the formation of life [Raulin, 2007]. In fact Titan may
offer the possibility of studying some of the prebiotic processes that were occurring on
Earth when life was emerging. Eventually it has been claimed that Titan looks like
an early frozen Earth and therefore could help in expanding the knowledge about the
processes that took place on our planet at that early stage.

The first mission that performed a flyby around Titan was during the NASA Voy-
ager Program in the '80s. The more recent Cassini-Huygens mission by NASA-ESA-
ASI that was launched in 1997, is still studying Titan and the Saturnian system. The
mission was equipped with ESA’s Huygens probe that landed on Titan’s surface in
January 2005. The surface of the moon and the lower layers of its atmosphere were
practically impossible to see before the Huygens descent inside Titan’s atmosphere.
The hampering is due to scattering of sunlight caused by the aerosols composing the
haze layers, which makes optical remote sensing difficult from a spacecraft’s altitude
and from ground- and space-based telescopes. The Huygens probe was in fact, the first
in-situ mission that explored the lower atmosphere and the surface of Titan. Several
observations of Titan have been done using ground- and space-based telescopes, like
the Very Large Telescope (VLT), the Keck telescope and Hubble Space Telescope. Ob-
servations made with telescopes are complementary to those obtained with an in-situ
mission. As an example, the ground-based observations are of fundamental impor-
tance for the interpretation of results from the Huygens mission [Witasse et al., 2006].



2 CHAP. 1: INTRODUCTION

Analyzing data coming from several missions, important information about the inner
and outer structure of Titan has been obtained, which constrains the current models
of both the interior and the atmosphere. Models of the interior are not yet well de-
fined; they are mainly based on gravity data and not all the physical parameters are
known. Atmospheric models strongly depend on the characterization of the aerosols
contained in the haze layers which constrain the seasonal change and climate on Titan.
Characterization of the aerosols is also fundamental to gain further knowledge on the
so-called methane cycle, a cycle often compared to the water cycle present on Earth.

thermosphere
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Figure 1.1: Titan’s atmosphere temperature profile as retrieved during the Cassini-Huygens
mission. Credits of: L’Observatoire de Paris website *

Methane is an amazingly active component that is present all over Titan. Despite
the destruction by photochemical reactions in the upper layers, a loss in methane
percentage in the atmosphere of Titan has never been observed: a reservoir of methane
is probably present in the subsurface of the planet. Before the Huygens descent, people
expected methane lakes or seas to cover the surface of Titan to explain the CH4 source,
but no ocean is present on the surface and lakes have been found only at the poles as
observed by the Cassini orbiter (Fig.1.2). Nowadays scientists believe that methane is
stored in clathrate form in the subsurface, and should replenish the atmospheric CHy4
by escaping from the surface. Several tectonic features in fact, have been observed
all over the moon by both Huygens and, especially, Cassini radar instruments; these
features, probably generated by the intense interaction between Titan and Saturn’s
gravity field, should allow the passage of methane by outgassing from the interior to



the surface and therefore, to the atmosphere [Atreya et al., 2008; Coustenis, 2005;
Niemann et al., 2005]. The methane cycle starts in the atmosphere.

Figure 1.2: Liquid presence on Titan surface. On the left we have a mosaic of River Channel
and Ridge Area on Titan. Picture taken with DISR instrument on the Huy-
gens probe. On the right we have the Titan Sea and Lake Superior. Picture
taken with Radar Mapper instrument on the Cassini orbiter (artificial colors).
Credits of NASA/JPL/ESA/University of Arizona

The methane in the upper layers of the atmosphere is decomposed by UV radiation
and recombines with nitrogen to form tiny haze particles, or monomers. In the mid-
dle layers of the atmosphere the collisions between these tiny haze particles produce
fractal-shaped aerosols. The aerosols are nothing else than aggregates of hydrocarbons
of different non-symmetrical shapes. This middle atmospheric haze layer reaches up to
200 km above the surface and prevents observing Titan’s surface at visible wavelengths
from an orbiter (e.g. the Voyagers or from Earth). Because of the obliquity of Sat-
urn to its orbit (26.73°), Titan’s atmospheres is characterized by a seasonal changes.
Seasonal variations in haze and clouds present at different latitudes and altitudes sug-
gest the presence of clouds and hazes is controlled by dynamical processes such as
prevailing wind directions. But also the opposite is valid: the atmospheric dynamics
together with the more global climate situation on Titan are driven by the presence
of aerosols and its seasonal change. If methane evaporates from the surface and falls
back as rain (not yet observed), the cycle can be considered as a closed cycle exactly as
we have on Earth with water [Atreya et al., 2008; Coustenis, 2005; Hirtzig et al., 2009;
Tomasko et al., 2005]. The atmospheric models are not yet fully constrained because
of uncertainties in our knowledge of the aerosols microphysical properties, such as their
vertical profile, size and shape.

This work is focused on a detailed investigation of the aerosols in Titan’s atmo-
sphere. Special attention is given to on gaining information on the number density,
size, and shape of the haze particles as functions of the altitude, which is key to ex-
pand the knowledge of the atmosphere’s complex hydrocarbon (methane) cycle and
climate. One of the most valuable tools for analysis of clouds and aerosols is the sun-
light these particles scatter due to its remarkable richness in information on planetary
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atmospheres. For this reason we will use spectropolarimetry to study the scattered
sunlight inside the atmosphere of Titan expressed as total radiance I and degree of
polarization P. In particular the degree of (linear) polarization is known to be very
sensitive to the microphysical properties of the scattering particles, or aerosols in our
case [Hansen and Travis, 1974].

If we measure the degree of polarization of scattered sunlight inside an atmosphere,
we are able to deduce the size of the monomers (i.e. the aerosol components) at dif-
ferent altitudes and their variations along the vertical profile. From these observations
it would become possible to understand in which form an atmospheric component is
present at a certain altitude, whether the haze particles are small or big, have a com-
pact shape or a fluffy shape, and so on. Differences in sizes, shapes or number density
will influence the single scattering properties of the aerosol and of the multiple scatter-
ing of the solar radiation in the whole atmosphere (aerosols + gas molecules effects).
This will influence the radiative flux and profile of solar heating and, consequently, it
will give different constraints on atmospheric dynamics. This example gives an idea
of the capabilities of polarization and the importance in determining size, shape and
vertical profile of the aerosols as accurately as possible [Tomasko et al., 2009].

In the past decades there have been several missions to various planets that carried
instruments with polarimetric capabilities such as Pioneers 10 and 11, Voyager 1 and
2, the Galileo and Cassini-Huygens mission. These instruments performed polarimetry
using polarization filters in two or three positions. The total radiance and degree of
polarization are then derived by combining measurements obtained with these different
filters. We refer to this polarimetric method as a classic polarimetric method. An ex-
ample of such classical polarimeter is the Descent Imager /Spectral Radiometer (DISR)
instrument on the Huygens probe [Tomasko et al., 1997]. Thanks to its polarimetric
capabilities DISR was able to obtain important information on the shape and size of the
aerosols in Titan’s atmosphere [Tomasko et al., 2008]. The DISR measurements were
made using the classic polarimetric method applied only to two wavelength bands (i.e.
blue and red). The disadvantage of this method is the necessity of combining different
radiance measurements at a few wavelengths to obtain the total radiance and degree
of polarization of scattered sunlight. This generates differential effects and errors that
severely limit the capabilities of spectropolarimetry.

In order to expand our knowledge on Titan’s aerosols it is important to measure
the spatial and temporal variations of the aerosols’ microphysical properties and their
3D distribution in Titan’s atmosphere (note that the DISR measurements were local
measurements constrained by the Huygens descent trajectory). The Titan Saturn
System Mission (TSSM) that was submitted as part of ESA’s Cosmic Vision Program,
is a mission that might explore the orange moon and the Saturnian System in the
future [TSSM Study Final Report, 2009]. The mission will be equipped with an hot-
air balloon that will float underneath the lowest atmospheric haze layer of Titan with
the specific intention, among others, to get more information on the aerosols and
consequently on the climate on Titan.

SPEX (Spectropolarimeter for Planetary EXploration) is a new spectropolarimetric
instrument which could improve the knowledge on the aerosols. SPEX as payload
on the TSSM balloon, is designed to measure both the radiance and the degree of
polarization of sunlight that is scattered in Titan’s atmosphere and to retrieve size,



shape and composition of the atmospheric particles and their vertical distribution?. In
its current design, SPEX has been optimized as payload for a Mars orbiter to retrieve
properties of the dust and ice particles in Mars’ thin atmosphere. In this current
design it works in the wavelength range between 350 to 800 nm and yields a spectral
resolution between 2 nm (radiance) to 10 nm (polarization).

SPEX’ spectropolarimetric method works by encoding the degree and the angle
of (linear) polarization in a sinusoidal spectral modulation of the radiance spectrum.
With a single measurement of the scattered sunlight we are able to determine the de-
gree and the angle of linear polarization as function of the wavelength. In addition
to being robust, SPEX is a small instrument (< 5 kg) with no moving parts, but is
capable of full linear spectropolarimetry [Snik et al., 2009]. The polarimetric concept
of SPEX is based on birefringent crystals and has been patented by Prof. Dr. C.U.
Keller of the Astronomical Institute of the University of Utrecht, The Netherlands.

The goal of this report is to explore the versatility of the SPEX instrument. The
question driving this research is: can SPEX’ design, now tailored for a mission orbit-
ing Mars, be adapted for an in-situ mission to the moon Titan with the intention of
retrieving the aerosols’ microphysical properties?

The difference with respect to a Mars mission lies in the features in the spectrum
of the scattered sunlight and in the orientation of the viewing apertures. Mars’ spec-
tra are rich in information on the dust/ice particles’ characteristics, but they have
no strong absorption band features as Titan’s: Mars spectra show no methane bands
within SPEX wavelength range®. Titan’s spectra, on the other hand, are characterized
by strong methane absorption bands evident around 620nm, 730nm and 800nm, mak-
ing the retrieval of the degree of polarization more complicated. These bands contain
additional information on the aerosols such as vertical distribution. Spectrally resolv-
ing these bands would provide added value on the aerosols with respect to analyzing
only the continuum. Moreover, Titan-SPEX needs to have different viewing angles due
to its placement on a balloon instead of on a orbiter as planned for Mars-SPEX. The
viewing angles for the Mars orbiter are mainly oriented downwards. For the Titan-
SPEX we need to observe not only the surface underneath the balloon, but especially
the haze layers.

In order to pursue the research goal it is necessary to first analyze the local atmo-
spheric composition and structure that SPEX will face by describing the scattering and
absorption taking place in Titan’s atmosphere. Considering that there are almost no
measurements for the scenarios we want to study (and certainly not with the required
spectral and angular resolution), we performed numerical simulations of sunlight scat-
tered inside the atmosphere of Titan. To verify the behavior of SPEX’ current (Mars)
design under the Titan conditions, a numerical instrument simulator that simulates
the performances of SPEX (i.e. SPEX simulator) is supplied with the output obtained
from the light scattering simulations. Already a quick analysis of SPEX’ performance

2This study focuses on the retrieval of the size and shape of the aerosol particles, while the compo-
sition and the vertical distribution are considered as given.

3There can be absorption bands due to COz in Mars’ spectra, but they are not as pronounced as
CH4 absorption features in Titan’s spectrum which are, therefore, more difficult to resolve spectrally.
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shows that its current design is not optimal for Titan’s exploration: it is not able to
fully resolve the methane bands features. For this reason the SPEX’ spectral resolu-
tion has to be increased to improve the instrument performance as we will show in this
report. This can be achieved by increasing the size of the birefringent crystals in the
SPEX pre-optics system from 4 mm to 16 mm. Additionally, an interesting solution
to optimize SPEX’ viewing angles would be to have a rotating disk placed on a boom
beneath the balloon’s gondola and inclined under an angle of 40° with respect to the
vertical axis. A number of apertures looking outward would be positioned along the
rim of the disk allowing observations both down and upwards but not interfering with
the balloon itself.

The report is structured in the following way. Chapter 2 gives an introduction
on the moon Titan, on its formation and its main physical characteristics starting
by describing the moon’s interior ending up to its atmosphere. Phenomena taking
place inside the atmosphere are also described in this chapter. Chapter 3 describes
the light scattering, the radiance and polarization generic concepts and formulations.
The description and simulations of the single scattering of Titan’s aerosols is given in
Chapter 4. Chapter 5 takes care of the atmospheric radiative transfer: the aggregates
described in the previous chapter are now placed in a "model atmosphere” to see how
they macroscopically influence the light scattering. In this chapter there is a detailed
description of the atmospheric model. In Chapter 6 we will describe which parameters
are needed to model the atmosphere using the Doubling-Adding method (DAM). Sev-
eral simulations and their results will be discussed in this chapter. SPEX is introduced
in Chapter 7 as designed for the Mars orbiter. A description of how SPEX has to be
adapted if placed on the TSSM balloon takes place in Chapter 8. The results of SPEX’
simulator will be discussed. Chapter 9 presents the conclusion and recommendations.

This work has been presented at the 7" International Planetary Probe Workshop
(IPPW-7) that took place in Barcelona on June 14-18, 2010. I was selected to give
an oral presentation (there were also poster presentations) and I won the first prize as
”Outstanding student oral presentation”. The article presented at the IPPW-7 can be
found in Appendix A.



Figure 1.3: Titan haze layer. Picture taken on 12 November 1980 at 430000 km by Voyager 1
during the first flyby around Titan ever realized.
Image source: NASA website






2 Titan’s structure

In this chapter a brief description on how Titan looks like from the interior part till
the upper layer of the atmosphere will be drawn. In the first paragraph the interior of
Titan will be analyzed together with the methane possible replenishment from it. In
the second chapter the atmosphere structure is analyzed. A special attention is given
to the aerosols and their seasonal cycle. In the last paragraph a comparison between
Titan and two comparable Jovian moons is given to understand which reasons brought
an atmosphere only on the Saturnian moon.

2.1 Titan’s Interior and methane outgassing

The interior of Titan is extremely connected with the atmosphere content. A lot
of studies have demonstrated that the content of methane we have nowadays of Titan
is so high that has to be a replenishment coming from the interior of the planet. Part
of the Nitrogen also could have come from the interior. Scientists are modeling the
interior of Titan trying to understand how it is structured, where the methane reservoir
is, how big it is and how the methane replenished the atmosphere content. One of the
last model about the formation and the structure of Titan’s interior has been validated
by the mission Cassini-Huygens which confirmed some laboratory tests with pictures
and data of the moon’s surface .

As described in appendix B Titan has a mass just equal to the 2% of the Earth’s
one. It’s main density is 1.88 g/cm® meaning that it’s enterior is an ice/rock mixture
[de Pater and Lissauer, 2001]. The actual structure of Titan has been confirmed as
being a rocky core of silicate, an high-pressure ice layer, an ammonia enriched water
layer and a methane-clathrate enriched icy layer as shown in Figure 2.1 [Tobie et al.,
2009].

Most of the studies bring to the conclusion that 3 outgassing episodes took place
during Titan’s formation:

1. Accretion period ( 0,5 - 1 Gyr )
2. Core overturn ( 2 - 2,5 Gyr )
3. Thermal instabilities within outer ice crystallization ( 4 - 4,5 Gyr )

Let’s look more in detail to see where and when was it possible to have methane
outgassing during Titan’s formation. During the accretion period the interior was
mainly divided in 2 parts: the innermost part in which most of the volatiles (e.g.
methane and ammonia) where trapped in while outwards there was probably a warm
liquid water ocean with low solubility [Tobie et al., 2009].This means that methane
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Figure 2.1: Titan’s interior. [Tobie et al., 2009]

rapidly raised up the ocean with a probably first outgassing episode while ammonia
got stuck in the ocean due to its high solubility. The few ammonia that reached the
surface was converted into nitrogen. The next step of Titan’s formation is the proto-
core formation in which the few methane that did not escape in the previous step was
stored in the undifferentiated proto-core in the form of methane clathrate. Methane
clathrate is composed by methane and water molecules, this combination happens
especially because of the temperature and pressure values on the cold Titan [Tobie
et al., 2006]. Around 2,5 Gyr the differentiation of the core took place. During this
period the core goes under overturn, meaning that all the light materials rose up at the
edge of the core and the heavy materials (i.e. silicates) sank down forming the rocky
core we still have now. Methane clathrates, being 2% less dense than water ammonia,
reached the top of the outer liquid ammonia layer during differentiation. Another
characteristic of methane clathrate is its strong stability, in fact while rising up into
the the water ocean dissociation didn’t happen and a layer of methane clatharate
formed at the top of the water ammonia ocean. Once the differentiation is achieved
the internal structure consist in the one showed in fig. 2.1 [Tobie et al., 2009].

What about outgassing?

Outgassing can happen only if the methane content in the liquid phase exceed the
saturation solubility, in other words if the dissociation conditions were reached within
the icy mantle. The methane clathrate layer influenced the thermal evolution after
the differentiation. This layer actually acted as a insulator, the cooling rate of the
interior was strongly slowed down. This is translated into a slower cooling down of the
water ammonia ocean and in a slow crystallization of the bottom layer of this ocean.
The latter phenomena led to a slow thickening of the high pressure layer. Around 3,5
Gyr the crystallization started from the top (ice I layer) slowly increasing the thermal
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convective instabilities and tidal dissipations [Tobie et al., 2009]. The quantity of
methane outgassed depends on the initial amount of methane in the proto-core and
the convective activities in the silicate core. This amount puts boundaries to the total
amount of methane storage inside Titan. In fact the model presented by Tobie et al. in
2006 proved that the amount of methane relative to water in the proto-core is between
0.15 and 0.25. The upper limit is a quite impossible choice since in that case we would
have found a thick liquid methane and ethane layer on the surface, Cassini showed
the opposite. The lower limit meas that outgassing took place quite recently. Most
believe that the outgassing episode that replenished the atmosphere with methane
took place around 4,5 Gyr when the surface heat flow was maximal. It was probably
connected with thermal instabilities in the outer icy layer and upwelling icy plumes
that penetrated the clathrate crust. Traces of cryovolcanism found by Cassini mission
could be a proof of eruptive processes of outgassing.

A further proof of outgassing from the interior is the presence in the atmosphere
of isotope “OAr a daughter of isotope *°K connected with the rocky core. Potassium is
one of the main constituent of a rocky core that decays into argon: the mole fraction
of 49 Ar detect so far is about 4.3240.1 x 107° and it’s an indication of long geological
activity on Titan, i.e. cryovolcanism and tectonics [Niemann et al., 2005]. Argon could
have been probably carried up by methane clathrate directly from the bottom of the
ocean during the core overturn [Niemann et al., 2005; Tobie et al., 2009]. Maybe there
was also a shorter episode around 2,5 Gyr (differentiation) but almost surely nothing
around 1 Gyr.

2.2 Titan’s atmosphere

2.2.1 Atmosphere’s origin

From a scientific point of view Titan is a mystery since is the only moon in the
Solar System with a thick atmosphere. In general most of the moons have a pretty
faint atmosphere due to a lack in magnetic field, the force that keeps all the floating
particles of a possible atmosphere linked to the planet they do belong (only exception is
the planet Venus that has an atmosphere but no magnetic field). All the moons Titan
included have a weak gravity field, their atmosphere scale height is large and thus is
defined as faint atmosphere. But Titan is different, it has a weak gravity field but a
thick atmosphere. Titan’s atmosphere is the only one in the Solar System composed
mainly of Ny like on Earth; the other two main constituents are 2 % methane (CHy) and
0.1% hydrogen (H2) [Raulin, 2007]. Argon isotopes are also present. Several studies
have been made to investigate and understand how this thick atmosphere formed. We
have already mentioned methane outgassing, but let’s go more inside out.

According to Coustenis [2005], Titan atmosphere could have had three different
origins:

e Solar nebula
e Outgassing

e Impacting comets
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Solar nebula - If the atmosphere would have been formed in the solar nebula at the
same time Titan also formed, there should be traces of some noble gases that
instead are completely absent like Ne. No traces of Ne have been found so far,
thus this scenario is left out.

Outgassing & Impacting comets - Both these processes are considered as the
ones directly related to the origin of Titan’s atmosphere. The theory of out-
gassing comes from analysis of methane amount in Titan’s atmosphere. Today,
4.5 Byr after the solar system origin, CH4 on Titan should be exhausted due to
the conversion of methane into hydrocarbons through photochemical processes.
But we have already discovered in the previous chapter that the outgassing bal-
ances the photochemically loss rate rate, that’s why atmospheric methane per-
centage did not see any drastic change within Titan’s life.

To better understand the origin and evolution of chemical compounds like the
ones we have here, some conclusions can be obtained with the D/H ratio analysis.
The D/H ratio, called also deuterium enrichment, is the ratio between deuterium
(D - an hydrogen isotope) and hydrogen (H), it’s used to obtain information
about origin and geologic history of any fluid. In our case in fact D/H ratio of
methane on Titan is compared with the one of water on comets (supposed to
be unchanged since the solar system formation). The D/H ratio calculated so
far is 8.753:%2 x 1075 [Coustenis, 2005; Mousis et al., 2002a]. This value is an
order of magnitude higher than the value in the solar nebula Hs, slightly less
than 3.2 x 10~* found for Oort-cloud comets [Niemann et al., 2005]. This leads
to the conclusion that the contribution to Titan’s atmosphere formation is not
only due to impacting comets (we will discuss it better in the following chapter)
otherwise the values of deuterium enrichment would have been the same. On
the other side the actual value of D/H ratio for methane on Titan is important
for outgassing. Mousis et al. [2002a] suggest that cryovolcanism episodes could
have permitted escape of C'H4 from the interior of the planet. Latest news
from Cassini-Huygens mission [NASA official website] is that the Cassini radar
instrument showed clear traces of tectonic phenomena. This is the most valid
proof of the outgassing theory of Mousis et al. [2002a] and Tobie et al. [2009]. In
fact most of the science groups busy with Titan’s interior structure believe there
is a layer of clathrate methane possibly 100 km thick just above the NH3 ocean
[Coustenis, 2005; Mousis et al., 2002b; Tobie et al., 2009].

Nitrogen origin

Nitrogen’s origin instead is analysed using 6 Ar another argon isotope present in
the atmosphere. The question is if nitrogen came into the form of Ny or in the form of
nitrogen compounds like ammonia NH3z. Nitrogen atoms Ny and argon atoms Ar are
both in ice form around 75K [Coustenis, 2005], hence if they got trapped in ice at the
same epoch, nowadays they should have the same abundance in the atmosphere . The
value of 36 Ar abundance detected with GCMS instrument on Huygens probe at surface
level is 2.8 £ 0.3 x 1077, a value really low compared with Ny ones. Nitrogen molar
fraction value should be higher than the one of methane considering the abundance of
methane and nitrogen in the atmosphere; if methane mole fraction is around 1072 at
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Figure 2.2: Average mass spectrum between 10km and 5km showing the major constituents
of atmosphere:Hy, CHy, No,*® Ar. The CO, is believed to be sensed background
of the instrument.[Niemann et al., 2005]

the surface, nitrogen mole fraction should have at least the same order. Thus nitrogen
was captured as ammonia NHg during the accretion period of Titan and then converted
into Ny through continuous photolysis [Niemann et al., 2005].

2.2.2 Hydrocarbon cycle

As discussed in the previous paragraph methane comes mainly from the inside of
the planet through outgassing and apparently it goes back to the soil as hydrocarbon
rain. Often it is referred to this photochemical-metereological-hydrogeochemical cycle
as the Titan Methane cycle [Atreya et al., 2006].

The atmosphere of Titan is several kilometers more extended into space than
Earth’s one. It can be subdivided into three main regions: the first is the upper at-
mosphere where the photochemistry takes place, which includes the exosphere and the
mesosphere; the second part is the middle atmosphere in which we have the aerosols
growth and the haze layer formation, it includes stratosphere and troposphere; the
third part is the lower atmosphere in contact with the surface where clouds and rain
form letting the hydrocarbons accumulate on (replenish) the ground and probably close
the cycle.

Photolysis

The presence of haze at lower altitudes suggests that there are chemical reactions
converting small molecules into larger ones that form haze aerosols. The main sources
of this process are Saturn’s magnetosphere and the solar UV radiation. Titan spends
most of its orbital time embedded into Saturn magnetosphere, but as soon as it gets



14 CHAP. 2: TITAN’S STRUCTURE

EARTH TITAN

600

km km 160K

NITROGEN
50 280K 500 METHANE
ARGON(?)

400

300

ZE LAYER

EMICAL HA

Figure 2.3: This graphic illustrates the differences in Titan’s and Earth’s atmospheres. Titan’s
atmosphere extends 10 times further into space than Earth’s. Credits: NASA/JPL

out of it, the solar UV radiation increases about a factor of 20 [Fortes, 1997]. The flux
due to magnetosphere electrons and protons is smaller by one order of magnitude than
the flux due to solar EUV [Fortes, 1997; Tran et al., 2007]. Photolysis is a process that
takes place in the upper atmosphere between 1400 km and 500 km (approximatively).
It consists in the reaction between ions and protons, coming from the Sun or from the
Saturn’s magnetosphere, and the chemical molecules in the atmosphere; some of them
get excited, some of them get charged other get expelled leading into a change in the
composition of the atmosphere. Methane and nitrogen are broken down by UV ab-
sorption in the mesosphere forming hydrocarbon-nitrile compounds (C,H, and C-N-H
respectively) while hydrogen is lost in space as a consequence of these reactions [Tran
et al., 2007; Waite Jr et al., 2007]. The Ion Neutral Mass Spectrometer (INMS) experi-
ment during the Cassini-Huygens mission revealed and confirmed that the atmosphere
is filled mainly by No and CH4 accompanied by a rich mixture of polycyclic aromatic
hydrocarbon (PAH - haze precursors) and haze. In particular polymers and nitriles
form hazes in the upper atmosphere (> 500 km), whereas PAH polymers condense
to form hazes anly in the middle lower stratosphere (< 200 km) [Atreya et al., 2006].
Ton-neutral chemistry also plays a central role in linking these organic units together
to form more complex organics [Waite Jr et al., 2007].

During the Cassini mission it has been discovered that this complex molecules for-
mation already takes place around 1000 km with a production rate of 1 x 10716 gem=2s~1.
Supposing a spherical radius of the particles, with MIE scattering they estimated a
radius of 0.0125 pm for the starting particles and a radius of 0.260 pm for the aerosols
[Waite Jr et al., 2007] in accordance with what found in the lower part of the atmo-
sphere.

The end product of photochemistry is then a conversion of methane to mainly
ethane and hazes in comparable amounts. Contrary than on the giant planets, the small
amount of hydrogen in Titan’s relatively cold surface does not permit transforming the
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hydrocarbon products back to methane. [Atreya et al., 2006; Lunine and Atreya, 2008].

Haze formation and growth

The haze formation, growth and distribution throughout the atmosphere are the
most discussed processes characterizing Titan’s atmosphere. The process of formation
is pretty complicated and scientists tried to analyze it implementing several different
models. The main factors leading these processes have been pointed out by Bar-Nun
et al. [2008] :

e temperature and pressure profile which influence the atmospheric density and
then the velocity of the particle

e kinetic models describing the final composition of both the gaseous species and
the aerosols materials

e nucleation index describing the number of initial particles (embryos)

e sedimentation index governed by gravity, nature of the particle and local envi-
ronmental conditions

e condensation index directly related with the volatiles on the aerosols

e diffusion coefficient depending mainly on the nature of the transfer process (molec-
ular and atmospheric motions)

e coagulation index that calculates the effective collisions depending mainly on the
particles nature.

Just having a look at this list it’s comprehensible how complicate is to model the
formation of the aerosols and on how many parameters scientists can have a different
opinion. The general process is that UV photolysis produces methane and nitrogens
compounds (polymers) which condense at the exobase to form the so-called embryos
of aerosols (nucleation). The size of these embryos is in the orders of nanometers,
this explains also why we see them only from the bottom of the exobase: for the
instrumentation state of art they are enough smaller to not be detectable at higher
altitudes. The first stage of nucleation takes place between 850-550 km, below 550 km
collisions lead the growth of the aerosols. Between 550 km and 100 km the size of the
aggregates grows till reaching a size of 10! um. Below 100 km we have mainly free
fall trajectories bringing the aerosols to the ground, in this last stage the size is more
or less stable because of the less probable successful collisions [Bar-Nun et al., 2008].

A curiosity studied by Rannou et al. [1993] is about the time span between the
formation and the deposition of the particles on the ground. Rannou et al. [1993]
together with Cabane et al. [1993] simulated the process of formation of aerosols in
Titan’s atmosphere reaching the conclusion that within one terrestrial day particles
grow mainly through collisions with larger particles (below 550km according to Bar-
Nun et al. [2008]). Between few terrestrial day till one terrestrial month evolve by
collision with small particles and taking a spherical aerosol shape. While within thirty
terrestrial years (one Titan year) they grow in the stratosphere by cluster-cluster ag-
gregation reaching a final size of 0.4-0.5 um (fractal model). According to their model
the particles we find on Titan’s surface have been created 300 years ago, this gives an
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Figure 2.4: Vertical profile of the monomer radius as a function of the formation altitude
for different mass production rates.M=10"12kgm~2sec™! (dotted line), M=3.5
x 10783 kgm=2sec™! (dashed line), M=10"13kgm2sec™! (solid line), M=3.5 x
1071 kgm~—2sec™! (lower dashed line) [Cabane et al., 1992].

idea on how slow is the process and how slow is the velocity of the particles in the
atmosphere.

The choice of the monomer radius depends from the temperature and pressure
profile and from the chosen mass production rate. The altitude of peak formation of
the aerosols is settled between 200 and 700 km in the literature. The way to check
which is the most probable altitude is fitting the measured extinction profile with the
modeled one; being the aerosols absorbing, the extinction increases in their presence.
This fitting has been done since after the Voyager mission that had the first global look
at the atmosphere. In figure 2.4 we can see that increasing the mass production rate the
altitude of the radius gets lower and lower. For a radius of 0.05 um the mass production
is between 3.5 x 10713 kgm~2sec™! and 10713 kgm2sec™! for a production altitude
between 500 km and 400 km [Cabane et al., 1992]. Lately Tomasko et al. [2009] and
Lavvas et al. [2009] pointed out the possibility to have monomer radii of 0.04+0.01
wm with a production rate of 2.7-4.6 x 10713 kgm2sec™! for a production altitude
around 500 km. They are in accordance with Cabane et al. [1992].

The processes leading the aerosol aggregation are of two kinds: ballistic and diffusion
limited (DLA). In the first case the particle moves along a straight line, while during
DLA the particle undergoes Brownian motion. As soon as a particle collides and sticks
to another particle or to a cluster of particles the process ends. The ballistic process
takes place during the growth of the particle since the mean free path is bigger than
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the radius of the particle itself as it is at its early stage. DLA process takes place
mostly in case the mean free path is smaller than the radius of the particle [McKay
et al., 2001]. Thus ballistic processes are linked with the upper atmosphere when the
particle is still small, while the DLA takes place when the particles are quite big and
not easy in their movements as it is in the troposphere [Skorov et al., 2008]. Both
the diffusive and ballistic process can produce compact and fluffy clusters. In case
of ballistic mechanism it is possible to have particle-cluster aggregation (BPCA) and
particle-particle aggregation (BCCA) respectively, the same is valid for DLA.

2.2.3 Seasonal haze circulation

In the past it was believed that the seasonal variations on Titan were driven by
changes in haze production rate, but a re-analysis of the timescale has shown that
haze seasonal variations are connected to dynamical effects. Rannou et al. [2002] and
Rannou et al. [2006] studied the interaction between Titan’s haze and dynamics taking
into account latitudinal dissipations of the winds first and cloud microphysical models
afterwards (for further informations than what mentioned here please see their articles
and the references therein).

The model they got proves that also on Titan there is an Hadley cell type of
circulation similar to the one we have on Earth. The main cell on Titan is a unique
cell that goes from the summer pole to the winter pole for almost the 80% of the
Titan’s year (on Earth we have two Hadley cells). At the moment of the equinoxes
this big cell weakens (for three terrestrial years [Rannou et al., 2006]), splitting in two
transitory equator-to-pole cells. In the summer hemisphere there will be the ascending
branch between the equator and the pole, while the winter hemisphere will have the
descending branch of the Hedley cell. A secondary cell forms in the summer hemisphere
between 50 and 200 km but it turns in the opposite direction in such a way to not
let go all the haze in the other hemisphere (it is less strong than the principal one)
[Rannou et al., 2006]. Inside the main Hadley cell there are two smaller ones between
the equator where air starts rising, and latitude 60° where the air sinks. These two
smaller cells are produced because of the strong temperature contrast between the
mid-latitude regions and the polar regions. Therefore there are three paths: a main
pole-to-pole cell, a secondary summer hood and the double tropospheric cells. The
description will focus mainly on the pole-to-pole Hadley cell.

The haze starts forming around 400 km below which the aerosols mass mixing
ratio decreases with altitude. The summer branch takes particles from the lower layers
of the atmosphere and carries them up to the stratosphere, the aerosols then move
horizontally ! towards the winter hemisphere producing a detached haze layer, and
then following the downwelling Hadley branch they sink in the troposphere at the
winter pole. The passage stratosphere to troposphere reduces the temperature of the
aerosols than condense around the coldest point (tropopause) producing a thick cloud
everywhere below 60 km. This cloud well mixed with polar haze is referred to as the
polar hood. The secondary cell has the same effect on the summer pole but in a less
massive way than at the winter pole.

Basically the circulation takes most of the aerosols from the summer hemisphere

L The velocity of the meridional winds is two orders faster than the settling velocity. At the Voyager
time the south pole was in summer. [Rannou et al., 2002]
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to enrich the winter hemisphere. The poles are the richest parts in aerosols, the haze
accumulation and cloud formation is stronger at the winter pole than at the summer
pole. For this reason the poles, and especially the winter pole, will appear colder than
the rest of the planet because of the antigreenhouse effect induced by the haze.

If the observations are made in the VIS range, then the less rich summer hemi-
sphere will appear brighter, while if we are in the NIR-IR range the winter hemisphere
appears brighter because the haze becomes brighter than the gaseous molecules (clouds
become visible!). The size of the aerosols will also change with latitude, but this does
not affect the optical properties of the haze, in particular the polarization does not
depend on the aerosols size.

The Cassini Huygens mission and ground based observations of Titan had evidence
of clouds presence on Titan at different latitudes. During the Cassini-Huygens mission
clouds appeared around 16+5 km and around 2743 km. With the VIMS and the Keck
telescopes clouds have been observed at mid-southern latitudes of 37-44° S in 2005
(due to the tropospheric ascending branch, the south pole was in summer) around 20-
46 km by Griffith et al. [2005] and Roe [2009] respectively. During the Huygens descent
instead, sparse and transient clouds have been seen around 16-20 km (equatorial area,
10° S) by the GCMS and the DISR instruments.

Rannou et al. [2006], in their one-Titan-year circulation modeling, predicted pres-
ence of methane clouds around the equator between +50° and near the poles where
the cloud is thicker. On the other side the big polar cloud appearing at latitudes > 60°
is mainly made of ethane. Around equinoxes equatorial cloud activity should decrease
because of the weaker Hadley cell (less aerosols in the air at those latitudes) [Rannou
et al., 2006].

The different altitudes where the clouds appear can be explained also by some
physics insight on the methane-nitrogen compound.

The temperature gradient in Titan’s troposphere is around 1.3 K km~! while on
Earth is 9.8 K km~!. This gets translated into a layer near the surface of Titan where
convection takes place thinner than the one on Earth [Lunine and Atreya, 2008], for
this reason it’s almost impossible to observe high stratospheric clouds.

The explanation for the clouds altitude lies in the triple-phase curve for methane-
nitrogen compounds in Figure 2.5. Nitrogen works as an antifreeze for methane: the
freezing point (boiling point) for the compound will be at lower temperatures (higher
temperatures) than for pure methane depending on the pressure values of the sur-
rounding environment. In Figure 2.5 there are two lines representing the temperature
curve: the dashed is for polar areas with a surface temperature of 89° K and the dotted
is for equatorial areas with a surface temperature of 93° K. Both reach a tropopause
temperature of 71°K. The solid line represents the triple-phase curve above which
liquid and vapor coexist, beneath only solid will be present. The intersection point be-
tween the two temperature lines and the curve represents the point in which methane
will change state, it represents the freezing/melting point. In other words from there
on liquid and vapor phases can coexist and condensation? can take place: clouds can

2Condensation is the passage from vapor to liquid and takes place if the air is supersaturated: if
the ratio between the existing vapor pressure to the saturation vapor pressure is > 1. A nucleus for
each condensed droplet is necessary. Aerosols are used as condensation nuclei for the clouds [Wallace
and Hobbs, 2006].
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Figure 2.5: Melting point for a methane-nitrogen compound for equatorial and polar tempera-
ture profiles. The solid line is the triple-phase line for the compound, above it there
will be liquid/vapor phase, beneath solid phase. The dashed line represents the
polar temperature profile, while the dotted line represents the equatorial profile.
The melting point for the methane-nitrogen compound will take place at higher
altitudes for higher latitudes [Lorenz and Lunine, 2002]. See text for discussion.

form. For the equatorial curve the freezing point is reached at 14 km, while for the
polar curve it is reached at 20 km. This means that if there is methane-nitrogen ice
in the upper atmosphere, it will melt sooner at the poles than at the equator: the
change-in-state altitude is higher at higher latitudes. That’s why we could see higher
clouds at the poles. Furthermore since this compound condenses and rains out at lower
temperatures at the poles, it is then easier to see liquid presence at the polar surfaces
as demonstrated by Cassini-orbiter (see Figure 1.2).

The average amount of rain is anyway expected to be very small because of the
distance from the Sun, for the stratospheric haze block and for the lack in humidity.
On Titan there is only the 45% of humidity at the equator, while for having a methane
storm it is needed at least the 80% for the small amount of sunlight that gets there
[Lunine and Atreya, 2008]. Even if liquid methane is present on the surface the evap-
oration will also be negligible. The triple point of pure methane is at 90.68°K really
close to the surface temperature of 93.8°K, so at the surface methane can be present
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Figure 2.6: Overview of the phenomena taking place in Titan’s atmosphere generally named
as Methane cycle. [Fortes, 1997]

in its three forms.

According to Rannou et al. [2006] methane cycle is a balance between surface evap-
oration and precipitation, it evaporates between the tropics (£30°) and precipitates
near the poles but evaporates before touching the ground. Generally the evaporation
before reaching the ground depends on the height of the cloud and on the relative
saturation below the cloud [Berry et al., 1945].

In any case the surface of Titan is rich in geological features as fluvial dendritic
outflow channels, cryovolcanoes etc. indicating a possible interaction between the lower
part of the atmosphere and the subsurface. In case of methane rain, the droplets could
reach the subsurface through these openings and could be stored as icy regolith till
being re-released into the atmosphere. To backup this assumption Atreya et al. [2006]
compared the average resurfacing rate due to e.g. cryovolcanism to the rate at which
methane is destroyed by phototchemistry with a final positive result. Current data are
still inadequate to evaluate with accuracy if all the methane that eventually seeps from
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the surface in the interior is recirculated again into the atmosphere in such a way to
have a closed cycle as we have for water here on Earth [Atreya et al., 2006].






3 Light scattering

Reflected sunlight is remarkably rich in potential information on planetary atmo-
spheres and is one of the most valuable tools for analysis of clouds and aerosols [Hansen
and Travis, 1974]. In this chapter we describe the flux/radiance and the status of polar-
ization of light that SPEX will use to retrieve information on the atmospheric aerosols.
An easy explanation of the light scattering concept is given in the first section. De-
scription of the relationship between the radiation characteristics, such as radiance and
polarization, and the physical properties of the scattering particles is given in the last
two sections.

3.1 Why is the sky blue?

The answer to one of the most common questions of all the times is "Light scatter-
ing”.

The sunlight travels in space in a straight line as long as nothing disturbs it. As
soon as it enters the Earth’s atmosphere it bumps into dust or gas molecule. Then
what happens to the light depends on its wavelength and the size of the thing it hits.
The white light from the sun is a mixture of all colors of the rainbow, each color is
characterized by its own wavelength, frequency and energy. Longer is the wavelength,
less is the frequency, higher is the energy. The light appears white because all the
colors are in it.

When the light bumps in a big particle (e.g dust or water droplet, bigger than the
wavelength of visible light), the different colors of the light are reflected in different
directions but all in the same way, therefore the light keeps appearing white. If it
bumps in a smaller particle (i.e. gas molecule, smaller than the wavelength of the
visible light) some of its energy gets absorbed. It means that not all the wavelengths
are still present in the light and only the remnant ones are radiated in a different
direction. The color that is radiated back is the same color that was absorbed.

This absorption process is not random, it depends from the color wavelength:
smaller is the wavelength more it gets absorbed. this means that blue tone gets more
absorbed (thus more radiated back) than the red tone. This process is called Rayleigh
scattering, named after Lord John Rayleigh, an English physicist, who first described
it in the 1870’s. He showed that the amount of light scattered is inversely proportional
to the fourth power of wavelength for sufficiently small particles. That’s why we see
the sky blue.

This simple explanation about the blue sky gives a taste about the amount of
informations on the particles in a atmosphere hidden inside the light scattering process.
In order to be able to retrieve informations about the particles it is necessary to describe
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Figure 3.1: Scattering of blue light .

the relationship between the light radiation and the physical properties of the scattering
particle from a more mathematical point of view.

3.2 Describing radiation and polarization

The observed quantities measured by a spectropolarimeter are the intensity, the
degree of linear polarization and its direction, the degree of circular polarization. They
are all measured as a function of wavelength, scattering geometry (the position of the
source of light with respect to the observer - i.e. sun, instrument) and of course as a
function of time and location on the planet. The introduction to this chapter has been
adapted from Hansen and Travis [1974]

The intensity is the most common measured quantity. Its variation is an indication
of the thickness of the atmosphere and can also reveal the presence of clouds. The
low spectral resolution intensity is used to determine the composition of planetary
surfaces and cloud layers, the high resolution instead can provide informations about
the gaseous components of the atmosphere. Obviously it’s always better to accompany
the information gained with the intensity with information obtained through other
means.

The linear polarization is less used than the intensity, probably because there is
still some work to do in interpreting the polarization lines compared to the interpre-
tation of intensity. On the other side it results more reliable and with higher accuracy
with respect to intensity values. This is the reason why most of the atmospheric works
are trying to study and apply this phenomena. The linear polarization is used in par-
ticular to determine the nature of clouds and aerosols particles. This is the quantity
that will be modeled and analyzed in this work.

The circular polarization of reflected sunlight has been found to be very small,
for this reason it has become an additional means for remote investigations. For SPEX
we assume that the incoming light has no circular polarization.
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3.2.1 Stokes vector

Before introducing the Stokes vector formalism, it is useful to clarify the terminol-
ogy used for the observed quantities.

Unfortunately in literature an enormous variety of names is used to indicate the
same quantity. In particular the radiance is also called intensity or, from an ’observer’
point of view, (surface) brightness. The SI units for these quantities are W /umm? sr.
The flux instead, which is the energy transmitted through an imagined surface, is called
also irradiance or flux density and has SI units of W/umm?. The difference between
the two is that the flux integration extends over all the solid angles and I generally is a
function of direction ('per solid angle’). Intensity is the most used quantity to describe

the energy flow in a radiation field [Hovenier et al., 2004].

In 1864 J.C. Maxwell published his Electromagnetic theory in

“A dynamical theory of the electromagnetic field” in which he proposed for the first
time that light propagates in vacuum in form of electromagnetic waves. The electro-
magnetic wave equations are the solution of his ( the so-called Maxwell’s) differential
equations. They represent the electric and magnetic plane waves that fluctuate per-
pendicularly to each other and perpendicularly to a common direction of propagation.
Since we are dealing only with ’displacements’ caused mainly by electric field variances,
we can derive the sinusoidal plane wave solution 2 of the Maxwell’s equations:

E(r,t) = Re {E(r)e’*"'} (3.1)

where w = 27 f is the angular frequency, ¢ represents the time, r = (z,y,2) is the
position vector that varies with time. Graphically E(r) can be seen as a rotating vector
with a phase ¢ that changes amplitude with time while moving along the direction of
propagation z:

E(r) = E . e/(v7F2), (3.2)

In 1852 G.G. Stokes described in one vector the time averages of the electric plane
wave, this vector is called Stokes vector:

1= (B} +E2)

@= <Eﬁ_Ei> (3.3)

U=2 <EHEJ_ C085>

V=2 <EHEJ_ sin5>
where F|| and E, are the components of the electric vector E , they represent the
amplitudes of the electric wave; § = ¢ — ¢ is the difference in phase between the
two components; I represents the total radiance of the scattered electric wave, @), U
and V have the same dimensions as I.

If we suppose that I(6, ) is the intensity due to vibrations of the light beam in
the direction making an angle # with the direction of propagation (orthogonal to the
incident plane), and if we suppose also that | has a phase delay ¢ with respect to
E||, we can write:

2A plane wave is always fully polarized.
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I'=1(0°0)+1(90°0)=1+1L
Q= 1(0°,0) = I(90°,0) = [ — I L
U = 1(45°,0) — I(135°,0)

V =1(45°,7/2) — I(135°,7/2).
where I represents the total intensity of the EM wave; () is the excess in intensity along
the parallel direction (y—axis) with respect to the intensity along the perpendicular axis
(r—axis), it represents the linear polarization; U is the same as @ only with a different
angle. V is the only component that shows a phase delay, it represents the excess in
intensity connected with circular polarization [Hansen and Travis, 1974]. Therefore
the radiance (intensity) and the state of polarization of a beam of light can be fully
described by a Stokes vector I [Chandrasekhar, 1950; Hovenier and Van der Mee, 1983].
All the Stokes parameters have the dimension of spectral radiance [Watt /mm? sr]
3 are functions of the wavelength of the radiation, and are defined with respect to the
scattering plane [Hansen and Travis, 1974; Stam et al., 2000].

The following should be valid for a Stokes vector:

(3.4)

I(\) >0 a5
I(\) = Q*(\) + U?(\) + V3(\) (3:5)

The total intensity I;ot of the reflected sunlight can be considered as made up by
two components, a polarized one and an unpolarized one:

Itot = ZLunpol + Ipol (36)
where the intensity of the polarized light is:

Loi(A) = (QN)? + UV + V(N)?) (3.7)
and, assuming V(A) = 0 due to its negligible value for planetary atmospheres, the
degree of linear polarization is:

P Io1(N) _ Q%(\) + U2(N)

I(X) I(X) '

Moreover, if the incoming light is unpolarized (Igal = 0), the light single-scattered

by a sample of aerosols will have U = 0, and we will use the following definition of

linear polarization:

(3.8)

p,=—= (3.9)

Equation 3.9 contains information on the direction of polarization: if P; > 0 then the
polarization is perpendicular to the scattering plane, while if P, < 0 it is parallel to
the scattering plane [Stam, 2008].

3The spectral radiance is defined as the flux (power) emitted by a surface and received by an
optical system from a certain specific direction. It is the power over a surface per unit solid angle per
wavelength (or frequency). These dimensions are valid for a spectral radiance wavelength dependent,
with the wavelength measured in ym. The radiance instead is the integration of the spectral radiance
over all the directions.
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Figure 3.2: The vectors E, and E, represent the electric wave components on the scattering
plane while the wave moves along the z direction. A difference in phase between the

two components results in a different polarization status. See text for discussion
4

In general we deal with electrical plane waves that are fully polarized by definition.
This means that the resulting polarized light emission will be the vector sum of the two
polarized components as shown in Fig.3.2. The two components of the electric field F,
and E, corresponding to E) and E in Equation 3.3, are moving along the z—axis.
The sum vector of the electric components assumes different shapes in accordance to
the difference in phase between the two components (see Eq. 3.3). In the top image
of Fig.3.2 the components are in phase (¢ = 0), the sum vector gives as result a linear
polarized light. The following two images show a circular polarization for a difference
in phase equal to ¢ = m/2, and an elliptical polarization for any other difference in
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phase 0 < ¢ < w/2. To be more specific, the linear and circular polarization are two
extreme cases of elliptical polarization [Hovenier et al., 2004].

£

Figure 3.3: Illustration of the polarization ellipse. The direction of propagation z is into the
page. [ represents the parallel component of the electric wave while r represents
the perpendicular one [Hansen and Travis, 1974].

Figure 3.3 shows the polarization ellipse, or, in other words, the ’track’ left in
time by the end point of the electric vector while it moves along the z direction. The
direction of propagation z is into the page, [ is the direction where E) lies, r is the
direction where the component E| lies. The ellipticity can be defined as tan 8 = +b/a.
For 8 > 0 we are dealing with a right-handed circular polarization, with 5 < 0 we are
dealing with a left-handed circular polarization, with 5 = 0 we are dealing with linear
polarization®. Therefore 3 defines the shape of the polarization ellipse.

The angle:

1 U(N)
X = — arctan

5 a0 (3.10)

represents the orientation of the ellipse of polarization. It can also be seen as the
amount of intensity in excess along the parallel or perpendicular direction with respect
to the amount along the diagonal direction. Actually when y = 90° (x = 0°), Q is
negative (@ is positive), and the direction of polarization is perpendicular (parallel) to
the scattering plane [Hansen and Travis, 1974].

® A right-handed polarization is when the observer (instrument), which is looking in the direction of
propagation, sees the end of the electric vector moving in a clockwise sense [Hansen and Travis, 1974]
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3.3 Mueller matrix and Poincaré sphere

A Mueller matrix is a matrix that describes the response of an instrument to
the incident light when the latter is defined using the Stokes formalism. In a more
mathematical way, the Mueller matrix is a matrix that allows the transformation from
the incident Stokes vector to the measured Stokes vector:

r Moo Mot Moz Mos I

Q | _ | Mo My My Mg Q (3.11)
U | | My My My Mo U '
%4 M3y Mz Msy Ms3 %4

From now on the wavelength dependency of the Stokes vector will be omitted just
for a practical graphical representation.

Since for Stokes vector we have to met the requirements shown in Equation 3.5, it is
a logic consequence that for the Mueller matrix we have to meet the same requirements:

Moo >0 (3.12)
Mgy > Mg + Mg, + Mg

In this way the physical meaning of the Stokes vector has been preserved. Each optical
device inside an instrument can be described by an unique Mueller matrix. If we have
to describe the response of of a complex instrument, we must take into account the
Mueller matrix of each component of the instrument. In Chapter 7 we will provide
more details exploiting the Mueller matrices for the SPEX pre-optics components.

Another conversion that has to be modeled concerns the reference plane. The
Stokes vector of the incoming light are referred to the scattering plane, but the reference
plane of e.g. an instrument (observer) has a different orientation. In order to relate
the two planes, a rotation matrix M, has been defined®:

1 0 0
0 cos2B8 sin2p
0 —sin28 cos2p
0 0 0
where the angle g is the angle between the two reference planes measured counter-

clockwise from the old to the new plane looking in the direction of propagation of light
(8 > 0) [Stam, 2008].

Mrot(ﬁ) — (313)

— o O O

Another way to describe the polarization status of the light is by using the Poincaré
sphere. Each point on the surface and/or inside the sphere represents an unique status
of polarization.

In order to prove the validity of this representation we have to take into account
the equality for fully polarized waves in Eq.3.5. Dividing it by I? we get:

P=Q*+U*+V?
2 2 2 2 2 2 (3.14)
R OV L
I TR £ o ro I

SFor further details see Hovenier et al. [2004]
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Figure 3.4: The Poincaré sphere. Each point on the surface represents one polarization sta-
tus. At the equator we have linear polarization, at the poles we have circular
polarization. All the other points are for elliptical polarization [Dahl, 2001].

which is the equation of a sphere with radius » = 1 and axes x = % y = % and
z = % In this way it is possible to have an immediate sense of the action of the

different polarization components identifying the Stokes parameters with the Poincaré
sphere coordinates [Dahl, 2001]. In particular, the center of the sphere represents the
natural unpolarized light (Q = U =V =0 < = = y = z = 0), the points within
the sphere represent the partially polarized light and the points on the surface of the
sphere represent the fully polarized light.



4 Single scattering

The theoretical modeling of light scattering in planetary atmospheres requires two
steps: the single scattering and the multiple scattering. The division between single
and multiple scattering can take place only under the assumption that the particles
are sufficiently separated (i.e. by a few times their radius [Van de Hulst, 1957]) that
they may be treated as independent scatterers; this condition is met in planetary
atmospheres [Hansen and Travis, 1974].

In this section single scattering is treated.

4.1 Analytic representation

We describe the radiance and state of polarization of a beam of radiation by a
Stokes vector I, as follows [Chandrasekhar, 1950; Hovenier and Van der Mee, 1983]:

Iy
| Qo
o= | (4.1)

Vo

where the pedix 0 refers to an incident beam of radiation. If the source of light is in
the far-field and if this distance is several times bigger than the wavelength (R > \),
the scattered radiance is equal to:

dv
41 R?
where dv is a small volume that contains small monomers. The quantities that in-
fluence the scattering properties of dv, which is characterized by no specific shape
or orientation, are the scattering coefficient kg, and the phase matrix P(«). The

scattering coeflicient is often referred as scattering cross-section but actually it holds
that:

Isca = ksca P(Oé) IO

(4.2)

ksca = Osca p (43)

where oy, is the effective scattering cross section (dimension of an area) and p repre-
sents the volume density. Furthermore, kg, (dimension lengthfl) represents the sum
of the cross sections of all the particles in the volume. Since in the atmosphere there is
not only scattering but also absorption, k,ns represents the absorption coefficient and
it holds that kext = Kapbs + Ksca, Where ext stands for extinction (of the energy of the
incoming beam due to these phenomena). In terms of these quantities it is possible to
define the single scattering albedo as:
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ksca sca
7 (4.4)

“ Fext Oext
where oeyt 1s the extinction cross section. The dimensionless @ indicates the fraction
scattered of the total energy removed from the incident beam, if & = 0 the extinction
is due to complete absorption, if @ = 1 there is no absorption but pure scattering!.
The P(a) matrix is a 4 x 4 matrix of dimensionless coefficients, it’s called phase
matrix. Its elements represent the radiance and the polarization variations with respect
to the scattering angle o [Hansen and Travis, 1974]:

Pl 1 P21 0 0

P21 P22 0 0
0 0 P33 P34
0 0 _P34 P44

P(a) = (4.5)

This formulation for the phase matrix is valid only for:

1. randomly oriented particles, each of which has a plane of symmetry (microscop-
ically symmetric level)

2. randomly oriented asymmetric particles, if half of the particles are mirror images
of the others (macroscopically symmetric level)

3. more artificial cases are indicated in Van de Hulst [1957].

In case one of the conditions listed above is valid , it also holds that [De Rooij and
Van der Stap, 1984]:

P22 — p33
ifa=0+~ P2 pi_ (4.6)
. P22 — _P33
1fa:7r»—>{P21:P34:O (4.7)

Since we assume a macroscopic symmetrical atmosphere, the scattering matrix does
not depend on the choice of the scattering plane but only on the scattering angle. For
this reason we will refer to the phase matrix also as scattering matrix (they they are
directly proportional to each other). The first element of the matrix in Eq.4.5 is called
phase function and is normalized in such a way that:

Q
/ pud_y (4.8)
A 47T

where df) is the solid angle and P! is the first element of the phase matrix which
describes the angular distribution of light reflected from a volume when illuminated
from a specific direction (i.e. from the solid angle in figure 4.1) [Hansen and Travis,
1974].

To measure the symmetry of the phase function we use the anisotropy parameter:

If the volume dv would be characterized by a certain shape, ksca and @ would depend also on the
orientation of the small volume dv to the direction of incidence (solid angle, see Figure 4.1).
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Figure 4.1: Geometry for scattered light. The angle 6 represents the angle of the incoming and
outgoing light. It is shown here the solid angle which represents the opening angle
of the incident beam df2;, and of the transmitted (outgoing) beam df2,. Image
source: http://www.jvrb.org/5.2008/1498/figure01. jpg.

ds)
(cos ar) :/4 cosa P! . (4.9)

where « is the scattering angle. The anisotropy parameter varies from -1 (i.e. all
radiation is backward scattered like a "mirror”, @ = 180°) to 1 (for pure forward
scattering, o = 0°). In particular if a particle scatters more light toward the forward
direction, (cosa) > 0; (cosca) < 0 if the scattering is directed more toward the back
direction; (cos ) = 0 if it scatters light isotropically (e.g. small grains in the Rayleigh
regime - particle size smaller than the wavelength) or if the scattering is symmetric
with respect to @ = 90° (i.e. the scattered radiation is azimuthal independent and
symmetric with respect to the plane perpendicular to the incident radiation) 2.

With single scattering calculations, we can obtain ks, @, and P for different types
of particles. The ultimate goal is to understand how scattered radiation depends on
the nature of the particle, i.e. shape, size distribution and optical properties [Hansen
and Travis, 1974].

4.2 Mie theory

Geometric optics, Rayleigh scattering and Mie theory are the most common theo-
retical computations for single scattering of particles. Rayleigh scattering deals with
particles having dimensions < \, where z = 22 with 7 the radius of the particle and
A the wavelength. In our model atmosphere, for example, the light scattering by the
gas molecules is described by Rayleigh scattering. Geometric optics deals with parti-
cles having a size x > X, but does not adequately describe the interactions of particles
with light when the particle size is comparable to the wavelength of the light. Mie
theory instead addresses the full range of complex interaction between electromagnetic

2hitp: / /nedwww.ipac. caltech. edu/level5/Sept07/Lil /Li3. html
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quantities and the particle. In our model atmosphere in fact, the light scattering by
the monomers is described by using Mie theory. In this chapter only Mie theory will
be treated, for further reading about geometric optics and Rayleigh scattering please
consult Hansen and Travis [1974].

Mie theory (also Lorentz-Mie theory) is a complete analytical solution of Maxwell’s
equations for the scattering of electromagnetic radiation by spherical particles. Often
people also refer to it as Mie scattering. The following description of the Mie theory
is following Van de Hulst [1957] and is described by De Rooij and Van der Stap [1984]
and Hansen and Travis [1974].

Let’s suppose that a spherical particle is illuminated by a plane wave? traveling in
the z direction. The electric field components of the outgoing beam in the far field
(R > )) in the direction perpendicular and parallel to the scattering plane are:

(5)-C4 ) ()

where R is the distance to the particle, « is the scattering angle and S(«) are the
amplitude functions described as:

Si(a) = Z:l % [y 720 (€08 @) + by T (cO8 )] (4.11)

Sa(ar) = Zl % [br, T (cOS @) + ay, T (cos a)]

The computation of the scattering matrix S is the primary goal of the single scatter-
ing since from this matrix it is possible to obtain kgc,, @ and P. The matrix is diagonal
because we are considering isotropic homogeneous spheres [Hansen and Travis, 1974].

The angular functions are expressed in terms of associated Legendre functions and
depend only on the scattering angle:

Tn(cosa) = Pl(cos o) (4.12)

COS «

P(cos ).

da

The Mie coefficients a,, and b, are the most important parameters in the Mie
scattering problem:

Tn(cosa) =

(222 + 2] (@) = s ()
[DnT(z) + %:| Cn(x) - Cnfl(x)
[m Dy(2) + 2] () — n1(x)
[m Dn(z) + %] Cn(l') - Cnfl(l‘)

3A plane wave is a constant-frequency wave whose wavefronts (surfaces of constant phase) are
infinite parallel planes of constant amplitude normal to the phase velocity vector (J. D. Jackson,
Classical Electrodynamics, 1998)

Ap =

(4.13)

by, =
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where m = n, + in; is the complex refractive index of the particle, z = kr = 27r/\
is the particle size parameter and r is its radius, k is the wavenumber. The Mie
coefficients are function of the spherical Bessel functions of the first and second kind,
Jn(z) and y, () respectively:

Un(x) =z jn () (4.14)
Cn(@) = Yn(2) + i xn()
with x,(z) = —z yn(x).

In order to be able to use the Stokes vector for the incident and scattering beam
we need a transformation matrix T(«):

, 1

I'= 5Tl (4.15)

In case of Mie scattering in addition to equation 4.6, another identity is valid:

PH(a) = P?*(a) (4.16)
P33(a) = P44(a)

The normalized scattering matrix P(«) is also proportional to the transformation
matrix:
Pii(a) = —T_7ii(q). (4.17)
k2 ksca
For the single scattering a small volume dv is considered containing N indepen-
dently scattering particles. Eq.4.15 should then be replaced by:

N
1
T = T > Ti(e)I (4.18)
=1

where ¢ in this case indicates the various particles. The transformation matrix per unit
volume is given by:

T (a) = /7‘2 TY (o, 7)n(r)dr (4.19)

1
where r; and ry are the smallest and the largest particles in the size distribution,
n(r)dr is the number pf particles per unit volume with radius between r and r + dr.
The size distribution of the particles in the volume plays an important role. Since
we need to get properties of the scattering particle from measurements, it is handy
to describe the size distribution with the minimum number of parameters. For this
purpose we define an effective radius reg and an effective variance veg:

1 [
Teff = G/ rrrin(r)dr (4.20)
T1
1

Veff =

/T2 (1 — reg)? mr2n(r)dr (4.21)

T1

2
Grig
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where G = :12 nr?n(r)dr is the geometric cross section area of particles per unit
volume, the effective variance veg is a measure of the width of the distribution and is
dimensionless. The particle effective size can be expressed as Ty, = 27reg /.

A useful standard analytic size distribution is:

(1-3b) —r

n(r) = constantr bt  eab (4.22)
where the constant = 1 if the scattering matrix is normalized and:

a=m
of (4.23)

b= Veff -

The most common size distributions are the standard gamma distribution, the bi-
modal gamma distribution, the log-normal distribution and the power law distribution.
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Figure 4.2: Phase function P'! and percent polarization,—loog—ﬁ, for single scattering of un-
polarized light. Results are shown for the four size distributions shown in the inset
[Hansen and Travis, 1974]. See text for discussion.

Detailed description of the parametrization of the size distribution functions can
be found in Hansen and Travis [1974]. Here only a generic comparison among the four
is done. In Figure 4.2 both the phase function and the percent polarization of the four
different distribution is shown. All of them have the same value for reg = 1pum and
Vg = 0.25, while A = 0.55um and n, = 1.33 (water). The behavior of the different
distributions are almost equivalent except for the power law that show some differences
for the polarization.

In our model we did not use a size distribution for our monomers. They are
spehrical and all have the same radius equal to reg = 0.04pm or 0.05um.

In case of scattering within a macroscopically symmetric medium it is possible to
expand the elements of the scattering matrix [De Haan et al., 1987]:
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Smax
a1 (a) = Z aj Pyy(cos )
s=0
Smax
as(a) + az(a) = Z (af + a3)Pyy(cos )
s=0

Smax

az(a) —az(a) = Y (af —a3)Ps(cos a)

5=0 (4.24)

Smax

as(a) = Z oy Py (cos @)
s=0

Smax

bi(er) = > BiPy(cosa)
s=2

Smax

ba(er) = > B5Pip(cosa)

s=2

where the PS (cosa) are generalized spherical functions and smax depends of the
desired numerical accuracy. If the expansion coefficients are known, the elements of
the scattering matrix can be calculated for any number of scattering angles [Mishchenko
et al., 2000].

4.3 T-matrix

In Titan atmosphere the representation of an atmosphere by only spherical particles
is not realistic: it is known that in nature there are more possibilities to have random
shapes than all identical ones. Therefore non spherical particles have to be taken
into account. Since the scattering properties between non spherical particles and their
spherical-shaped equivalents differ a lot, an alternative to Mie theory has to be used
to understand the effects of particle non sphericity on scattering patterns.

The choice went to the T-matrix method (TMM) that is one of the several equiva-
lent methods of the Mie theory. The method was first introduced by Waterman in 1971
for single homogeneous scatterers and was then generalized to multi layered scatterers
and arbitrary clusters of non spherical particles by Peterson and Strom in 1973 and
1974. Thanks to the updates by Mishchenko and Mackowski in 1991 and 1996 the T-
matrix method is an analytical orientation-averaging procedure for arbitrary clusters
of spheres randomly oriented, leaving thus complete freedom to the choice of shape
(i.e. spheroids, cylinders) and orientation of the particle or cluster of these types of
particles.

The main and only difference with the Mie theory is that, inside the scattering
matrix, the identities showed in Eq.4.16 are not valid for non-spherical particles.

The code first calculates the cluster T-matrix through an iterative process described
in the article by Mackowski and Mishchenko [1996], then it calculates the orientation
averaged matrix elements for the cluster using a generalized spherical function formu-
lation. In the T-matrix code we used, the only analytical part is the averaging over
the orientations, the rest of the code is numerical.
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The T-matrix code used for this work is the "Double precision superposition codes
for multi-sphere clusters in fized and random orientation” and can be downloaded at:
http://wuw.giss.nasa.gov/staff/mmishchenko/t_matrix.html. For more details
about the development and the structure of the T-matrix method, please consult Mack-
owski and Mishchenko [1996]; Mishchenko et al. [2000] and the references therein.

4.4 Single scattering properties of Titan aerosols

The polarization of the scattered light depends on the properties of the particles
in Titan’s atmosphere. In this section, we present and discuss the single scattering
properties of the aggregate particles that we use in our model atmospheres. Our
aggregate particles consist of clusters of monomers.

4.4.1 Complex refractive index

The choice of the complex refractive index depends on the wavelength range that is
going to be observed. Since we have the intention to adapt the SPEX instrument to be
able to perform within Titan’s environment, it is reasonable to choose the visible range
(VIS range) of wavelengths which is what the current design of SPEX is now tuned for.
The shortest wavelength we use is at 0.400um (blue) while the longest one is at 0.830um
(red). Based on this choice, the most recent refractive index for the VIS range is the one
computed by Ramirez et al. [2002]. They presented a set of values for refractive index
n, and extinction coefficient n; 4 calculated using laboratory measurements of tholins.
Tholins are artificial analogues of Titan’s aerosols reproduced in several laboratories
around the world using different techniques and theories. Ramirez et al. [2002] made
use of the values of transmittance and absorbance’® in the 200 — 900 nm range for
a starting mixing ratio of No:CHy (98:2) for their tholins. Their resulting values are
shown in Fig.4.3, on the left side we have the real part of the refractive index n,, while
the imaginary part n; is shown on the right side.

4.4.2 Influence of monomer size

In this section we calculate the single scattering properties of monomers with a
radius of 0.04 + 0.01um in accordance to the results recently presented by Tomasko
et al. [2009] and Lavvas et al. [2009]. The choice of the monomer radius depends
from the temperature and pressure profile and from the chosen mass production rate.
The monomer radius they believe to be representative of monomers in the atmosphere
of Titan, is obtained for a production rate of 2.7-4.6 x 10~ kgm2sec™! and for a
production altitude around 500 km (see Section 2.2.2 for further explanations).

Here, we show the changes in phase function and degree of polarization for a change
in monomer radius equal to £0.01 using Mie-calculations.

Figure 4.4 and 4.5 show the single scattering radiance and degree of polarization
for a monomer effective radius of r.g = 0.05um as function of the scattering angle,
and for three different wavelengths. The size distribution for the monomers is the two

4The refractive index is a complex parameter represented by a real part and an imaginary part:
m = n, +in;
5Fraction of light transmitted or absorbed by a sample of tholins at a specified wavelength.
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Figure 4.3: Dependency of complex refractive index on the wavelength: on the left we have
the real part of the refractive index, while on the right side there is the imaginary
part.

parameter gamma with veg = 0.07. A larger value of veg would give a higher peak in
the degree of polarization, but would also increase the size-distribution width which is
not recommendable. Therefore, we choose a small value for the effective variance in
order to keep the size-distribution concentrated around its mean value.

In Fig. 4.4 it is possible to see that the peak of the degree of polarization moves
towards smaller scattering angles as soon as the wavelength increases. This is due
to the passage from a Mie regime (z, ~ \) to a Rayleigh regime (z, < ), or in
other words, to the fact that the particle will ’look’ smaller for a longer wavelength.
In Rayleigh regime the particles reach 100% polarization at o = 90° as shown in the
plot.

In Fig.4.5 is shown the variation of radiance as function of the scattering angle
for three different wavelengths. The radiance phase function shows a strong peak
in the forward direction (& = 0°) and a smaller one in the backscattering direction
(a = 180°). Increasing the wavelength, the forward peak diminishes because the par-
ticles ’look’ smaller with respect to the wavelength, while the backscattering increases.
The radiance value in forward scattering is usually used to determine the size of the
particle: the smaller the particle with respect to the wavelength, the smaller the for-
ward scattering peak. This is confirmed also in Fig. 4.6 where the phase function is
plotted for reg = 0.04 um and reg = 0.05 um for A = 0.6 um. Figure 4.7 shows the
difference between the degree of polarization for the same particles. The difference
between the degree of polarization curves of the two particles is ~ 10%.

4.4.3 Influence of aerosol size

Observations of Titan indicate that the haze aerosols should consist of fractal-
shaped, aggregates of small individual particles. The general process about aerosols
growth has been already explained in Section 2.2.2. Just as a reminder, the aggre-
gation processes follow ballistic or diffusive mechanisms and can involve a particle-
cluster aggregation or a cluster-cluster aggregation. Thus we can have BPCA (ballis-
tic particle-cluster aggregation) BCCA (ballistic cluster-cluster aggregation) and the

0.9

1
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same for DLA-PC and DLA-CC (diffusion-limited aggregation). Here we are going to
explain how to model such aggregates.

The monomer size parameter is equal to: =, = 2mwa/\ where a = reg. The size
parameter of the aggregate is equivalently calculated as:

X, =2rA,/A A, =NY3q

(4.25)
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Figure 4.6: Phase function for spherical particles with reg = 0.05 um and reg = 0.04 um at a
wavelength of A = 0.6 um.
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Figure 4.7: Degree of polarization for spherical particles with reg = 0.05 um and reg = 0.04 um
at a wavelength of A = 0.6 um.

where N is the monomer number, and A, is the radius of a sphere of equal volume
which contains monomers packed together. DLA-particles can be described by their
fractal dimension D:

N=p- (i)D (4.26)

where a is the monomer effective radius, p is a constant pre-factor and R is the radius
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of gyration 6 of the cluster. To have compact structures it is assumed to have D = 3
and p from 7 to 9, for more fluffy clusters instead D ~ 2 and p from 5 to 7. In case
of diffusive behavior the fractal dimension is smaller than for the ballistic case [Skorov
et al., 2008].
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Figure 4.8: Samples of compact and fluffy spherical aggregates used by Skorov et al. [2008]
during their simulations.

The aggregates considered in this report undergo the diffusion-limited aggrega-
tion (DLA) process or ballistic particle-cluster aggregation (BPCA). These aggregates
are composed by 128 or 256 monomers and are monodisperse, e.g. they consist of
monomers with one size. The monomer radius is equal to reg = 0.05 um. The files
with the geometric position in space of the monomers forming these aggregates have
been kindly provided by dr. Yu.V. Skorov from the Mazx-Planck Institute for Solar
System Research in Lindau, Germany.

When particles form in Titan’s atmosphere, we expect symmetric conditions, thus
for every fractal shaped aggregate particle, there will be a mirror particle. We calcu-
lated the geometrical position in space of the monomers of the mirror particle simply
inverting the geometric position of the monomers of the corresponding ’twin’ particle.
Since the aggregation process is supposed to be random, it is reasonable to consider
the possibility to have two identical particles but with opposite geometrical disposition
in space of their monomers. Under this assumption the phase matrix (or scattering
matrix) is represented as in Eq. 4.5.

To show the general scattering characteristics of fractal aggregates, the compact
DLA-particles with N = 256, D = 2.2 and p = 8 have been used as reference. Figure
4.9 shows the scattered radiance of these particles as function of the scattering angle
for three different wavelengths in the VIS range.

6 It is calculated as the root mean square distance of the objects’ parts from either its center of
gravity or an axis, or in other words as the square root of the moment of inertia of the cluster divided
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Figure 4.9:

Single scattering Radiance
Cluster of spheres N=256, r_eff=0.05 microns

1000¢ | — : : ‘ ‘ 3
- — 0.410 microns N
= — 0.590 microns E
% 100 0.770 microns| _|
IN = 3
< C =
g C ]
2 E 1
o
o
E F E
= :
b B ]
L
3 1 E
3] F =
c
> = 4
L [ .
0.01 ‘ \ \ \ \ \ | \
0 20 40 60 80 100 120 140 160

Scattering angle [in degrees)

180

Radiance for N = 256 and r.g = 0.05 um as function of scattering angle. It has
been plotted for several wavelengths in the VIS range. See text for discussion
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Figure 4.10: Radiance for N = 64,128,256 as function of scattering angle. The wavelength of

reference is A = 0.470 pm.

In Fig. 4.9 we can notice that an increase in wavelength is comparable to having

by its mass.
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a smaller aggregate size with a smaller forward scattering (at o = 0°). The longer
the wavelength the smaller the backscattering peak, as we can notice comparing the
curve for A = 0.770 um to the curve for A = 0.410 ym. Apparently, in Fig. 4.9 the
shorter the wavelength, the bigger appears the cluster, the more the oscillations in its
phase function. In order to have a clearer picture of what just observed, in Fig.4.10
it has been plotted the radiance phase function for A = 0.470 um for particles with
N = 64,128,256. It is clearly visible that as soon as the cluster grows in size the
forward peak increases and the oscillations get more visible.

Figure 4.11 presents the degree of polarization for a cluster of 256 monodispersed
monomers. It plotted as function of the scattering angle for three different wavelengths.
As soon as the cluster 'looks’ smaller (increase in wavelength) the polarization curve
moves towards the Rayleigh regime. A smaller particle will have an higher peak for a
smaller scattering angle: the highest peak will be reached at o« = 90°, a characteristic
of the Rayleigh regime. The multiple scattering effects will diminish resulting in an
increase in polarization maximum. Furthermore the smaller the cluster the smoother
the curve.
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Figure 4.11: Degree of linear polarization N = 256 and rg = 0.05 um with respect to scatter-
ing angle variation. It has been plotted for several wavelengths in the VIS range.
The bigger is the aggregate, the higher is the scattering angle for the polarization
maximum .

If we compare Fig.4.12 with Fig.4.14 [Skorov et al., 2008] for compact DLA parti-
cles at A = 0.410 um, we can notice that the degree of linear polarization curves have
the same behavior as soon as the number of monomers diminishes, in other words, as
soon as the aggregate size parameters decreases. On the other hand, there is a com-
pletely different behavior regarding the scattering angle shift connected to an increase
in polarization. In fact in Fig.4.14 the scattering angle corresponding with the peak in
polarization bounces to smaller values for N = 8 and N = 16, while it goes to higher
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values for N = 32 and again to smaller values for N = 64. In case of Fig.4.12 we notice
that as soon as the aggregate size diminishes, the scattering angle shift is towards a
smaller angle for an increase in polarization as demonstrated also for the degree of
polarization of the monomers.

Moreover the polarization curve for N = 64 in Fig. 4.14 is different from what
shown in Fig. 4.13 where no negative branch is present in the forward scattering. As
mentioned also by Skorov et al. [2008], this behavior is totally different from what
has been observed on Titan by Tomasko et al. [2008]. Skorov et al. [2008] suggest to
solve this issue using a distribution of cluster sizes. The polarization phase functions
that we calculated do not show such a negative branch. The reason for this is that we
included particles and their mirror particles”. Apparently Titan’s atmosphere is bet-
ter represented by a macroscopically symmetric structure. Under this assumption the
polarization curve has a trend similar to the one derived by Cassini-Huygens measure-
ments and presented by Tomasko et al. [2008]. Furthermore during the simulations,
it appeared that the particles that we received from dr. Y.V. Skorov were somewhat
more compact than those used in the paper Skorov et al. [2008].

Compact aerosol versus Fluffy aerosol

As previously mentioned in this section, the particles that undergo Diffusion-
Limited Aggregation process are more compact in structure and more probable to
exist in the more dense layers of the atmosphere. The aerosols which formed in the
Ballistic Particle-Cluster Aggregation process have a more fluffy structure and are
more probable to exist in the less dense layers of the atmosphere. Figure 4.15 shows
a 3D representation of the DLA- and BPCA-particle shape. The difference between
the two particles stands in the outside layer of the structure. The BPCA-particle on
the left of Fig.4.15 is characterized by a compact core that is surrounded by ’arms’
of monomers; the DLA-particle lacks the extended ’arms’ of monomers. According to
Tishkovets et al. [2004], the different shapes of the two types of particles yield different
scattering behaviors. In Fig.4.16 we show the phase function and degree of polarization
Ps of singly scattered light by the BPCA-particle and DLA-particle that we calculated
for A = 0.47pum and A = 0.83 um. The phase functions for both types of particles
clearly show forward scattering behaviour (see Fig. 4.16). The strength of the forward
scattering peak at the shorter wavelength (A = 0.47 pm) is significantly stronger for
the BPCA-particle too. The size of the aggregates, calculated using Eq.4.25, is equal
to 4.24 for A = 0.47pum and 2.40 for A = 0.83um. With the shorter wavelength, the
phase functions for both types of particles also show more angular features. These
angular features are much less obvious for A = 0.83 pm. Such features are usually
due to interference between light that has been scattered by different, similarly sized
particles Hansen and Travis [1974]. Apparently, when the light has a short wavelength
compared to the fractal particles size, the light scattered by the different monomers
that make up the fractal particle will interfere and give rise to the angular features
Tishkovets et al. [2004]. With increasing A, the light will increasingly be scattered
by the fractal particle as a whole, and the interference patterns disappear due to the
different scales of the macroscopic particle. Since the DLA-particle is more compact

"This allows us to have a scattering matrix as presented in Eq. 4.5, which is not valid without the
macroscopically symmetric atmosphere assumption.
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Figure 4.14: Degree of linear polarization for N = 8,16, 32, 64 with respect to scattering angle
variation for DLA’s compact particles with D = 3. The wavelength of reference
is A = 0.410 pm. Source: Skorov et al. [2008].

and thus somewhat smaller than the BPCA-particle, its phase function is the more
symmetric one at A = 0.83 pm.

The degree of linear polarization Ps of the light that is singly scattered by the
BPCA-particle (see Fig. 4.16) shows the same bell-shape as the DLA-particle, which
is characteristic for light that is scattered by particles that are small with respect to
the wavelength Hansen and Travis [1974]. Apparently, this polarization signal is domi-
nated by that of light that is scattered by the monomers. An effect of the macroscopic
shape of the particles on Ps is found in the strength of the maximum of the polar-
ization curve: with increasing A, the maximum Ps increases more for the compact
DLA-particles than for the fluffier BCPA-particles and moves toward smaller scatter-
ing angles in accordance with Petrova et al. [2004].

In conclusion of the single scattering analysis of the monomers and aggregates, we
can say that:

e if N increases and/or if monomer size x,, increases, intensity will increase while
polarization will decrease;
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Figure 4.15: DLA aerosol particle (on the right) versus BPCA aerosol particle (on the left)
with N=256.
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Figure 4.16: The phase function (left) and degree of linear polarization Ps (right) of unpolar-
ized incident light that is singly scattered by the BPCA-particles (dashed lines)
and the DLA-particles (solid lines) as functions of the single scattering angle ©,
for A = 0.47 pm (top) and A = 0.83 pm (bottom).

e if n; increases (A decreases) the intensity decreases while the polarization in-
creases, it has a stronger effect on the intensity®;

e if n, increases the intensity increases while the polarization increases, it has a

8Valid only in this study, for our refractive indices and our wavelength range
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stronger effect on polarization;

e if particle size (both X, and x,,) grows oscillations will appear in both intensity
and polarization;

e polarization depends more on the monomers and their radius than on the aggre-
gate internal structure, in fact the outside layer of monomers is the one that will
affect the most the scattering characteristics of the aggregate.






5 Modeling Titan’s atmosphere

Titan’s atmosphere extends up to 1000 km from its surface: it is ten times higher
than Earth’s atmosphere. The vertical structure of the atmosphere is similarly di-
vided into troposphere (temperature decrease), stratosphere (temperature increase),
mesosphere (temperature decrease), thermosphere and, the last stage, ionosphere as
on Earth, as shown already in Fig. 1.1 and Fig. 2.3. Among the several phenom-
ena that take place in the atmosphere, particular attention is given to the aerosols
production and growth as explained in Section 2.2. In order to understand how the
methane cycle works, it can be useful to describe not only the scattering behavior
of the individual aerosols as done in Chapter 4, but also the interaction among the
aerosols embedded in the whole atmosphere. As mentioned in Chapter 4, multiple
scattering describes the scattering effects of an increase in aggregates number within a
medium (atmosphere) causing multiple orders of scattering. The description of these
multiple orders of scattering will take place in the first part of this chapter together
with the description of the method used to model it. In the second part there will be
an accurate description of Titan’s atmosphere parametrization used in the model. The
analytic representation of the multiple scattering problem and of the doubling-adding
method have been adapted from De Haan et al. [1987], Hansen and Travis [1974] and
Chandrasekhar [1950] respectively. For further details please consult their articles and
the references therein.

5.1 Analytic representation

Most of the multiple scattering problems assumes that a vertically inhomogeneous
atmosphere can be modeled using plane-parallel geometry: the atmosphere is supposed
to be divided in several homogeneous plane-parallel layers of infinite horizontal length.
This formulation works if the solar zenith angle (6y, measured with respect to the local
vertical) is smaller than 75° and if the measurement is taken not at horizontal viewing
directions® [Salinas et al., 2003]. Moreover no internal light sources are considered and
the surface at the bottom is treated as a Lambertian surface.

In order to describe the complex scattering process, we should be able to describe
the exact position of a point within the atmosphere. Using the atmosphere geometry,
the atmospheric height measured from the bottom is represented by the z axis. Di-
rections in the atmosphere are specified using the angles # and ¢, where the incident
(indicated also as zenith) angle 6 is measured from the positive z-direction. The az-
imuth position ¢ is measured clockwise when looking at the positive z-direction starting

'In case of higher solar zenith angles or limb observations, the plane-parallel is not applicable and
the spherical model is used instead. See Salinas et al. [2003] for extra explanations.
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from some plane containing the z axis. Since rotation is symmetric with respect to
the z axis, only the difference in azimuth is relevant (¢ — ¢g). This geometry has been

ZA

dQ

incident
direction

outgoing
40 direction

]

Figure 5.1: Geometry for scattered light. The same as in Figure 4.1. z represents the positive
atmospheric height. Solar zenith (incident) angle 6 is measured from the positive
z axis. Azimuthal angle ¢ determines the position of the scattering plane from
the positive z axis. These angles are measured both for ingoing and outgoing
rays. The outgoing ray could represent the instrument position. Contrary to here,
in the text the pedix 0 indicates the solar incoming parameters. Image source:
http://www. jvrb.org/5.2008/1498/figure0l. jpg.

already used and described in Chapter 4, except that the angle ¢ — ¢q it is not used
in the single-scattering representation. The geometry for scattered light in Fig.4.1 has
been repeated for clarity in Fig.5.1.

Thanks to the use of the plane parallel geometry, the height of a specific location
inside the atmosphere can be described through the optical depth:

w0 = [ ke (5.1)

where keyt is the extinction coefficient per unit mass and p is the atmospheric density
at height 2’. According to Fig.5.2 we indicate the top of the atmosphere with 7 = 0
and the bottom with 7 = b. Any intermediate layer is characterized by a specific finite
value of optical depth indicated as 7, = b; and referred to as optical thickness. For
this assumption, the atmosphere can be seen also as a combination of several optical
thicknesses b; each characterizing a different layer. It is important to not confuse the
terms optical depth and optical thickness: the optical thickness is the distance between
two locations z; and z», it is a property of an atmospheric layer, while the optical depth
is the distance that it has been covered to go from the location at height ”z;” to the
location at height ”z5” (the distance 7 can be different than the distance b). According
to these assumptions, the single scattering albedo w shown in Eq.4.4 and the scattering
matrix P(«) in Eq. 4.5 can only be function of the optical depth 7 for a plane-parallel
model [Hovenier et al., 2004].

According to the plane-parallel model, the optical depth is measured with respect
to the positive direction of the local vertical using the zenith angle §. Hansen and
Travis [1974] uses two systems to specify the zenith angle shown in Fig. 5.2:
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cos™u
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Figure 5.2: Geometry inside the atmosphere, the zenith angles and the optical depth are rep-
resented for a random layer inside the atmosphere. The vertical axis corresponds
to the z axis in Figure 5.1. The solar incoming flux is equal to 7 Fj, the reflected
ray is indicated by I, while the transmitted by I;. h is the atmosphere altitude, 7
is the optical depth. 6 is the solar zenith angle, 6 is the instrument zenith angle.
The image has been adapted from Hansen and Travis [1974].

e u equal to the cosine of angle with respect to direction of increasing 7 (downward).
Its value goes from +1 for the downward direction to -1 for the upward direction;

e 1 = |u| equal to the cosine of angle with respect to the outward normal (local
vertical) and it ranges from +1, for the normal direction, to 0 for the grazing
direction.

The first system is used for internal radiation field inside the atmosphere, the second
is used for reflected and transmitted radiation outside the atmosphere. In particular, in
Fig.5.2 we have p = cos 6 for the reflected-transmitted radiation inside the atmosphere
and o = cosfp for the zenith angle of solar incident radiation [De Haan et al., 1987].

After having described the atmosphere’s internal geometry, it is important to point
out that the radiance of an internal radiation field is strictly dependent on this ge-
ometry, or, in other words, on the location 7 inside the atmosphere. This location is
expressed by the azimuth angle ¢, measured counterclockwise looking downward and
by the zenith angle € or its cosine u. The intensities I,.(u, ¢) and I;(u, ¢) of the light
respectively reflected and transmitted in Fig. 5.2, are nothing else than two Stokes
parameters of an internal radiation field (see Eq.4.1). For the multiple scattering prob-
lem 4x4 reflection and transmission matrices, R and T, have to be defined in such a
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way that:

1 27
L(p, ¢) = 71T/ Mo duo/ dpo R(p, p10, ¢ — ¢0)To(peo, ¢o)
0 0 (5.2)

1 1 27
Ii(p, ¢) = W/o Ho duo/o dpo T (1, pro, & — ¢0)Io (10, P0)

The net flux of sunlight radiation can be expressed as:

o 1 1
_ _ 0
7F —/0 /_1 I(u, p)ududp = 271'/1 I(u) udu (5.3)

where °I(u) is the azimuth-independent term of I(u,$) in a Fourier expansion. The
net flux represents the amount of energy that is flowing at a certain point in space
in all directions per unit of frequency interval, of surface area and of time [Hovenier
et al., 2004].

If the incident sunlight is monodirectional:

Lo = 6(u — po) 6(¢ — ¢o)7Fo (5.4)
where ¢ is the Dirac-delta function and Fq is the Stokes vector of the incoming solar
radiation with mFj the solar flux at the top of the atmosphere measured perpendic-
ularly to the direction of incidence. Since it is assumed to be monodirectional and
unpolarized, the solar radiation is given by Fg = Fpl, with 1 the unit vector. This
means that the direction of light is known and that the flux intensity can be modeled as
one unique ray focused in a specific direction. It is fundamental to point out that both
the degree of polarization P (Eq.3.9) and its direction x (Eq.3.10) are independent of
Fp.

Using Eq. 5.4, we can get a simpler formulation of the reflected and transmitted
intensities:

II‘(M7 ¢) = NOR(N7 Ho, (b - (bO)FO
It(M? ¢) = MOT(M7 Ho, ¢ - ¢0)F0

Once the reflected and transmitted matrices R and T have been determined, we
have to consider that a layer can be illuminated from above or below (we suppose to
be inside the atmosphere) before being able to calculate the reflected and transmitted
intensities for a generic layer. In case the layer is illuminated from above we use Eq.
5.5, if it is illuminated from below the reflected and transmitted intensities will be
indicated as:

(5.5)

I (1, ¢) = poR* (1, 1o, ¢ — ¢0)Fo
I:(,U,, ¢) = /’LOT*(/’L7 1o, ¢ - (Z)O)FO

The fraction of incident flux that gets reflected by a plane-parallel atmosphere is
called local (plane) albedo and is measured as:

(5.6)

1
A(po) = 2/0 OR™ (1, o) p dpa (5.7)

where R!! is the azimuth-independent part of the first element of the reflecting ma-
trix R. Being a ratio, the albedo is dimensionless. If, instead, we have to calculate
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the fraction of incident light that gets reflected in all directions by a plane-parallel
atmosphere, we have to measure the bond albedo:

1 11
A= 2/ A(po) po dpo = 4/ / OR™ (1, po) pdpe o dpro (5.8)
0 0 Jo

Radiative transfer inside the atmosphere and, therefore, multiple scattering, is
automatically connected with a continuous change in scattering plane. In Eq.4.5 the
phase matrix P(«) was defined with respect to one plane of scattering, the same as
for the Stokes parameters. It is now necessary to choose a new plane common to all
the multiple scattering problems. This new reference plane is the local meridian plane
defined by the local normal (v = 1) and the direction of emergence of light (u, ).
Appropriate rotations can transform the old scattering matrix P(a) in Eq.4.5 to the
new phase matrix Z(u, ug, d — ¢o):

Z(u,uo, ¢ — o) = Mot (1 — i2) P () Mot (—i1) (5.9)
where M, is a simple rotation matrix used to rotate reference planes while i1, io are
the angles between the scattering plane? and the meridian plane of the incident beam
in case of i1, and between the scattering plane and the meridian plane of the scattered
beam in case of io [De Haan et al., 1987; Hovenier et al., 2004]. For the complete
transformation see Chandrasekhar [1950] and Hansen and Travis [1974].

As already mentioned in Chapter 4, we assume to have a macroscopic symmetrical
atmosphere, therefore the scattering matrix P(a) does not depend on the choice of
the scattering plane, but only on the scattering angle (i.e. @ = u). Phase matrix and
scattering matrix are directly proportional to each other:

Pla) = 4

(Z(u,0,0)) (5.10)

Osca
where o4, represents the scattering cross section. We will refer to the matrices in the
same way without making any difference between them.
After the transformation we obtain a phase matrix for both the transmitted and
reflected intensities and for illumination from above or below:

Pr (,LL, 1o, ¢ - ¢0) = P(_/j’hu’()a (b - ¢0)
Py (1, o, ¢ — ¢o) = Py, pro, ¢ — ¢o) (5.11)
P* (1, pro, @ — d0) = P (11, —p0, ¢ — o) '

Pt*(:u'v 1o, ¢ - ¢0) = P(_:u7 —Ho, ¢ - (Z)O)
The * stands for illumination from below as in Eq. 5.6. If the sign of the cosine of the
solar zenith angle (uo) and of the instrument zenith angle (1) is the same, it means that
the ray of light does not change direction as it happens in case of transmission through
the layer. In case pg shows a negative sign, it means that the layer is illuminated from
below. If the phase matrix is of the form shown in Eq. 4.5, the symmetry relationships
are valid also in case of multiple scattering. In particular we have:

Pr*(l’L’ Mo, (b - ¢0) =P; (M7:u07 ¢0 - ¢)
Py (1, 1o, @ — ¢0) = Py (1, po, oo — @)

2The scattering plane is the plane between the incident and scattered beam.

(5.12)
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These relations are valid also for the R and T matrices and have the advantage to
reduce the number of quantities computed.

5.2 The Doubling-Adding method

Few methods examine the contribution of successive order of scattering to the ra-
diance and the polarization for vertically inhomogeneous atmospheres. We use the
Doubling-Adding method developed by De Haan et al. [1987] and successively adapted
for application to various types of planetary atmospheres by Stam [2008]. The principle
of the Adding method has been introduced by Van de Hulst [1957] and it belongs to the
class of the ’exact’ methods. The Doubling method, that computes scattering proper-
ties of homogeneous atmospheres, is an important application of the Adding method.
According to De Haan et al. [1987], dividing the atmosphere in homogeneous layers
allows to use a combination of adding and doubling method to obtain the radiance
and polarization of the light emerging at the top and the bottom of the atmosphere.
In particular, a homogeneous layer is a layer in which the optical thickness b; does not
vary and, therefore, the scattering matrix P(«) and the single scattering albedo & do
not depend on b, but only on the global optical depth 7. The general problem is now
to determine the matrices R and T from the known single scattering albedo @(7) and
the phase matrix P (7, u,u’, ¢ — ¢p). If these quantities are known, the radiation field
can be solved for all the possible distributions of incident light using Equations 5.5 and
5.6.

In order to better understand how the adding method and doubling method con-
tribute to each other when combined together, it could be useful to describe them
separately.

Adding method - With this method we can calculate the combined radiation prop-
erties of two layers of optical thickness b, and b, one on top of the other. The
two layers are plane-parallel. The incident light 7Fq travels through the upper
layer and hits the bottom layer as shown in Fig. 5.3. Part of it will be reflected
back (R-rays), part of it will be transmitted through the layer and emerge at
the end of the combined layers (7-rays) while the rest can be partly absorbed
and partly reflected. The interesting part is the interface between the two layers
where the rays get reflected repeatedly (U and D rays - upward and downward
direction). The sum of the transmitted intensities emerging at the end of the
bottom layer together with the sum of the reflected intensities emerging above
the upper layer, represents the total intensity emerging from the combined layer.
If we want to have polarization measurements, we have to be sure to consider
the intensity Stokes parameters. If the two starting layers are homogeneous, the
combined layer is also homogeneous (i.e. scattering matrix and single scattering
albedo still independent of 7; = b;). Once the properties of the combined layer
are found, a new layer can be added in the same way.

Doubling method - With this method it is possible to calculate the scattering prop-
erties of two identical homogeneous layers. The only requirement is to know a
priori the reflection and transmission properties of the layer. With the doubling
method we can calculate the properties of a layer with the same composition,
but with double optical thickness. It is important then, to choose an appropriate
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Figure 5.3: Schematic representation of the adding method.The two layers of optical thickness
Tqo = bg and 7, = by, are for convenience physically separated, but in reality they
are on top of each other. The image has been adapted from Hansen and Travis
[1974].

initial optical thickness in order to not repeat the process too many times and
then loose in accuracy. In general, the initial 7 is chosen in such a way that only
single-scattering takes place in it and its scattering properties can be expressed
directly in the phase matrix.

In conclusion, the reliability of the adding-doubling method depends on the accu-
racy with which we determine the phase matrix of the first thin layer at the beginning
of the doubling method. Since the azimuth angle ¢ varies between [-m,7] we can
use the Fourier series expansion to handle in an efficient way the adding equations
and avoid data overflow. In fact by expanding each function of azimuthal angle in a
Fourier series in ¢ — ¢g, the number of integrations in the adding scheme is drastically
reduced. Results of the Doubling-Adding method are thus for all values of azimuthal
angles ¢ — ¢o and for discrete values of zenith angles # and 6y (or their cosines p and
o ). The number of zenith angles depends on the desired accuracy.

To determine the Fourier coefficients for the phase matrix, we used the expansion
method described by De Haan et al. [1987]. The expansion of the elements of the
scattering matrix in generalized spherical functions has been already shown in Eq.
4.24 for the Mie theory as described by De Rooij and Van der Stap [1984].

5.3 DAP input parameters

With the intention to simulate the radiative transfer within Titan’s atmosphere
using the Doubling-Adding method, some parameters have to be accurately selected.
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With this we are referring to the main characteristics of an atmosphere such as the
surface albedo, the optical depth (i.e. the vertical profile), pressure and temperature,
gaseous absorption, aerosols or clouds. In our case Titan’s atmosphere is considered
as cloud-free, all the other parameters that influence the atmospheric scattering are
hereby described.

We model Titan’s atmosphere from 0 km to 400 km with 34 horizontally homo-
geneous layers. Each atmospheric layer contains gaseous molecules and, optionally,
aerosols particles. For each atmospheric layer, we have to specify for each type of par-
ticle, their column number density and, for each wavelength A, their extinction cross
section o, single scattering albedo @ and single scattering phase matrix P. In Eq.5.13,
bmsca and basca indicate the optical thickness due to molecules and aerosols scattering
respectively, and both depend on the single scattering albedo as bysca = Wmbm and
basca = Waba. The single scattering albedo @ of a certain layer can be defined as:

bmsca()\) + basca(/\)
bm + baer

The single scattering phase matrix of the gases and particles in a layer is given by:

B(\) = (5.13)

brnsca >\ Pm 67)\ +basca A Pa ®7A
PO, )) = ) (b )+b (MPa(6,1)

(5.14)

where O is the total single scattering angle (0° < © < 180°, © = 0° implies forward
scattering), and P, and P, are the single scattering matrices of the gaseous molecules
and the aerosols particles respectively [Stam et al., 1999]. The atmosphere is bounded
by an horizontally homogeneous Lambertian surface characterized by a wavelength
dependent albedo Ag. Being Lambertian, the surface is isotropic and depolarizing.

Beside the atmospheric and surface properties, the radiative transfer depends on
the illumination and viewing geometries. We specify the solar zenith angle 6y (the
angle between the direction towards the sun and the upward vertical), the instrument
zenith viewing angle 6 (the angle between the direction of propagation of the observed
light and the downward vertical), and the azimuthal angles ¢y and ¢ that are measured
between an arbitrary vertical plane and the directions of propagation of, respectively,
the incoming and observed beams of radiation. Since our model atmosphere and surface
are horizontally homogeneous, only ¢—¢q is relevant. When ¢p—¢po = 0°, the instrument
is looking in the direction towards the sun. When ¢ — ¢¢9 = 180°, it has the sun ’in its
back.’

Since we assume that SPEX will be payload on a airborne platform floating below
Titan’s lowest haze layer, it will observe sunlight that has been transmitted through
the atmosphere. With our adding-doubling algorithm, we calculate the transmission
matrix T of the atmosphere-surface system, and obtain the Stokes vector of the trans-
mitted light using [Hansen and Travis, 1974]:

I()\v 007 07 ¢ - (Z)O) = COSs QOT()\u 007 07 ¢ - (Z)O)FO(A)? (515)

where Fy is the Stokes vector of the incoming solar radiation, with 7Fy the solar flux
at the top of the atmosphere, measured perpendicularly to the direction of incidence
as described in Eq. 5.4.
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5.4 Setting up the atmospheric scenario

In this section a generic up-to-date Titan’s atmospheric scenario is set up. We
describe which realistic parameters we choose to use in the Doubling Adding Program
(DAP) to simulate the radiative transfer taking place inside the atmosphere of Titan.
The description starts with the surface parameters and continues with the atmospheric
parameters.

5.4.1 Surface albedo

According to the Doubling-adding method, we assumed that both the top and
the bottom of the atmosphere are illuminated in the downward and upward direction
respectively. Light incident on the top layer is clearly due to solar radiation, the one
incident on the bottom layer instead depends on the surface’s properties. If the surface
is treated as a black body (completely absorbing) no light hits the bottom layer. We
will treat the surface as a Lambertian surface (totally reflecting).

The surface albedo is calculated as the ratio of the observed intensity I to 1/m of the
incoming solar radiation 7F [Gibbard et al., 2004; McCord et al., 2006] as presented
in Eq. 5.2 and 5.8. Using other words, the surface albedo can be seen as the ratio of
reflected light to incident light at the surface level.

For an optical depth of 7 between 0.1 and 0.3 and at a wavelength of 2um, the
surface albedo on Titan is equal to:

I/F =0.15+0.20 for bright matter

(5.16)
I/F =0.04+0.08 for dark matter

The difference in the bright and dark features is probably due to water ice presence
as bigger grains because of their lower reflectance. Optical imaging showed that 25%
of the known equatorial area is covered by dark material [Keller et al., 2008; McCord
et al., 2006]. The difference in optical depth 7 between 0.1 and 0.3 for A = 2 um
[Gibbard et al., 2004; McCord et al., 2006] depends on latitude and seasonal varia-
tions. Regarding the latitude, at the poles there are more lakes and liquids than at
the equator, that’s why the poles appear generally more bright; seasonal because of
thermal reasons, the summer hemisphere has the most hazes® due to slightly higher
temperatures and therefore appears darker (i.e. 7 = 0.2 for the southern hemisphere
between 2000 and 2005 [Gibbard et al., 2004], cfr appendix B.).

Tomasko et al. [2005] measured the ground reflectivity at the Huygens landing site
(10.3° S) thanks to the ULIS # instrument on the Huygens probe. The values they
found are 0.13 at A = 531 nm and 0.19 at A = 829 nm. The latter is in agreement with
the value measured by the Infrared Spectrometer (0.18) and with the value of surface
albedo of 0.04 retrieved by McCord et al. [2006] for the dark terrain®. These values

3It has to be mentioned that the highest concentration of haze is near 40° latitude in both hemi-
spheres [Rannou et al., 2006].

4Upward-Looking Infrared Spectrometers. Together with the DLIS (Downward-Looking) is part of
the DISR instruments on board of Huygens. See Appendix C for the Cassini-Huygens instrumentation
description.

5Ground reflectivity is the incident radiant energy reflected by a surface when illuminated directly
from above. The albedo (reflectance) is the square of the magnitude of the reflectivity. Lambertian
surfaces have an albedo equal to unity (pure reflecting), black bodies equal to zero (pure absorbing).
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of dark and bright terrain are in accordance between Coustenis et al. [1995]; Gibbard
et al. [2004]; McCord et al. [2006] and Tomasko et al. [2005]. On the other hand, the
bright values of McCord et al. [2006] are different from the values retrieved by Keller
et al. [2008], while their dark terrain values do agree, although a detailed comparison
is not possible due to the different resolution of the observations made by VIMS and
DLIS instruments. For this reason we used the albedo values for the bright and dark
terrain presented in Eq.5.16 [McCord et al., 2006] because they are not wavelength
dependent.

It would be recommendable to implement a more realistic wavelength dependent
surface albedo in future simulations of radiative transfer inside the atmosphere of Titan.

5.4.2 Atmospheric pressure and temperature

The pressure and temperature of Titan’s atmosphere have been retrieved from
Cassini orbiter observations made by the CIRS instrument during the early southern
summer in the second half of 2004. The data have been published by Flasar et al.
[2005].
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Figure 5.4: Temperature and pressure in Titan’s atmosphere. The profile was retrieved at 15°
S from a combination of nadir- and limb- observation of the CIRS instrument up
to 400 km. The image has been adapted from Flasar et al. [2005].

Figure 5.4 shows the temperature and pressure altitude variations for a location at
15° S (close to Huygens site). At the surface the temperature is 96 K for a pressure
of 1.4383 bar. The collisions taking place in the troposphere control its temperature;
these collisions generate absorption and consequently a warming greenhouse effect.
Above the tropopause, which is located at 44 km with a temperature of 72 K, the
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temperature increase depends on the haze extinction profile and thus on the haze
layer model. Above the stratopause, at 320 km with a temperature of 186 K, the
temperature drops due to the IR cooling by methane (antigreenhouse effect). The top
layers of the atmosphere are warmed up by solar radiation and UV photodissociation
[Lavvas et al., 2008]. A complete atmospheric thermal profile is shown in Fig. 1.1.
For further informations about the temperature retrieval please consult Flasar et al.
[2005].

We use CIRS-based dataset instead of HASI-based values with the intention to have
a more global temperature profile. The HASI-based dataset are in-situ measurements
relative only to the Huygens landing site. There are in fact several differences between
the two retrievals that are still unexplained. The HASI in-situ measurements suggest
a hotter stratosphere compared to the CIRS profile. The stratopause for the HASI
measurements is at about 250 km with a temperature around 185 K [Fulchignoni
et al., 2005], 70 km and 1 K higher than what retrieved from CIRS-measurements
[Flasar et al., 2005].

We divided the atmosphere in 34 horizontally homogeneous layers up to 400 km
above surface each with constant temperature and pressure values. We based the spac-
ing between two consecutive layers on a logarithmic variation of pressure between two
layers. On this logarithmic variation, we applied an exponential decrease of 1/e to de-
termine the pressure at the new levels. Once the pressure variation with altitude was
obtained, we could calculate the temperature and altitude values of the relative layers
through interpolation. The original pressure and temperature values used for our in-
terpolation are the one published by Flasar et al. [2005]. The interpolated temperature
and pressure profiles are shown in Fig.5.5 and 5.6 respectively.
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Figure 5.5: Temperature profile in Titan’s atmosphere up to 400 km. The profile was obtained
interpolating data retrieved by Flasar et al. [2005].
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Pressure variation
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Figure 5.6: Pressure profile in Titan’s atmosphere up to 400 km. The profile was obtained
interpolating data retrieved by Flasar et al. [2005].

5.4.3 Aerosols’ Refractive index

Now that the thermal profile of the atmosphere has been chosen, we have to define
the aerosols characteristic parameters. The first thing to do is to choose the composi-
tion of the aerosols and therefore, their refractive index.

We used the complex refractive indices published by Ramirez et al. [2002]. They
presented a set of values based on tholins’ laboratory measurements which are the
laboratory version of Titan’s aerosols. The tholins mixing ratio is No:CHy (98:2). All
the other possible aerosols components like hydrogen, carbon monoxide, hydrocarbons
and nitriles are considered negligible. If we would like to take into account also one
of the last mentioned components we should get a different refractive index with an
appropriate extinction coefficient (imaginary part) for the new mixture. So far the
Ramirez et al. [2002] is the most recent and up to date dataset. A more detailed
description of the refractive index choice can be found in Section 4.4.

5.4.4 Methane absorption

Scattering and absorption are due to the presence of gaseous molecules and aerosol
particles in the air. Absorption on Titan is mainly due to gaseous molecules. They
play such an important role in the radiative transfer that their absorbing effect has to
be taken into account for a complete and accurate modeling. In Titan’s atmosphere,
among the main gaseous components, methane is the most absorbing one. While
traveling through the atmosphere, the light intensity gets attenuated: the longer is the
path covered by the light, the more is the energy lost due to scattering and absorption
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processes. Consequently, a change in the vertical profile of CH4 could influence the
absorption (polarization) and lead to a completely different result and analysis.
We calculate the effect of absorption due to gas molecules as:

#molecules

bmabs = UabsT (517)

where the second term on the right side represents the number of molecules in a

vertical column through the layer with a cross section of 1 m?, while o,ps represents
2

the absorption cross section [%] The molecules absorption optical thickness

bmabs 1s dimensionless.

We determine the number of molecules present in each layer from the ratio of the
difference in pressure between two consecutive layers and the product of the gravita-
tional constant times the molecular mass of the air:

N; = P P2 (5.18)

molecular mass - gravitational constant

where N; represents the number of molecule in a layer [W], while p; and ps rep-

resent the pressure values of two consecutive layers. Taking the difference between the
pressure values of two consecutive layers from the bottom to the top of the atmosphere
(Eq.5.18) is equivalent of taking into account the height variation dz in Eq. 5.19.
Since the molecular mass shown in Eq.5.18 varies with the altitude according to
the vertical profile of the methane mole fraction, a detailed description of the atmo-
spheric components vertical profiles is necessary. Niemann et al. [2005] analyzed the
results obtained by the Gas Chromatograph Mass Spectrometer (GCSM) on board
the Huygens probe. The GCMS instrument was designed to study the abundances of
constituents of Titan’s atmosphere and, so far, are the most updated values for the
methane profile. As an example, Fig. 5.7 presents the species detected by the GCMS
on the surface of Titan once the probe landed.
As we can see from Fig. 5.7, CH4 and Ns are the most common species not only at
the surface level but in the whole atmosphere spectrum, all the others are compounds
generated by the photolysis process in the upper atmosphere (see Section 2.2.2). The
only noble gas detected is “°Ar due to outgassing from the interior (see Section 2.1).
The GCMS measured methane by monitoring the mass peak at m/z=16 (i.e. the
molecular mass of CHy). Comparing the counting rates at m/z=16 with those at
m/z=28 (i.e. the molecular mass of N3), the GCMS was able to detect the methane
mole fraction Xcp, shown in Fig. 5.8. Despite the difficulties created by the lack of
knowledge of many factors, errors are not yet fully evaluated. Only the systematic
errors due to calibration are estimated to be less than 5% [Niemann et al., 2005].
Figure 5.8 shows that the methane mole fraction Xcp, is constant in the stratosphere
with a value of 1.41 x 1072. This value has been confirmed also by the CIRS instru-
ment mounted on the Cassini orbiter [Flasar et al., 2005]. Around 32 km the mole
fraction increases gradually till 8 km where it reaches again a constant value of 4.92
x 1072. Having a constant mole fraction beneath 8 km means that methane is sat-
urated and reached its condensation limit, therefore some haze could appear also at
this altitude [Niemann et al., 2005]. Using a spline interpolation, we retrieved the
distribution of methane mole fraction at the interesting altitudes. The interpolated
values are shown in Fig. 5.9. Since the mole fraction represents the percentage of a
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Figure 5.7: A surface mass spectrum from the Gas Chromatograph Mass Spectrometer
(GCSM) adapted from Niemann et al. [2005]. It gives and idea about the at-
mospheric components at the Huygens landing site. Methane and Nitrogen are
the most aboundant ones. There is no trace of noble gases. From the GCSM
retrieval it is possible to obtaine the methane vertical profile.
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Figure 5.8: Methane mole fraction from the Gas Chromatograph Mass Spectrometer (GCSM)
adapted from Niemann et al. [2005].

certain component at a specific altitude with respect to the general composition of the
atmosphere, the sum of the different mole fraction has to be equal to 1. Therefore we
are able to obtain also the nitrogen mole fraction profile directly from the methane
values. The other components are neglected because their retrieved values are several
orders of difference smaller.

Going back to how-to calculate the molecular absorption optical thickness in Eq.5.17,
it is necessary to describe the meaning of other term on the right side of the equation,
oabs. The absorption cross section o, indicates a representative absorbing surface
within an air column [m} In other words, it is the section of a representative
column of air indicating how much of this area (surface) is absorbing per molecules.
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Methane vertical profile
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Figure 5.9: The distribution of methane mole fraction from the Gas Chromatograph Mass
Spectrometer (GCSM) was interpolated using a spline function. The interpolated
values are the ones used by the DAP.

Sometimes there is confusion between the term absorption cross section and the term
absorption coefficient, but, looking at the dimensions, they represent the same value.
The absorption coefficients for the visible wavelength range have been calculated by
Karkoschka [1998] through observations of Titan from the European Southern Ob-
servatory situated in Chile. The values provided by Karkoschka [1998] have units of
1/km-amagat. In order to obtain a dimensionless optical thickness b,,abs of the molec-
ular methane, we need to convert the molecular column density of CHy measured in
molecules over square meter into km-amagat.

The amagat of a gas is the ratio of the actual number of molecules per unit volume
at standard temperature and pressure (STP) to Loschmidt’s number. The thickness
of an equivalent atmospheric column at standard temperature and pressure is referred
as cm-amagat or km-amagat:

1
Z = N()/Ni(z) -dz (5.19)

The km-amagat it’s just a pure indication on how the coefficient has been calculated.
Dimensionally it represents an altitude, a thickness, practically it says which is the
"altitude resolution’ this number of molecules has been found at. For example, if for
a specific layer the optical thickness is 0.544 km-amagat, it means that its thickness
would shrink to 0.544 km if the whole layer of methane under consideration would
be cooled down to the STP. The Loschmidt’s number we used in Eq. 5.19 is Ny =
2.54743 x 10% 1/m? and it has been calculated at a STP of 288 K and 1013.25 hPa.
N; indicates the number density, dz indicates the vertical coordinates of the equivalent
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atmospheric column. Their product gives the atmospheric column density and it’s
basically what has to be converted from m~2 to km-amagat. Using some basic physics
relations and taking care of the dimensions of the factors, we obtain the following
conversion:

N, [#mole;ules]
m
& . moles
Av m?2
N,
Xop, — l
CHy Av — [mo €SCH4} (5.20)
N;
XCH4E - Av = X, N;
molecules
p=Xom,Ni - [# — CH‘*]
- [km — amagat]
Loschmidt

In these formulas Av stands for Avogadro’s number and Xcp, stands for methane
mole fraction. The density of the absorber or, more appropriately, the column density
of methane p is nothing else that the number of methane molecules present in the
atmospheric column and it is given by the product of the methane mole fraction times
the total number of molecules in each layer of the column. Once we obtained the
column density, we had to divide it by the Loschmidt number giving as result the
km-amagat coefficient as shown in Eq. 5.20.

To check the goodness of both the interpolation and the calculated absorption
coefficients, we successfully compared the absorption depth in the total radiance curve
with the absorption depth in the Karkoschka [1998] plot of the Full-Disk albedo of
Titan. Karkoschka [1998] did some observation of Titan from the European Southern
Observatory in Chile. The full disk albedo data have a resolution of Inm. In order to
compare the results, the same observing conditions have to be replicated. To observe
Titan from Earth, the Sun and the Earth and Titan (Saturn) have to be aligned. For
the DAP program it gets translated in having our instrument looking at Titan at the
same angular position of the Sun. Choosing four different positions for the Sun and
the instrument, we are able to obtain a sampled full-disk-equivalent result. The change
in angle is connected to the amount of light that will reach eventually the ground.

5.4.5 Aerosol optical thickness

As described in Section 5.2, our model atmosphere consists of plane-parallel layers.
In that section we introduced the concept of optical depth 7 and optical thickness b.
As a reminder, the optical thickness b is the distance between two locations z; and z9,
it is a property of an atmospheric layer, while the optical depth is the distance that
it has been covered to go from the location at height "z1” to the location at height
"z9” (the distance 7 can be different than the distance b). In order to calculate the
total optical thickness of a layer, we need to take into account the scattering and the
absorption of both gaseous molecules and aerosol particles:
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b()‘) = baer()‘) + bm()‘) =
= (bsca()‘) + babs()‘))aer + (bsca()‘) + babS()‘))m

where the subscript sca and abs indicate respectively the scattering and absorption
components of the optical thickness for the gaseous molecules (m) and the aerosol par-
ticles (aer). Equation 5.21 represents the cumulative extinction optical thickness. It is
calculated at a given wavelength by multiplying the column number density (vertical
profile per layer) of the particles with their extinction cross-section® at the given wave-
length. The aerosol optical thickness byer in Eq. 5.21 is determined by the aerosols ver-
tical profile and by the wavelength. For our atmospheric model, we adopt the aerosols
vertical profile of Tomasko et al. [2008]. From the DISR observations, Tomasko et al.
[2008] derived that the wavelength dependence of the aerosol extinction optical thick-
ness varies with altitude as shown in Fig.5.10. The solid curve indicates the wavelength

(5.21)
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Figure 5.10: Aerosols extinction optical thickness at three different altitudes as function of the
wavelength. The three altitude regions and the relative wavelength dependence
are labeled in the figure. See text for discussion. The image has been adapted
from Tomasko et al. [2008].

dependence of the aerosol optical thickness b, above an altitude of 80 km, the thick
dashed curve is for an altitude between 80 km and 30 km, while the thin dashed
curve is the wavelength dependence for an altitude below 30 km. The curves have

5As a reminder: Oext = Osca + Tabs. See Eq.4.3 and the explanation therein.
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been obtained with power-law fits (as labeled in the top area of Fig.5.10) to match
the observations of the DISR on board of the Huygens probe [Tomasko et al., 2008].
The cumulative aerosol extinction optical thickness decreases with increasing altitude
above 80 km with a scale height of 65 km. Between 80 km and 30 km the altitude
dependence of the cumulative optical thickness is linear as it is also below 30 km. In
the lowest regions the linear dependence has a different slope as can be seen in Fig.5.11
adapted from Tomasko et al. [2008].

Cumulative Aerosol Optical Depth vs. Altitude

20 ———r—r

15

== == 600 nm
=====534 nm
= = G575 nm
751 nm
m— 830 nm
= == 934 nm

10

Optical Depth

Altitude (km)

Figure 5.11: Cumulative aerosols extinction optical thickness for various wavelengths. Above
80 km the cumulative optical thickness decreases with a scale height of 65 km.
Below 80 km there is a linear dependence with altitude but with two different
slopes between 30 and 80km and below 30 km. See text for discussion. The
image has been adapted from Tomasko et al. [2008].

We calculated the cumulative aerosol optical optical thickness of the atmospheric
layers in Titan’s atmosphere taking into account the wavelength dependence of Fig.
5.10 and the vertical profile of Fig. 5.11. In order to obtain the aerosols optical thick-
ness byer for each of 34 layers in the atmosphere, we applied the power-law wavelength
dependence for the three altitude regions as Tomasko et al. [2008] suggest:

1.012 x 107172334 z > 80 km
2.029 x 101\~1409 80 km > 7 > 30 km (5.22)
6.270 x 102\~0-971 z < 30 km
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Figure 5.12: Cumulative aerosols extinction optical thickness as function of the altitude.
Above 80 km the cumulative optical thickness decreases with a scale height of
65 km. Below 80 km there is a linear dependence with altitude but with two
different slopes between 30 and 80km and below 30 km. See text for discussion.

with A = 0.55pum. This gave us the value of the cumulative optical thickness at the
bottom of each of the three regions. Taking into account the different altitude de-
pendences (Fig. 5.11) and the spacing between the layers of our model, we calculated
the aerosols optical thickness baer for each of the 34 layers. Figure 5.12 presents our
interpolation of cumulative optical thickness at a wavelength of 0.55 um. The three
different altitude regions are clearly visible and comparable to what shown in Fig.5.11
(note that the vertical and horizontal axes are inverted). To test the validity of our
calculations, we summed the b,e, of each layer to obtain the cumulative optical thick-
ness. As presented in Fig: 5.12, at surface level we reached a cumulative aerosol optical
thickness of 8.1 in complete accordance to Tomasko et al. [2008] and Fig. 5.11.

5.5 Sensitivity tests

During the simulations, we tried to simulate the single scattering properties of ag-
gregates with NV = 2048 but severe computational problems arose. This was because
the T-matrix code used for the single scattering simulations is programmed to deal
with aggregates formed by N<1000. As soon as we tried to increase the number of
monomers the computation time and the memory usage grew exponentially. In order
to reduce the memory problem, we had to decrease the accuracy of the calculations.
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After a week we got a T-matrix result with this low-accuracy settings for the original
particle with NV = 2048 for only one wavelength. Still we had to run the code for the
mirror particle for the same wavelength and then move to all the other wavelengths
in the SPEX range. It could have taken several months. Therefore we decided to test
only small aggregates up to N = 256.

Another parameter that affects the computational time is the Gaussian points:
the higher it is, the longer is the computational time required by the DAP. In sin-
gle scattering, the number of Gaussian points determines the accuracy with which
the single scattering results are taken into account before being processed to map the
multiple scattering events. If the number of Gaussian points is too low, the single
scattering curve is scarcely sampled resulting in a not representable multiple scatter-
ing phenomena. They depend on the scattering geometry, thus they can vary between
one simulation and another. For the single scattering the ideal number was found for
GP=100. Gaussian points is also used in the multiple scattering calculations; it is used
for the integration over all scattering angles. The ideal situation is to have the lowest
Gaussian number possible without affecting the sampling rate, especially for the multi-
ple scattering simulations. For the latter, tests have been done for GP=6,10,20,40,60.
Already between GP=10 and GP=20 the results were completely identical proving
that the sampling is correct. The number of Gaussian points that will be used for
most of the simulation is GP=20, if not mentioned otherwise.

At this point the simulations can start.



6 Spectropolarimetry on Titan
- Radiative transfer results

In this section we present the numerical simulation of the radiance I and the degree
of linear polarization P of sunlight that has been scattered inside the atmosphere of
Titan. The first simulation refers to what we call 'the atmospheric reference model’.
We start describing the main characteristics of this atmospheric model and its total
radiance and degree of polarization scattering functions. Then we change one model
parameter per time to see what affects the scattering inside the atmosphere of Titan
and what we can derive from these changes. The program used to simulate the radiative
transfer is the Doubling-Adding program (DAP).

6.1 Reference atmospheric model

We calculate the molecular scattering optical thickness by Of each layer as de-
scribed in Stam et al. [1999], using the values of Flasar et al. [2005] for the ambient
pressure and temperature at the bottom and top of each layer. Across SPEX’ wave-
length region, the main gaseous absorption bands are due to methane. We calculate
the molecular absorption optical thickness by.1s of each layer as described in Stam
et al. [1999], using the methane mixing ratio profile from Niemann et al. [2005] and
the methane absorption coefficients from Karkoschka [1998]. We use the same type
of aerosol throughout the atmosphere. We assume that the aerosol optical thickness
ba varies with altitude as described by Tomasko et al. [2008], with the cumulative
atmospheric b, at A =550 nm, equal to 8.10 and shown in Fig. 5.12. The actual wave-
length dependence of b,, as well as @, and F, of the aerosol particles depends on the
particles’ microphysical properties (size, shape, composition). As described in Section
4.4.3, we assume aggregate, fractal-type particles that consist of clusters of spherical
monomers. Our reference aerosol particle has been formed with Diffusion Limited
Aggregation (DLA), is a compact particle with 256 spherical monomers each with a
radius of 0.05um [Skorov et al., 2008]. We assume that the incoming solar flux equals
m,i.e. Fy =1 in Eq. 5.15. To describe the reflection of sunlight by Titan’s surface, we
use a wavelength independent surface albedo equal to 0.04, which is representative for
Titan’s dark terrain in accordance to McCord et al. [2006].

Figure 6.1 and 6.2 show, respectively, I and P as functions of the wavelength A
from 0.3 to 0.9 um (SPEX’ spectral range is somewhat shorter, namely from 0.4 to
0.8 pym). The solar zenith angle 6 is 0° (the sun is thus in the zenith), and the viewing
angle 0 ranges from 0° (looking towards the zenith) to 60°. For 6y = 0°, the azimuthal
angle ¢ — ¢g is undefined.
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Figure 6.1: Numerically calculated radiance spectra of sunlight that is scattered in and trans-
mitted through Titan’s atmosphere. The solar zenith angle 5 = 0°, and the
viewing zenith angles are: 0° (black), 20° (red), 40° (green), and 60° (blue). The
aerosol profile is as shown in Fig. 5.12 and the aerosol particles are of the DLA-

type.
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Figure 6.2: Numerically calculated degree of polarization for the same atmospheric model as
described in Fig.6.1. Note that for § = 0°, P equals zero at all wavelengths.

As can be seen in Fig. 6.1, the scattered radiance spectra show strong absorption
lines that are due to the methane in the atmosphere. With increasing A, the continuum
radiance of each spectrum increases steadily because of the decrease of the atmospheric
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optical thickness (gas + aerosol). The continuum radiance is highest for § = 0° and
decreases with increasing 6, because of the forward scattering behaviour of the phase
function of the aerosol particles (see Fig. 4.9), and because of the increase of the
effective atmospheric optical thickness with increasing € (the sun is in the zenith).
Increasing the instrument zenith angle 0, the sunlight scattered inside the atmosphere
has to cover a longer distance than when the instrument is aligned just underneath
the light source (both sun and instrument in the zenith). When the path is longer, the
sunlight is more affected by scattering and absorption giving as result a lower amount
of transmitted radiance.

The scattered polarization spectra (Fig. 6.2) can, like the radiance spectra, be
thought of as to consist of a continuum with super-imposed spectral features that are
due to absorption of light by methane. The continuum degree of polarization is small
at the smallest wavelengths, because at those wavelengths, the optical thickness b of
the atmosphere is relatively large. The multiple scattering of light in an optically
thick atmosphere will usually decrease P. With increasing A, b decreases, the multiple
scattering decreases, and the continuum P increases. The continuum P will also depend
on the single scattering Ps of the gas molecules and aerosol particles in the atmosphere.
For example, at the longest wavelengths, P will be mostly determined by low order
scattering by aerosol particles. The values of the continuum P at A = 0.9 pum for
each value of 8 compare very well with those in Fig. 4.9 for the corresponding single
scattering values of © (i.e. §p = 0° and § = 60° correspond to © = 60°).

From A ~ 0.4 to 0.5 ym, the continuum P is low for all values of #. This is called
a 'neutral’ point of polarization, and it is due to the combination of the polarization
signatures of single and second or higher order scattered light.

In the methane absorption bands instead, P generally increases with increasing
absorption band strength. This is explained by a decrease of multiple scattering with
increasing absorption, and hence an increase of P. However, to fully explain the chang-
ing shape of P across gaseous absorption bands, one also has to take into account the
single scattering properties of the atmospheric molecules and aerosol particles. In the
different parts of the absorption band, the transmitted light has been scattered in
different regions of the atmosphere, and will carry the polarization signature of the
mixture of aerosol particles and gases in those regions.

In the following sections we will change one atmospheric variable per time and
compare the resulting scattering functions to those of the reference model.

6.2 Aerosol vertical profile

With respect to the reference model, here we keep all the parameters constant
except the aerosols vertical profile. Here we discuss the changes due to doubling the
aerosol optical thickness b, obtained from Tomasko et al. [2008].

Comparing the radiance spectra in Fig.6.3 and Fig.6.1, we see that doubling the
aerosol optical thickness b, leaves the general shape of the radiance spectra untouched,
while it decreases the total radiance for each illumination configuration and for the
whole wavelength range. It has to be noticed that for 6§ = 40°,60° and A > 0.72um,
the continuum [ is slightly increased with respect to the reference model. It looks like
as if increasing b, from 8.1 to 16.2 (at A = 0.55um) makes the sky brightness more
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Figure 6.3: Numerically calculated radiance spectra of sunlight that is scattered in and trans-
mitted through Titan’s atmosphere. With respect to Fig.6.1, the aerosol optical
thickness has been doubled. All the other parameters are the same as for Fig.6.1.
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Figure 6.4: Numerically calculated degree of polarization for the same atmospheric model as
described in Fig.6.3.

homogeneous.

The polarization spectra in Fig. 6.4 are very similar in shape to those in Fig. 6.2.
For 6 = 0° the polarization is zero for the whole wavelength range as for the reference
model. The only difference is at the longer wavelengths where doubling b, has led to a
significant decrease of the continuum P because of an increase of multiple scattering.
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At the shorter wavelengths, the amount of multiple scattering hasn’t changed much
and P seems rather insensitive to the doubling of b, from 8.1 to 16.2 (at A = 0.55 um),
probably because scattering of light by the gas molecules is the most important process
at those wavelengths. Interestingly, the neutral points of polarization seem to have
shifted towards longer wavelengths with the increase of b,: for A ~ 0.4 to 0.6 pm the
polarization is low especially for § = 20°.

6.3 Surface albedo

We modify the surface albedo from 0.04, which is representative for Titan’s dark
terrain, to 0.2 which is representative for bright terrain still according McCord et al.
[2006]. These surface albedo values are wavelength independent.
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Figure 6.5: The same as in Fig.6.1, except that the surface albedo value changed from 0.04
(dark terrain) to 0.2 which is representative of bright terrain. All the other pa-
rameters are the same as for Fig.6.1.

Comparing the radiance in Fig.6.5 to Fig.6.1, we can see that a change from dark
reflecting surface to bright reflecting surface, does not change the shape of I, but
slightly modifies its absolute value especially at higher . The change is less than 10%
as shown in Fig.6.7 for P. The same is valid for the degree of polarization in Fig.6.6
if compared to the P spectra in Fig.6.2. The difference in both I and P spectra is less
than 10% when we change from a dark terrain to a bright terrain surface albedo.

6.4 Sun zenith angle
For the reference model, the Sun is positioned along the local vertical, the sun

zenith angle is in fact fy = 0°. Here we move the Sun off zenith, to an angle of 30° and
60° with respect to the local vertical. As soon as the sun is off zenith, the azimuthal
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Figure 6.6: Numerically calculated degree of polarization for the same atmospheric model as
described in Fig.6.5.
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Figure 6.7: Difference in degree of polarization P between simulations with bright terrain
(Fig.6.6) and dark terrain (Fig.6.2) values of surface albedo for § = 40° and 60°.

angle has to be defined. The results presented hereby are for ¢ — ¢9 = 0°, which means
that SPEX is looking in the direction toward the Sun.

In Fig.6.8 the viewing angles 6 = 20° and 40° are close to looking into the direction
of the sun, which results in a large continuum radiance at the longest wavelengths,
where the forward scattering by the aerosol particles is important. The size of the
aerosols is comparable to the longest wavelengths and results in a stronger scattering
effect than the one produced by the smaller gas molecules. Moreover, at the longer
wavelengths, the aerosols scattering optical thickness bagcq is larger that the molecular
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Figure 6.8: The same as in Fig.6.1, except that the Sun is now off zenith: the sun zenith angle
is 6y = 30°. The azimuth angle is ¢ — ¢y = 0° which means that the instrument is
looking in the direction of the Sun. All the other parameters are the same as for

Fig.6.1.
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Figure 6.9: Numerically calculated degree of polarization for the same atmospheric model as
described in Fig.6.8.

scattering optical thickness bysca as shown in Fig.6.10. At the longest wavelengths and
for # = 60°, the scattered continuum radiance is larger than for # = 0°, which means
that in the red, the horizon is brighter than the zenith sky. At the shortest wavelengths,
where scattering by gas molecules is most important, the horizon (§ = 60°) is darker
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Scattering optical thickness
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Figure 6.10: Scattering optical thickness for the simulation presented in Fig.6.8 and 6.9. The
aerosol particles scattering (basca) is higher than the gaseous molecules scattering
(bbsca)- The horizontal part of the bagsca curve is due to the fact that the aerosol’s
scattering is modeled starting from A = 0.410um.
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Figure 6.11: The same as in Fig. 6.8, but for 8 = 60°.

than the zenith sky (6 = 0°). Similarly as in Fig.6.3, an increase in solar zenith
angle 0y makes the sky brightness more homogeneous. Moving the Sun closer to the
horizon, 6y = 60°, gives as result in the total radiance spectra of Fig.6.11. This time
the viewing angle # = 60° is looking straight into the direction of the Sun. At the
longest wavelengths, the forward scattering by aerosols makes this direction of the sky
very bright (note that the spectra only include the scattered light), while the zenith
sky (6 = 0°) is darkest. At the shortest wavelengths, the direction towards the sun is
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Figure 6.12: Numerically calculated degree of polarization for the same atmospheric model as
described in Fig.6.11.

darkest. The absolute value of I is lower due to the longer path the scattered light has
to cover inside the atmosphere to reach the instrument.

In Fig.6.9, the continuum P for 8y = 30° looks very different from that when 8y = 0°
(Fig.6.2). In particular, the viewing directions 6 = 20° and 40°, which are closest (10°
1) to looking directly into the sun yield very low degrees of polarization (< 2%),
because this is mostly forward scattered light which has a low degree of polarization
(see Fig. 4.9 and 4.11 for © < 40°). It is important to notice the presence of neutral
points for both 8 = 20° and 40° between A = 0.5 and 0.7pum. The curves for 8 = 0°
and 60° pertain to different single scattering angles (i.e. © = 30° and © = 90°), and
therefore their shapes are quite different. The curve for § = 60° shows a higher degree
of polarization at longer wavelengths because of the stronger aerosols scattering in this
wavelength region and because the single scattering angle is © = 90°. At this angle
the spherical monomers on the outer layer of the particle, which can be considered to
be Rayleigh scatterers, produce the highest scattering possible that influences strongly
the scattering of the whole aerosol. The difference in shape between 6§ = 0° and 60° is
also because of the interplay between the degree of polarization of singly scattered light
at these (single scattering) angles and the ratio of single to multiple scattering. The
latter depends strongly on the effective atmospheric optical thickness, which increases
with the viewing angle (i.e. scattered light has to cover a longer path through the
atmosphere). In particular, for & = 60°, this results in a broad region where P is
about zero (a neutral point), which is absent for # = 0°. Moreover, comparing Fig.6.9
to Fig.6.2, we notice a decrease in absolute value of P in the whole wavelength range for
the various illumination geometries. This is connected with the increase in solar zenith

'If the instrument zenith angle would have been # = 30°, then the instrument would have been
looking directly into the sun. Every time that § = 0y in case of transmitted light, the sun and the
instrument are aligned along the same direction.
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angle (i.e. the scattered light has to cover a longer path through the atmosphere) and
the consequent increase in multiple scattering which, in turn, lowers the polarization
P.

For 0y = 60° (Fig. 6.12), neutral points appear for # = 60°, and for # = 40°, which
is close towards the direction of the sun. The highest continuum P is seen for smaller
viewing angles due to the longer distance between the sun and the instrument, which
produces stronger scattering and absorption, and therefore, causes higher polarization.
Comparing Fig.6.9 and 6.12, we can see that when the viewing angle is close towards
the direction of the Sun, the degree of polarization is lower than for other geometries
(i.e. 8 = 20° and 40° in Fig.6.9 and # = 40° and 60° in Fig.6.12). Neutral points
appear in these conditions.

6.5 Azimuthal angle

In the previous section we have described the results for a change in Sun zenith
angle to g = 30°. For this off zenith solar position, we had to define the azimuth
angle as ¢ — ¢g = 0° which means that SPEX is looking in the direction toward the
Sun. Here we keep the sun off zenith, but change the azimuth to ¢ — ¢9 = 180°, which
means that SPEX has the Sun in ’its back’. For ¢ — ¢¢9 = 0°, SPEX is looking at the
forward scattered light, while for ¢ — ¢g = 180° it is looking at the backward scattered
light.
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Figure 6.13: The same as in Fig.6.8, except that the instrument has now the sun in ’its back’:
the azimuth angle is ¢ — ¢g = 180°.

The radiance spectra in Fig.6.13 have the same shape as the spectra in Fig.6.8,
but the absolute value of I is almost halved for the whole wavelength range. This
effect depends on the particles single scattering shown in Fig. 4.9. At higher single
scattering angles the aerosol particles have a low backward scattering phase function.
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Figure 6.14: Numerically calculated degree of polarization for the same atmospheric model as
described in Fig.6.13.

In the backward direction, ¢ — ¢g = 180°, the effects of the single scattering of the
aerosols is stronger than the multiple scattering effects.

Figure 6.14 presents a doubled degree of polarization spectra with respect to Fig.6.9.
The effects of the single scattering angle © are more visible when the instrument is
looking in the backward direction. The higher the instrument zenith angle, the closer
to the monomers polarization peak at © = 90°, as for # = 60°. Even though the
multiple scattering should decrease the polarization, it looks like as if the aerosol single
scattering Pg plays a stronger role than multiple scattering in backward direction.
When looking away from the Sun, the neutral points for # = 20° and 40° disappear.
The only points where P is close to zero are for A = 0.4 to 0.5um as for Fig.6.2.

6.6 Aerosol particles

So far the atmosphere contained DLA aerosol particles with N=256 as explained in
Section 6.1. We now try to see the effects in total radiance and degree of polarization
spectra if we decrease the aerosol size to N=128 or if we change the aerosol structure
from compact (DLA) to fluffy (BPCA).

6.6.1 Aerosol size

The continuum [ decreases if we decrease the number of monomers forming an
aerosol from N=256 (see Fig.6.1) to N=128 as done for Fig.6.15. This decrease is
mainly due to the lower forward scattering in the single scattering phase function
for a particle with N=128 with respect to N=256, which is visible in Fig. 4.10 for
© < 30°. Furthermore, a decrease in aerosol size produces a small change in the
wavelength dependence of the aerosol optical thickness b,(\). Fig.6.17 in fact, shows
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Figure 6.15: The same as in Fig.6.1, except that the number of monomers that form the
aerosol particles in the atmosphere decreased from N=256 to N=128. All the
other parameters are the same as in Fig. 6.1.
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Figure 6.16: Numerically calculated degree of polarization for the same atmospheric model as
described in Fig.6.15.

that if we reduce the number of monomers in each particle from N=256 to 128 or
64, the wavelength dependency of the aerosol optical thickness increases (especially
for shorter A) in order to keep the number of aerosol per layer and the atmospheric
mass constant: the cumulative optical thickness of the aerosols has to stay constant.
This can be verified with the formula of aerosol size (Eq.4.25): being the particle’s size
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Figure 6.17: Aerosol extinction optical thickness as function of the wavelength for a decrease
in particle size. Since the amount of aerosol per layer has to be constant, as soon
as we decrease the particle size, the number of aerosol particles has to increase
resulting in a less steep wavelength dependency of the extinction optical thickness

ba(N).

smaller, each layer has to contain more aerosols to have the same cumulative optical
thickness as for a bigger size (Fig.5.12). The decrease in monomer number size should
increase the degree of polarization (i.e. the size of the aerosol particle is smaller).
But looking at Fig. 6.16 and comparing it to Fig.6.2 there is almost no difference.
It looks like as if the decrease in aerosol size is counterbalanced by the increase in
multiple scattering due to an increase in aerosol optical depth b,(A) resulting in no
visible change in the continuum P.

6.6.2 Aerosol inner structure: compact versus fluffy

If we keep the number of monomer constant (N=256) but change the inner structure
of the aerosol from compact (DLA) to fluffy (BPCA) some changes in the scattering
functions spectra are visible.

Figures 6.18 and 6.19 show the effects on the transmitted radiance and degree of
polarization for when we have BPCA instead of DLA-particles in the atmosphere of
Titan, with the same aerosol optical thickness at 0.55 pm. The solar zenith angle
is 0° (Fig. 6.18) or 60° (Fig. 6.19) and results are shown for § = 0° and 60° (with
¢ — ¢o = 0°). As can be seen from the radiance spectra in Fig. 6.18, the DLA-
particles show a stronger forward scattering behaviour than the BPCA-particles (at
longer wavelengths). For the polarization, and § = 60°, we see in Fig. 6.18 that at
the shorter wavelengths, there is little difference between DLA and BPCA, while at
the longer wavelengths, there is a large difference (just like we would expect based on
Fig. 4.16). The continuum P in Fig.6.18 is zero for § = 0°: for both the particles
type looking directly into the sun produces high radiance spectra and low polarization.
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Figure 6.18: Similar to Fig. 6.1 and 6.2, except only for the viewing angles # = 0° and 60°,
and it also includes curves for BPCA-particles instead of DLA-particles (b, at
0.55 pm is 8.1 for both aerosol types). Note that at § = 0°, P = 0 at all the
wavelengths for both BPCA-particle and DLA-particle (see Fig. 6.1 and 6.2).

Moreover, the DLA-particle shows higher degree of polarization for § = 60° at longer
wavelengths because it looks ’smaller’ than the BPCA type due to its compactness (see
Fig.4.16 for A = 0.83um). It has to be pointed out that the DLA-particle could also
look bigger because it is compact; the BPCA-particle, on the other side, can be viewed
as consisting of only Rayleigh scattering particles (i.e. considering the monomer ”arms”
described in Section 4.4.3). With the sun at 60° (Fig. 6.19), we can again see the single
scattering polarization features (Fig. 4.16) back in the multiple scattering behaviour.
In this geometry, both the DLA- and the BPCA-particles give rise to neutral points
at certain wavelengths, especially the DLA-particles. What permits to discern the
two spectra, is the location of the neutral points. In Fig.6.20, which is a zoom-in of
Fig.6.19, for a viewing zenith angle of 60°, the DLA-particle presents neutral points
at A &~ 0.55 ym and A =~ 0.57 pm that the BPCA-particle does not show. The DLA-
particles also give rise to inverted polarization in some of the methane absorption
bands.

From the spectra we showed, it is clear that the spectral dependence of the degree of
linear polarization of sunlight that is transmitted through Titan’s atmosphere shows
a stronger variation on the particle-type, than the radiance of this light. The latter
does show variations, but the general shape of the spectra remains the same, while the
continuum radiance is very dependent on the aerosol optical thickness and would thus
not constrain particle type [Mishchenko and Travis, 1997]. Obviously, preferably, both
the radiance and the polarization are measured.

09
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Figure 6.19: Same as for Fig.6.18, except for g = 60°.
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Figure 6.20: The same as the degree of polarization in Fig.6.19, but focused on the neutral
points present between A &~ 0.55 ym and A = 0.57 pym for the DLA-particle.






7 SPEX - Spectropolarimeter
for Planetary EXploration

In this chapter SPEX - Spectropolarimeter for Planetary EXploration will be in-
troduced. In the first part a short description of conventional polarimetry is provided.
SPEX’ innovative polarimetric spectral intensity modulation concept will follow in the
second section. A description of the optical design and the actual configuration of the
instrument will conclude the chapter. For further information about SPEX please visit
the SRON web page at: http://www.sron.nl/spexinstrument

7.1 The classical method of polarization measurements
The complete information on the linear polarization properties of the light is gen-

erally obtained from four independent intensity measurements. The four spectra can
be formulated as:

tIA) +QM),  sa=t(I(N)-QN),
tIN+UN),  sa=t(I(N\)—UN).

51

(7.1)

53

where T(\), Q(\) and U () represent the Stokes parameters introduced in Section 3.2.1
and ¢ is the transmission factor ideally identical for the four measurements. From the
measured spectra s; (with ¢ = 1,4) we determine the normalized parameters Q)/I and
U/I that are independent of ¢ [Snik et al., 2009]. The conventional techniques used to
retrieve the normalized parameters are spatial and temporal modulation:

Spatial modulation - the light is split into four beams, two oriented at 0° and 90°
to detect the linear polarization along the @) direction, and two oriented at +45°
to detect the linear polarization along the U direction. Therefore four different
optical paths and four detectors are needed. Different alignment and transmission
of the four beams is critical and could lead to a not precise detection of the Stokes
vectors.

Temporal modulation - the four measurements are obtained sequentially with a
single beam by using an active component such as rotating a polarizer or a half-
wave plate in front of a fixed polarizer. It requires power for the rotation and
it may fail during the life of the polarimeter. Moreover since it uses sequential
measurements (and not simultaneous), the observed scene might change in the
mean time and random vibrations of the system could affect the outcome.
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There are further drawbacks related to both classical methods: the more beams
per viewing angle (i.e. four) the bigger the size of the instrument, the mechanical
complexity is generally increased, time variations of the source or of the instrument’s
pointing could introduce extra differential effects. Last but not least, these methods
are sensitive to random noise in the independent four spectra s; especially if the mea-
sured degree of linear polarization is very low [Snik et al., 2008, 2009].

In the past decades there have been several missions that carried instruments with
polarimetric capabilities such as Pioneers 10 and 11, Voyager 1 and 2 and the Galileo
mission. Those polarimeters were able to detect the only intensity of the scattered
light (using a combination of spatial and temporal modulation).

SPEX uses a novel approach: the linear polarization is mapped neither in the tem-
poral, nor in the spatial but in the spectral domain. This method is called polarimetric
spectral intensity modulation. Thanks to spectral modulation, SPEX can sample both
the intensity and the polarization scattering phase functions of scattered light with one
single measurement without using moving parts. As explained in the following section,
differential effects and sensitivity to noise are therefore drastically reduced [Snik et al.,
2009].

The polarimetric concept of SPEX based on birefringent crystals has been patented
by Prof. Dr. C.U. Keller of the Astronomical Institute of the University of Utrecht,
The Netherlands.

7.2 Spectral modulation and optical design

SPEX’ spectropolarimetry works by encoding the degree and the angle of linear
polarization in a sinusoidal spectral modulation of the flux spectrum. With a single
measurement of the reflected sunlight we are able to determine the degree and the
angle of linear polarization as function of the wavelength.

1
S£(A) = 55(A) [1 £ P(X) cos p(A)] (7.2)
where the phase is given by

o) = 20 o, (7.9

Equation 7.2 represents SPEX’ output spectrum, i.e. the modulated spectrum. The
amplitude variation of the signal is connected with the degree of linear polarization
P while its phase variation ¢(\) is connected with the angle of linear polarization .
The + sign depends on the orientation of the polarizer in the instrument’s pre-optics
and 0 represents the retardance! (phase shift) of the multiple order retarder. With
SPEX, we detect both the S (’positive’ modulated) and the S_ ("negative’ modulate)
spectrum, and it is clear that by adding these two modulated spectra, the incoming
radiance spectrum Sy (i.e. I) is obtained with the spectral resolution with which Sy

!The retardance § depends strictly on wavelength and temperature, it should be indicated as §(\, T).
In the text this dependency will be symbolically omitted for graphical clarity; it is treated in more
details in Section 7.2.3.
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are measured. Furthermore, Sy represents the input spectrum and it corresponds to
So(A) = Io(A)t(N) [Snik et al., 2009]. From the degree of linear polarization P (Eq.3.9)
and its orientation y (Eq.3.10), we can derive the linear polarization Stokes parameters
for describing the linear polarization @ and U (see Section 3.2.1).

The polarimetric spectral modulation, or simply spectral modulation, takes place
inside the instrument thanks to a train of passive optical components (pre-optics):

e Achromatic quarter-wave retarder (Fresnel Rhomb)
e Athermal multiple-order retarder

e Polarizer (Wollaston Prism)

Birefringent Retarder eeatinn fAlfor
Quarter Wave Plate s s L Polarisation filter
S reanel IRh oD JOmMDI OF crystalline sapphnire ‘\"."'OHE}S‘,";I['I Dl'isﬂﬁ

Fin

Figure 7.1: SPEX pre-optics, spectral modulator. The Fresnel Rhomb and the Wallaston
prism are a retarder and a polarizers. The retarder placed between them will
produce a sinusoidal modulation.

Image source: SRON presentation on the 24 Nov. 2009.

Figure 7.1 shows the sequence of retarders and polarizers used in SPEX. The vectors
Fi, and Fg, are the input and output vectors and correspond respectively to the
intensity Ip and I inside Sg and S in Eq.7.2 2. Thanks to this instruments sequence
and orientation, it is possible to retrieve the linear polarization® parameters from one
single measurement, from one unique modulated spectrum.

The advantages with respect to the classical spatial and temporal modulations are:

o differential effects are eliminated - the polarization parameters are obtained from
one single beam per viewing angle,

e noise is reduced - there is one single retarder and detector, P and x are obtained
through a simple curve fit of the sinusoidal spectral modulation,

e rigk of failure is reduced - movable parts are not needed in this configuration.

In order to retrieve the properties on a single spectrum the original intensity spec-
trum needs to have features that are all broader than the modulation periodicity as
determined by (A, T') [Snik et al., 2009]. If this is not the case the curve fitting of both

2The flux indicated as F' is the intensity, the energy I imagined over a surface. See Section 3.2.1.
3SPEX can retrieve, through a specific retrieval algorithm, only linear polarization, the circular
polarization it is assumed to be zero.
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the degree of linear polarization and of its angle does not accurately follow a sinusoidal
shape resulting in a not precise retrieval of the polarization parameters.

With the intention to derive the formula of the modulated spectrum, it is necessary
to understand how each pre-optics component works and how they act on the light
wave.

7.2.1 Retarders

A retarder is a device that splits the light wave into two orthogonal linear polar-
ization components and produces a phase shift between them giving as result a wave
with a different polarization status. This does not mean that the wave gets polarized
or is subject to a change in intensity: the change is only in the polarization form (i.e.
linear to circular and viceversa)?.

A Direfringent retarder is formed by an anisotropic crystal which has different
refractive indexes for different polarization directions [Snik, 2008]. If a material is
anisotropic it means that the inner structure will look different if we look up in the
crystal or at its side for example. Bi-refringent means that there are two directions
of anisotropy each represented by its anisotropy axis (called also optical axis of the
crystal). In Figure 7.2 we are looking at a section of the birefringent crystal: the two
optical axes positioned at 45° with the z— axis® are representative of the two different
areas with two different indexes of refraction indicated as n. (extraordinary) and n,
(ordinary). If n. > n, the extraordinary axis will be the slow axis while the ordinary
will be the fast axis. The velocities of the wave’s components will be respectively ¢/n.
on the slow axis (larger index of refraction) and ¢/n, on the fast axis (smaller index
of refraction). The optical axes of the crystal in Fig.7.2 are parallel to the page in the
e direction. The light is propagating along the z axis, orthogonal to the page toward
the reader.

Let’s assume now that the incident light is linearly polarized and it is decomposed
into two orthogonal components as soon as it strikes the retarder’s plate. The light
plane wave will encounter two different areas of the crystal, the wavelength will change
according to the index of refraction, so will the velocity. This change will affect the
rays in a different way resulting in a phase difference at the crystal’s exit in B as shown
in Fig.7.3:

A d

Ao=— — @QBo=@A+2r— (7.4)
No )\o
A d

Ae="— —> QYBe=pa+2mr— (7.5)
Ne )\e

where d represents the crystal’s thickness. The difference between the two phases is
the total phase shift App:

d
A‘)OB = ¥B,o — $Be = 27TX (no - ne) (76)

‘http://www.meadowlark.com/Products/RetardersLanding. php

5This is valid for any angle the the retarder optical axis forms with the plane of incident light. For
a 45° configuration the slow and fast components will have different velocity but the same amplitude.
Source: SRON presentation on the 24 Nov. 2009.
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Figure 7.2: Retarder birefringence features. The extraordinary axis is parallel to the crystal
optic axis, while the ordinary axis is perpendicular. The slow axis and the fast
axis have two different refractive indices and therefore two different velocities. A
ray of light traveling through the crystal will be subject to a phase shift due to
this difference. See text for discussion.
Image source: SRON presentation on the 24 Nov. 2009.

The retardance (i.e. delay between ordinary and extraordinary ray) is given by:

0=NX=d (n,—ne) (7.7)

where N is the retardance expressed in waves. For a quarter-wave plate for example,
N =m+ i where m is an integer. If m = 0 we have a zero-order retarder, if m > 0
we have a multiple-order retarder. Taking into consideration Eq.7.7, we can rewrite
Eq.7.6 as:

App = 27r§ (7.8)
From Eq.7.8 it is evident that the total phase shift is directly dependent on the
retardance and inversely dependent on the wavelength variation. The thicker the
retarder becomes (increase of d), the faster the retardance changes as a function of the
wavelength, the larger is the total phase shift [Keller, 2002].
Suppose that we have a quarter-wave zero-order retarder which means that App =
% = 90°. From a pragmatic point of view it means that the e—wave is slower, it will
be retarded by 90° and will fall behind the o—wave: at the exit point in B the waves
will recombine: the polarization form is changed from linear to circular due to the
retardance. % In the same way a half-wave retarder will mirror the direction of the
incident linear polarization around its axis because App = A/2 = 180°.

In terms of Mueller matrix”, the action of a generic retarder with retardance ¢ and
with its fast axis at an angle 6 with the x—axis, is equal to:

51f the incident light would have been circular it would have been transformed into linearly polarized.
"See Section 3.3 for details on the Mueller matrix formulation.
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Figure 7.3: Birefringent phase shift.
Image source: SRON presentation on the 24 Nov. 2009.

1 0 0 0
Mo — 0 cos?20 +sin?20cosé  cos20sin20(1 — cosd) —sin20sind (7.9)
10 cos20sin20(1 — cosd)  sin?20 + cos?20cosd  cos 20sind ’
0 sin 20 sin § —cos20sin § cos
If the fast axis is aligned with the z—axis (6 = 0):
10 0 0
0 1 0 0
Mret hor = 0 0 cos Q—K‘S sin @ (7.10)
0 0 —sin QL)\‘S cos 2%‘5
If we have a quarter-wave plate (QWP) with an horizontal fast axis (§ = —%):
1 0 0 O
010 O
Mowr =10 0 0 -1 (7.11)
001 0

The same is for the half-wave plate (HWP) with an horizontal fast axis (§ = %)

Mywp = (7.12)

0
1
0 -1
0

o O o

On the other hand if the axis of the retarder is § = 45° as shown in Fig.7.2, the
Mueller matrix becomes:

1 0 0 0
0 cos2Z8 (0 —sin2m

Meetas = | 0 A 1 0 A (7.13)
0 sin @ 0 cos QL)\‘S



7.2 Spectral modulation and optical design 93

7.2.2 Polarizers

A polarizer is a device that allows the passage of only certain orientations of
polarized light depending on the orientation of its own axis. For example, a polarizer
with a vertical axis would allow only vertically polarized light, blocking (i.e. absorbing
or reflecting) all the other polarization forms; if rotated by 90° it would allow only
horizontally polarized light. In mathematical terms the action of a polarizer can be
described by the following Mueller matrix:

1 cos 260 sin 260 0
Mo — 1 cos 20 cos 220 sin 260 cos260 0
o= 2 | sin20 sin 26 cos 260 sin 226 0

0 0 0 0

(7.14)

where the angle 6% is the polarizer axis inclination with respect to the polarization
direction of the incident light. If we have a linear polarizer with horizontal axis (8 = 0)
its action will be translated as:

1100
111100

MpoLhor - 5 000 0 (715)
00 00

Instead if the axis is oriented with a 45° angle, the Mueller matrix will be:

1 010
110 0 00

MpoL45 = 5 101 0 (716)
00 00

7.2.3 Pre-optics
Fresnel Rhomb

The Fresnel Rhomb is the first component at the entrance of the modulator as
shown in Fig.7.1. It is a quarter-wave retarder shaped in such a way that introduces
retardance using total internal reflections ?. Two total internal reflections can produce
a retardance § = % as for the quarter-wave plate (i.e. the Rhomb’s case), four total
internal reflections produce a retardance § = % as for the half-wave plate.

The Fresnel Rhomb has a retardance equal to:

0(A) = 2arctan <— cosfy/n(A)sin 0 - 1) (7.17)

n(A)sin 26

The adavantage of the Fresnel Rhomb is that its retardance is not thermal depen-
dent'?, as noticeable in Eq.7.17. The only dependence is on the wavelength through

8Not to be confused with the previously mentioned § which represents the instrument viewing angle.

9The light that enters is reflected as many times as needed to generate phase shift in the reflected
beam. Retarders using total internal reflection are called Fresnel Rhombs [Keller, 2002].

'"Nonetheless temperature variations could still alter the rhomb’s retardance [Snik et al., 2009]
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the refractive index of the crystal. Furthermore, 6 is the internal angle of incidence.
The requirement to have total internal reflection is: n(\)sin@ > 1 [Keller, 2002].

Athermal multiple-order retarder

Retarders are in general temperature dependent. The problem is that a variation in
temperature will have an effect similar to a variation in the angle of linear polarization
x and therefore it will affect the whole modulation. It is clear that this dependence
has to be reduced as much as possible.

An "athermal” retarder can be created combining two or more plates with different
material and thicknesses: their thermal dependencies will cancel out (i.e. balance)
while their retardances will not. The retardance variation with the temperature is
defined as:

_1dé _ 1d(dy) 1 d(nei — no,i)

)

= (Z@ N dl dT Nei — Noi dT

(7.18)

where the two plates are indicated by ¢ = 1,2. Therefore the temperature balancing
condition is described as:

7161 — Y202 =0 (7.19)

The only requirement is that the two crystals need to have opposite birefringence
(i.e. subtracting combination of retarders with n.1 > n,1 and nea < ng2), this
explains the minus sign in Equation 7.19.

Thermal test have been performed by the Snik et al. [2008] yielding the combina-
tion of MgFs-AloO3 as the most appropriate one for the visible range 350 to 800 nm in
which SPEX operates. According to these results the combined retarder will show an
athermal behavior if the thickness ratio between the two plates is dy : do = 2.4. The
exact athermal behavior cannot be achieved for the whole visible range, but only for
one unique wavelength. The maximum deviation of the angle of linear polarization
is about 1.5-102 radians/°C [Snik et al., 2008, 2009).

Wollaston prism

The Wollaston prism is a beam-splitter polarizer with high extinction ratio (i.e.
~ 107%) 1 Tt consists of two orthogonal prisms and, as the name says, it splits
the light wave in two rays with different polarization state. As for the retarders, the
optical axes of these prisms are the fast and slow axes, they are perpendicular to each
other and orthogonal to the direction of the propagation of light. They are aligned
to the @ and U directions respectively. The light that travels through the first prism
is decomposed into e—ray and o—ray; at the entrance of the second prism these two
directions get swapped: the e—ray becomes o—ray and viceversa generating thus a
difference in directions as shown in Figure 7.4.

The difference in directions is due to Snell’s law:

A bad extinction ratio causes leaks in polarization and therefore decreases the modulation ampli-
tude [Snik, 2008].
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ey

Figure 7.4: Wollaston prism.
Image source:
http://upload.wikimedia.org/wikipedia/commons/d/d6/Wollaston-
prism.png

in 6
nysinf; = ngsinfy — Mo s%n 2 (7.20)
ng  sinfy

where n1 and no are the indexes of refraction of two generic materials, while 07 is the
angle of incidence and 65 is the angle of refraction. According to Snell’s law, if a light
wave moves from a less refractive material to a more refractive one (higher index of
refraction, e.g. ng > nj) the refracted light will bend closer to the normal as shown in
Figure 7.5. The same is valid for the two crystals of the Wollaston prism, the indexes
in Equation 7.20 can be seen as the refractive indexes of the crystals thus as n. and n,.
If ne < n,, the final extraordinary ray is bent away from the normal: the two linear
polarization parameters ( and U will show different directions at the Wollaston’s exit.

7.2.4 Optical design

SPEX current design is optimized for the ExoMars mission to Mars. To sample the
scattering phase angles 7 viewing angles (there are also 2 limb viewers) are required to
obtain the desired spatial resolution for an orbital altitude of 300 km required for this
mission. Each of these viewing angles needs to have its own pre-optic instruments as
shown in Figure 7.6. The pre-optics instruments form the spectral modulator shown
in Figure 7.7.

For one viewing angle the light enters the polarization pre-optics and is focused
on a slit plane. All the 9 slit planes are combined into a single, larger, slit plane
by a beam combiner. This slit plane passes a spherical mirror, a folding flat mirror,
the transmission grating, and finally it is imagined onto a detector. The detector has
512x512 pixels each with a size of 25 um? 2.

12Source:
http://www.sron.nl/index.php?option=com_content&task=view&id=2376&Itemid=2094
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Figure 7.5: Snell’s law of refraction. The law shows the behavior of the angle of incidence and
the angle of refraction when a light ray passes from a less refractive media to a
more refractive one: the refracted ray is bent closer to the normal. It is bent away
from the normal if the second media has an index of refraction smaller than the
first media.

Figure 7.6: SPEX full optics design. Image adapted from SRON website.

7.3 Spectral modulation basic principle

In order to derive the modulated spectrum equation we started from Fig.7.1 where
the configuration of retarders and polarizers for SPEX is shown. The first element of
the optics train is the Fresnel Rhomb (quarter-wave retarder) with its axis oriented
along the £@Q) direction (z,y axes respectively). It is followed by the birefringent ather-
mal multiple-order retarder made of a combination of MgFo-AloOg with its axis at an
angle of 45° with respect to the Fresnel Rhomb. Last component is the Wollaston
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Figure 7.7: The spectral modulator is made by three optical elements that form the polarizing
pre-optics. Image adapted from SRON website.

prism with its optic axis parallel to the Fresnel Rhomb’s one. The orientation of the
modulator components is shown in Figure 7.8(a). In Fig.7.8(b) the changes in the
Poincare’ sphere!? are shown according to the steps taken inside the spectral modula-
tor.

(8.) achromatic multiple-order retarder polarizer
quarter-wave

retarder

*
Sl

(polarizing
beam-splitter)

Figure 7.8: Modulator optics orientations (a) and Poincaré sphere (b). Image adapted from
Snik et al. [2009].

Suppose that a polarized light wave is entering the modulator: what happens at
each step?
To better understand the basic principle of polarimetric spectral modulation let’s

13Gee Section 3.3 for details about the Poincaré sphere.
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Figure 7.9: Figure (a) shows a +@Q polarized flux enetering the modulator optics and the
possible changes in polarization status depending on the phase shift. Figure (b)
shows the same but for a £U polarized input.

Image source: SRON presentation on the 24 Nov. 2009.

keep an eye on Fig. 7.9 where some examples of polarized light modulation are pre-
sented.

1. Achromatic quarter-wave retarder - Due to its optical axis orientation the Fres-
nel Rhomb does not alter an incoming Stokes vector along the @) direction, but
generates a phase shift of £90° for the Stokes vector oriented along the U direc-
tion converting it into circular polarization. The plane @Q/I,U/I has been then
converted to the /I, V/I plane as shown in the Poincare’ sphere in Fig. 7.8;

2. Athermal birefringent retarder - The crystals rotate the plane Q/I,V/I of a cer-
tain amount around the U/I axis depending on the wavelength: longer is the
wavelength (i.e. redder) less is the phase shift at the retarder exit. In fact in
Fig.7.9 after the second stage there are several polarization state transformations
according to the wavelength and the relative phase shift, see Eq.7.6.

3. Polarizer - The Wollaston prism at the end of the optics train separates the rays
polarized along the () direction from the ones polarized along the U direction:
its main optical optical axis is along the Q/I direction, the other is orthogonal.
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These polarization states can be visualized on the Poincaré sphere as shown in
Fig.7.8. The output intensity signal (or output spectrum) represents the projec-
tion of the relative polarization state in the Poincare’ sphere on the Wollaston’s
axis Q/I. Basically it is thanks to the polarizer that the rotation in the Q,V
plane is transformed into a sinusoidal signal as shown in Fig.7.8 and gives as
result the two spectra shown in Eq.7.2.

After the polarizer the rays travel through the spectropolarimeter ending up eventually
on the detector. The output signal we are referring to is the detector output spectra
shown in Eq.7.2, the £ sign depends on the alignment of the output spectrum with
respect to the Wollaston prism’ optical axis: if the projection of the polarization on
the Poincaré sphere is parallel to the @/I direction, it will be represented by the '+’
sign, otherwise by the -’ sign. If each of these two spectra is divided by the input
spectrum, we get two different modulated signals that vary in the range 0 < S/Sp < 1
(i.e. one of these modulated signal is the input signal for the retrieval algorithm).

Let’s clarify the dependence of the amplitude of modulated spectrum on the degree
of polarization still shown in Eq.7.2. If after the Wollaston prism the ”polarization”
point is, for instance, on the surface of the Poincaré sphere, it means that the wave
is fully polarized, the degree of polarization will be 1 and the signal amplitude will
be maximum (i.e. ’deep’ signal amplitude). The smaller is the degree of polarization,
the smaller will be the sphere on which the status is visualized (concentric sphere),
the ’shallower’ will be the depth of the signal amplitude. The amplitude of the output
spectra will change according to the degree of polarization variation producing ’deeper
waves’ for higher P values and ’shallower waves’ for smaller P values.

In order to derive the modulated spectra shown in Eq.7.2, we should consider the
Mueller matrices of each component paying attention at their relative orientation:

S()‘) = Mpol . Mret,45 . MQWP . SO()\) = (7.21)
1 1 0 0\ /1 0 0 0 100 0
1110 0| ([0 cos222 0 —sinZ2| [0 1 0 0
“210 0 0 0f]o 0 1 0 000 —1 So(A) =
0000/ \0 sinZ2 0 cosZ /) \0 0 1 0
(7.22)
% %cos@ —lsin¥ 0
1 1 2w 1 _:.. 278
_ |2 gcosT —gsin- 0 _ 9
5 0 0 0 So(A) (7.23)
0 0 0 0

The input spectrum is supposed to be normalized with a degree of linear polariza-
tion P and an angle of linear polarization x:

1
o= [y i o

0

where ¢ is the instrument transmission factor. Then, taking into account just the
intensity, the final modulated output intensity spectrum is equal to:
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I(\) = %IO(A) : [1 + P()\) cos <W +2. X(A))} (7.25)

Equation 7.25 is equivalent to the spectra in Eq.7.2, only the 'positive’ intensity
spectrum is shown. From one single modulated spectrum it is possible to obtain the
degree of linear polarization P and its angle x using a retrieval algorithm based on
this equation [Snik et al., 2009].

Figure 7.10 presents an input spectrum representative for unpolarized incoming
light and simulated for the Mars instrument set up. Figure 7.11 shows two possible
modulated outputs. The one on the left side presents "deeper” sinusoidal amplitudes
than the one on the right side. As mentioned before, this is an indication that the
degree of polarization of the spectra on the left is higher than the one on the right
side.

)
@
=
fs
5
=

400 600
wavelength

Figure 7.10: Example of unpolarized incoming light input spectrum for Mars.
Image source: SRON presentation on the 06 Nov. 2009.

7.4 Retrieval algorithm

The algorithm is modeled in such a way that it is able to retrieve the degree of
linear polarization P and its direction x from one unique SPEX measurement. The
input signal for the retrieval algorithm is a normalized signal. It is obtained dividing
the ’positive’ (or 'negative’) modulated spectra (Eq.7.25) by the input spectrum I
giving as result:

S(\) 1 1 2 -6\, T)
Inorm = S AN = —P(\ e — 2. A 7.2
sy =5+ pPWes (TR a0 (7.26)
The normalized spectrum in Eq. 7.26, in this case calculated for the ’positive’
modulated intensity, is divided into a minimum number of 'windows’ each of which is

analyzed by the algorithm to find the best fit for both the degree of linear polarization
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Figure 7.11: Example of output spectra for Mars. On the left side it is a fully polarized
spectrum, the amplitude of the signal is at the maximum, on the right side the
polarization is half (i.e. ’deeper’ is the wave higher is the degree of polarization).
See text for discussion.

Image source: SRON presentation on the 06 Nov. 2009.

and its direction. With the intention of obtaining a good first estimate of P, each
discretized wavelength 'window’ has to be big enough to contain at least one single
modulation period in order to avoid any information loss. Since the modulation period
is proportional to 1/\, for small A (i.e. blue) we will have an higher periodicity of
'windows’ than for large A (the sampling has to be higher in the blue range than in the
red range). To guarantee this higher sampling for shorter wavelengths, the 'windows’
have to be smaller for small A and bigger toward larger A\. The ’spectral windows’
concept is mathematically represented by:
)\2
AN = RESSID (7.27)

where the retardance 0 represents the modulation period of Eq.7.7. According to the
thermal test’s results of the athermal multiple-order retarder published by Snik et al.
[2008] and described in Section 7.2.3, a total thickness d = 4 mm is optimal for SPEX.
For this thickness the system will have a retardance § ~ 27um which creates a modu-
lation periodicity of ~20 nm in the red to ~5 nm in the blue. These values determine
the size of the spectral windows inside which one full period of modulation is guaran-
teed (no information lost). Once the windows size is determined, the algorithm will
analyze each window determining the minimum and maximum intensity. Subtracting
these values and dividing them by the normalized signal, it is possible to obtain the
variation in amplitude within that spectral window. As mentioned before the ampli-
tude of the modulated signal is connected with the degree of linear polarization: we
have a first estimate of P.

With the intention of having a first estimate of the direction of linear polarization
X, it is necessary to have a ’reference’ instrument signal output obtained with an a-
priori x value (e.g x = 0). By cross-correlating the 'reference’ signal output with the
actual normalized intensity signal we can determine the eventual phase shift and thus
a first estimate of the angle of linear polarization. Once we have the first estimate of
the degree of linear polarization of both the degree of linear polarization and its ori-
entation for each spectral windows, we can obtain the final values of P and y thanks
to a curve fit of these previously obtained values.
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The retrieval algorithm can be summarized in the following steps:

1. Derive the spectral windows - the spectral 'windows’ periodicity is higher in the
blue range than in the red range, every window overlaps with the previous one:
no loss of information because the presence of one modulation periodicity is
guaranteed in each 'window’.

2. First estimate of P - one of the modulated intensity spectra output (’positive’ or
‘negative’) divided by the input spectrum gives a normalized intensity spectrum
input of the algorithm. At this point a first estimate of the degree of linear
polarization P is possible by determining the minimum and maximum value of
the intensity within each spectral window.

3. First estimate of x - an artificial reference signal with y = 0 and P = 1 is created
(i.e. fully polarized and in phase with the input spectrum). The reference signal
gets cross-correlated with the normalized signal and a cos?(\ + Ay ) fit of the
artificial signal. Thanks to this correlation a first estimate of the angle of linear
polarization x is obtained as:

' T Ay
Xestimate = A)\(}\)

(7.28)

where ), is the phase shift between the measurement and the reference signal,
while AX(A) is the spectral window and depends on the retardance (see Eq. 7.27).

4. Retrieval of the final value - The procedure is repeated for each spectral window
for the whole wavelength range. Once the first estimates of P and  are obtained
for each spectral window, a curve-fit of each normalized measurement in its own
spectral window is performed according to Eq.7.2. For the curve-fit there are
some obvious constraints on the periodicity: 0 < y < 7 and 0 < P < 1. The
curve fit will give us the final values of both the degree of linear polarization and
its orientation.

Figure 7.12 shows that the Aolp and the DoLLP are retrieved within the accuracy
limits. These are the results of simulations done for the Martian atmosphere by Snik
et al. [2008]. Once we have these values we can obtain the linear polarization parame-
ters through Equation 3.9 and 3.10 and from them derive the microphysical properties
of the aerosol particles in the atmosphere.

7.5 SPEX end-to-end simulator

The SPEX end-to-end simulator is a software tool currently under development at
SRON. Its purpose is to fully describe all aspects of the SPEX instrument, measure-
ments, and analysis for any space mission, which facilitates defining science and instru-
ment requirements, assessing instrument performance, optimizing calibration routines
and tracing potential system degradation. The simulator uses the concept of a travel-
ing optical spectrum to calculate the final spectra measured by the focal plane array
and subsequent electronics. This concept means that the evolution of an optical spec-
trum, incident on (one of the) apertures of SPEX, is calculated after it has passed
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Figure 7.12: Curve fit results for atmospheric simulations for Mars. The lines represent the
input signal and the margin from the accuracy requirements. The little square
symbols represent the values obtained with the retrieval algorithm after a realistic
instrument simulation. Image adapted from Snik et al. [2008].

each instrument component during its journey throughout the instrument. Compo-
nents that interact with the optical spectrum are any kind of transmissive, reflective
or diffractive optical materials. Both the effect of components on the intensity as well
as on the polarization state of the spectrum is calculated using a Stokes-vector de-
scription of the spectrum and a Mueller matrix representation of each components.
The input of the simulator are high-spectral resolution spectra of I, @, and U (and
possibly V), such as those calculated with our adding-doubling radiative transfer al-
gorithm (see Section 5.2), for each of its viewing apertures. Each optical component
of the instrument is modeled using appropriate Mueller matrices including wavelength
dependent optical properties of the materials and field-of-view variations of the inci-
dent spectra. The modulated spectra at the end of the optical train are imaged on the
focal plane array of the detector and binned. A wavelength dependent quantum effi-
ciency, dark-current, read-, shot- and ADC-noise, are included in the calculation, while
pixel-to-pixel variations in gain and offset, the effects of pixel cross-talk and detector
non-linearity, and the contributions of thermal radiation and stray-light are ignored
in the current version (they will be included in future versions). The demodulation of
the measured spectra into spectra of the degree and angle of linear polarization is per-
formed using the technique outlined by Snik et al. [2009]. As described in Section7.4,
this technique involves fitting of one or more periods of the local modulation by the
general formula (Eq.7.27) that describes the ideal behavior of the spectral modulation
principle within each ’spectral window’. It is assumed that a spectral window covers
a small wavelength region of the modulated radiance spectra across which P, y, and
the instrument’s optical properties are assumed to be constant. Optimizing A\ in
Eq.7.27 means optimizing the sampling frequency and therefore, the spectral resolu-
tion of P and x. Note that we have not shown any spectra of ; it is less sensitive to
the atmospheric parameters than either I or P.






8 SPEX on Titan - End-to-End
simulator results

In this chapter, we focus on a SPEX as payload for a balloon that floats through
the Titan atmosphere as proposed to ESA’s Cosmic Vision Programme in the Titan
Saturn System Mission (TSSM) proposal [TSSM Study Final Report, 2009]. This hot-
air balloon would float at an altitude of about 10 km, below the lowest haze layer with
a velocity of 2 m/s (this equals the wind speed). SPEX as payload of this balloon
would measure the radiance and state of polarization of sunlight that is scattered and
transmitted through the haze layers.

SPEX on a balloon would not be the first polarimeter investigating Titan’s atmo-
sphere from the inside. The Descent Imager/Spectral Radiometer (DISR) [Tomasko
et al., 1997] on the Huygens probe also performed polarimetric measurements and ob-
tained valuable information on the shape and size of the aerosols at Huygens landing
site [Tomasko et al., 2008]. The DISR instrument used two orthogonal polarization
filters in combination with a blue and a red filter, thus four separate radiance measure-
ments to determine the radiance and degree of polarization of the scattered sunlight
and their broadband spectral variation. The errors resulting from the time differences
and the differences in the optical properties of the filters will affect the retrieval of the
microphysical properties of the haze particles.! Since SPEX would be able to mea-
sure the scattered radiance and the complete state of polarization simultaneously and
continuously from 0.4 to 0.8 pum, and of course because it would float through the at-
mosphere as part of the balloon payload, it could add tremendously to our knowledge
on Titan’s haze particles.

8.1 Simulated SPEX’ observations

The SPEX instrument has been described in details in Chapter 7. However, it might
be useful to recall the main characteristics of the instrument and its novel technique
before describing the results obtained with the SPEX’ end-to-end simulator.

SPEX uses a novel spectropolarimetric technique which allows simultaneous mea-
surements of the total radiance I, and the degree P and direction y of polarization
from 0.4 to 0.8 um with a spectral resolution of 2 nm for the radiance to slightly
larger for the polarization, without moving parts (current design). In addition to be-

!Note that because DISR used only two instead of three filters, it could not measure the full degree
of polarization. Using two instead of three polarization filters can in principle be accounted for in the
radiative transfer calculations in the retrieval, but the missing information will limit the accuracy of
the retrievals.
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ing robust, SPEX is small (< 5 kg) and uses little power [Snik et al., 2009]. SPEX’
spectropolarimetric technique is based on spectral modulation: the radiance spectrum
is sinusoidally modulated by the degree and direction of linear polarization of the in-
coming radiation (see Eq.7.2). The modulation is achieved by a carefully selected series
of (passive) optical components. When leaving this pre-optics, the beam of light has
been spectrally modulated and continues towards a spectrometer, where an off-the-
shelf detector records the modulated spectrum with a 2 nm spectral resolution. The
degree of linear polarization P and the direction of polarization x can be derived from
each of the modulated radiance spectra, using a demodulation algorithm. The spectral
resolution of P and y is on the order of the modulation, which depends on the choice
of optical elements, in particular, for a given material of the retarder, on the length of
the multiple-order retarder.

In this section, we show the accuracy of the demodulation algorithm and its spectral
resolution using simulated Titan spectra shown in Chapter. 6, in combination with the
SPEX end-to-end simulator described in Section 7.5.

We simulated radiance and polarization spectra for solar zenith angles 6y from 0°
to 80°, and for instrument viewing zenith angles 6 from 40° to 90°, for a difference
in azimuth angle ¢ — ¢9 = 0°, 180°, and for both DLA- and BPCA- particles. It is
important to notice that the instrument zenith angles have been chosen taking into
account the presence of the balloon on top of the gondola on which SPEX would be
located. The spectral resolution depends mostly on the retardance, which in turn, is
strictly connected with the length of the multiple-order retarder (see Eq.7.6). Our
results are for different values of the retardance §. We start with the value as chosen
for SPEX on a Mars orbiter, namely § ~ 20 um (a crystal thickness of 4 mm), and
then we optimize the value for SPEX on a Titan balloon.

The main difference between these two missions would be the spectral resolution
with which the degree of linear polarization P is retrieved: while a Mars spectrum
shows little to no spectral features across SPEX’ wavelength region, a Titan spectrum
is rich with methane absorption bands.

Figure 8.1 shows the retrieved P for the Mars-SPEX with § ~ 20 um and the errors
in the retrieval, with our target error of at most 5 % (this error is based on retrieval
algorithms for aerosol properties using polarization data [Hasekamp and Landgraf,
2007]. With 6 ~ 20 pm, the spectral resolution of P is about 8 nm in the blue and
about 32 nm in the red (cf. Eq. 7.27). The graphs in Fig. 8.1 show how arduous it is
to fit the retrieved P to the original P. Clearly, this resolution is not good enough to
resolve the methane band features.

In order to better resolve the methane band features?, and to reach a retrieval
accuracy within the target error, we have to increase the sampling frequency of the
demodulation algorithm, hence to decrease the width of the spectral windows (cf.
Eq. 7.27). This implies that we have to increase the retardance 0 of our retarder,
thus the thickness of the birefringent crystals (sticking with our choice of MgF9-AloO3
crystals). An optimal retrieval was found for a crystal thickness of 16 mm, four times
as thick as in the original SPEX design (for a Mars mission), yielding a retardance

2An accurate retrieval of aerosol properties does not necessarily require complete resolving the
methane bands, since the degraded resolution can be taken into account in the retrieval process. In
general, however, the better the resolution, the more information can be retrieved.
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Figure 8.1: Retrieval of P, using the demodulation algorithm of the SPEX end-to-end simula-
tor: P (left) and the retrieval error with horizontal lines indicating a target error
of at most 5 % (right). The retardance value used is equal to § ~ 20 pm (top)
as for the current design of SPEX. Note that 'DoLP’ stands for 'Degree of Linear
Polarization.’

0 ~ 80 pum. The optimized spectral resolution of the polarization spectra is 2 nm in
the blue and 8 nm in the red (according to the wavelength dependency of Eq.7.27). It
has to be pointed out that the athermal property of the multiple-order retarder is not
changed. In order to be athermal, it is necessary to keep the thickness ratio between
the two crystals constant (i.e. dj : dy = 2.4, see Section 7.2.3). For the current SPEX
Mars design, experimental results of a prototype spectral modulator were obtained
using a combination of 2.53 mm of MgFs and 1.10 mm of AlyO3 crystals [Snik et al.,
2009]. For the Titan design, the thickness of the crystals should increase to 11.30
mm for the MgF9 crystal and to 4.70 mm for the AlsOg crystal in order to obtain a
retardance of § ~ 80 um while keeping constant the thickness ratio of the crystals.
The spectrally improved retrieved P for a retardance of § ~ 80 pm is shown in
Fig. 8.2 together with the error in the retrieval. It is clearly noticeable how better the
fitting is when compared to the Mars design retrieval of P in Fig.8.1. Note that in
the deepest parts of the methane bands, the error can still exceed our target error. If
we want to use these parts to retrieve aerosol properties (see Stam et al. [1999]), the
instrument response should to be taken into account in the retrieval algorithm.

8.2 Designing SPEX for a Titan balloon

Here, we have presented SPEX’s strengths as payload for the hot air balloon that
is an intrinsic part of the Titan Saturn System Mission (TSSM). A detailed investiga-
tion of Titan’s haze layer is key to expanding our the knowledge on the atmosphere’s
complex hydrocarbon cycle, which is one of the main goals of the TSSM. By mea-
suring both the radiance and the degree of linear polarization of sunlight that has
been scattered by the haze particles, SPEX allows the retrieval of the size, shape and
composition of the haze particles and their vertical distribution.

SPEX has originally been designed as payload for a Mars orbiter, with 7 fixed
downward viewing and 2 fixed limb-viewing apertures, parallel to the orbiter’s ground
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Figure 8.2: The same as in Fig.8.1, but with a retardance value of § ~ 80 ym as optimized for
the new design of SPEX for the balloon mission on Titan.

track. The main adaptations of SPEX to fly on a balloon mission through Titan’s
atmosphere would be the viewing geometries, and the spectral resolution. In this
section we give an overview of the changes needed for the Titan design of SPEX which
have been already partially presented in Section 8.1.

8.2.1 Viewing geometries

The mission plan is to have the TSSM balloon float at a nominal altitude of 10 km
with a range between 6 and 12 km. As payload on the balloon, the interesting viewing
angles for SPEX are looking upwards, towards the haze layer, and possibly downwards,
towards the surface. Knowledge of the surface reflection and its spectral and angular
variations is important for understanding the formation and evolution of Titan, and for
identifying possible sources and sinks of methane. And it is also crucial for understand-
ing SPEX’ observations of scattered sunlight, because direct and diffuse sunlight will
be reflected off the surface, back towards the atmosphere, where it can undergo more
scatterings. Hence, the surface reflection has to be included in the retrieval process.

Our numerical simulations have shown the importance of sampling I but especially
P at various viewing angles, so we foresee to use either a number of apertures (as in
the Mars design), with fixed viewing zenith angles distributed like a hand-fan between
0 ~ 50° and 130° (these angles would depend on the size of the balloon, the distance
between SPEX and the balloon, and on the location of SPEX on the payload package),
or a single aperture that scans up and down. If we keep SPEX as designed for the
Mars orbiter, with fixed viewing angles, it could be placed on top of the gondola where
the rest of the payload would be. The Mars design would force SPEX to look in one
direction as shown in Fig.8.3 [tbd in delft] and measure only forward or only backward
scattered light in Titan’s atmosphere (depending on where the sun is with respect to
the instrument).

To improve the scientific return, SPEX should also be able to rotate in the horizon-
tal plane to sample a range of azimuthal angles ¢ — ¢ and be able to take measurement
of possible variations of P in the whole atmosphere around the balloon. This rotat-
ing would be taken care of if the balloon payload would rotate (although the rotation
period should not be too long to avoid variations in the atmosphere). SPEX could be
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Figure 8.3: Artistic view of what SPEX, as designed for Mars orbiter, would look like when
placed on the balloon for the TSSM. The grey beams are representative of the
light direction as it would ’enter’ SPEX’s viewing apertures.

placed on top of the payload where it can rotate around a vertical axis, such as the
connection between the payload and the balloon, but this would partially block both
the upward and downward view, which would also be hampered by the presence of the
eventual connections between the gondola and the balloon. Having SPEX below the
payload would have the disadvantage of blocking the upward view.

An interesting solution that would allow the required angular sampling while lim-
iting the number of moving elements, would be to have the detector part of the SPEX
instrument on the gondola and have an extra rotating disk on the edge of a boom un-
derneath the gondola where only the viewing apertures of the instrument will be. The
disk should be inclined under an angle of 40° with respect to the vertical axis and with
a number of apertures looking outward along the rim of the disk. This configuration,
shown in Fig. 8.4 and 8.5, would allow measurements of scattered and transmitted
light inside the atmosphere without blocking the upward nor the downward view. The
length of the boom depends on the size of both balloon and gondola.

8.2.2 Spectral resolution

As already explained in Section 8.1, SPEX has been designed to measure I, P,
and y from the visible to the near-infrared. Across this wavelength spectrum, a Mars
spectrum does not show significant high-spectral resolution features. A Titan spec-
trum, however, is rich in methane absorption band features. Clearly, as also shown in
Chapter. 9, using the relatively low spectral resolution designed for the Mars-SPEX for
the Titan-SPEX would result in too large errors in the retrieved values for P. To keep
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Figure 8.4: Artistic view of what SPEX, as designed for Titan, would look like when placed on
the balloon for the TSSM. The only difference with the current design in Fig.8.3
stands in the viewing apertures which now are placed on the rim of a rotating disk
underneath the gondola. The detector part of SPEX is still placed on the gondola
as for the current design. See text for discussion.

the errors in P below 5 %, we have to increase the retardance, hence the thickness of
the birefringent crystals from the original 4 mm for Mars to 16 mm for Titan.
Increasing the retardance and hence the modulation frequency, requires an increase
of the sampling of the modulated radiance spectra. To allow for a much higher sampling
of the spectra, not only the detector size can be increased, but also the wavelength
range that is covered. For a Titan-SPEX, a wavelength coverage from 0.5 to 0.72 pym
could be considered. Such a wavelength range would have the additional advantage
that it excludes the deep methane band at 0.73 pum, which is especially difficult to
fit with our current demodulation algorithm. Adapted demodulation algorithms, e.g.
algorithms that distinguish between the continuum and the methane bands, could be
considered if the inclusion of this deep band is interesting for scientific reasons.
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Figure 8.5: Artistic view of what the balloon for the TSSM would look like with SPEX as
payload. The rotating disk beneath the gondola represents the innovation in the
SPEX’ design. The grey beams represent the light as it would be ’'perceived’
from the viewing apertures placed along the rim of the rotating disk. See text for
discussion.






9 C(Conclusions and
recommendations

This chapter presents conclusions based on the results achieved during the research.
Then recommendations for the further research are given.

9.1 Conclusions

Saturn’s moon Titan is covered by several haze layers. Information on the number
density, the composition, size and shape of the haze aerosols as function of the altitude
is key to understanding the atmosphere’s complex hydrocarbon cycle. For an Earth-
based observer or for a spacecraft instrument orbiting the moon, the highest haze layers
hamper the view on lower layers. Instead, a hot-air balloon floating through Titan’s
thick atmosphere, as proposed in the Tandem/Titan Saturn System Mission (TSSM)
to ESA, appears to be the ideal in-situ element for the desired science goals. The haze
particles can be studied by a balloon instrument that measures scattered sunlight that
has been diffusely transmitted through the haze layers.

In this report we have presented numerical simulations of the radiance I and degree
of linear polarization P of sunlight that has been scattered in Titan’s atmosphere, and
of observations of this light as could be performed by the SPEX instrument as payload
on the hot air balloon of the TSSM mission.

From this study we can conclude that:

1. The degree of linear polarization of scattered sunlight is very sensitive to the
microphysical properties of the scattering particles.

From the spectra we showed, it is clear that the spectral dependence of the degree
of linear polarization of sunlight that is diffusively transmitted through Titan’s
atmosphere shows a stronger variation on the particle-type, than the radiance of
this light. The latter does show variations, but the general shape of the spectra
remains the same, while the continuum radiance is very dependent on the aerosol
optical thickness and would thus not constrain particle type [Mishchenko and
Travis, 1997]. Obviously, preferably, both the radiance and the polarization are
measured.

2. Floating in the atmosphere of Titan, SPEX novel spectropolarimetric technique
would provide a valuable contribution to characterizing the famous hazes.
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The DISR instrument on the Huygens probe also had polarimetric capabilities
for studying Titan’s atmosphere at the Huygens site [Tomasko et al., 2008]. The
disadvantage of the classical technique used by DISR is that the separate radiance
measurements that are used to derive the degree of polarization of the observed
light are not performed simultaneously, and through different optical systems.
As a result, the degree of polarization P that is hence obtained can have an
error of several percent, which is too large to use polarimetry to its full potential.
SPEX (Spectropolarimeter for Planetary EXploration) measures the radiance I
and degree of polarization P of scattered sunlight in the visible range, with 2
(I) to 20 nm (P) spectral resolution (current design). SPEX uses birefringent
crystals to modulate the flux spectrum I with P. The main advantages of this
novel technique are that I and P are measured simultaneously, and without
moving parts. Since SPEX would be able to measure the scattered radiance and
the (complete) state of polarization simultaneously and continuously from 0.4 to
0.8 um, and of course because it would float through the atmosphere as part of
the balloon payload, it could add tremendously to our knowledge on Titan’s haze
particles.

. Minor adaptations of the SPEX instrument as designed for placement on a Mars

orbiter would be needed if SPEX were to fly on a Titan balloon.

SPEX has originally been designed as payload for a Mars orbiter, with 7 fixed
downward viewing and 2 fixed limb-viewing apertures, parallel to the orbiter’s
ground track. We studied the accuracy of the demodulation algorithm and its
spectral resolution using simulated Titan spectra in combination with the SPEX
end-to-end simulator. The main difference between the Mars mission (SPEX
current design) and the Titan mission (SPEX new design) would be the spectral
resolution with which P is retrieved: while a Mars spectrum shows little to no
spectral features across SPEX’ wavelength region, a Titan spectrum is rich with
methane absorption bands. In order to better resolve the methane band features
and to reach a retrieval accuracy within the target error, we have to increase
the sampling frequency of the demodulation algorithm. An optimal retrieval was
found for a MgFs-AlyO3 crystal thickness of 16 mm, four times as thick as in
the current SPEX design (for a Mars mission), yielding a retardance § ~ 80 um.
It is important to notice that, while increasing the total thickness of the MgFs-
Al>Og3 crystal, its "athermal” property is preserved by keeping the thickness ratio
between the two crystals equal to dy : do = 2.4. For the new design of SPEX, the
MgFs crystal thickness has to be of 11.30 mm, and the thickness of the Al;O3
crystal of 4.7 mm. For § ~ 80 um, the optimized spectral resolution of the
polarization spectra is 2 nm in the blue and 8 nm in the red (respectively 8 nm
and 32 nm for the Mars-SPEX). In addition, a wavelength coverage from 0.5
to 0.72 pum could be considered for the Titan-SPEX. Such a wavelength range
would have the additional advantage that it excludes the deep methane band
at 0.73 pm, which is especially difficult to fit with our current demodulation
algorithm. Moreover the Mars design, with a number of fixed viewing apertures,
would force SPEX to look in one direction and measure only forward scattered
light in Titan’s atmosphere, if, for example, the balloon is floating towards the
sun. Our numerical simulations have shown the importance of sampling I but
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9.2

especially P at various viewing angles. An interesting solution that would allow
the required angular sampling while limiting the number of moving elements,
would be to have the detector part of the SPEX instrument on the balloon’s
gondola and have an extra rotating disk on the edge of a boom underneath the
gondola on which only the viewing apertures of the instrument will be placed in.
The disk should be inclined under an angle of 40° with respect to the vertical
axis and with a number of apertures looking outward along the rim of the disk.

Recommendations

. The increase of the size of the aerosol particles in the numerical simulations.

Numerical simulations of radiative transfer taking place inside the atmosphere of
Titan should be done using aerosol particles composed by N > 3000 monomers
as suggested by Tomasko et al. [2008]. This means that the T-matrix code should
be adapted to simulate single scattering for such large aggregates or simulations
should be run using other means such as DDA-Scattering methods. On the other
side, it is important to stress that using aggregates with only N = 256, as done
for this study, is not pointless: big aggregates could be considered as formed by
these smaller units.

The variation in the composition of the aerosol particles.

We assumed that the aerosol particles are composed by nitrogen and methane
in the proportion No:CH4=98:2 according to Ramirez et al. [2002]. This com-
position was taken into account in the particles refractive index. Particles with
different composition will have a different refractive index (different absorption
properties) and will yield different single scattering properties. It would be inter-
esting and useful to simulate radiative transfer taking place inside the atmosphere
of Titan using aerosol particles with different compositions than ours and study
how these changes would affect the results.

The variation of the aerosol vertical profile.

In our simulations we considered the aerosol vertical profile retrieved with the
DISR by Tomasko et al. [2008] during the Huygens descent. It would be recom-
mendable to simulate altitude variations of the aerosols vertical profile, may be
assuming different profiles for different locations in the atmosphere of Titan.

To consider the presence of clouds.

Cloud microphysics should be taken into account since clouds could form during
all Titan’s year. Clouds should be formed also by methane aerosol particles and
are of fundamental importance to further constrain the methane cycle taking
place on Titan. SPEX, in fact, could be used to get information also about the
clouds.

To improve the error retrieval and to adapt the retrieval wavelength range.

It must be said that the SPEX simulator is still under development. We noticed
that in the deepest parts of the methane bands, the error of our retrieved degree
of polarization P can still exceed our target error. Therefore if we want to use
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these parts to retrieve aerosol properties (see Stam et al. [1999]), the instrument
response has to be taken into account in the retrieval algorithm. Adapted de-
modulation algorithms, e.g. algorithms that distinguish between the continuum
and the methane bands, could be considered if the inclusion of the deep band of
0.73pum is interesting for scientific reasons.

To build a prototype of the Titan-SPEX.

The end-to-end simulator is a powerful tool to test the possible performances
of SPEX, but a physical prototype of the Titan-SPEX could be more useful. In
order to test the capability of SPEX’ new design, the prototype could be tested on
a tropospheric balloon for Earth-based experiments with the scope of retrieving
the properties of the aerosols on Earth. Wavelength range and viewing apertures
should be adapted consequently.

To propose the Titan-SPEX for missions to other planets.

The Titan-SPEX design can be adapted for in-situ explorations of planets char-
acterized by a thick atmosphere. An example is the planet Venus. An in-situ
mission to Venus in fact, has been proposed within the ESA’s Cosmic Vision Pro-
gram with the name European Venus Explorer (EVE) [Chassefiere et al., 2009].
The baseline EVE mission consists of an orbiter, a descent probe, but also of a
balloon probe as planned for the TSSM. The EVE’s balloon payload is focused
on all aspects of cloud-level processes. One of the key instruments would be an
optical spectrometer which should be able to characterize the cloud and haze par-
ticles composition, and measurement of dynamics, radiative balance, and their
microphysical properties. Therefore SPEX, especially as designed for the TSSM
balloon, could definitively contribute to the central theme of the EVE mission,
which is to understand the evolution of Venus and its climate. Also in this case,
as for the Earth-based missions, wavelength range and viewing apertures should
be adapted consequently.
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ABSTRACT

Saturn’s moon Titan has a thick, hazy atmosphere.
Knowing the properties of the hazes is crucial for under-
standing the existence and evolution of this atmosphere
and the dynamical processes that take place. We present
SPEX, the Spectropolarimeter for Planetary EXploration,
as an instrument to retrieve information on the number
density, composition, size and shape of the haze parti-
cles. As payload on a balloon that floats through Titan’s
atmosphere, SPEX would measure simultaneously the ra-
diance and degree and direction of linear polarization of
sunlight that has been scattered within Titan’s atmosphere
from 0.4 to 0.8 pm. In particular the degree of linear po-
larization of the scattered light is known to be very sensi-
tive to the microphysical properties of the scattering par-
ticles. We show numerical simulations of radiance and
polarization spectra of scattered sunlight and of radiance
and polarization spectra as retrieved from the SPEX ob-
servations. The spectral resolution of the latter spectra
depends on our choice of optical components for SPEX.
In particular, in order to resolve the strong spectral fea-
tures that are due to absorption by methane, the birefrin-
gent retarder should have a thickness of 16 mm.

Key words: Titan; aerosol; haze; atmosphere; balloon;
spectropolarimetry.

1. INTRODUCTION

It has been known since the flybys of the Voyagers that
Titan’s atmosphere contains thick haze layers. The haze
particles are most probably composed of various types of
hydrocarbons which might be a sink for methane and its
by-products [3, 4], and are thought to have fractal-like
shapes [13, 17, 14]. Knowledge on the number density,
the microphysical properties (size, shape, and composi-
tion) of the haze particles and the spatial and temporal
variations therein is key to understanding the radiative,
chemical and dynamical processes that take place in this

unique atmosphere. Such knowledge can be obtained by
measuring and analyzing the radiance and the state (i.e.
the degree and direction) of polarization of sunlight that
has been scattered by the haze particles. In particular the
degree of (linear) polarization is known to be very sensi-
tive to the particles’ microphysical properties [1].

In the past decades there have been several planetary mis-
sions that carried instruments with polarimetric capabil-
ities to study planetary atmospheres. Examples are Pi-
oneers 10 and 11, Voyager 1 and 2, Pioneer Venus, the
Galileo mission, and both the Saturn orbiter and the Huy-
gens probe of the Cassini mission. The polarimetry with
these instruments was and is based on measurements of
the radiance of the scattered sunlight through polarisation
filters in two or three positions (see Egs. 1.5 and 1.6 of
[1]). From combining these separate radiance measure-
ments, the total radiance, the degree and direction of lin-
ear polarization can be obtained. The disadvantage of this
polarimetric technique is that the separate radiance mea-
surements are not performed simultaneously, and usually
through different optical systems (e.g. different polariza-
tion filters). As a result, the degree of polarization that
is hence obtained can have an error of several percent,
which is too large to use polarimetry to its full poten-
tial. In addition, the polarimetry on previous and current
planetary missions was and is limited to broadband mea-
surements, while the degree of linear polarization shows
at least as much spectral features as the radiance [2].

The SPEX instrument (Spectropolarimeter for Planetary
EXploration) that we present in this paper, uses a novel
polarimetric technique to simultaneously measure the ra-
diance, the degree and the direction of linear polarization
of scattered sunlight across the wavelength region from
0.4 to 0.8 pm, with the spectral resolution of the mea-
sured radiance spectra of about 2 nm, and that of the po-
larization spectra somewhat larger [5].

The SPEX instrument can be placed on an orbiter to mea-
sure the radiance and state of polarization of sunlight that
has been reflected by Titan. This reflected sunlight will
mainly contain information on Titan’s outer haze lay-
ers. Here, we focus on a SPEX as payload for a bal-



loon that floats through the Titan atmosphere as proposed
to ESA’s Cosmic Vision Programme in the Titan Saturn
System Mission (TSSM) proposal [20]. This hot-air bal-
loon would float at an altitude of about 10 km, below the
lowest haze layer. SPEX as payload of this balloon would
measure the radiance and state of polarization of sunlight
that is scattered and transmitted through the haze layers.

SPEX on a balloon would not be the first polarimeter
investigating Titan’s atmosphere from the inside. The
Descent Imager/Spectral Radiometer (DISR) [16] on the
Huygens probe also performed polarimetric measure-
ments and obtained valuable information on the shape
and size of the aerosols at Huygens landing site [17]. The
DISR instrument used two orthogonal polarization filters
in combination with a blue and a red filter, thus four sep-
arate radiance measurements to determine the radiance
and degree of polarization of the scattered sunlight and
their broadband spectral variation. The errors resulting
from the time differences and the differences in the opti-
cal properties of the filters (apart from the error in the po-
larization due to using only two instead of three radiance
measurements per wavelength) will affect the retrieval of
the microphysical properties of the haze particles. ! Since
SPEX would be able to measure the scattered radiance
and the (complete) state of polarization simultaneously
and continuously from 0.4 to 0.8 ym, and of course be-
cause it would float through the atmosphere as part of the
balloon payload, it could add tremendously to our knowl-
edge on Titan’s haze particles.

This paper is structured as follows. In Sect. 2, we de-
fine the radiance and state of polarization as measured by
SPEX. In Sect. 3, we describe the radiative transfer algo-
rithm and the model planets that we use for our numeri-
cal simulations of scattered sunlight, and results of these
simulations. In Sect. 4, we describe SPEX and explain
its novel polarimetric technique, and present simulated
SPEX observations. In Sect. 5, we discuss the adapta-
tions of a SPEX instrument that was designed for a Mars
mission to a Titan mission. Section 6 finally, contains the
conclusions.

2. RADIANCES AND POLARIZATION

We describe the radiance and state of polarization of a
beam of radiation by a Stokes vector I [6, 7], as follows

=] g4 | M
V(A

with A\ the wavelength of the radiation, I the total ra-
diance of the beam, () and U representing the linearly
polarized, and V' the circularly polarized radiance. All
Stokes parameters have the dimension of W m~2 sr—!

1Using two instead of three polarization filters can in principle be
accounted for in the radiative transfer calculations in the retrieval, but
the missing information will limit the accuracy of the retrievals.

um~1. Stokes parameters () and U are defined with re-
spect to a reference plane [1, 8]. For the simulations of
light that has been singly scattered by a sample of aerosol
particles, we will use the scattering plane, which contains
both the direction of the incoming and that of the scat-
tered beam of radiation, as the reference plane. For the
simulations of sunlight that has been scattered in Titan’s
atmosphere, we will use the local meridian plane, which
contains both the direction towards the zenith and the di-
rection of propagation of the scattered light.

We define the degree of polarization of the beam of radi-
ation as follows:

_ VRN TN + V2
I(A)

In planetary atmospheres, the circularly polarized radi-
ance V is usually very small [1]. We will neglect V, and
assume P is the degree of linear polarization of the sun-
light that is scattered in Titan’s atmosphere:

Q*(\) +U2())
00

For incident unpolarized light that has been singly scat-
tered by a sample of aerosol particles, U equals zero, and
we will use the following definition of the degree of po-
larization that includes information on the polarization
direction 0

Py = T “)
If Ps is positive (negative), the light is polarized perpen-
dicular (parallel) to the scattering plane.

PO )

P()) = 3)

For the sunlight that has been scattered in Titan’s atmo-
sphere, the direction of (linear) polarization with respect
to the reference plane is represented by the angle:

1 U(N)
X(A) = - arctan ——,
2 QM)
where the value of x that should be chosen is the one
which makes cos 2y have the same sign as ) [1]. When
x = 90° (x = 0°), the direction of polarization is per-
pendicular (parallel) to the reference plane.

®)

From SPEX measurements, we can derive the total radi-
ance I, the degree of linear polarization P, and the di-
rection of polarization y of light, as functions of A. Note
that in order to derive the absolute total radiance, we will
have to calibrate SPEX, e.g. by using an internal ref-
erence light source. No such calibration is required for
deriving P and Y, since these are relative measures.

3. CALCULATING SCATTERED SUNLIGHT

3.1. Our radiative transfer algorithm

For our numerical simulations of sunlight that is scattered
in Titan’s atmosphere, we use an adding-doubling algo-



rithm that fully includes multiple scattering and polariza-
tion [8, 9]. The algorithm is monochromatic, i.e. every
wavelength is treated separately.

The algorithm (for details of the calculations, see [8])
assumes a model atmosphere that consists of a stack
of horizontally homogeneous layers that can differ from
each other, and that is bounded below by a horizontally
homogeneous surface. The surface reflects Lambertian
(i.e. isotropic and completely depolarizing) with a (wave-
length dependent) albedo Ag. Each atmospheric layer
contains gaseous molecules and, optionally, aerosol par-
ticles. For each layer, we have to specify for each type
of particles, their column number density (in m~2), and
for each wavelength A, their extinction cross-section o,
single scattering albedo w and single scattering matrix F'.

The (total) optical thickness of a layer due to a certain
type of particles and at a given wavelength is calculated
by multiplying the column number density of the parti-
cles with their extinction cross-section at the given wave-
length. The optical thickness b of a layer is thus given
by

b()‘) = bm()‘) + ba()‘)
= bmsca()\) + bmabs()\) + basca()\) + baabs(/\x6)

with by, and b, the optical thicknesses of the gases and
the aerosol particles, respectively, which are the sums of
the scattering and the absorption optical thicknesses of
the gases and the aerosol particles, bysca, Dmabss> Dascas
and b,.ps, respectively. Obviously, biygca = @m bm, and
basca = Wa ba. The single scattering albedo @ of the
mixture of gases and particles in a layer is given by

~ o bmsca()‘> + baSCa()‘)
SN = Ty

)

The single scattering matrix F of the gases and particles
in a layer is given by

bmsca(A)Fm (0, A) + basca(A)Fa(0, N)

F =
(©,%) brsen (V) + Baea ()

)
where O is the single scattering angle (0° < © < 180°,
O = 0° implies forward scattering), and F,,, and F, are
the single scattering matrices of the gaseous molecules
and the aerosol particles, respectively [8]. Each scatter-
ing matrix is normalized such that the average of the sin-
gle scattering phase function, i.e. element Fj; of each
matrix, over all scattering angles equals one, as follows

1

Y
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4 0

where df2 is an element of solid angle. If incident light is
unpolarized, the degree of linear polarization of the light
that is singly scattered by the gases and particles can be
written as Ps = —F15/F11 (cf. Eq. 4).

Apart from the properties of the surface and atmosphere,
the radiative transfer depends on the illumination and

viewing geometries. We specify the solar zenith angle
0y (the angle between the direction towards the sun and
the upward vertical), the instrument zenith viewing angle
0 (the angle between the direction of propagation of the
observed light and the downward vertical), and the az-
imuthal angles ¢y and ¢ that are measured between an
arbitrary vertical plane and the directions of propagation
of, respectively, the incoming and observed beams of ra-
diation. Since our model atmosphere and surface are hor-
izontally homogeneous, only ¢ — ¢ is relevant. When
¢ — ¢o = 0°, the instrument is looking in the direction
towards the sun. When ¢ — ¢g = 180°, it has the sun ’in
its back.’

Since we assume that SPEX will be payload on a bal-
loon floating below Titan’s lowest haze layer, it will ob-
serve sunlight that has been transmitted through the atmo-
sphere. With our adding-doubling algorithm, we calcu-
late the transmission matrix T of the atmosphere-surface
system, and obtain the Stokes vector of the transmitted
light using [1]

I()‘a 907 97 ¢ - QSO) = COS HOT()‘7 90) 9) d) - ¢0>F0(€\1)(7))
where F is the Stokes vector of the incoming solar radia-
tion, with 7 Fj the solar flux at the top of the atmosphere,
measured perpendicularly to the direction of incidence.
The solar radiation is assumed to be unidirectional and
unpolarized, and is thus given by Fo = Fyl, with 1 the
unit column vector. Note that P and y of the scattered
sunlight are independent of Fj.

3.2. The model atmosphere and surface

To describe the reflection of sunlight by Titan’s surface,
we use a surface albedo equal to 0.04, which is represen-
tative for Titan’s dark terrain [12].

We model Titan’s atmosphere from 0 km to 400 km with
34 layers. We calculate the molecular scattering optical
thickness by,sc, Of each layer as described in [8], using the
values of [10] for the ambient pressure and temperature
at the bottom and top of each layer. Across SPEX’ wave-
length region, the main gaseous absorption bands are due
to methane. We calculate the molecular absorption op-
tical thickness by,,1s Of each layer as described in [8],
using the methane mixing ratio profile from [19] and the
methane absorption coefficients from [18].

Apart from gaseous molecules, each atmospheric layer
also contains haze aerosol particles. For the simulations
presented in this paper, we use the same type of aerosol
throughout the atmosphere. We assume that the aerosol
optical thickness b, varies with altitude as described by
[17], with the total atmospheric b, at A =550 nm, equal
to 8.10. The cumulative b, at A = 550 nm as a function
of altitude is shown in Fig.1.

The actual wavelength dependence of b,, as well as w,
and F', of the aerosol particles depends on the particles’
microphysical properties (size, shape, composition). We
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Figure 1. The cumulative optical thickness of the haze
aerosol in our model atmosphere as a function of the al-
titude at A = 550 nm (from [17]).

assume aggregate, fractal-type particles that consist of
clusters of spherical monomers. In our simulations, we
consider particles that formed through Ballistic Particle-
Cluster Aggregation (BPCA), and particles that formed
through Diffusion-Limited Aggregation (DLA). The dif-
ference between the two aggregation processes is that
with ballistic aggregation, the monomers move along
straight lines before colliding with the aggregate, while
with the diffusion limited aggregation, the monomers are
subject to Brownian motions. According to [13], BPCA
should be more common in the higher, thinner layers of
the atmosphere, while DLA is more appropriate for the
lower, denser layers.

We calculated the optical properties of the two types of
fractal aerosol particles across SPEX’ wavelength region
using the 3-D positions of the monomers provided by dr.
Y.V. Skorov [13] as input for the super-position T-matrix
code [15], adopting the refractive index values of [11].
Both our BPCA and our DLA particles consist of 256
monomers, with the monomer’s radius equal to 0.05 pym
in accordance with [14]. We combined the calculated op-
tical properties of the aggregate particles and their mirror
particles. Including the mirror particles removed the neg-
ative branch of polarization that [13] found in their sin-
gle scattering simulations and that did not agree with the
DISR observations.

Figure 2 illustrates the shapes of the fractal-type aerosol
particles that we used in our model atmosphere. The
BPCA-particle is characterized by a compact core that is
surrounded by ’arms’ of monomers. The DLA-particle
lacks the extended arms of monomers. The different
shapes of the two types of particles yield different scat-
tering behaviours. In Fig. 3 we show the calculated [15]
phase functions and degree of linear polarization Pg of
unpolarized incident light that is singly scattered by the
two types of particles for A = 0.47 ym and A = 0.83 pm,
respectively.

Figure 2. Graphs illustrating the structure of the BPCA-
particles (on the left) and the DLA-particles (on the
right). Both particle types consist of 256 monomers.

The phase functions for both types of particles clearly
show forward scattering behaviour (see Fig. 3). The
strength of the forward scattering peak is significantly
stronger for both types of particles for the shorter wave-
length (A = 0.47 pm). With the shorter wavelength, the
phase functions for both types of particles also show more
angular features. These angular features are much less
obvious for A = 0.83 pum. Such features are usually due
to interference between light that has been scattered by
different, similarly sized particles [1]. Apparently, when
the light has a short wavelength compared to the fractal
particles, the light scattered by the different monomers
that make up the fractal particle will interfere and give
rise to the angular features [23]. With increasing A, the
light will increasingly be scattered by the fractal parti-
cle as a whole, and the interference patterns disappear
due to the different scales of the macroscopic particle.
Since the DLA-particle is more compact and thus some-
what smaller than the BPCA-particle, its phase function
is the more symmetric one at A = 0.83 pm.

The degree of linear polarization Pg of the light that is
singly scattered by the two types of particles (see Fig. 3)
shows the bell-shape that is characteristic for light that
is scattered by particles that are small with respect to
the wavelength [1]. Apparently, this polarization sig-
nal is dominated by that of light that is scattered by the
monomers. An effect of the macroscopic shape of the
particles on Pgs is found in the strength of the maximum
of the polarization curve: with increasing A, the maxi-
mum Ps increases more for the compact DLA-particles
than for the fluffier BCPA-particles.

3.3. Sunlight that is scattered in Titan’s atmosphere

Here, we present results of numerical simulations of the
radiance I (Eq. 10) and degree of linear polarization P
(Eq. 3) of sunlight that has been scattered in Titan’s atmo-
sphere and that emerges at the bottom of the atmosphere.
We’ll show spectra for different amounts of aerosol par-
ticles, for different illumination and viewing geometries,
and for the two types of particles. We assume that the in-
coming solar flux equals 7, i.e. Fy = 1 in Eq. 10. In our
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Figure 3. The phase function (left) and degree of linear polarization Ps (right) of unpolarized incident light that is singly
scattered by the BPCA-particles (dashed lines) and the DLA-particles (solid lines) as functions of the single scattering

angle ©, for A\ = 0.47 um (top) and X\ = 0.87 pum (bottom).

discussion of the results, we will focus on the continuum
radiances and polarization.

Figure 4 shows I and P as functions of the wavelength
A from 0.3 to 0.9 pm (SPEX’ spectral range is somewhat
shorter, namely from 0.4 to 0.8 pm). The solar zenith an-
gle 0 is 0° (the sun is thus in the zenith), and the view-
ing angle # ranges from 0° (looking towards the zenith)
to 60°. For p = 0°, the azimuthal angle ¢ — ¢ is un-
defined. The aerosol optical thickness profile as shown
in Fig. 1 is used, with a total optical thickness of 8.1 at
A = 0.55 pm, and the aerosol particles are of the DLA-
type.

As can be seen in Fig. 4, the scattered radiance spectra
show strong absorption lines that are due to the methane
in the atmosphere. With increasing A, the continuum
radiance of each spectrum increases steadily because of
the decrease of the atmospheric optical thickness (gas +
aerosol). The continuum radiance is highest for § = 0°
and decreases with increasing 6, because of the forward
scattering behaviour of the phase function of the aerosol
particles (see Fig. 3), and because of the increase of the
effective atmospheric optical thickness with increasing 6

(the sun is in the zenith).

The scattered polarization spectra (Fig. 4) can, like the
radiance spectra, be thought of as to consist of a contin-
uum with super-imposed spectral features that are due to
absorption of light by methane. The continuum degree of
polarization is small at the smallest wavelengths, because
at those wavelengths, the optical thickness b of the atmo-
sphere is relatively large. The multiple scattering of light
in an optically thick atmosphere will usually decrease P.
With increasing A, b decreases, the multiple scattering de-
creases, and the continuum P increases. The continuum
P will also depend on the single scattering Ps of the gas
molecules and aerosol particles in the atmosphere. For
example, at the longest wavelengths, P will be mostly
determined by low order scattering by aerosol particles.
The values of the continuum P at A\ = 0.9 um for each
value of # compare very well with those in Fig. 3 for the
corresponding single scattering values of © (i.e. §y = 0°
and = 60° correspond to © = 60°).

From A = 0.4 to 0.5 um, the continuum P is low for all
values of 8. This is called a "neutral’ point of polarization,
and it is due to interference of the polarization signatures



of single and second or higher order scattered light. In the
methane absorption bands, P generally increases with in-
creasing absorption band strength. This is explained by
a decrease of multiple scattering with increasing absorp-
tion, and hence an increase of P. However, to fully ex-
plain the changing shape of P across gaseous absorption
bands, one also has to take into account the single scatter-
ing properties of the atmospheric molecules and aerosol
particles. In the different parts of the absorption band, the
transmitted light has been scattered in different regions of
the atmosphere, and will carry the polarization signature
of the mixture of aerosol particles and gases in those re-
gions.

Figure 5 is similar to Fig. 4, except that the model at-
mosphere contains twice the amount of aerosol particles
(the vertical profile has the same shape). Comparing
the radiance spectra in Figs. 5 and 4, we see that dou-
bling b, leaves the general shape of the radiance spec-
tra untouched, while it lowers the absolute radiance val-
ues across the continuum for # = 0° and 20°, and in-
creases the absolute radiance values across the continuum
for 6 = 40° and 60°. Apparently, increasing b, from 8.1
to 16.2 (at A = 0.55 pm), makes the sky brightness more
homogeneous.

The polarization spectra in Fig. 5 are very similar in shape
to those in Fig. 4, except that at the longer wavelengths,
doubling b, has led to a significant decrease of the con-
tinuum P, which is due to an increase of multiple scat-
tering. At the shorter wavelengths, the amount of multi-
ple scattering hasn’t changed much and P seems rather
insensitive to the doubling of b, from 8.1 to 16.2 (at
A = 0.55 um), probably because scattering of light by
the gas molecules is the most important process at those
wavelengths. Interestingly, the neutral points of polar-
ization seem to have shifted towards longer wavelengths
with the increase of b,.

Figure 6 is similar to Fig. 4, except that the solar zenith
angle 6, is 30° and 60°, respectively. The azimuthal an-
gle  — ¢pg = 0°. For Oy = 30°, the viewing angles
6 = 20° and 40° are close (10°) to looking into the direc-
tion of the sun, which results in a large continuum radi-
ance at the longest wavelengths, where the forward scat-
tering by the aerosol particles is important. At the longest
wavelengths and for § = 60°, the scattered continuum ra-
diance is larger than for § = 0°, which means that in the
red, the horizon is brighter than the zenith sky. At the
shortest wavelengths, where scattering by gas molecules
is most important, the horizon (§ = 60°) is darker than
the zenith sky. For 6y = 60°, the viewing angle of 60°
is looking straight into the direction of the sun. At the
longest wavelengths, the forward scattering by aerosols
makes this direction of the sky very bright (note that the
spectra only include the scattered light), while the zenith
sky is darkest. At the shortest wavelengths, the direction
towards the sun is darkest.

The continuum P for 6y = 30° looks very different from
that when 6y = 0°. In particular, the viewing direc-
tions & = 20° and 40°, which are closest to looking di-

rectly into the sun yield very low degrees of polarization
(< 2%), because this is mostly forward scattered light
which has a low degree of polarization (see Fig. 3). The
curves for # = 0° and 60° pertain to similar single scat-
tering angles (i.e. 30°), yet their shapes are quite differ-
ent because of the interplay between the degree of po-
larization of singly scattered light at © = 30° and the
ratio of single to multiple scattering. The latter depends
strongly on the effective atmospheric optical thickness,
which increases with the viewing angle. In particular, for
6 = 60°, this results in a broad region where P is about
zero (a neutral point), which is absent for § = 0°. For
0y = 60° (Fig. 6), this low degree of polarization is seen
for & = 60°, while for § = 40°, which is close towards
the direction of the sun, the continuum P is low, too.

Figures 7 and 8 show the effects having BPCA instead
of DLA-particles, with the same aerosol optical thick-
ness at 0.55 pym, on the transmitted radiance and degree
of polarization. The solar zenith angle is 0° (Fig. 7) or
60° (Fig. 8) and results are shown for § = 0° and 60°
(with ¢ — @9 = 0°). As can be seen from the radiance
spectra in Fig. 7, the DLA-particles show a stronger for-
ward scattering behaviour than the BPCA-particles. For
the polarization, and § = 60°, we see in Fig. 7 that at
the shorter wavelengths, there is little difference between
DLA and BPCA, while at the longer wavelengths, there
is a large difference (just like we would expect based on
Fig. 3). With the sun at 60° (Fig. 8), we can again see
the single scattering polarization features (Fig. 3) back
in the multiple scattering behaviour. In this geometry,
both the DLA- and the BPCA-particles give rise to neu-
tral points at certain wavelengths, especially the DLA-
particles. What permits to discern the two spectra, is
the location of the neutral points. In Fig.8 for a view-
ing zenith angle of 60°, the DLA-particle presents neu-
tral points at A ~ 0.8 pum that the BPCA-particle does
not show. The DLA-particles also give rise to inverted
polarization in some of the methane absorption bands.

From the spectra we showed, it is clear that the spec-
tral dependence of the degree of linear polarization of
sunlight that is transmitted through Titan’s atmosphere
shows a stronger variation on the particle-type, than the
radiance of this light. The latter does show variations, but
the general shape of the spectra remains the same, while
the continuum radiance is very dependent on the aerosol
optical thickness and would thus not constrain particle
type [21]. Obviously, preferably, both the radiance and
the polarization are measured.

4. THE SPEX INSTRUMENT

4.1. SPEX’ novel spectropolarimetric method

In planetary observations, linear polarimetry of a beam of
radiation is traditionally done by measuring the beam’s
radiance in three different polarization directions, e.g.
through a single rotatable polarization filter, or through
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Figure 5. Similar to Fig. 4, except for twice the amount of aerosol particles.

three polarization filters with different orientation angles
in a filter wheel. The three radiance measurements are
combined to yield the beam’s total radiance I, and the
linearly polarized radiances ) and U (see [1]). Note
that DISR measured only two linearly polarized radi-
ances, hence it could only provide a partial degree of
linear polarization, for example, only /I, instead of

/@2 + U?/I (Eq. 3). The main disadvantages of these
traditional polarimetric methods are 1. time differences,
hence differences in observed scenes and illumination ge-
ometries, between the separate radiance measurements,
which can cause errors of several percent in the derived
degree of polarization, and/or 2. differences in the opti-
cal properties of the optical systems, e.g. filters, through
which the separate radiance observations are done. In ad-
dition, most traditional polarimeters use rotating filters or
filter wheels, which carry the risk of getting stuck, while
polarimeters that have three (sometimes two) inert opti-
cal systems for the radiance measurements are too heavy
for a planetary mission (an example is the APS polarime-
ter on NASA’s Earth observing Glory mission that will be
launched at the end of this year).

SPEX uses a novel spectropolarimetric technique which
allows simultaneous measurements of the total radiance
1, and the degree P and direction y of polarization from
0.4 to 0.8 um with a spectral resolution of 2 nm for the
radiance to slightly larger for the polarization, without
moving parts. In addition to being robust, SPEX is small
(< 5 kg) and uses little power. Details on SPEX’ po-
larimetric technique can be found in [5]. Here, we will
summarize the main characteristics of the technique.

SPEX’ spectropolarimetric technique is based on spectral
modulation: the radiance spectrum is sinusoidally modu-
lated by the degree and direction of linear polarization of
the incoming radiation. The modulation is achieved by a
carefully selected series of (passive) optical components.
When leaving this pre-optics, the beam of light has
been spectrally modulated and continues towards a
spectrometer, where an off-the-shelf detector records the
modulated spectrum with a 2 nm spectral resolution. The
pre-optics consists of an achromatic quarter-wave plate,
an athermal multiple-order retarder, and a polarizing
beam-splitter, the effects of which we will explain below.
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Figure 6. Similar to Fig. 4, except for 8y = 30° (top) and 60° (bottom) instead of 0°. The azimuthal angle ¢ — ¢g = 0°.

1. The achromatic quarter-wave plate

This element has its optical axes oriented such (at 0° and
90°) that Stokes parameter () passes untouched, while
parameter U is converted into circular polarization V'
(we assume that the light that enters the instrument has
V' = 0). We have chosen a Fresnel rhomb as SPEX’
achromatic quarter-wave plate.

2. The athermal multiple-order retarder

This element is the core of the SPEX instrument. A re-
tarder induces a phase difference between two polariza-
tion components of a beam of light due to the fact that
its indices of refraction have different values for differ-
ent polarization directions (this is called "birefringence’).
The retarder changes the ellipticity of the light that is in-
cident on it, depending on the wavelength of the light,
since the retardance is very achromatic. As an example,
light with a wavelength independent degree of linear po-
larization that is incident on the retarder will leave the
optical element with a state of polarization that varies be-
tween linear to circular as a function of the wavelength.
The axes of our retarder are at 45° and 135°. It consists
of MgF5-Al,03, which has been chosen because its re-
tardance is insensitive to temperature changes.

3. The polarizing beam-splitter

A Wollaston prism is used as a polarizing beam-splitter
to filter two orthogonal directions of linear polarized light
out of the beam of light that leaves the retarder. Both of
the filtered beams have a modulated radiance spectrum

with a phase difference of m between them. The modula-
tion is described by the following equations [5]

540 = 350N [1+ PO coso(N], (D)

where the phase is given by

_2m0(N)
A

o(N) +2x(%), (12)

with ¢ the retardance of the multiple-order retarder (in
m), and x the angle of polarization. In Eq. 11, Sy is
the incoming (unmodulated) radiance spectrum, P the
degree of linear polarization of the incoming light, and
S the detected (modulated) radiance spectrum with ei-
ther a *positive’ modulation (indicated by the + sign) or a
’negative’ modulation (with the - sign). With SPEX, we
detect both the S and the S_ spectrum, and it is clear
that by adding these two modulated spectra, the incom-
ing radiance spectrum Sy is obtained with the spectral
resolution with which S are measured. The degree of
linear polarization P and the direction of polarization x
can be derived from each of the modulated radiance spec-
tra, using a demodulation algorithm. The spectral resolu-
tion of P and  is on the order of the modulation, which
depends on the choice of optical elements, in particular,
for a given material of the retarder, on the length of the
multiple-order retarder.
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4.2. SPEX end-to-end simulator

The SPEX end-to-end simulator is a software tool that
fully describes the SPEX instrument, its measurements,
and the data analysis for missions to different planets.
This tool (which is still under development) facilitates
defining the science and instrument requirements, assess-
ing the instrument performance, optimizing calibration
routines and tracing potential system degradations during
a mission.

The input of the simulator are high-spectral resolution
spectra of I, (), and U (and possibly V'), such as those
calculated with our adding-doubling radiative transfer al-
gorithm (see Sect. 4). Each optical component of the
instrument is modeled using appropriate Mueller matri-
ces including wavelength dependent optical properties of
the materials and field-of-view variations of the incident
spectra. The modulated spectra at the end of the optical
train are imaged on the focal plane array of the detector
and binned. A wavelength dependent quantum efficiency,
dark-current, read-, shot- and ADC-noise, are included in
the calculation, while pixel-to-pixel variations in gain and
offset, the effects of pixel cross-talk and detector non-

linearity, and the contributions of thermal radiation and
stray-light are ignored in the current version (they will be
included in future versions).

While the radiance spectrum of the observed light is sim-
ply obtained adding S and S_, the derivation of PP and
x and especially their spectral resolution depends on the
demodulation algorithm for a given set of optical compo-
nents. For the demodulation of the measured, modulated
radiance spectra S and S_ (see Eq. 11) into spectra of
P and y, we use the technique outlined in [5]. This tech-
nique involves fitting of one or more periods of the local
modulation. The fitting is applied on each ’spectral win-
dow’ determined as:
/\2
AN = Sy (13)

where A represents a spectral *window’ and § is the re-
tardance (see Eq.11) across that window. A spectral win-
dow covers a small wavelength region of the modulated
radiance spectra across which P, x, and the instrument’s
optical properties are assumed to be constant. Optimizing
A\ means optimizing the sampling frequency and there-
fore, the spectral resolution of P and y. Note that we



have not shown any spectra of x; it is less sensitive to the
atmospheric parameters than either I or P.

4.3. Simulated SPEX’ observations

Here, we show the accuracy of the demodulation algo-
rithm and its spectral resolution using simulated Titan
spectra shown in Sect. 4 (0° < 6y < 80°,40° < 6 < 90°,
¢—¢o = 0°, 180°, and DLA- particles), in combination
with the SPEX end-to-end simulator.

The spectral resolution depends mostly on the retardance.
We will present results for different values of the retar-
dance 9, starting with the value as chosen for SPEX on a
Mars orbiter, namely § ~ 20 pm (a crystal thickness of
4 mm), and then optimizing the value for SPEX on a Ti-
tan balloon. The main difference between these two mis-
sions would be the spectral resolution with which P is re-
trieved: while a Mars spectrum shows little to no spectral
features across SPEX’ wavelength region, a Titan spec-
trum is rich with methane absorption bands.

Figure 9 shows the retrieved P for the Mars-SPEX with
0 ~ 20 pm and the retrieved P optimized for the Titan-
SPEX, in which case § ~ 80 pm. It also shows the errors
in the retrieval, with our target error of at most 5 % (this
error is based on retrieval algorithms for aerosol proper-
ties using polarization data [24]. With § ~ 20 um, the
spectral resolution of P is about 8 nm in the blue and
about 32 nm in the red (cf. Eq. 13). The top graphs in
Fig. 9 show how arduous it is to fit the retrieved P to the
original P. Clearly, this resolution is not good enough to
resolve the methane band features.

In order to better resolve the methane band features?, and
to reach a retrieval accuracy within the target error, we
have to increase the sampling frequency of the demodu-
lation algorithm, hence to decrease the width of the spec-
tral windows (cf. Eq. 13). This implies that we have to
increase the retardance ¢ of our retarder, thus the thick-
ness of the birefringent crystals (sticking with our choice
of MgF»-Al;O3 crystals). An optimal retrieval was found
for a crystal thickness of 16 mm, four times as thick as in
the original SPEX design (for a Mars mission), yielding
a retardance 0 ~ 80 um. The optimized spectral reso-
lution of the polarization spectra is 2 nm in the blue and
8 nm in the red. The spectrally improved retrieved P is
shown at the bottom of Fig. 9 together with the error in
the retrieval. Note that in the deepest parts of the methane
bands, the error can still exceed our target error. If we
want to use these parts to retrieve aerosol properties (see
[8]), the instrument response has to be taken into account
in the retrieval algorithm.

2 An accurate retrieval of aerosol properties does not necessarily re-
quire complete resolving the methane bands, since the degraded resolu-
tion can be taken into account in the retrieval process. In general, how-
ever, the better the resolution, the more information can be retrieved

5. DESIGNING SPEX FOR A TITAN BALLOON

Here, we have presented SPEX’s strengths as payload for
the hot air balloon that is an intrinsic part of the Titan Sat-
urn System Mission (TSSM). A detailed investigation of
Titan’s haze layer is key to expanding our the knowledge
on the atmosphere’s complex hydrocarbon cycle, which
is one of the main goals of the TSSM. By measuring both
the radiance and the degree of linear polarization of sun-
light that has been scattered by the haze particles, SPEX
allows the retrieval of the size, shape and composition of
the haze particles and their vertical distribution. In ad-
dition, SPEX is small (about 1 liter volume), uses little
power and its novel polarimetric technique requires no
moving parts.

SPEX has originally been designed as payload for a Mars
orbiter, with 7 fixed downward viewing and 2 fixed limb-
viewing apertures, parallel to the orbiter’s ground track.
The main adaptations of SPEX to fly on a balloon mission
through Titan’s atmosphere would be the viewing geome-
tries, and the spectral resolution. These will be discussed
below.

5.1. Viewing geometries

The mission plan is to have the TSSM balloon float at a
nominal altitude of 10 km with a range between 6 and
12 km. As payload on the balloon, the interesting view-
ing angles for SPEX are looking upwards, towards the
haze layer, and possibly downwards, towards the surface.
Knowledge of the surface reflection and its spectral and
angular variations is important for understanding the for-
mation and evolution of Titan, and for identifying possi-
ble sources and sinks of methane. And it is also crucial
for understanding SPEX’ observations of scattered sun-
light, because direct and diffuse sunlight will be reflected
off the surface, back towards the atmosphere, where it
can undergo more scatterings. Hence, the surface reflec-
tion has to be included in the retrieval process.

Our numerical simulations have shown the importance of
sampling I but especially P at various viewing angles,
so we foresee to use either a number of apertures (as in
the Mars design), with fixed viewing zenith angles dis-
tributed like a hand-fan between 6 ~ 50° and 130° (these
angles would depend on the size of the balloon, the dis-
tance between SPEX and the balloon, and on the location
of SPEX on the payload package), or a single aperture
that scans up and down. SPEX should also be able to
rotate in the horizontal plane to sample a range of az-
imuthal angles ¢ — ¢¢. This rotating would be taken care
of if the balloon payload would rotate (although the ro-
tation period shouldn’t be too long to avoid variations in
the atmosphere). Better would be to have SPEX on top
of the payload where it can rotate around a vertical axis,
such as the connection between the payload and the bal-
loon. Having SPEX below the payload would have the
disadvantage of blocking the upward view.
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An interesting solution that would allow the required an-
gular sampling while limiting the number of moving el-
ements, would be to have a rotating disk inclined under
an angle of 40° with respect to the vertical axis, with a
number of apertures looking outward along the rim of the
disk.

5.2. Spectral resolution

SPEX has been designed to measure I, P, and x from the
visible to the near-infrared. Across this wavelength spec-
trum, a Mars spectrum does not show significant high-
spectral resolution features. A Titan spectrum, however,
is rich in methane absorption band features. Clearly, as
also shown in Sect. 6, using the relatively low spectral
resolution designed for the Mars-SPEX for the Titan-
SPEX would result in too large errors in the retrieved
values for P. To keep the errors in P below 5 %, we
have to increase the retardance, hence the thickness of
the birefringent crystals from the original 4 mm for Mars
to 16 mm for Titan.

Increasing the retardance and hence the modulation fre-
quency, requires an increase of the sampling of the mod-
ulated radiance spectra. To allow for a much higher
sampling of the spectra, not only the detector size can
be increased, but also the wavelength range that is cov-
ered. For a Titan-SPEX, a wavelength coverage from

0.5 to 0.72 pm could be considered. Such a wavelength
range would have the additional advantage that it ex-
cludes the deep methane band at 0.73 pm, which is espe-
cially difficult to fit with our current demodulation algo-
rithm. Adapted demodulation algorithms, e.g. algorithms
that distinguish between the continuum and the methane
bands, could be considered if the inclusion of this deep
band is interesting for scientific reasons.

6. CONCLUSIONS

We have presented numerical simulations of the radiance
and degree of linear polarization of sunlight that has been
scattered in Titan’s atmosphere, and of observations of
this light as performed by the SPEX instrument as pay-
load on the hot air balloon of the TSSM mission. In par-
ticular the degree of linear polarization of scattered sun-
light is known to be very sensitive to the microphysical
properties of the scattering particles. Floating in the at-
mosphere of Titan, SPEX novel spectropolarimetric tech-
nique would provide a valuable contribution to character-
izing the famous hazes. Minor adaptations of the SPEX
instrument as designed for placement on a Mars orbiter
would be needed if SPEX were to fly on a Titan balloon:
the viewing directions and the spectral range and spectral
resolution. The latter is necessary to better resolve the
methane absorption bands.
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Appendix B

Titan facts and figures

A table with the inforamation regarding the orbit and some physical characteristics
of Titan is presented.

Table 9.1: Titan’s characteristics !

Description Value
Date of discovery 1655
Mass (kg) 1.35 x 10%
Mass (Earth=1) 0.022
Equatorial radius (km) 2575
Equatorial radius (Earth=1) 0.403
Mean density (gm/cm?) 1.88
Mean distance from Saturn (km) 1,221,850
Rotational period (days) 15.945
Orbital period (days) 15.945
Mean orbital velocity (km/sec) 5.58
Orbital eccentricity 0.0292
Orbital inclination? (deg) 0.33
Escape velocity (km/sec) 2.64
Visual geometric albedo 0.21
Magnitude (Vo) 8.28
Mean surface temperature (° C) -178
Atmosphere pressure(bar) 1.5

One Titan year is the same as one Saturn year. Saturn’s orbital period is 29.7
terrestrial years, a season should change every 7.25 years. Therefore we can make a
table for the past and future Titan’s changes in season for the Southern hemisphere.
Table 9.2 can be useful to know which was the season on Titan at the time of a certain
observation/measurement. The decimals indicate the terrestrial months in which the
change should take place. They indicate approximately the start of each season.

2With respect to Saturn’s orbit, which in turn is inclined of 26.73° with respect to its own orbit.
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Table 9.2: Titan seasons for the Southern Hemisphere from 1980 to 2038.

current season at the South pole.

Season Year
Autumn equinox 1980.75
Winter solstice 1988.00
Spring equinox 1995.25
Summer solstice 2002.50
Autumn equinox 2009.75
Winter solstice 2017.00
Spring equinox 2024.25
Summer solstice 2031.50
Autumn equinox 2038.75

In bold is the



Appendix C

Cassini Huygens instrumentation

The Cassini orbiter is equipped with 12 science instruments and the Huygens probe
has 6 '. The set of instruments includes optical and microwave sensing as cameras
(able to collect images in many varying conditions and light spectra; from visible
light to the infrared?), spectrometers, radar and radio instruments that are able to
measure magnetic fields, mass, electrical charges and densities of atomic particles.
They also measure the quantity and composition of dust particles, the strengths of
plasma (electrically charged gas), and radio waves 2.

Cassini’s scientific instruments are :

e Cassini Plasma Spectrometer (CAPS) explores plasma (highly ionised gas)
within and near Saturn’s magnetic field.

e Cosmic Dust Analyser (CDA) studies ice and dust grains in and near the
Saturn system.

e Composite Infrared Spectrometer (CIRS) measures infrared energy from
the surfaces, atmospheres and rings of Saturn and its moons to study their tem-
perature and compositions.

e Ton and Neutral Mass Spectrometer (INMS) examines neutral and charged
particles near Titan, Saturn and moons to learn more about their extended at-
mospheres and ionospheres.

e Imaging Science Subsystem (ISS) takes pictures in visible, near-ultraviolet
and near-infrared light.

e Dual-Technique Magnetometer (MAG) studies Saturn’s magnetic field and
its interactions with the solar wind, the rings and the moons of Saturn.

e Magnetospheric Imaging Instrument (MIMI) images Saturn’s magneto-
sphere and measures interactions between the magnetosphere and the solar wind,
a flow of ionised gases streaming out from the Sun..

e Cassini Radar (RADAR) maps surface of Titan using radar imager to pierce
veil of haze. Also used to measure heights of surface features.

¢ Radio and Plasma Wave Spectrometer (RPWS) investigates plasma waves
(generated by ionised gases flowing out from the Sun or orbiting Saturn), natural
emissions of radio energy and dust.
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¢ Radio Science Subsystem (RSS) searches for gravitational waves in the Uni-
verse; studies the atmosphere, rings and gravity fields of Saturn and its moons
by measuring telltale changes in radio waves sent from the spacecraft.

e Ultraviolet Imaging Spectrograph (UVIS) measures ultraviolet energy from
atmospheres and rings to study their structure, chemistry and composition.

e Visible and Infrared Mapping Spectrometer (VIMS) identifies the chem-
ical compositions of the surfaces, atmospheres and rings of Saturn and its moons
by measuring colours of visible light and infrared energy emitted or reflected.

Huygens probe instruments are !:

e Aerosol Collector and Pyrolyser (ACP) collected aerosols for chemical-
composition analysis. After extension of the sampling device, a pump drew the
atmosphere through filters which capture aerosols. Each sampling device can
collect about 30 micrograms of material.

e Descent Imager/Spectral Radiometer (DISR) can take images and make
spectral measurements using 14 sensors covering a wide spectral range. A few
hundred meters before impact, the DISR switched on its lamp in order to ac-
quire spectra of the surface material. The DISR consists of 14 sensors; Three
imagers, four solar aureole cameras, two imagers covering the visible spectrum,
two imagers in the near infrared, two violet photometers, and a sun sensor.

e Doppler Wind Experiment (DWE) used radio signals to deduce atmospheric
properties. The probe drift caused by winds in Titan’s atmosphere induced
a measurable Doppler shift in the carrier signal. The swinging motion of the
probe beneath its parachute and other radio-signal-perturbing effects, such as
atmospheric attenuation, may also be detectable from the signal.

e Gas Chromatograph and Mass Spectrometer (GCMS) is a versatile gas
chemical analyser designed to identify and quantify various atmospheric con-
stituents. It is also equipped with gas samplers which were filled at high altitude
for analysis later in the descent when more time was available.

e Huygens Atmosphere Structure Instrument (HASI) comprises sensors
for measuring the physical and electrical properties of the atmosphere and an
on-board microphone that sent back sounds from Titan.

e Surface Science Package (SSP) is a suite of sensors to determine the physical
properties of the surface at the impact site and to provide unique information
about its composition. The package includes an accelerometer to measure the
impact deceleration, and other sensors to measure the index of refraction, tem-
perature, thermal conductivity, heat capacity, speed of sound, and dielectric
constant of the (liquid) material at the impact site.

"http://www.esa.int/SPECIALS/Cassini-Huygens/SEMMD2HHZTD_O.html
’http://saturn. jpl.nasa.gov/overview/index.cfm


http://www.esa.int/SPECIALS/Cassini-Huygens/SEMMD2HHZTD_0.html
http://saturn.jpl.nasa.gov/overview/index.cfm

Appendix D

Aerosols vertical mixing ratio profiles

Titan’s atmosphere is famous for its complex coupling between radiative balance,
chemistry and dynamics. The atmosphere is mainly composed of Nitrogen (Nj3) and
Methane (CHy4). Due to photodissociation in the mesosphere, these two molecules
recombine to form hydrocarbons and nitriles that can react to create complex molecules
and produce aerosols. Molecules and aerosols have a strong impact on the radiative
forcing and on temperature distribution which in turn, affect the dynamics. It is
important to see which kind of methane-nitrogen compounds can be present in the
atmosphere of Titan.

Here a description of the most important compounds is presented. The data are
retrieved from CIRS observations during the Cassini nominal mission at 9 latitudes
between 56° S and 80° N between February 2005 and May 2008. At the time of the
observations the winter season was in the northern hemisphere, during these three
years the temperatures and abundances are expected not to vary significantly. Over
the same time span longitudinal variations are negligible .

The altitude range of the retrieval is between 130-500 km. Photochemical mod-
els predict that molecular vertical mixing ratio profiles increase with height as the
molecules are formed in the upper layer, diffuse downwards and generically condense
in the lower stratosphere. Further details can be found in the article published by
Vinatier et al. [2009] and in the references therein.

Hydrocarbons are mentioned in Table 9.3, while nitriles are mentioned in Table
9.4.

In conclusion, we can see that all the molecules except CoHg,C3Hg and COs, have
an higher mixing ratio at lower altitudes due to the downwelling branch of the winter
hemisphere. Moreover, most of the minima take place at 80° N and at 300km of
altitude.
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Table 9.3: Titan hydrocarbons compounds present in the atmosphere between 130 and 500 km. They are ordered with respect to their abundance

in the stratosphere. Note that: TY = Titan year, TD = Titan day, uniform = within the error bars.

Compound Chemical Mixing Vertical Latitudinal Lifetime
name ratio (ppm) abundance variation @ 300 km
Ethane CoHg 10 uniform weak increase 24 TY
winter hem.
Acetylene CoH, 2 (80°S-30°N) strong increase 0.3TY
6 (85°N) variation winter hem.
Propane C3Hg 0.5-0.8 uniform uniform 10 TY
Ethylene CoHy 2.5x1077 decreasing 56°S-46°N increases 0.04 TY
(85°S-30°N)  constant 54°N-76°N  winter hem.
Methylacetylene ~ CH3CoH 1x1078 - - 0.03 TY
Diacetylene C4Ho 1.5 ppb strong increase 06 TY
80°S-40°N variation summer hem.
Benzene CgHg 0.5-5 increase increase 0.3 TD
( 0.5 mbar) with altitude winter hem.




145

AL €00 - Suoxys - N¢OH QUI[I}00BOURA)

uorjerIeA sjueIpeIsd OpIuRAD

ALGT suoIys dooys 1equi-T © NOH U0SOIPAH
wy 00¢ ©®  UOIjelIeA souepunqe (wdd) oryex owreu

owineIl'y  reurpnjjery [BOT}I0A SurxiN [eorwsy ) punoduwop

APPENDIX D

"SIR( JOIID O} UM = UWLIOJTUN ‘ARp URIL], = ([J, ‘TRA URJLT, = AT, :1R()} 9j0N oIloydsojers
oY) Ul sOURPUNR IR} 0 309dSI M PaIdpIO oIe A, ULy ()G PuR ()] Ueamisq arsydsourie oy ur jussard spunodurod o[LININ URILT, "G 2|qel



	Preface
	Summary
	List of Figures
	List of Tables
	List of Symbols
	Introduction
	Titan's structure
	Titan's Interior and methane outgassing
	Titan's atmosphere
	Atmosphere's origin
	Hydrocarbon cycle
	Seasonal haze circulation


	Light scattering
	Why is the sky blue?
	Describing radiation and polarization
	Stokes vector

	Mueller matrix and Poincaré sphere

	Single scattering
	Analytic representation
	Mie theory
	T-matrix
	Single scattering properties of Titan aerosols
	Complex refractive index
	Influence of monomer size
	Influence of aerosol size


	Modeling Titan's atmosphere
	Analytic representation
	The Doubling-Adding method
	DAP input parameters
	Setting up the atmospheric scenario
	Surface albedo
	Atmospheric pressure and temperature
	Aerosols' Refractive index
	Methane absorption
	Aerosol optical thickness

	Sensitivity tests

	Spectropolarimetry on Titan - Radiative transfer results 
	Reference atmospheric model
	Aerosol vertical profile
	Surface albedo
	Sun zenith angle
	Azimuthal angle
	Aerosol particles
	Aerosol size
	Aerosol inner structure: compact versus fluffy


	SPEX - Spectropolarimeter for Planetary EXploration
	The classical method of polarization measurements
	Spectral modulation and optical design
	Retarders
	Polarizers
	Pre-optics
	Optical design

	Spectral modulation basic principle
	Retrieval algorithm
	SPEX end-to-end simulator

	SPEX on Titan - End-to-End simulator results
	Simulated SPEX' observations
	Designing SPEX for a Titan balloon
	Viewing geometries
	Spectral resolution


	Conclusions and recommendations
	Conclusions
	Recommendations

	Bibliography
	Appendix A
	Article presented at the IPPW-7

	Appendix B
	Titan facts and figures

	Appendix C
	Cassini Huygens instrumentation

	Appendix D
	Aerosols vertical mixing ratio profiles


