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Titan Haze

R. WEST, P. LAVVAS, C. ANDERSON, AND H. IMANAKA

1.1 Introduction

This chapter summarizes what is known about Titan’s ex-

tensive photochemical haze that extends from the surface to

about 1000 km altitude. The haze determines the appear-

ance of the moon across a broad spectral range. It dominates

the opacity short of 5 µm, while it also affects the radiation

transfer in the thermal IR. Thus, haze plays a major role

in Titan’s radiative energy budget. It is also a sink for gas-

phase photochemistry and a source of surface material, and

the haze has much to tell us about atmospheric dynamics.

A great deal has already been written about Titan’s

haze, summarized most recently by both Tomasko and West

(2009) and Lorenz et al. (2009). In this chapter we briefly

review the key attributes of the haze determined from in

situ measurements made by the Descent Imager/Spectral

Radiometer (DISR) instrument and then focus on develop-

ments more recent than those reviewed by Tomasko and

West (2009). These developments include new observations

and analyses, microphysical models, and laboratory results

relevant to the haze physical characteristics (size, shape, and

density), its chemical composition and optical properties,

the interaction of haze with the gas phase background, and

moreover, the impact of haze in the radiative energy budget

and the atmospheric dynamics.

1.2 Observational constraints on the vertical

structure, physical and optical properties of

Titans haze

The DISR instrument on the Huygens Probe made the most

detailed measurements of Titan’s haze and so we begin this

section with a synopsis of the findings of that instrument.

The discussion here will be brief because most of the mate-

rial was covered in detail in the book chapter by Tomasko

and West (2009). The probe entered Titan’s atmosphere on

January 14, 2005 and landed on the surface at 192.4◦W

longitude and 10.2◦S latitude. It was southern summer on

Titan at the time of the measurements (the solar longitude

was 303.1◦).

1.2.1 DISR

The DISR instrument is a composite of several subsys-

tems: three CCD framing cameras sensitive to the near-IR

methane window near 0.935 µm, downward- and upward-

looking visible and near-IR spectrometers sensitive from

blue wavelengths to 1.6 µm, red and blue solar aureole cam-

eras which included linear polarizers, a sun photometer and

a UV photometer (Tomasko et al., 2002). First results of the

experiment were described by Tomasko et al. (2005).

The instrument began making measurements at an alti-

tude of 150 km. The frequency of measurements differed as a

function of altitude and subsystem. There was only one po-

larization measurement, for example, below 30 km altitude

in order to obtain more frequent spectra and images of the

surface. The timing of the measurements was programmed

to follow the sun sensor pulses and assumed a sense of ro-

tation according to an engineering model of the probe. Due

to an unexpected reversal of the spin, the sensor timing be-

came irregular and consequently only a few measurements

made by the solar aureole cameras were close to the sun.

In spite of this and other difficulties in reconstructing the

probe attitude, a collection of many measurements from the

spectrometers and solar aureole cameras were assembled and

analyzed to provide a picture of the vertical optical depth

profile, scattering phase function, polarization, and spectral

properties of aerosols from 150 km to the surface. The results

for aerosol properties were presented in papers by Tomasko

et al. (2005, 2008a, 2009).

The optical depth profile and the optical properties of

the aerosols are the first products of photometric, polari-

metric, and spectral analyses. From those come inferences

about particle physical and chemical properties. The com-

bined spectra, solar aureole photometry and polarization

place many constraints on models of the aerosols.

Many possible layers of condensates were predicted to

occur just above the temperature minimum near 44 km

(Sagan and Thompson, 1984, see section 1.2.4.1), but none

were observed with DISR above the temperature minimum.

However, DISR measurements indicated a change in aerosol

properties and vertical distribution at 80 km and near 30

km altitude. These are probably signatures of condensation.

Images from the side-looking imager (Fig. 1.1) show evi-

dence for a distinct layer near 21 km (Tomasko et al., 2005).

This layer is in the troposphere where temperature is de-

creasing with increasing altitude. A methane ice layer is im-

plicated from thermochemical equilibrium models but the

lower intensity in the layer requires an aerosol more ab-

sorbing than the background haze, and thus rules out pure

methane ice. However, this layer could be related to a tran-

sition in the phase of the condensing methane from liquid
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Figure 1.1 (after Tomasko et al., 2005). Intensity as a function

of nadir angle from a DISR side-looking image (left side) reveals
a thin haze layer at 21 km altitude. A simulation (Model, right

side) is able to reproduce the observed feature if the absorption

optical depth is 0.001 and the layer is 1 km thick.

to solid. In addition to the 21 km layer, another layer was

detected at 11 km, which can be explained by the release of

the nucleation cores of methane cloud particles below 10 km

and their remixing in the upper atmosphere by atmospheric

dynamics (Karkoschka and Tomasko, 2009).

Between 150 km and 80 km altitude the haze is mixed

with the gas but the haze extinction coefficient has a larger

scale height (65 km) than the gas scale height, which is less

than 47 km in the region sampled by the DISR experiment.

Between an altitude of 80 and 30 km the optical depth de-

creases linearly with altitude. Between 30 km and the surface

the optical depth again decreases linearly with altitude but

with a different slope as shown in Fig. 1.2.

At altitudes between 80 km and 150 km all evidence

points to the dominant contribution by aggregates of small

‘monomers’ or primary particles whose radius is much

smaller than the wavelength of visible light. A large aggre-

gate of small particles is the only structure that can account

for both the strongly forward-peaked phase function and the

high degree of linear polarization near 90◦ scattering angle.

West and Smith (1991) first pointed this out based on Pi-

oneer and Voyager measurements. The DISR solar aureole

measurements were able to probe to much smaller scattering

angles than previous measurements and the high intensity

observed at ∼6◦ scattering angle led Tomasko et al. (2008a)

to propose aggregates composed on average of 3000 primary

particles whose radius is 0.05 µm. In later work with a re-

fined calibration, Tomasko et al. (2009) revised the primary

particle radius to be 0.04 µm and the average particle to con-

tain about 4000 primary particles. As part of that analysis

they also revised the notion that compact particles play an

important role in the region between 30 and 80 km altitude.

The polarization data are most consistent with a continua-

tion of aggregates down to 30 km altitude.

Below 30 km the polarization measurements are too sparse

to draw conclusions. Within the bottom 30 km particle

properties can be inferred from the upward- and downward-

looking spectrometers, which show a flatter wavelength de-
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Figure 1.2 The haze number density is shown as a function of

altitude for two scenarios. Both have aggregate particles above

80 km. Below 80 km the profiles with solid curve (for the
retrieval of 491-nm data) and long dashes (retrieval at 934 nm)

assume aggregate particles (monomer radius = 0.05 micron and

number of monomers = 3000). The short-dashes show results at
the two wavelengths for spherical particles below 80 km

altitude, with radii as labeled.

pendence than that at higher altitudes, indicating the pres-

ence of a more compact particle. Below 80 km the particle

single scattering albedo is also higher, again indicating the

likely presence of condensed organics. Wavelength depen-

dencies of the optical depth and single-scattering albedo are

shown in Figs. 1.3 and 1.4.

As shown in Fig. 1.4, the particle single scattering albedo

below 80 km and above 80 km have similar shapes, with a

relative maximum at 850 nm, although the maximum shifts

to slightly shorter wavelengths in the lower region. This sim-

ilarity suggests that the region below 80 km includes haze

and condensed organics; the ice condensate having little vari-

ation with wavelength. At wavelengths below the maximum

at 850 nm the single scattering albedo drops much as ex-

pected from the optical constants derived from laboratory

work (Khare et al., 1984) but at longer wavelengths the labo-

ratory particles do not have as much absorption as the Titan

particles. More recent laboratory work will be discussed be-

low and in Table 1.1. Here we summarize the properties of

the haze derived from the DISR measurements. Tabulated

values for phase functions and single-scattering albedos can

be found in Tomasko et al. (2008a).

The DISR results provide a baseline for properties of the

Titan haze but data and models at other latitudes, altitudes,

wavelengths, and epochs must come from other sources.

Also, as described later, the Huygens probe latitude of 10◦S

falls near the boundary of a tilted equatorial haze band dis-

covered by de Kok et al. (2010) and therefore may not be

representative of the ‘average’ Titan haze. In this chapter
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Figure 1.3 (from Tomasko et al., 2008a). Haze optical depth as
a function of wavelength for three altitude regions along with

power-law fits to the data. Also shown (at bottom) are the

spectral ranges associated with the DISR subsystems used to
measure the optical depth.
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Figure 1.4 (from Tomasko et al., 2008a). Single-scattering

albedos as functions of wavelength in two altitude regions, as
labeled. The dot-dashed line is for 1.5 times the imaginary

refractive index measured by Khare et al. (1984).

we focus on recent analyses of data from remote-sensing in-

struments, mostly on the Cassini orbiter, starting with ul-

traviolet (UV) stellar occultations, which sample haze at the

highest altitudes.

Table 1.1. Optical and physical properties of the Titan Haze

derived from DISR data (from Tomasko et al., 2008a).

Value Uncertainty

Parameter

Monomer radius (µm) rmon=0.04 0.02a

Number of monomers in N=4000 Factor of 2

an aggregate particle

Single-scattering albedo $(λ) from 0.02

Table 2 of

Tomasko et al. (2008a)

Vertical Structure

Haze opacity at Scale height 20 km

z > 80 km H=65 km

Haze opacity 30–80 km Linear variation Up to 10%

across layer

Wavelength variation

z > 80 km 1.102×107λ−2.3339 10% from

expression

80 km > z > 30 km 2.029×104λ−1.049 15% from

expression

z < 30 km 6.270×102λ−0.971 15% from

expression

aSee Tomasko et al. (2008a).

1.2.2 Stellar and Solar Occultations

Measurements of ions and neutrals in Titan’s high at-

mosphere by the Cassini Plasma Spectrometer instrument

(CAPS, Coates et al., 2007) and by the Ion and Neutral

Mass Spectrometer (INMS, Waite et al., 2007) revealed high

concentrations of heavy molecules and ions near 1000 km,

which are the precursors of haze formation. Haze particles at

altitudes up to 1000 km were revealed by stellar occultation

at UV wavelengths (Liang et al., 2007). Analyses thus far

have not constrained the size of the particles but they are

probably smaller than the radius of the primary particles

(0.04 µm) found deeper in the atmosphere.

More recently Koskinen et al. (2011) also analyzed the

same occultations (Alpha Virginis and Lambda Scorpii that

took place in December 2004) and several other stellar occul-

tations that took place between December 2004 and April

2009. Two in particular from the T41 flyby have a much

higher signal-to-noise ratio than do those studied by Liang

et al. (2007), providing better vertical resolution, altitude

coverage, and smaller uncertainties on the retrieved quan-

tities (aerosols and some gaseous photochemical products).

Koskinen et al. (2011) derived extinction coefficients for the

aerosols for altitudes between 400 and 900 km with vertical

resolution between 10 and 50 km.

Figure 1.5 shows two of the haze vertical profiles derived

by Koskinen et al. (2011) from the Cassini Ultraviolet Imag-

ing Spectrograph Subsystem (UVIS) stellar occultations.

Several features are worth noting. Aerosol extinction coeffi-

cients can be retrieved up to an altitude of 850 km with these

data. Two local maxima are seen, one near or below 500 km



4 West, Lavvas, Anderson & Imanaka

Figure 1.5 (from Koskinen et al., 2011). Extinction coefficients

averaged over wavelength between 1850 and 1900Å for the haze
are depicted from two stellar occultations observed by the UVIS

instrument. The T41-I occultation occurred on February 23,
2008 and T-53 occurred on April 19, 2009.

and the other close to 600 km altitude. The local maximum

below 600 km has been seen previously (Rages and Pol-

lack, 1983; Porco et al., 2005, and has been given the name

‘detached’ haze, meaning a distinct layer above the main

haze). The altitude of the lower feature moves downward

between the two observations (the first, T41-I on February

23, 2008 and the second, T-53 on April 19, 2009), consistent

with measurements from the Cassini ISS experiment (West

et al., 2011). The latitudes of these observations are 6◦S and

39◦N. Two occultations (denoted by Koskinen et al., 2011,

as Tb I and T47-II, not shown in Fig. 1.5), showed no local

prominent maximum near 500 km. Those events sampled

latitudes 58 and 56◦N, respectively, just inside the bound-

ary of the northern polar vortex, where ISS images reveal

that the haze layer near 500 km is lost, although many other

layer structures appear in images of the polar vortex region

(Porco et al., 2005).

Occultations at near-IR wavelengths probe to deeper lev-

els in Titan’s atmosphere. Bellucci et al. (2009) analyzed a

solar occultation at latitude 70◦S observed by the Cassini

Visible and Infrared Spectrometer (VIMS) and retrieved

haze profiles from 77 km altitude to roughly 500 km.

The occultation revealed several properties of the haze

that were previously unknown or difficult to extract from

other measurements. In the altitude region higher than 150

km, and in the high southern latitude of the occultation,

the wavelength dependence of the extinction points to ag-

gregates with more than 1000 monomers, like those found

at lower altitudes by the DISR experiment. Between 77 km

and about 450 km altitude regime the haze extinction fol-

lows an exponential fall-off with height with a scale height of

Figure 1.6 (from Bellucci et al., 2009). Wavelength (µm) is

shown on the abscissa. The 3.4-µm extinction feature is shown

for Titan (black curve) at 258 km altitude where the pressure is
0.23 mbar and for Saturn (red curve) at 0.13 mbar. The blue

dashed line is for a gas-only Titan 1.6% CH4 model. The green

squares represent the VIMS spectral channels, from left to right,
channels 150151 (3.3656–3.3818 µm), channel 153 (3.4155 µm)

and channels 155156 (3.4487–3.4648 µm).

60 km, and with a smaller scale height between 450 and 500

km. The latter is interpreted as a manifestation of a clearing

below the detached haze.

Most interesting from Bellucci et al. (2009) are new results

on composition of the haze. Models of haze extinction that

use refractive index values for laboratory aerosol analogs, or

tholin, derived by Khare et al. (1984), have absorption fea-

tures at 3 and 4.6 µm. The 4.6-µm feature overlaps a gaseous

CO absorption and the data are not able to distinguish be-

tween the two. The 3-µm feature is thought to be due to

an N-H bond (Imanaka et al., 2004) and is not present in

the VIMS data. Instead, there is a feature in the VIMS data

at 3.4 µm that is not in the laboratory spectra. The 3.4-µm

feature is also seen in the stratosphere of Saturn by VIMS in

occultations (Bellucci et al., 2009) and is thought to be due

to a C-H bond (see Fig. 1.6). It is not due to N-H since NH3

is frozen out below the tropopause on Saturn. The combi-

nation of features observed and those not observed indicate

that nitrogen bonds in Titan’s haze are less abundant that

those in some of the Khare et al. (1984) laboratory analogs.

Rannou et al. (2010) also came to that conclusion. Rannou

et al. also provided tables of refractive index derived from

DISR data in the region 0.4–1.6 µm and from other data in

the 2.8-µm window. The refractive index from DISR obser-

vations was also retrieved in (Lavvas et al., 2010, see §1.4).

Similarly, Vinatier et al. (2011) provide aerosol optical con-

stants derived from CIRS data in the region 70 to 1500 cm−1

(143 to ∼7 µm). Laboratory work will be treated in more

detail later in this chapter.
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Occultations provide detailed vertical profiles of haze and

gaseous constituents but at only one location and time for

each occultation. Additional occultations by Cassini UVIS

and VIMS and some ground-based work have been observed

at various latitudes and times but the Cassini analyses of the

additional events have not progressed to a stage sufficient for

review in this chapter. To gain a picture of latitudinal and

time variations of the haze we turn to images and spectra

of reflected sunlight and thermal emission.

1.2.3 Haze Seasonal Variations

Titan’s haze is remarkably homogeneous across the globe

but images show hemispherical and polar vortex contrasts

and structures and these have seasonal variations. That work

has been reviewed previously (Tomasko and West, 2009;

Lorenz et al., 2009). Here we summarize many of the most

recent results.

What produces the hemispheric contrast and what is the

mechanism that brings about its seasonal reversal? It seems

clear that a seasonal reversal of the meridional circulation

forced by seasonal variations in solar heating are ultimately

responsible for the seasonal variations but the details remain

obscure. The leading suspects responsible for producing the

contrast include differences in composition, differences in the

vertical distribution of the particles, differences in the par-

ticle size and possibly, in the methane absorption bands,

differences in the methane mixing ratio.

Instruments on Cassini provide new tools to probe some

of these questions by sampling a broad spectrum from the

UV to the far-IR, including near-IR methane bands of vari-

ous strengths with good spatial resolution and coverage, and

over a several-year period. One recent surprise was the dis-

covery (Achterberg et al., 2008a; Roman et al., 2009) that

temperatures, haze, and (presumably also) zonal winds are

organized on a tilted sphere relative to Titan’s spin axis,

with interesting implications for atmospheric dynamics (see

the chapter by Flasar et al., this volume).

Titan’s hemispheric contrast and winter polar vortex con-

trast have been investigated since the Pioneer 11 encounter

on September 3, 1979 (Tomasko and Smith, 1982). Sro-

movsky et al. (1981) developed a model for the seasonal

cycle of the contrast and connected its seasonal phase lag to

the long radiative time constant (more than a Titan year) in

the lower atmosphere. Lorenz and colleagues (see the sum-

mary of this work in Lorenz et al., 2009) studied seasonal

change over a multi-year period using images from the Hub-

ble Space Telescope. Lorenz et al. (1999) accounted for the

contrast by the behavior of an absorbing haze that increases

in the winter hemisphere, which is the darker of the two

at short wavelengths. The winter hemisphere is brighter in

the near-IR methane band images because of the increase

in scattering relative to absorption by methane gas (Cours

et al., 2010). Starting with the haze properties derived by

Tomasko et al. (2008a), Penteado et al. (2010) took that con-

cept a step further by showing that variations in the optical

depth of the aerosol above 80 km altitude could account for

the hemispheric contrast. Penteado et al. (2010) also pointed

out that variations in the methane mixing ratio in the lower

Figure 1.7 (from de Kok et al., 2010). This contrast-enhanced

VIMS image at 1.147 µm shows a relatively bright band
between the equator and 10◦S latitude in a tilted reference

frame (solid curves). Also shown is the equator in the

conventional reference frame aligned with Titan’s spin axis
(dashed curve). The tilted frame was revealed by haze in images

analyzed by Roman et al. (2009).

atmosphere might account for variations in the methane ab-

sorption bands. This possibility could be tested by analyses

of solar occultations by Titan observed by VIMS. Occul-

tations give detailed vertical profiles of both methane and

aerosols without ambiguity.

de Kok et al. (2010) identified a very subtle band be-

tween the equator and 10◦S latitude showing enhanced re-

flectivity in near-IR methane absorption bands. The south-

ern boundary is quite obvious and was previously identi-

fied with the boundary of the winter hemisphere haze con-

trast. The northern boundary is difficult to discern, which

accounts for its late discovery. It is most easily seen in a

VIMS 1.147-µm image shown in Fig. 1.7.

de Kok et al. (2010) argue that this feature shows an en-

hancement in the aerosol density of the lower stratosphere

due to sluggish mixing, similar to the terrestrial equatorial

stratosphere. It was not expected from dynamical models

because the band is narrow relative to the Rossby radius

for a slowly rotating body the size of Titan. Most of the

time (with the possible exception of brief periods during the

seasonal cycle) the meridional circulation is expected to be

global in scale (see chapters by Lebonois et al. and Flasar

et al.; this volume).

Higher in the stratosphere (in the altitude region 350–520

km) Titan’s detached haze has undergone a large–amplitude

change in altitude around northern spring equinox. The de-

tached haze was first seen in Voyager images at an altitude

of 357 km at the equator and 340 km near the south pole

(Rages and Pollack, 1983). When Cassini began imaging Ti-

tan at close range in 2004, the detached haze was observed

near 500 km altitude (Porco et al., 2005). At sub–kilometer
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pixel scale many layers can be seen within the detached haze

(Porco et al., 2005; Tomasko and West, 2009), but at pixel

scales ten times greater these are unresolved.

West et al. (2011) measured the altitude of Titan’s de-

tached haze in 81 Cassini ISS images from day 297 (23 Oc-

tober) of 2004 to day 219 (7 August) of 2010, shown in

Fig. 1.8 along with two more recent measurements. Both

the large amplitude of the altitude oscillation shown in Fig.

1.8 and the precise match of the altitudes of Voyager and

Cassini measurements made almost thirty terrestrial years

apart are remarkable. They put strong constraints on mod-

els of seasonal dynamics and haze formation and beg for a

model capable of reproducing this behavior. Three more ob-

servational constraints flow from these data. First, the rate

of change is greatest at equinox. Second, the haze is observed

to be continuous across the south pole. Third, the haze is

present at all times before and after equinox observed to

date. Some of these constraints (temporal and latitudinal

continuity) must be violated at some time in the seasonal

cycle to accommodate the reversal in solar heating and the

consequent reversal in the flow pattern. If we are fortunate

that event will occur under the watchful eye of the ongoing

Cassini Solstice Mission.

Two very different models have been proposed to account

for the detached haze. The first (Rannou et al., 2002) is a

two-dimensional dynamical/haze microphysics model where

haze production occurs primarily in the main haze at lower

altitude. The detached haze is formed chiefly by advection

along streamlines of the meridional circulation, with up-

welling near the summer (south in this case) pole, cross-

equatorial flow, and downwelling in the winter polar vortex.

A recent analysis by Cours et al. (2011) reveals details about

the particle populations in the detached haze which support

this model.

The second (Lavvas et al., 2009) is a purely microphysical

mechanism whereby small individual particles sedimenting

from higher altitudes reach the altitude where aggregation

occurs at the level of the detached haze. The large aggregate

particles rapidly sediment to lower altitudes, leaving a gap

just below the detached haze with relatively little aerosol.

This model is a steady-state concept and requires the addi-

tion of a seasonal dynamical mechanism to account for the

seasonal behavior seen in Fig. 1.8.

The dynamical/microphysical model of Rannou et al. also

needs further development to agree with some features of

the observations. As Fig. 1.8 shows, the seasonal behavior

of the model resembles the rapid drop in altitude similar to

what is seen in the data but there is a small phase lag and

the highest altitude in the model is much below that in the

data. Both of these differences may be due to the altitude

of the top of the model which, for computational reasons,

is not high enough to encompass flow at higher altitudes.

A more serious concern is that, in the model, as the haze

altitude decreases near equinox it is doing so because the

haze is falling out of the sky as the circulation pattern breaks

down. The model curve ends about 300 days past equinox

because there is no more detached haze. The model predicts

a reformation of the detached haze when the circulation re-

establishes later with the opposite flow. The most recent
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Figure 1.8 Updated from West et al. (2011) with two

additional measurements (after 500 days from equinox). The
diamonds with error bars are measurements from Cassini ISS

images. The size of the error bar corresponds to a 1-pixel

uncertainty. The solid dot shows the equatorial radius at the
Voyager 2 flyby published by Rages and Pollack (1983) and

partially covers one of the two added measurements from ISS.
The equatorial-polar differences in altitude of the haze are

shown by the asterisk symbols for Cassini measurements and by

the + symbol from Rages and Pollack (1983) and refer to the
scale on the right side. The square near -2000 days locates a

temperature inversion seen in stellar occultation measurements

in 2003 reported by Sicardy et al. (2006) and the arrows locate
(in the vertical only) two more temperature inversions measure

by Sicardy et al. (1999) 3413 days after the 1980 equinox at

solar longitude 109◦. Also shown (solid curve) is a model
prediction from a seasonal two-dimensional circulation model

published by Rannou et al. (2002).

observations indicate that visibility of the detached haze is

not diminishing. Another serious concern is the continuity

of the detached haze across the summer pole. If the haze

was brought up from a deeper level along meridional stream

lines one would expect to see the haze bending toward the

vertical in the region of the south pole where the stream

function bends toward the vertical.

1.2.4 Titan’s Aerosol and Ice in the Thermal

Infrared

Thermal-IR observations off the solid-surface limb of Titan

provide an emitted signal from a partially opaque atmo-

sphere against the cold backdrop of space. In the thermal-

IR spectral region, which roughly spans wavenumbers 20 to

1500 cm−1 or wavelengths 500 to 6.7 µm, the opacity of

Titan’s aerosol is such that the signal is detectable from

altitudes in the lower mesosphere down to the surface. Ex-

tracting similar vertical information on the aerosol from tan-

gent viewing is not possible at visible wavelengths, where

the opacity is greater. This was demonstrated by Rages and

Pollack (1983), who found it difficult to infer aerosol verti-
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cal distributions at altitudes below 250 km utilizing Voyager

imaging limb observations.

The Composite Infrared Spectrometer (CIRS) onboard

Cassini, which consists of one far-IR (20 – 600 cm−1) and

two mid-IR (600 – 1100 cm−1; 1100 – 1500 cm−1) focal

planes, can be used to determine the spectral dependence

and the vertical distribution of Titan’s aerosol and strato-

spheric ice clouds from lower mesospheric altitudes down

to Titan’s surface. At the lowest spectral resolution (∆ν '
15.5 cm−1), CIRS acquires a spectrum at a specific tan-

gent height about every 5 sec. This short acquisition time,

combined with a slow scan rate across Titan’s limb, enables

a significantly better spatial resolution in the far-IR than

implied by the large field-of-view (FOV). This is the main

reason that CIRS picks up on the signal from highly strati-

fied ice clouds in Titan’s lower stratosphere (§1.2.4.1). The

wide difference in vertical extent for the ubiquitous aerosol

and the sharply layered ice cloud structures provide a means

to distinguish between the separate spectral characteristics

of these particulates in the far-IR.

1.2.4.1 Stratospheric Ice Characteristics

There are two fundamentally different types of cloud systems

in Titan’s atmosphere: 1) tropospheric convective methane

(CH4) clouds that are analogous to Earth’s water clouds

and 2) stratospheric ice clouds that are cirrus-like in nature

(stratified) and composed of trace organics; the latter is the

type of cloud system that will be focused on here.

Most organic vapors in Titan’s stratosphere should con-

dense to form suspended clouds of small ice particles with

a sharply layered structures. The tops of such clouds should

be sharply defined and located near altitudes where satura-

tion first occurs. The abundance of cloud particles will de-

crease rapidly as altitude is decreased because of the rapid

lowering of saturation vapor pressure. A convenient rule of

thumb is to assume that for every 10K decrease in temper-

ature the saturation vapor pressure decreases by an order

of magnitude. As a general rule, hydrocarbon vapors tend

to condense out at lower altitudes (colder temperatures) in

the lower stratosphere than do nitrile vapors, although ex-

ceptions do exist; this is illustrated in Fig. 1.9.

The portion of the far-IR spectral region between 70 and

270 cm−1 (143 and 37 µm) is extremely important and

uniquely qualified for detecting stratospheric nitrile ice sig-

natures; there is nothing comparable in the mid-IR. At these

very long wavelengths, nitrile ices exhibit numerous overlap-

ping broad-emission features caused by low-energy lattice vi-

brations (librations), which CIRS is able to detect due to its

excellent signal-to-noise in this part of the spectrum (dello

Russo and Khanna, 1996; Moore et al., 2010). Condensed

hydrocarbons, on the other hand, tend not to have spectral

features in this spectral region so their absorption cross-

sections are very small. This prevents CIRS from detecting

their signals, even though their abundances are larger than

those of nitrile ices (Coustenis et al., 1999).

Sharp ice emission features that ride on Titan’s thermal

IR continuum are the easiest to detect provided the ice abun-

dances are sufficiently large. These features point uniquely

Figure 1.9 Titan’s pressure-altitude relation as a function of

temperature (thick black curve) at latitude 15◦S in mid-2006 as

determined from CIRS data (Achterberg et al., 2008b; Anderson
and Samuelson, 2011). Derived saturation vapor pressure curves

for several hydrocarbons and nitriles are illustrated by dark grey

curves. Vertical distribution of vapor abundances for
hydrocarbons and nitriles were patterned after Vinatier et al.

(2010a) and Teanby et al. (2007), respectively. Condensation

can occur at altitudes below intersections of vapor pressure
curves with the temperature profile. The two horizontal slabs

with very distinct upper boundaries represent the altitude

locations of generic nitrile and hydrocarbon cloud regions where
saturation can commence.

to specific, isolated pure ices (no mixtures). Examples of

such features are the ν6 band of crystalline cyanoacetylene

(HC3N) at 506 cm−1 (19.8 µm) and the ν8 band of crys-

talline dicyanoacetylene (C4N2) at 478 cm−1 (20.9 µm),

both of which were first observed by the Infrared Interferom-

eter and Spectrometer (IRIS) onboard Voyager 1 (Samuel-

son et al., 1997; Coustenis et al., 1999), and now more re-

cently with CIRS (see the feature labeled (1) in Fig. 1.10)

(Anderson et al., 2010; Anderson and Samuelson, 2011).

In contrast to the sharp ice emission features that are

spectrally easy to detect, ice emission features exist in Ti-

tan’s far-IR spectrum between about 70 and 270 cm−1 that

are spectrally very broad and are comprised of numerous

overlapping nitrile ice emission features (most likely HC3N

and HCN) that are impossible to isolate individually. These

features were first observed by CIRS since IRIS did not spec-

trally sense below 200 cm−1 (λ > 50 µm). Even though

these types of composite ice emission features are intrin-

sically much stronger than the pure ice features, they are

much more difficult to detect and identify as actual emission

features because of their quasi-continuum nature. The spec-

tral dependence and vertical distribution must be derived

from a full radiative transfer analysis utilizing CIRS spectra

in the limb-viewing scan mode (Anderson and Samuelson,

2011). An example of this type of ice feature is the CIRS-

discovered nitrile composite ice feature that peaks at 160
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Figure 1.10 CIRS spectrum of Titan at 62◦N (solid grey

curve). Various organic vapors are labeled as is the unknown
solid material we have termed ‘haystack.’ The sharp 506 cm−1

HC3N ice emission feature is labeled (1) and the broad 160

cm−1 composite ice feature is labeled (2). The solid and the
dashed black curves are respectively synthetic spectra with and

without the ice contribution, fit to the data with a radiative

transfer analysis (Anderson and Samuelson, 2011). Notice that
feature (1) is easily distinguished from the continuum whereas

feature (2) is indistinguishable from a continuum and would not

be identified as such without a radiative transfer analysis.

cm−1 (62.5 µm) and covers an altitude range between 60

and 90 km at latitude 15◦S (labeled (2) in Fig. 1.10; see

Fig. 1.11 for spectral dependence). Figure 1.12 depicts the

derived altitude distribution of the stratospheric nitrile ice

cloud, indicated by the dotted curve.

Laboratory transmittance spectra of thin ice films (both

pure and composite) imply that this is indeed a composite

nitrile ice emission feature. Such laboratory measurements

are necessary to reproduce the observed spectral features in

Titan’s lower stratosphere, and to identify in the first ap-

proximation the stratospheric ice cloud species observed by

CIRS. Resulting laboratory ice spectra depend on measure-

ments of temperature and composition. Figure 1.11 demon-

strates the significant changes in the spectral shapes and

peak positions in laboratory transmittance thin film spectra

when the ices are produced at much warmer temperatures

(e.g. ∼120 K), compared with the usual procedure of de-

positing at very cold temperatures (e.g. ∼30 K). This figure

also shows that condensates formed from a mixture of ni-

trile vapors are considerably different from those formed by

the vapors when condensed separately. The composite ice

feature from a mixture of solid HC3N and HCN appears to

fit the observed spectral feature the best.

This 160 cm−1 composite ice feature appears to be al-

most global in extent, definitely spanning latitudes 58◦S to

62◦N, where analyses have been completed. During mid-to-

late northern winter on Titan (Cassini prime and extended

missions), the latitudinal distribution of nitrile ice clouds

are qualitatively similar to the nitrile vapors, in that there

Figure 1.11 Comparison of the CIRS-discovered stratospheric
ice cloud feature at 15◦S (solid black curve) with thin ice film

absorbances of condensed HCN and HC3N grown under various

laboratory conditions (dotted black curves). Laboratory features
have been normalized to their peak values. (a) HC3N and HCN

deposited separately at 30K, then summed; (b) HC3N+HCN

mixture heated to 120K and cooled to 95K; HC3N and HCN
mixture deposited at 110K; and (d) same mixture deposited at

120K (Moore et al., 2010). The small spike near 120 cm−1 is an
artifact intrinsic to CIRS. After Anderson and Samuelson

(2011).

is an observed abundance increase from south to north. In

addition the nitrile clouds tend to form at higher altitudes

at colder temperatures as you go towards higher northern

latitudes.

1.2.4.2 Aerosol Characteristics

Unlike the sharply layered characteristic of Titan’s organic

stratospheric ice clouds (§1.2.4.1), Titan’s ubiquitous aerosol

is observed to be quasi-homogeneously distributed both lat-

itudinally and vertically below 300 km (pressures > ∼0.1

mbar). The vertical distribution of the aerosol in units of

mass absorption coefficient (cm2g−1; aerosol cross-section

per unit mass of atmosphere) results in a slanted curve,

which is depicted at 160 cm−1 (62.5 µm) and at 15◦S lat-

itude in Fig. 1.12. This vertical profile indicates an aerosol

formation source above 300 km and a sink at the surface.

Ratios of aerosol-to-pressure scale heights (α) vary in both

latitude and altitude below 300 km, indicating that Titan’s

aerosol has a subtle layering effect in altitude below 300

km and is not thoroughly mixed in either latitude or alti-

tude below 300 km. Such vertical variations in the altitude

abundance are seen in the far-IR (Anderson and Samuel-

son, 2011) and the mid-IR (Vinatier et al., 2010b). In ad-

dition, the aerosol abundance below 300 km from both far-

and mid-IR CIRS analyses (Vinatier et al., 2010b; Anderson
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Figure 1.12 Derived vertical distribution of mass absorption

coefficient at 15◦S in mid-2006 and 160 cm−1 (62.5 µm) based
on CIRS analysis (Anderson and Samuelson, 2011). The

radiative transfer model assumes a single aerosol (solid black

curve) and a single ice cloud component (dotted black curve).
The altitude bump peaking at 90 km shows the location where

the stratospheric ice cloud appears to occur, and is most likely

comprised of condensed nitriles. The α values represent the
aerosol-to-gas scale height ratios, which vary in both altitude

and latitude.

and Samuelson, 2011) also varies in latitude. This is shown

in the mid-IR in Fig. 1.13. This, combined with the vertical

inhomogeneity in the observed aerosol abundance, demon-

strates that there is incomplete dynamical mixing below Ti-

tan’s stratopause (300 km; ∼0.1 mbar). Complete mixing in

the atmosphere would lead to a vertical straight line for the

functional form of the aerosol mass absorption coefficient.

On the other hand, as observed with CIRS in both the

far- and mid-IR, the spectral shape of Titan’s aerosol opac-

ity (Fig. 1.14) is independent of both latitude and altitude

below 300 km (Vinatier et al., 2010b; Anderson and Samuel-

son, 2011). Thus there is dynamical variability in aerosol

abundance in the lower atmosphere, but no corresponding

spectral variability in the aerosol opacity. This strongly sug-

gests that below the stratopause the formation and chemical

evolution of the aerosol proceeds at a much slower rate than

the rate of dynamical overturning of Titan’s atmosphere,

even though the latter rate is not large enough to eliminate

inhomogeneities in the spatial distributions of the aerosol.

This in turn implies that almost all of Titan’s aerosol chem-

istry occurs above the stratopause where pressures are lower

than 0.1 mbar.

Figure 1.14 shows the comparison between the spectral

shape of Titan’s observed aerosol opacity in the far- and

mid-IR near 15◦S to the Khare et al. (1984) laboratory-

created aerosol analogs (termed tholin). Laboratory stud-

ies in which various combinations of CH4 and N2 gas mix-

Figure 1.13 Mean latitudinal variation of the aerosol optical

depth including all wavenumbers except 1210, 1390 and 1410

cm−1 at 0.5 mbar (solid curve) and 1.7 mbar (dashed curve;
after Vinatier et al. (2010b)). Notice that the abundance varies

by less then a factor of 2 from maximum to minimum over the

latitude range 70◦N to 55◦S.

Figure 1.14 Comparison of Titan’s observed aerosol opacity
spectrum is shown by the solid black curves in the far-IR at

15◦S and mid-IR at 20◦S with the Khare et al. (1984)

laboratory-created aerosol (or tholin) opacities in the small
particle limit of the Mie theory (dashed curve). The magnitude

of the Khare et al. (1984) dashed curve has been arbitrarily
normalized to provide a rough spectral fit to the CIRS
observations. The figure demonstrates that the laboratory

produced Khare et al. (1984) tholin material does not reproduce
Titan’s observed aerosol emission features (labeled 1–7)

observed with CIRS.

tures are irradiated by various energy sources produce re-

fractory solid material, or tholin, intended as analogs of

Titan’s aerosol, and tend to be spectrally similar to one

another (Khare et al., 1984; Quirico et al., 2008, see §1.3).

Tholin material is almost always formed under pressure con-

ditions greater than 0.1 mbar, a requirement necessary to

carry out the experiments in a reasonably short amount of

time. Imanaka et al. (2004) have indicated that under low

pressure conditions 1) the formation of aromatics is pre-

ferred over that of aliphatics, and 2) more nitrogen is in-
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corporated into these aromatics, compared with high pres-

sure conditions. Thus the chemical nature of Titan’s aerosol

is expected to be at least somewhat different than that of

laboratory tholin. Therefore it is not unexpected that tholin

material does not reproduce Titan’s observed aerosol opacity

spectrum in the thermal-IR very well, especially regarding

the numerous observed aerosol emission features depicted in

Fig. 1.14.

Figure 1.15 depicts a comparison between the altitude de-

pendence of the mass extinction coefficient from CIRS and

DISR at 62.5 µm and 1.6 µm, respectively (After Ander-

son and Samuelson, 2011). The aerosol curves for both in-

struments begin at the top of the atmosphere and extend

down to the surface. The far-IR cross-section is ∼70 times

smaller than in the near-IR so the CIRS aerosol abundance

was multiplied by a factor of 70 to bring it into agreement

with DISR. The need for renormalization of aerosol opac-

ity by the factor 70 is partially due to particle size effects

and to different absorbances of the bulk medium at these

two extreme wavelengths. In contrast to the aerosol vertical

distribution, the sharply layered clouds are represented near

an altitude of 90 km and 75 km for CIRS and DISR, respec-

tively, and can be seen in Fig. 1.15 as vertical ‘bumps,’ which

are actually horizontally stratified cloud regions in Titan’s

lower stratosphere. Unlike the aerosol, the CIRS and DISR

ice clouds are most likely comprised of different species, sim-

ply based on the different observed altitudes. The difference

of ∼15 km in the cloud levels is attributed to different com-

positions of the observed stratospheric ice clouds. At 15◦S

in mid-to-late northern winter on Titan, CIRS saw a ni-

trile cloud that is most likely dominated by a blend of HCN

and HC3N, whereas at 10◦S in mid-northern winter DISR

most likely sensed a hydrocarbon cloud, and further inves-

tigation is required to pin down the altitude more precisely.

In the far-IR, nitriles have very strong absorption features

so CIRS is sensitive to their signatures. But in the near-IR,

where the optical cross-section is more comparable to the

particle size, the scattering cross-section will dominate and

the cloud species that is most abundant will be observed.

1.3 Laboratory study of optical properties of

Titan’s aerosol analogs

The optical properties of Titan’s aerosol analogs have been

studied in laboratory simulations for three decades (see re-

views by McKay et al., 2001; Tomasko and West, 2009).

Exposing various simulated Titan gas mixtures to energy

sources, such as cold plasma irradiation and ultraviolet ra-

diation, results in the formation of complex carbonaceous

materials termed Titan tholins by Sagan and Khare at Cor-

nell University in the late 1970’s. Even though it is extremely

difficult to simulate all the aspects of Titan’s atmospheric

chemistry and Titan’s organic aerosols, extensive labora-

tory efforts to characterize their optical constants (complex

refractive indices), particle size distributions, and particle

morphology have been providing useful insights in the phys-

ical and chemical nature of Titan organic aerosols.

Figure 1.15 Derived vertical distribution of mass extinction

coefficients at 15◦S and 160 cm−1 (62.5 µm) for CIRS (solid
curve), and 10◦S and 1.6 µm for DISR (dashed curve). For

CIRS, the radiative transfer model assumes a single aerosol and

a single ice cloud component (§1.2.4.1). The absorption
coefficients for both instruments are for the combination of

aerosol and stratospheric ice cloud. The two altitude bumps at

90 and 75 km show the location where the stratospheric ice
clouds appear to occur. The cloud at 90 km is most likely due to

condensed nitriles and the cloud at 75 km may be attributed to

hydrocarbon ices. For purposes of comparison the CIRS results
have been multiplied by factors of 70 and 20 for the aerosol and

ice cloud, respectively.

1.3.1 Laboratory investigations of particle size and

morphology

The formation of particles has been observed in experiments

in which various simulated Titan gas mixtures are exposed

to UV radiation (Bar-Nun et al., 1988; Scattergood et al.,

1992; Ádámkovics and Boering, 2003; Trainer et al., 2006;

Hasenkopf et al., 2010), or to cold plasma irradiation (Coll

et al., 1999; de Vanssay et al., 1999; Imanaka et al., 2004;

Szopa et al., 2006; Quirico et al., 2008; Hadamcik et al.,

2009). Generally, particle size is strongly dependent on ex-

perimental conditions, such as residence time of particles,

mean free path lengths of particles, charge of the particles,

and number densities of precursor species. Even though a

simple comparison of particle sizes from laboratory simu-

lations may not be directly applicable to Titan’s aerosol

size distribution, laboratory investigations of particle mor-

phology and their scattering properties are still very useful

to help the interpretation of observations of Titan. Scan-

ning electron microscope analysis of collected sub-micron

size particles demonstrated the nature of semi-spherical

monomers and their aggregation (Bar-Nun et al., 1988; Scat-

tergood et al., 1992; Coll et al., 1999; Szopa et al., 2006;

Hadamcik et al., 2009). Hadamcik et al. (2009) conducted

an extensive investigation of the particle size distribution,
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morphology, scattering properties of samples obtained in ex-

periments with cold plasma irradiation of N2/CH4 gas mix-

tures. They observed large aggregates consisting of 50–100

nm quasi-spherical particles. Phase angle and polarization

measurements were conducted at wavelengths 543.5 nm and

632.8 nm. The measured polarization phase curves show the

usual shape for large, irregular agglomerated particles, with

a shallow negative branch at small phase angles, an inver-

sion angle, and a bell-shaped positive branch. These features

are in general agreement with the polarization observations

by Pioneer 11, Voyager 2, and DISR, supporting the view

of Titan’s haze morphology as aggregates of small particles

(<100 nm).

1.3.2 Optical constants of Titan aerosol analogues

Khare et al. (1984) conducted a thorough study of optical

constants of a Titan tholin at wavelengths from soft X-ray to

microwave frequencies (Fig. 1.16). This tholin was generated

with a DC plasma discharge in a N2/CH4=90/10 gas mix-

ture at 0.2 mbar. They determined the real and imaginary

part of the complex refractive index n and k, respectively, in

the wavelength range 0.025–1000 µm from a combination of

transmittance, specular reflectance, interferometric, Brew-

ster angle, and ellipsometric measurements. The claimed

uncertainty of n and k was approximately 0.05 and 30%,

respectively. This work is still the only in-depth study of

optical constants of Titan tholin over such a wide spectral

range, and has served as a reference for modeling Titan’s

haze optical properties. The Voyager and ground-based ob-

servations were reasonably interpreted by assuming optical

properties of haze particles with slight modifications of the

optical constants of the Titan tholin (Khare et al., 1984, see

reviews by McKay et al. 2001).

The k-values of Khare et al. (1984) demonstrate typi-

cal characteristics of the optical properties of complex or-

ganic materials (Williams et al., 1991; Imanaka et al., 2004;

Cruikshank et al., 2005; Bernard et al., 2006), which are (1)

a strong absorption oscillator peaked approximately at 80

nm; this is caused by the σ–σ∗ electronic transitions, (2)

an absorption tail smoothly dropping off without any indi-

vidual sharp peaks from UV to near-IR wavelengths; this is

most likely caused by the electronic transitions of π electrons

from various conjugated structures, and (3) multiple reso-

nance oscillators in the mid- and far-IR wavelengths, which

is caused by the fundamental vibrations and lattice vibra-

tions strongly dependent on chemical functional groups and

lattice structures. In the near-IR, tholins are generally very

transparent with minor contributions from the weak over-

tones and combination bands of fundamental IR absorptions

(Cruikshank et al., 2005; Bernard et al., 2006; Vuitton et al.,

2009), which implies the role of hydrogen content in limiting

the extensions of conjugated structures in tholins (Imanaka

et al., 2004; Cruikshank et al., 2005).

Figure 1.16 (figure after Khare et al., 1984). Optical constants
of a Titan tholin (Khare et al., 1984). The tholin was generated

with a DC plasma discharge in a N2/CH4 (=90/10) gas mixture

at 0.2 mbar.

1.3.3 Summary of recent laboratory investigations

of optical constants

As described above, the Cassini-Huygens observations put

tighter constraints on Titan’s haze optical properties and its

morphology (Tomasko and West, 2009). The DISR measure-

ments of scattering properties of Titan’s main haze layers

above 140 km altitude are roughly consistent with analog

materials using the Khare et al. (1984) optical constants be-

tween wavelengths 400–800 nm. However, Titan’s haze par-

ticles show larger absorptions at wavelengths longer than

900 nm (Tomasko et al., 2008a), which are not observed

in the Khare et al. (1984) optical constants. Recently, both

VIMS and CIRS observations on Titan’s limb in the mid-IR

spectral region have given deeper insight into the chemi-

cal properties of Titan’s haze (Bellucci et al., 2009; Rannou

et al., 2010; Vinatier et al., 2010b; Anderson and Samuelson,

2011), and show some discrepancies between the Khare et al.

(1984) Titan aerosol analogs and the observed extinction

features of Titan’s haze at 3 µm, 3.4 µm, around 13–17 µm,

and 72 µm (see Fig. 1.14). We briefly discuss recent labora-

tory measurements of optical constants in the UV/Vis/near-

IR wavelengths, depicted in Fig. 1.17 (Ramirez et al., 2002;

Tran et al., 2003; Imanaka et al., 2004; Vuitton et al., 2009;

Hasenkopf et al., 2010), with particular focus on comparison

with the Khare et al. (1984) optical constants.

Ramirez et al. (2002) investigated the optical constants of

Titan tholin generated in different experimental conditions

than those of Khare et al. (1984). Ramirez et al. generated

the Titan tholin with a DC plasma discharge in a N2/CH4

(=98/2) gas mixture at a pressure of 2 mbar. Transmittance

and reflectance measurements of the Titan film (4 µm thick-
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Figure 1.17 Summary of recent measurements of optical
constants of various Titan haze analogs. The imaginary part of

the complex refractive index (k) are those measured for a Titan
tholin (DC plasma discharge in a N2/CH4 (= 90/10) gas

mixture at 0.2 mbar (Khare et al., 1984) shown as a black thick

line, for a Titan tholin (DC plasma discharge of a N2/CH4 (=
98/2) gas mixture at 2 mbar (Ramirez et al., 2002) shown as

open squares, for a photochemical polymer (Analog A, 185/254

nm irradiation of an N2/CH4/H2/C2H2/C2H2/HC3N
(=98/0.018/0.002/3.5×10−4/3.0×10−4/1.7×10−5) gas mixture

at 920 mbar (Tran et al., 2003; Vuitton et al., 2009) as shown

with open diamonds and open circles, for a photochemical
particles (continuum UV radiation (115–400 nm) of a N2/CH4

(=99.9/0.1) gas mixture at 815 mbar (Hasenkopf et al., 2010) at

wavelength 0.532 µm shown as a red filled square, and for Titan
tholins (inductively coupled plasma irradiation of a N2/CH4 (=

90/10) gas mixture (Imanaka et al., 2004, 2005) at pressure of

0.26 mbar (open triangles) and 1.6 mbar (filled circles). The
retrived k-values from the DISR observations (Rannou et al.,

2010) are also shown as black filled circles. The real part of the
refractive index (n) are also shown and similarly labeled as the

k-values, except both n-values (Tran et al., 2003) determined

from spectrophotometric measurements and from spectroscopic
ellipsometric measurements are shown as open diamonds and

open circles, respectively. Two measurements of the refractive

indices of photopolymers at wavelength 0.589 µm (a 185/254
nm irradiation of a C2H2/CH4 (=1/99) gas mixture and a

C2H4/CH4 (=1/99) gas mixture (Bar-Nun et al., 1988) are

shown as a green open circle and a yellow filled diamond,
respectively. The refractive indices at wavelength 0.637 µm by a

prism coupler (Imanaka et al., 2011) are shown for Titan tholins

generated at 0.26 mbar (orange open circle) and 1.6 mbar (filled
upper triangle).

ness) were numerically fitted to derive the optical constants

in the wavelength range 200–1000 nm, with experimental

uncertainties. The resulting k-values are one order of mag-

nitude lower than those of Khare et al. (1984), but the slop-

ing trend of k-values with wavelength is similar to that of

Khare et al.. They also mentioned that a maximum in k

in the near-UV (300 nm) is observed but is not present in

the Khare et al. results, though this local maximum might

be simply caused by the detection limit in the transmit-

tance measurements. Ramirez et al. demonstrated that the

optical constants of Titan tholin depend on experimental

conditions.

Imanaka et al. (2004) investigated the chemical and op-

tical properties of various Titan tholins generated from a

N2/CH4 (=90/10) gas mixture. They generated several Ti-

tan tholins with an inductively coupled plasma at differ-

ent deposition pressures, since pressure is one of the key

factors dominating the physical/chemical properties within

plasmas, such as electron energy distribution. In fact, Cruik-

shank et al. (2005) demonstrated that the deposition pres-

sure has a more dominant effect than the initial methane ra-

tios in N2/CH4 gas mixtures in the observed infrared spectra

of Titan tholins in their plasma apparatus. Imanaka et al.

(2004) demonstrated that Titan tholins generated with cold

plasma irradiation show a transition from a nitrogen-rich

aromatic structure to a less-nitrogenated aliphatic structure

with the deposition pressure. Accordingly, reddish-brown

tholin films formed at low pressures (0.13 and 0.26 mbar)

show stronger UV/Vis absorptions than yellowish tholin

films formed at higher pressures (1.6 and 23 mbar). They

inferred that the large variations in the k-values at UV/Vis

wavelengths result from the different amounts of the delocal-

ized π electrons from aromatic and N-containing heteroaro-

matic compounds in tholins.

The simple derivation of k-values in Imanaka et al. (2004)

is only valid for sufficiently optically thick films. Imanaka

et al. (2005) updated the k-values of their Titan tholins from

spectroscopic measurements of several different film thick-

nesses (0.5–40 µm) in order to obtain k-values over a wider

dynamic range. They assumed that the k-values shorter than

200 nm are the same as those of Khare et al. (1984) and

derived n-values using a Kramers-Kronig relation. The Ti-

tan tholin generated at 0.26 mbar shows almost the same

k-values as the Khare et al. constants. The magnitude of k-

values of the Titan tholin (1.6 mbar) resembles the Ramirez

et al. (2002) constants, however, the slope of k with wave-

length is steeper than that of Ramirez et al.. Both k-values

of Titan tholins generated at 0.26 mbar and 1.6 mbar seems

to smoothly connect to the Khare et al. constants in the

vacuum UV wavelengths, where the dominant σ–σ∗ electric

transition occurs. An additional increase of a broad absorp-

tion peak approximately at 300-350 nm in the Titan tholin

(0.26 mbar) is most likely caused by the π–π∗or n–π∗ tran-

sition, whose absorption tail extends to the visible and near-

IR wavelengths (Cruikshank et al., 2005).

Tran et al. (2003) studied the optical properties of pho-

tochemically generated Titan haze analogs. They generated

polymer films with UV radiation at 185/254 nm on trace

amounts of C2H2/C2H4/HC3N (10−4–10−5 in mixing ra-

tios) diluted in a N2/CH4/H2 (=0.98/0.018/0.002) gas mix-

ture. Tran et al. derived complex refractive indices at wave-

lengths 0.20–2.5 µm from spectrophotometric and ellipso-

metric measurements. The derived k-values in the interval

0.35–0.8 µm are of a similar order to those of Khare et al.

(1984), with significantly larger k-values in the longer wave-

lengths. The derived n-values in the wavelength range 0.40–
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0.75 µm from the spectrophotometric measurements are sub-

stantially smaller than those determined from the ellipso-

metric measurements, but the reason was not described.

Because of the low levels of UV light absorption by trace

amounts of unsaturated species, only thin films (∼50 nm

thickness) were available for measurements (Tran et al.,

2003). The determination of small k-values of such thin films

are very challenging with conventional spectroscopic mea-

surements. Recently, Vuitton et al. (2009) determined the

k-values of the haze analogs generated from experimental

conditions similar to those of Tran et al. by photothermal

deflection spectroscopy (PDS), a sensitive technique for the

determination of small k-values. The k-values determined at

eight wavelengths between 375 nm and 1550 nm demon-

strated much smaller k-values than those of Tran et al..

Even though Vuitton et al. claimed that the new k-values

in the near-IR are one order of magnitude lower than those

of Khare et al., their tabulated k-values are almost the same

as those of Khare et al. for reasons that are unknown at this

moment. It seems that a reliable determination of optical

constants of such thin UV polymers is still a challenge.

Recently, Hasenkopf et al. (2010) applied a different ap-

proach in the determination of the optical constants of sus-

pended particles. They generated organic haze particulates

by continuum UV radiation (120–400 nm) of a N2/CH4

(99.9/0.1) gas mixture at 828 mbar. The resulted poly-

dispersed aerosols flew into a Differential Mobility Analyzer,

and the extinction by those exiting mono-dispersed particles

was measured in situ by the technique of cavity ringdown

spectroscopy. By assuming spherical particles, which was

validated by scanning microscopy, they retrieved the optical

constants of Titan haze analogs at 532 nm. The obtained

k-value is almost the same as that of Khare et al. (1984),

but the n-value (1.35) is substantially smaller than that of

Khare et al.. They inferred that this small n-value repre-

sented the dominance of a straight-chain aliphatic species.

However, the reason for a large absorption at 532 nm for

such aliphatic species is not presently known. Nonetheless,

this work is a unique effort in characterizing the photochem-

ical aerosol particles generated with sufficient photon energy

to dissociate CH4 but not N2.

Contrary to the measurements at UV/Vis/NIR wave-

lengths, there have been only a few quantitative studies of

optical constants of Titan haze analogues in the IR wave-

lengths since the Khare et al. (1984) investigation. Tran

et al. (2003) provides a rough estimation of k of their photo-

chemically generated organic polymers from transmittance

measurements in the wavelength range 2.5–16 µm. They ob-

served several specific absorption bands not present in those

of Khare et al., most likely because of the simpler chemical

nature of their organic polymer with less nitrogen content.

Several qualitative infrared spectroscopic investigations of

Titan tholins have been conducted to infer their chemical

structure (Coll et al., 1999; Khare et al., 2002; Imanaka

et al., 2004; Cruikshank et al., 2005; Bernard et al., 2006;

Quirico et al., 2008; Brucato et al., 2010). However, reliable

optical constants in those IR regions are necessary to give

quantitative constraints on the chemical functional groups

found in the recent Cassini VIMS and CIRS observations.

Figure 1.18 (figure after Imanaka et al., 2011). Summary of

recent measurements of optical constants of various Titan

tholins in mid-IR wavelengths. Optical constants of the Titan
tholins generated at 0.26 mbar (blue line), 1.6 mbar (red line),

and 23 mbar (orange line). All the data for the optical constants

of Titan tholin (Khare et al., 1984) in the corresponding
wavelength region are shown as green dots.

Recently, Imanaka et al. (2011) determined the optical

constants of Titan tholins generated by cold plasma irradi-

ation from a N2/CH4 gas mixture at three different pres-

sures in the mid-IR wavelength region (2.5–25 µm) with

all the uncertainties explicitly shown. Those Titan tholins

were generated under the same experimental conditions de-

scribed in Imanaka et al. (2004). The films deposited on

substrates were characterized with a prism coupler at wave-

lengths 1.547 µm and 0.637 µm in order to determine the

refractive indices. They also conducted transmittance and

reflectance measurements at wavelengths 2.5–25 µm, and an

iterative subtractive Kramers-Kronig analysis was employed

for determining a self-consistent set of optical constants and

film thickness. Figure 1.18 summarizes the optical constants

of Titan tholins (Khare et al., 1984; Imanaka et al., 2011)

in the mid-IR wavelengths. It shows that all of the optical

constants (both n and k) by Imanaka et al. (2011) are sig-

nificantly smaller than those of Khare et al. with the Titan

tholin (0.26 mbar) sample being closest to the one by Khare

et al.. The detailed assessment of possible functional groups

and their systematic variations have already been described

in previous work by Imanaka et al. (2004), and a reader

interested in those chemical assignments may refer to such

works (i.e., Imanaka et al., 2004; Cruikshank et al., 2005;

Bernard et al., 2006; Quirico et al., 2008).
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1.3.4 Possible chemical nature of Titan’s haze

particles

VIMS observations of Titan’s geometric albedo combined

with the DISR observations of the scattering properties of

Titan’s haze particles at visible wavelengths suggest that Ti-

tan’s haze materials are reasonably represented by the Ti-

tan tholin of Khare et al. (1984). This implies the presence

of conjugated structures present in the Titan haze particles;

however, it does not give strong constraints on their detailed

chemical nature. Other laboratory materials (Tran et al.,

2003; Vuitton et al., 2009; Hasenkopf et al., 2010) seem also

consistent with the Titan observation at visible wavelengths.

Furthermore, the possible origin of stronger absorption be-

yond 900 nm is not presently known.

Recent Titan haze observations by the Cassini VIMS and

the Cassini CIRS instruments have revealed spectral fea-

tures of the haze covering the mid- and far-IR wavelengths

(de Kok et al., 2007; Bellucci et al., 2009; Rannou et al.,

2010; Vinatier et al., 2010b; Anderson and Samuelson, 2011).

Bellucci et al. (2009) and Rannou et al. (2010) demonstrated

the presence of prominent absorption features at 3.4 µm that

are absent in the optical constants of the Titan tholin by

Khare et al. (1984). Vinatier et al. (2010b) pointed out that

the increase of haze optical depth from 600 to 750 cm−1 by

a factor of 3 is not consistent with the optical constants of

Khare et al.. Here we briefly discuss the possible chemical

nature of the Titan haze particles at the observed altitude

range by comparing with the new optical constants of three

types of Titan tholins in the mid-IR wavelengths (Imanaka

et al., 2011).

The solar occultation observation by Cassini VIMS

through the atmosphere of Titan indicates a large opac-

ity source at 3.4 µm below 480 km altitude that cannot

be simply explained by gaseous CH4 absorption (Bellucci

et al., 2009, see Fig. 1.6 above). Bellucci et al. (2009) at-

tributed this additional source of extinction to the haze

particles, and demonstrated that the haze optical prop-

erties are inconsistent at 3 µm if the optical constants of

the Khare et al. (1984) Titan tholin were assumed for the

building material of Titan’s haze. Rannou et al. (2010)

further studied the possible optical properties of the haze

in the wavelength region between 0.3–4 µm from multiple

observations by both DISR and VIMS. They constrained

the required extinction, k(λ), at wavelengths of 2.76–2.98

µm from VIMS high-phase-angle spectral images. They also

retrieved the k(λ) of haze particles between 3 and 4 µm,

showing a prominent peak at 3.4 µm and a possible sec-

ondary minor peak at 3 µm. The k(3.4 µm) is required to be

0.6 in their model if haze particles are solely responsible for

the observed absorption feature. Figure 1.19 compares the

retrieved k from VIMS observations (Rannou et al., 2010)

with the absorption coefficient, k, of laboratory synthesized

Titan tholins (Khare et al., 1984; Imanaka et al., 2011). It

is obvious that none of the Titan tholins shown here can

explain such a large retrieved k-values at 3.4 µm. If all the

assumptions in the haze model of Rannou et al. (2010) are

correct then this observed absorption at 3.4 µm cannot be

Figure 1.19 (figure after Imanaka et al., 2011). Comparison

with the recently derived k-values of Titan’s haze from the
Cassini VIMS observations (Rannou et al., 2010). The black

dashed line between 3.2–3.4 µm (ksmallest) corresponds to an

assumption that the observed opacity at 3.4 µm caused by
sources other than Titan’s haze. The k-values of the optical

constants of the Titan tholins generated at 0.26 mbar (blue

line), 1.6 mbar (red line), and 23 mbar (orange line) are shown.
All the data for the k-values of Titan tholin (Khare et al., 1984)

in the corresponding wavelength region are shown as green dots.

explained by haze particles consisting of any of the Titan

tholins shown here.

The above discrepancy could be caused by the uncer-

tainties in assumptions in the haze model of Rannou et al.

(2010). Rannou et al. and Bellucci et al. (2009) estimated

the extinction cross sections and haze number density pro-

files to meet the required haze opacity constrained by DISR

or VIMS observations, with the assumption that the haze

particles have optical properties similar to those of the Ti-

tan tholin by Khare et al. (1984). If Titan’s haze material

were to have much lower values of k at visible wavelengths

(Ramirez et al., 2002; Imanaka et al., 2004, 2005), then their

derived haze number densities could be underestimated. Fur-

thermore, it is unlikely that Titan’s haze material consists

of a single homogeneous component. It might be a mixture

of complex organic materials/condensates from different ori-

gins at different altitudes. For such a case, a simple assump-

tion of optical constants represented just by a single Titan

tholin may not be valid. Further studies of haze modeling

and additional laboratory work are desired.

Interesting spectral features have been obtained from the

analysis of continuum emission spectra of Titan’s limb in the

600–1420 cm−1 spectral region by Cassini CIRS (Vinatier

et al., 2010b). Those authors retrieved the haze volume ex-

tinction coefficient profiles in the 3–0.02 mbar range (alti-

tudes of ∼150–350 km). Three main spectral features are

observed at 630, 745, and 1390 cm−1, with a wide tail ex-
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tending to ∼1000 cm−1. Figure 1.20 shows the mean aerosol

optical depth at the 0.5-mbar level by Vinatier et al. (2010b)

with the absorption coefficient, α (cm−1), of Titan tholins

(Khare et al., 1984; Imanaka et al., 2011). This comparison

is valid in the small particle limit since the scattering con-

tribution from the aerosol and emission from non-thermal

excitation processes are negligible (Samuelson and Mayo,

1991). As mentioned by Vinatier et al. the observed wide

tail from 1000 to 1390 cm−1 generally agrees with all the

tholins. However, there are no corresponding local peaks at

630 cm−1 and 750 cm−1 in the Titan tholins shown here.

Vinatier et al. mentioned the discrepancy in optical depth

from 600–750 cm−1 with those of Khare et al.. The observed

optical depth increases by a factor of 3 from 600 to 750

cm−1, where the absorbance of Khare et al. is rather flat. A

slight increase of absorbance by a factor of 1.5 from 600 to

800 cm−1 is observed in the Titan tholins generated at 1.6

mbar and 23 mbar (Imanaka et al., 2011). Those materials

could partially be responsible for such extinction there. The

possible local peak observed around at 1390 cm−1 might

correspond to the C-H bending vibration mode, which is

clearly observed in Titan tholins generated at 1.6 mbar and

23 mbar (Imanaka et al., 2004, 2011). The presence of the

C-H bending vibration is consistent with the observed C-H

stretching bands at 3.4 µm (Bellucci et al., 2009; Rannou

et al., 2010). Because those absorption intensities at 3.4 µm

and 7.2 µm are well correlated (Heitz et al., 1998; Ristein

et al., 1998), further study is of great interest to fit simul-

taneously the observed extinction features of both the C-H

stretching and bending modes using the optical constants

provided in their study (Imanaka et al., 2011).

Laboratory investigations of optical constants of Titan

tholins suggest that no single material fulfills all the obser-

vational constraints of the Titan haze materials currently

available. Both VIMS and CIRS observations in the mid-IR

wavelengths seem to support the view that Titan’s haze par-

ticles are composed of hydrogen-rich carbonaceous material

at the altitudes sampled by the observations. Whether such

hydrogen-rich Titan haze materials could explain the ob-

served strong absorption at visible wavelengths is unknown.

Because of the similarity between the VIMS observations of

relative absorption intensities at the 3 µm and 3.4 µm bands

and the Titan tholin generated at 23 mbar (C/N ∼3), a sig-

nificant amount of nitrogen incorporation in haze materials

cannot be fully excluded. The maximum nitrogen content in

Titans haze particles is not well constrained at this moment.

Further detailed study in the future should give a better and

more consistent picture of Titan’s haze materials.

1.4 Aerosol models

Here we discuss how simulation for the aerosol production

and evolution have been used in combination with different

observations and results from laboratory investigations for

retrieving information for the processes affecting the prop-

erties of the observed particles.

Figure 1.20 (figure after Imanaka et al., 2011). Comparison of
the absorption coefficient, α = 4πk/λ (cm−1), of the optical

constants of Titan tholins with the mean aerosol optical depth

derived from the Cassini CIRS observations (Vinatier et al.,
2010b). The absorption coefficient of Titan tholins generated at

0.26 mbar (blue line), 1.6 mbar (red line), and 23 mbar (orange

line) are shown. All the data points for the optical constants of
Titan tholin (Khare et al., 1984) in the corresponding

wavelength region are shown as green dots.

1.4.1 Aerosol Production

The first observations of Titan’s stratosphere from the Voy-

ager mission instruments revealed the complex chemical

composition of the atmosphere (e.g. Coustenis et al., 1989).

Moreover the observations made apparent that the aerosols

must be a result of this complex organic chemistry. Never-

theless the mechanisms responsible for the transition from

gas species to solid particles were not clear, while neither

was clear the location of the atmosphere where this transi-

tion took place. The presence of the main haze layer in the

stratosphere, lead many researchers to believe that aerosol

formation must take place right above the main and de-

tached haze layers, close to 400 km, due to the deposition

of FUV photons (Clarke and Ferris, 1997). On the other

hand, the high energy UV and X-ray solar photons deposit

their energy in the upper atmosphere, suggesting that this

could be the region of aerosol formation (Dimitrov and Bar-

Nun, 1999). Chassefière and Cabane (1995) suggested that

production in both regions could be possible.

In order to investigate the possible contribution of differ-

ent energy sources to the atmospheric photochemistry and

to the subsequent aerosol production, laboratory studies as

well as photochemical models have been used. The first pho-

tochemical models attempted to identify the main mecha-

nisms for the production and loss of the gas species observed

by the Voyager instruments (Yung et al., 1984). Subsequent

studies focused on the growth of molecules to larger sizes
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Particle ineption

Surface growth
Coagulation

Particle rounding due to surface growth

Figure 1.21 Different processes affecting the shape and size of
particle evolution (Lavvas et al., 2011b).

and the possible mechanisms involved in the gas-to-particle

transition. The aerosol production pathways included in the

simulations were based on the chemical analysis of labora-

tory produced aerosols. Dimitrov and Bar-Nun (1997, 1999)

based on theoretical arguments and laboratory simulations

suggested that the aerosols are formed from the polymer-

ization of photochemical products of acetylene and hydro-

gen cyanide generated in the upper atmosphere. Lebon-

nois et al. (2002) and Wilson and Atreya (2003) used 1D

photochemical models, which they validated against Voy-

ager observations, and calculated the possible production of

aerosols from different types of chemical families that in-

cluded polyacetylenes, aromatics, pure nitrile polymers and

copolymers of carbon/nitrogen structure. They both found

that the main production of aerosols should be in the strato-

sphere, while secondary production in the upper atmosphere

was negligible.

Cassini observations of the upper atmosphere provide us

with a new picture for the aerosol production. The INMS

thermospheric observation reveal a complex inventory of

chemical species (see Vuitton et al., 2008; Cui et al., 2009,

and also Chapter 8 for more details) implying that the up-

per atmosphere is a far more chemically active environment

than previously anticipated. Moreover, the large mass pos-

itive ions observed, as well as the even larger negative ions

detected by CAPS (Coates et al., 2007; Coates et al., 2009;

Crary et al., 2009; Michael et al., 2011) suggest that there

is a perpetual molecular growth in the upper atmosphere

that terminates with the production of aerosols. Labora-

tory simulations of Titan’s upper atmosphere also support

such active chemical processes (Imanaka and Smith, 2007).

Furthermore, based on Cassini observations the mass pro-

duction rate of aerosols in the upper atmosphere is large.

A combined analysis of Cassini measurements from RPWS,

CAPS and INMS shows that the mass flux of aerosols in

the thermosphere is 3.2×10−15 g cm−2s−1 (Wahlund et al.,

2009), which is a significant fraction of the mass flux inferred

for the main haze layer in the stratosphere (0.5-2×10−14 g

cm−2s−1 from McKay et al., 2001). A different analysis fo-

cused on observations of the detached haze layer shows that

the mass flux of aerosols out of the layer is comparable to

the mass flux required to generate the main haze layer (Lav-

vas et al., 2009). Thus, the picture arising from the Cassini

observations is that of a large production of aerosols in the

upper atmosphere, although a contribution in the produc-

tion by processes taking place below 500 km can not be

definitely ruled out.

Another significant discovery from INMS was the detec-

tion of a large benzene abundance in the thermosphere,

which was subsequently shown to be a result of the ion-

neutral chemistry (Vuitton et al., 2008). This observation

suggests that aerosol formation pathways based on aromatic

structures could have an important contribution to the par-

ticle production, as was initially suggested for the aerosol

production close to the main haze layer (Lebonnois et al.,

2002; Wilson and Atreya, 2003). In a recent study, Lavvas

et al. (2011b) followed the growth of benzene molecules to

larger polycyclic aromatic compounds (PAC) through reac-

tion with radicals. Such reactions are suggested by labora-

tory experiments (Imanaka and Smith, 2010; Kaiser et al.,

2010) as well as theoretical quantum chemistry calculations

(Mebel et al., 2008; Landera and Mebel, 2010). The pro-

duced PAC were then allowed to collide with each other to

form particles, while the latter kept growing by reaction with

the gas phase radicals, by collision with other PAC, and by

coagulation among them (see Fig. 1.21). The results of this

study show that the aerosols produced from this pathway

can have a large enough mass flux to generate the aerosols

of the main haze layer. In addition, the heterogeneous chem-

istry on the surface of the particles has an important con-

tribution to their mass production rate, but also to their

resulting shape; particles grow as spheres in the upper at-

mosphere due to the impact of heterogeneous chemistry, and

as aggregates below 500-600 km where the abundance of the

polycyclic structures is reduced. Although Titan’s aerosols

are most likely far more complex than the above description,

it becomes apparent that the combined impact of chemical

and microphysical processes to the final aerosol properties

needs to be investigated in more detail in the future. Lab-

oratory experiments will have a major contribution to this

task.

1.4.2 Aerosol evolution

Even without exact knowledge of the aerosol formation re-

gion, we can still simulate the particle evolution if we as-

sume a vertical production profile and follow their micro-

physical growth as they sediment towards the surface. This

method has been fundamental in retrieving information for

the aerosol properties by comparing the simulated aerosol

optical properties with the optical properties retrieved from

observations of Titan’s radiation field and thermal structure.

Simulations in one dimension were the first aerosol micro-

physics models specifically developed for Titan’s case. Al-

though they lack the impact of advection in the resulting

distribution of particles, 1D simulations provide significant

insight in the physical processes that control the resulting
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aerosols properties, while their relative simplicity (compared

to the more complex 2D and 3D simulation) has allowed for

a more detailed comparison with the disk average observa-

tions available before the Cassini era, or the local in situ

measurements from the DISR instrument (see below). The

main idea behind these simulations is to follow the evolution

of an initial population of small particles, as these coagulate

due to their random collisions, grow to different size distri-

butions, and sediment towards the surface.

Initial work by Toon et al. (1980) has set the ground for

1D simulations by presenting the basic physical principles

affecting the growth of particles, and the necessary param-

eters required for describing their evolution. These param-

eters include the aerosol mass production that defines the

bulk abundance of aerosols in the atmosphere, the atmo-

spheric mixing that affects the vertical distribution of the

particles, and the sticking efficiency of the particles that af-

fects their coagulation.

The sticking efficiency of the particles depends on the

chemical properties of their surface and the possible charge

accumulated on them that can limit or enhance their co-

agulation due to electrostatic forces. Aerosols can become

charged during collisions with ions present in the atmosphere

(charge exchange), by electron capture, or due to photoelec-

tron emission in the interaction with UV radiation. Borucki

et al. (1987) were the first to investigate the atmospheric

conductivity and the charging of the aerosols in Titan’s lower

atmosphere (from the surface to 400 km) due to ionization

from galactic cosmic rays (GCR) and the precipitation of

Saturn’s magnetospheric electrons. Their preliminary results

suggested that the particles could have a charge density of

30 electrons per micron of radius, which is large enough to

affect the growth of the particles. Later Bakes et al. (2002)

studied the charge state of particles during night- and day-

time conditions, while Dimitrov and Bar-Nun (2002, 2003)

also investigated how the the sticking efficiency of newly

formed particles can change due to their aging and the ac-

cumulation of charge on their surface. They conclude that

for aerosols composed mainly of polyvinyl and vinyl acety-

lene structures, their sticking efficiency can be significantly

reduced due to absorption of UV radiation and the accumu-

lation of charge on their surface. Moreover, the aerosol ver-

tical structure should be separated into two regions: above

620 km where aerosols are young and sticky and below 620

km where aerosols have aged and their sticking efficiency is

reduced, affecting in this way their resulting size.

Having an estimate for the size distribution and popu-

lation of the particles is the first step for estimating their

impact on the atmosphere. The second necessary step for

identifying the particle opacity and therefore their inter-

action with the radiation field is to know their optical

properties, i.e. their wavelength dependent refractive in-

dex. Using estimates from the refractive index of labora-

tory analogs (tholins), different studies evaluated the role of

the aerosols in heating Titan’s stratosphere. McKay et al.

(1989); McKay et al. (1991) calculated the vertical ther-

mal structure with a radiative/convective model that was

coupled to an aerosol microphysics model and derived con-

straints for the aerosol optical properties and the mass pro-

duction rate of the aerosols required to generate the ob-

served geometric albedo and the vertical temperature pro-

file in the lower atmosphere. Subsequent work by Toon et al.

(1992) constrained the aerosol production rate, the particle

size and the atmospheric mixing based on the observed ge-

ometric albedo. These studies found that an impedance to

the growth of the particles is required in the stratosphere

(that could be due to the charging), in order to constrain

their size to the order of ∼1 µm suggested by the spectrally

resolved geometric albedo.

The previous aerosol models assumed spherical shape par-

ticles in their calculations, but soon after West and Smith

(1991) suggested that Titan’s aerosols could be aggregates

of smaller spherical particles, more refined investigations

of non-spherical particles were undertaken (Cabane et al.,

1992, 1993). These studies showed that inside the aerosol

production region the rapid coagulation of the small parti-

cles that are rapidly produced from the background photo-

chemistry, results to the generation of quasi-spherical parti-

cles, usually called primary particles. As soon as the formed

primary particles sediment outside the production region

though, coagulation among their limited population leads

to non-spherical aggregates that can be characterized within

the context of fractal structure particles.

The fractal characterization of an aggregate refers to a

scaling law between the number of primary particles com-

posing it, and the characteristic size of the aggregate. For

the latter different definitions can be used, such as the par-

ticle gyro radius (see Friedlander (2000) and references their

in). The connecting parameter between these two physical

characteristics is the aggregate fractal dimension, Df , which

takes values between 3 (for spherical aggregates) and 1 (for

linear aggregates). Based on microphysical arguments Ca-

bane et al. (1993) suggested that Titan’s aerosols should

be characterized by Df=2. Compared to spherical particles,

such aggregates have different physical and optical charac-

teristics.

Aggregates coagulate faster than the same mass spherical

particles due to their larger geometric cross section, while

at the same time they have smaller sedimentation velocities

due to the larger drag effects on their surface (Cabane et al.,

1993; Lavvas et al., 2010). Moreover, aggregates have differ-

ent optical behavior than spherical particles (see Fig. 1.22).

Rannou et al. (1995); Rannou et al. (1999) used a mean field

approximation to calculate the optical properties of aggre-

gate particles and performed the first comparison of a simu-

lation of fractal aggregate aerosols with observations. Their

calculations showed that the fractal structure aggregates are

strongly forward-scattering and have a higher opacity in the

UV than the equivalent spherical particles. These charac-

teristic significantly improved the fits to the observed geo-

metric albedo at short wavelengths. Subsequent studies, val-

idated against observations, suggested that Titan’s aerosols

in the main haze layer indeed have a fractal dimension of

Df = 2, and are composed of primary particles of a quasi-

spherical radius of 66 nm (Rannou et al., 1997). Moreover, it

became apparent that the observed latitudinal variation of

the aerosol properties can not be reproduced purely by mi-

crophysical arguments, but instead the role of dynamics in
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Figure 1.22 Ratio of extinction cross sections between same

mass-spherical particle and aggregate. Different curves

correspond to different mass particles described by the
designated number of monomers (from Lavvas et al., 2011a).

the horizontal distribution of aerosols had to be considered

in future studies.

The above fractal-aerosol evolution models were further

refined and validated against multiple pre-Cassini observa-

tions by Rannou et al. (2003). This study concluded that

with a production close to 400 km, the aerosol mass produc-

tion rate should be 7×10−14 g cm−2s−1, the primary parti-

cle radius of the aggregates in the range 40 to 75 nm, and the

atmospheric vertical mixing should be weak in the lower at-

mosphere, in order to match the observed geometric albedo

measurements at different wavelengths, the observed polar-

ization and forward scattering of the particles, as well as the

retrieved extinction profiles. Moreover a local decrease in the

aerosol extinction profile was found necessary in order to si-

multaneously fit the observed albedo at 0.62 µm and 0.88

µm. Both these wavelengths correspond to methane absorp-

tion features and assuming the absorption coefficients from

Karkoschka (1998), a continuous aerosol vertical extinction

profile would generate a significantly lower albedo at 0.88

µm relative to the observations for a simultaneous good fit

at 0.62 µm. On the other hand, the new methane absorption

coefficients retrieved from the DISR observations (Tomasko

et al., 2008), suggest that the absorptivity of methane at

0.88 µm is lower than the previous estimations. Thus, this

adjustment in the aerosols vertical abundance might not be

required. In fact the DISR observation show that there is no

clearing of aerosols in the lower atmosphere.

The DISR observations provide us with the first in situ

measurements of Titan’s aerosols (Tomasko et al., 2008a,

2009). The retrieved particle polarization, phase functions,

aerosol extinction profiles, and single scattering albedo at

different wavelengths, provide us the most solid so far con-

straints for the vertical distribution and optical properties

of the particles. Each of these parameters can be used in

combination with models in order to understand different

processes in the aerosol evolution:
• The polarization measurements are mainly sensitive to the

size of the primary particles composing the aggregates,

with the latest analysis of the DISR observations suggest-

ing a radius of 40 nm (Tomasko et al., 2009). This infor-

mation can provide constraints for the physical processes

that define the transition in the growth of particles from

spheres to aggregates.
• The phase functions are optimum for constraining the

sticking efficiency of the particles. This happens because

the distribution of scattered light from an aggregate de-

pends on the size of the primary particles and their popu-

lation. Having the size of the primary particles constrained

by the polarization measurements we can use the phase

functions to constrain the population of primary particles

per aggregate and thus, the efficiency with which they

coagulate.
• As the particles sediment towards the surface, their sedi-

mentation velocity decreases due to the increased contri-

bution of atmospheric drag. Therefore the contribution of

atmospheric mixing becomes increasingly more important

on the resulting particle density at each altitude. Hence,

the DISR extinction profiles can constrain the contribu-

tion of atmospheric mixing to the aerosol density profile.
• Finally, the DISR observations demonstrate that the

single scattering albedo calculated using the refractive

index retrieved from laboratory produced aerosol analogs

(Khare et al., 1984) can not reproduce the observed

wavelength dependence, especially at wavelengths longer

than 800 nm. Since we have constraints for the shape/size

of the particles from the phase functions and the polar-

ization measurements, we can retrieve the wavelength

dependence of the refractive index based on the in situ

observations.

From these observations as well as from aerosol observa-

tions by other Cassini instruments, a number of studies has

been published.

Bar-Nun et al. (2008) compared their model of aerosol

growth and evolution based on polymers produced from the

photolysis of C2H2 and HCN, and derived aerosols with sim-

ilar physical properties (primary particle size and popula-

tion) and density with the values retrieved from the DISR

observations. Lavvas et al. (2008a) developed the first model

that was able to couple among radiation transfer, neutral

photochemistry and aerosol microphysics in order to provide

a self consistent picture of aerosol production and evolution.

They validated their results against Cassini/Huygens mea-

surements for the vertical temperature structure (HASI),

the atmospheric chemical composition (CIRS,INMS) and

the aerosol vertical extinction profiles (DISR), as well as

ground based observation for the geometric albedo. They

concluded that although they found that a significant pro-

duction of aerosols could take place in the lower atmosphere,

similarly with previous studies, a local aerosol production in

the upper atmosphere was necessary to interpret the obser-

vations (Lavvas et al., 2008b).

The analysis of the DISR data was based on single scat-

tering phase functions of aggregates that were calculated

for a limited number of primary particles (256) and then ex-

trapolated to larger numbers (Tomasko et al., 2008a). Sko-

rov et al. (2010) performed a detailed study for the optical

properties of aggregate particles composed by a large num-
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Figure 1.23 Model results for the altitude variation of the

particle size and density. The solid line corresponds to the
volume average radius (rm), the dash-dotted line to the

equivalent sphere surface average radius (rs) and the

dash-triple-dotted line to the aggregate surface average radius
(rf). The dashed line is the corresponding number density (N)

for the equivalent sphere surface average radius, the dotted line

is the average number of monomers in each aggregate (Np) and
the long-dashed line is the mass production profile (P). The

diamond symbols present the average aerosol mixing ratio

(particle density/atmospheric density) corresponding to N.

ber of primary particles and compared their results with the

method used for the analysis of the DISR observations. They

concluded that the extrapolation method used in the DISR

analysis provided similar phase function with their results,

although a reanalysis of the observations with their method

for the scattering properties of the aggregates would signif-

icantly reduce the resulting uncertainties.

A detailed comparison between the DISR observations

and an aerosol microphysics model was performed by Lav-

vas et al. (2010) (see Fig. 1.23). In this model the aerosol

production was assumed to take place in the thermosphere

and a transition from spherical to aggregate growth was as-

signed at the altitude of the detached haze layer (∼500 km).

Comparison of the calculated phase functions with the ob-

servations suggest that the average particle charge density

required to limit the growth of aerosols in the lower atmo-

sphere is 15 e/µm. The presence of charge on the aerosol

surface is verified from measurements of atmospheric con-

ductivity in the lower stratosphere by instruments on board

the Huygens probe (López-Moreno et al., 2008). These mea-

surements show that the positive ions in this part of the

atmosphere have a much larger density than the electrons,

indicating that the latter are readily attached on the surface

of the particles. The charge density though of the aerosols

Figure 1.24 Imaginary refractive indices based on different
laboratory measurements (lines) along with the values for Titan

aerosols retrieved by the simulation of the DISR observations

(diamonds) from Lavvas et al. (2010). The error bars are based
on the reported uncertainty of the retrieved single scattering

albedo of the DISR measurements (Tomasko et al., 2008a). The

asterisk corresponds to the upper limit of the refractive index at
187.5 nm retrieved by the analysis of the detached haze layer

(Lavvas et al., 2009).

will change with altitude as a response to variabilities to the

processes generating the charge. Borucki et al. (2006) and

Whitten et al. (2007) performed detailed studies for the fate

of atmospheric charges and their interaction with aerosols,

for both night and day-time conditions and concluded that

in order to reproduce the conductivity measurements the

aerosol photoionization threshold should be large (>8.7 eV).

Nevertheless, even with a constant charge density with al-

titude, Lavvas et al. (2010) were able to calculate particle

densities and average sizes that were in good agreement with

the values retrieved from the DISR data. Finally, in the lat-

ter study, they adjusted the refractive index of the particles

in order to reproduce the observed wavelength dependence

of the single scattering albedo. Figure 1.24 presents the re-

trieved imaginary part of the refractive index. A concurrent

study by Rannou et al. (2010) combined the DISR measure-

ments with VIMS observations and retrieved the refractive

index from the visible up to the near IR (0.3 to 4 µm) at

different wavelength bands. Both studies find that Titan’s

aerosol are more absorbing than their laboratory analogs in

this spectral region with the difference increasing towards

longer wavelengths.

1.5 Aerosol interaction with the atmosphere

The aerosols have a profound and interactive role in Titan’s

atmosphere and its evolution. They affect the radiative en-

ergy budget, they influence the general atmospheric circula-

tion, they have an impact on the atmospheric photochem-

istry, while they also act as nucleation sites for the conden-
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sation of gases in the lower atmosphere. Below we proved

a short description for the role of aerosols in each process.

Since though, each of these subjects is directly and in depth

addressed in other chapters, we also direct the reader to

these chapters for more details.

1.5.1 Aerosol Contributions to the Radiative

Energy Budget

Titan’s haze is optically thick throughout the visible spec-

trum where the solar energy is most abundant, while it also

contributes to radiative cooling in the thermal-IR. Conse-

quently the haze has a significant contribution to Titan’s

total energy budget over a broad altitude range.

The Voyager encounters with Titan provided much new

information and the impetus for a calculation of the radia-

tive energy budget. McKay et al. (1989) undertook such a

calculation. They combined haze retrievals from Rages and

Pollack (1983), a microphysical model for haze production,

and optical constants to match the geometric albedo spec-

trum of Titan. These calculations showed that the main haze

layer is responsible for a ∼10 K increase in the stratospheric

temperature relative to a similar atmosphere without any

aerosols (McKay et al., 1991). At the same time aerosols

are optically thin in the IR. Hence, they allow thermal ra-

diation to escape readily from the lower atmosphere, i.e.

they have an anti-greenhouse effect for Titan’s atmosphere.

McKay et al. (1991) estimated the contribution of aerosols

in the thermal balance and concluded that aerosols induce

a 9 K decrease in the surface temperature.

We now have better models for the haze optical prop-

erties thanks to Cassini data and analyses of other data

prior to Cassini. Nevertheless, the aerosol heating rates for

them main haze layer derived by McKay et al. are close

to those from analysis of the DISR data (Tomasko et al.,

2008b). Figure 1.25 illustrates how some of the details of

the DISR-derived aerosol profile affect the radiative heating

rates. The change of slope at 80 km and 30 km altitude re-

flect the changes in aerosol properties and distribution at

those boundaries (see Figs. 1.2, 1.3, and 1.4).

The net heating profiles shown in Fig. 1.25 were con-

structed from the well-constrained aerosol retrievals from

the DISR data. Additional work is needed to account for lat-

itude and seasonal variations in haze properties. Penteado

et al. (2010) calculated solar heating rates for the haze dis-

tributions they retrieved from VIMS data between 50◦N and

50◦S latitude, shown in Fig. 1.26. These profiles extend the

latitude coverage of the estimated solar heating but a further

extension is needed to cover latitudes up the both poles. The

extension to high southern latitudes (summer pole) should

be straightforward but the extension to the polar vortex re-

gion north of 55◦N will be difficult due to the complicated

structure of the winter polar vortex region.

Aerosol heating rates at altitudes greater than 500 km

have not been estimated. From the profiles retrieved from

Cassini UVIS stellar occultations (Liang et al., 2007; Kosk-

inen et al., 2011, see Fig. 1.5) there is reason to believe that

aerosol heating may be a significant contributor to the heat

balance in the mesosphere of Titan. Indeed, a thermal in-
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Figure 1.25 (from Tomasko et al., 2008b). The net heating

rates at equinox from the surface to 200 km altitude for eight

latitudes from the equator to 90◦N are shown. The calculation
subtracted cooling rates at IR wavelengths at all latitudes

derived from Cassini CIRS at the latitude of the probe (10◦S).
Net heating rates are multiplied by a factor of 10 below 110 km

and by a factor of 100 below 50 km to make them visible on the

plot.

version is observed at the location of each of the haze layers

identified in the stellar occultations (Lavvas et al., 2009;

Koskinen et al., 2011). For more details for the impact of

these aerosols in the upper atmospheric thermal structure

see chapter 10.

The interaction of radiative heating and wave motion may

be responsible for pumping zonal winds and driving the

meridional circulation (see the chapter by Flasar et al., this

volume). It is also possible that diffusely transmitted visible

radiation to the surface may drive surface chemistry (REF),

although work along that line remains to be done. The role

of aerosols in the atmospheric dynamics and photochemistry

are further discussed below.

1.5.2 Dynamics (also Chapter 5)

By affecting the thermal structure of the atmosphere,

aerosols can impose changes to the atmospheric circulation

patterns, which in their turn can affect the distribution of

particles. This interactive role between aerosols and advec-

tion has been advocated for explaining the presence of the

North-South asymmetry over Titan’s disk, its seasonal vari-

ation, as well as the presence of the detached haze layer.

Toon et al. (1992), within the concept of an 1D simulation,

suggested that these features could be the result of upward

wind motions with velocities of 1 cm s−1 for the detached

layer and of 0.05 cm s−1 for the North-South asymmetry.

Subsequent work by Hutzell et al. (1996) provide the first

investigation for the impact of advection in the latitudinal

distribution of aerosols. They used a 2D model with two
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Figure 1.26 (from Penteado et al., 2010). Solar heating rates
for seven latitudes between 50◦N and 50◦S are shown based on

retrievals from VIMS data and combined with the aerosol

distributions from DISR (Tomasko et al., 2008a). These
calculations were done for a sub-solar latitude of 22.54◦S.

types of prescribed wind patterns. One pattern was a simple

Hadley circulation cell, while the other pattern was from the

preliminary results of the first Titan GCM model developed

at that time (Hourdin et al., 1995). Although the simulation

results did not fully reproduce the available observational

constraints (the variability of geometric albedo over a Titan

year period, and the latitudinal reflectivity at the time of

the Voyager encounter), they clearly showed that winds can

affect the horizontal distribution of aerosols and can induce

temporal variabilities similar to those observed. Therefore

a coupled aerosol-dynamics model would be necessary to

investigate in more detail their interactions. A similar con-

clusion was reached by (Tokano et al., 1999) who used a

full 3D GCM to investigate the impact of different aerosol

latitudinal distributions in the resulting circulation patterns

and horizontal temperature structures.

Rannou et al. (2002) and Rannou et al. (2004) devel-

oped the first self-consistent description for the interaction

of aerosols with the radiation field and the dynamics of the

atmosphere. In this work they coupled a fractal aerosol mi-

crophysics model with a 2D circulation model and validated

the results with observations for the horizontal distribution

of the particles, the atmospheric zonal wind and the hori-

zontal variability of the temperature. The simulations show

that there is a strong feedback between the aerosols and

the dynamics. At the top of the simulation domain (close

to 400 km) the particles are primarily transferred horizontal

by the meridional circulation resulting to a detached layer,

as well as an accumulation of particles at the winter pole.

The accumulated particles at the pole enhance the local at-

mospheric cooling, which results to a greater temperature

difference between the equator and the pole, further enhanc-

ing in this way the circulation pattern. These features can

reproduce the observed hemispheric asymmetry and the hor-

izontal temperature variability.

A different explanation for the generation of the detached

haze layer was suggested by (Lavvas et al., 2009). This study

suggested that the detached layer is produced by the transi-

tion of the particle growth mode from spherical to aggre-

gates. The rapid decrease in the particle density due to

their rapid coagulation, as well as the change in the opti-

cal properties of the aggregate particles relative to those of

the spherical, produced a local decrease in the extinction

that could much the observations. Moreover the calculated

primary particle size at the location of the detached haze

layer was in good agreement with the size retrieved from the

DISR measurements, providing further support to the sug-

gestion that aggregates start to form at the detached haze

location. The subsequent observation of the temporal evo-

lution of the detached haze location around equinox (West

et al., 2011) suggests that the detached layer can not be

explained by purely microphysical arguments. On the other

hand the impact of the dynamical processes on the photo-

chemical/microphysical mechanisms that lead to the transi-

tion of the particle growth from spherical to aggregate, could

have an important contribution to the resulting transition

of the layer’s location. In the future, a complete description

of the atmosphere by a coupled photochemical - microphys-

ical - dynamical models should be able to shed light in these

mechanisms and allow us to identify the contribution of each

process to the aerosol evolution.

1.5.3 Chemistry (also Chapter 6 and 8)

Aerosols also have a significant role in the atmospheric pho-

tochemistry. They strongly absorb in the UV range of the

solar spectrum, where photons have high enough energy to

dissociate and ionize the neutral components of the atmo-

sphere. Thus, the abundance of aerosols controls the degree

of attenuation of the high-energy solar radiation, i.e. the

photolysis rates. This effect has its highest impact in the

main haze layer where the particles attain their maximum

opacity. Moreover, since the chemical reaction rates depend

on the temperature, aerosols indirectly affect the resulting

chemical composition by heating the atmosphere.

Aerosols can also interact with the atmospheric species

through heterogeneous processes. Recent laboratory experi-

ments on laboratory haze analogs show that heterogeneous

chemistry on the surface of the particles can be strong

enough to induce changes in the gas species abundances.

Sekine et al. (2008a) measured the interaction of atomic hy-

drogen with the surface of tholins and concluded that H

can hydrogenate, recombine, or chemically erode the par-

ticle surface1. The experiments suggest that the first two

processes are possible at Titan’s low temperature conditions

1 In the first case, the atomic hydrogen is chemically bonded
to the particle surface by braking an unsaturated chemical bond.
In the second case the atmospheric H recombines with a hydrogen
already present in the particle structure and a hydrogen molecule
is released. The last case results to the release of C and N con-
taining molecules such as CH4 and NH3.
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(with the first dominating the second), while the third is neg-

ligible. Inclusion of these processes in photochemical mod-

els shows that the reduction in the atmospheric abundance

of H can be enough to affect the abundance of other mi-

nor species, such as C4H2 and HC3N (Lavvas et al., 2008b;

Sekine et al., 2008b). At the same time, the resulting in-

crease in the H2 abundance through the recombination at

the particle surface can further affect Titan’s temperature.

The abundance of H2 controls the thermal emission in Ti-

tan’s troposphere through the collision induced absorption

between H2-N2 and H2-CH4 pairs. Therefore by changing

the H2 abundance the heterogenous chemistry can mainly

affect the surface temperature. Calculations by Lavvas et al.

(2008b) show that for the calculated increase of H2 by the

recombination the surface temperature can increase by 1/2

K. This is not a negligible effect when compared to the 3

K temperature difference between the equatorial and polar

surface temperatures.

1.5.4 Condensation

In Titan’s lower stratosphere and troposphere the rapid

temperature decrease forces most of the atmospheric pho-

tochemical products to condense. The thermal IR spectra

of Titan’s north polar region from Voyager/IRIS have re-

vealed the presence of condensed C4N2 (Khanna et al.,

1987; Samuelson et al., 1997) and indicated the possible ex-

istence of other condensates (Coustenis et al., 1999; Samuel-

son et al., 2007). More recent analyses of Voyager spectra

suggest the presence of HCN (Mayo and Samuelson, 2005)

and HC3N (Khanna, 2005) condensates in the polar regions.

A major question arising from those observations was, what

would be the role of the sedimenting aerosols in the con-

densation process? Would the aerosols act as an efficient

nucleation site for the condensing gases and if so how big

would the formed cloud particles become?

These observations motivated a number of theoretical and

experimental investigations for the possible properties of

cloud particles in Titan’s lower atmosphere. A thorough

review of the pre-Cassini status can be found in McKay

et al. (2001). In more recent studies, Barth and Toon (2003,

2006) investigated the condensation of methane and ethane

on aerosols with the use of a time-dependent microphysical

model. The found that the cloud opacity will periodically

vary depending on the atmospheric mixing and also present

the sensitivity of the calculations on different parameters

such as the aerosol size distribution, the critical saturation

for condensation, and the atmospheric mixing. Their results

show that the resulting opacity of the clouds should be small

and that most of the cloud particles should evaporate before

reaching the surface, keeping the precipitin rates small.

The Cassini observations provide direct evidence for the

presence of condensation features at both high and low lati-

tudes, as we have seen previously. The spectral signature of

nitrile condensates in the far IR CIRS spectra at low lati-

tudes and in the polar region de Kok et al. (2007, 2008); An-

derson et al. (2010); Anderson and Samuelson (2011), as well

as the detection of a diffuse ethane cloud in the polar region

in VIMS images (Griffith et al., 2006), are an unequivocal

Figure 1.27 Volume extinction profiles of aerosols (dashed

line) and clouds (dash-dotted line for HCN, dash-triple-dotted
line for C2H6, dotted line for CH4) at 634 nm from Lavvas et al.

(2011b), compared to the cumulative extinction profile (solid
line) retrieved by DISR at different wavelengths (Tomasko et al.,

2008a). The contribution from ethane clouds has been

multiplied by 100. Different colors present the sensitivity of the
model results to different parameters.

evidence for the presence of condensates across Titan’s disk.

The in situ observations from the Huygens probe provide

us more details for the vertical structure of the condensates.

The analysis of DISR observations (Tomasko et al., 2008a)

shows that the optical properties of particles can be fitted

by different laws, above 80 km, between 80 and 30 km, and

below 30 km. The constraints set by the observations on

the particles vertical extinction profile, their single scatter-

ing albedo, and the wavelength dependence of their opacity

indicate that the particle size changes at these altitudes due

to the addition of a different mass on their surface. Thus, the

observations are telling us that aerosols have an important

role in the condensation process.

In order to interpret the DISR observations, Lavvas et al.

(2011b) coupled the above mentioned model of pure aerosols

(Lavvas et al., 2010) with a photochemical model and a

model of cloud particle formation, in order to provide a self-

consistent description of the gas-aerosol-cloud interaction. In

their calculations they simulated the condensation of CH4,

C2H6 and HCN. Other species can also contribute to the re-

sulting opacity of condensates, but they have smaller mass

fluxes and condense at similar altitudes as the species used.

The results of this simulation (see Fig. 1.27) show that the

vertical extinction profile in the region between 80 and 30 km

is controlled by the condensation of HCN on aerosols. The

HCN mass flux is comparable to the mass flux of aerosols,

thus the majority of the produced HCN cloud particles have

a size similar to the aerosol particles, they are HCN-coated

aerosols. At the same time, the abundance of pure aerosols
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is reduced as they serves as seeds for the nucleation of HCN.

Below 30 km, methane cloud particles form and reach to a

radius of ∼70 µm before they evaporate below 10 km. The

released cores from the evaporating methane clouds have a

dual subsequent role. They are turbulently mixed and re-

enter the methane condensation region above 10 km, where

they generate a local increase in the methane cloud parti-

cle density. This feature is consistent with the local opacity

increase at 11 km retrieved from DISR images (Karkoschka

and Tomasko, 2009). In addition the released cores, which

are mainly aerosols and HCN-covered aerosols, have a de-

creasing with wavelength dependence in their resulting opac-

ity. The methane cloud particles on the other hand provide

a rather flat opacity spectrum, which along with the contri-

bution from the cores generates the observed by DISR wave-

length dependence of the opacity below 30 km (see Fig. 1.3).

Finally for the equatorial conditions probed by the Huygens

probe, the contribution of ethane clouds was found negligi-

ble.

Another interesting aspect from this type of calculations

is the different types of clouds that can exist. Raulin et al.

(1992) have suggested that due to the different condensation

altitudes of the gas species, there should be a hierarchical

structure in the composition of the cloud particles, where

every condensing species will add a new layer of condensate

in the cloud particles. According to Lavvas et al. (2011b)

this onion-shell scenario does not hold for the equatorial

conditions; their model results show that the majority of

the methane clouds form on the surface of aerosols or HCN-

coated aerosols, and instead methane clouds formed on the

surface of ethane cloud particles are much fewer. This is a

result of the low abundance of ethane clouds for the steady

state conditions simulated. At different locations such as the

winter polar region where the large ethane cloud is observed

(Griffith et al., 2006) the cloud particles could follow closer

the hierarchical growth scenario, but this remains to be in-

vestigated.

Obviously, the thin condensation features discussed here

are not characteristic of the large cloud events observed tem-

porally at different location of Titan’s disk. These tempo-

ral features are perturbations on the quasi-steady state ob-

served by DISR and CIRS and are discussed in more detail

in Chapter 7.

1.6 Prospects for new developments for the

Titan haze

Work on the Titan haze is in a very productive phase as

evidenced by the many published articles within the past two

years, and the pace is expected to continue undiminished for

some time. The Cassini orbiter is expected to revisit Titan

many times until the end of mission, probably in 2017, and

remote observations at distances in the range 1–5×106 km

are planned throughout the mission. Laboratory studies and

modeling of aerosol chemistry and microphysics continues

apace. Here we mention a few specific lines on inquiry that

are of special interest or are expected to yield results in the

near future.

Observing and understanding seasonal change in the Sat-

urn system is one of the primary goals driving the Cassini

Solstice mission, planned to end near solstice in 2017. This

goal is closely connected to observations and models of the

Titan haze. We have seen the way the detached haze has un-

dergone a large-amplitude change in altitude near equinox.

This observation, and the continuity of the haze in time and

across the southern pole, puts strong constraints on models.

Additional constraints will come from observations of the

future behavior of the detached haze. Will it disappear at

some point corresponding to some feature of the reversal of

the circulation in the stratosphere or mesosphere? How soon

will it transition back to the 500-km altitude regime as re-

quired to begin a new seasonal cycle? What will the timing

of that transition tell us about the dynamics at the 350–500

km altitude region? We can expect Cassini observations in

the coming years to address these questions.

The nature of the winter polar vortex has not been ex-

plored nearly as well as the haze at latitudes outside the

polar vortex. The haze structure in the vortex is much more

complicated in terms of condensable species, and the spatial

and temporal morphology of the haze. There has been some

progress with Cassini data (e.g. Griffith et al., 2006; de Kok

et al., 2007; Samuelson et al., 2007; Anderson et al., 2010;

Vinatier et al., 2010b) but our understanding of the vortex

region is still primitive. Analyses of solar and stellar occul-

tations and of reflected sunlight will be highly anticipated.

Some additional analysis of the Huygens DISR data are

expected to yield new results. The near-surface radiation at

the shortest wavelengths (below about 500 nm) has not been

fully analyzed. This component of the radiation field has

some contribution to surface heating and may be important

for surface chemistry.

Analyses of CIRS thermal-IR spectra allow us to draw

on a few general conclusions about Titan’s aerosol. First,

Titan’s atmosphere appears to be fairly well but not com-

pletely mixed dynamically. Secondly, the spectral appear-

ance of Titan’s aerosol does not change below 300 km even

though physical inhomogenities exist there. One possible ex-

planation is that the chemical evolution of Titan’s aerosol,

which begins very high in the atmosphere near 1000 km,

is mostly completed by the time it diffuses down to the

stratopause. On the other hand, most laboratory tholins

tend to be produced at pressures higher than 0.1 mbar.

Since there are differences in the physical environment that

Titan’s aerosol and tholin are produced, it is not unreason-

able that chemical differences exist between the two. In fact,

Imanaka et al. (2004) have indicated that changes occur in

tholin chemistry with changing pressure. With that said,

future effort should be made to obtain laboratory-created

aerosol analog results that are more consistent with the

physical circumstances of aerosol creation in lower pressure

regimes in Titan’s atmosphere. Additionally, future thermal-

IR observational work needs to explore the time and spatial

dependence of Titan’s aerosol to further see if aerosol opac-

ity spectral variations occur as a function of season.



24 West, Lavvas, Anderson & Imanaka

Organic aerosols play central roles in the dynamically, ra-

diatively, and chemically coupled system of Titan’s atmo-

sphere. Substantial laboratory efforts have been devoted to

mimic haze formation under the Titan atmospheric envi-

ronment. Further efforts should be continued to closely sim-

ulate actual environments, such as pressure, temperature,

and energy process. It is also an on-going movement that

such black-box type laboratory simulations will be refined

toward process-based understanding of organic aerosol prop-

erties. To advance our understanding of Titan’s haze and to

maximize the scientific return of on-going Cassini Mission

and further explorations, future laboratory works should in-

clude:
• Measurements of optical constants of a wider category

of laboratory haze/condensate analogs at broader spec-

tral wavelengths. There are general lack of studies in vac-

uum ultraviolet, near-IR, far-IR, and millimeter spectral

regions, which are crucial for measurements made by the

UVIS, VIMS, CIRS, and RADAR instruments on board

Cassini.
• Further kinetic studies of chemical processes in gas-to-

particle conversion and in heterogeneous gas-particle re-

action. Our understanding of Titan’s atmospheric chem-

istry has been substantially improved from observations

in gaseous species by the recent Cassini-Huygens mis-

sion. Yet, there remains mysteries regarding the simple

molecules that are converted into nanometer scale parti-

cles, or even larger.
• Measurements of particle growth rate, variation of particle

morphology, and coagulation processes under chemically

reactive environments. Further investigation of scattering

properties of such particles (phase function and polariza-

tion) would be also helpful for direct comparison with ob-

servations and for improvement in radiative transfer mod-

els in hazy atmospheres.

Finally, revealing the relations between formation chemistry,

chemical structure, and resulting optical properties will help

in the advancement of understanding altitude/seasonal vari-

ation of Titan’s present-day atmosphere, as well as long-

term evolution of Titan’s atmospheric surface system.

Although Cassini observations have revealed more details

of the properties and distribution of aerosols in Titan’s at-

mosphere, many questions still remain unanswered. Such

observations show that aerosols are formed in the upper at-

mosphere, but the detailed pathways of the gas-to-particle

transition remain to be identified. Since the current Cassini

instruments do not have the potential to investigate in de-

tail the mechanisms involved in this process, the weight of

the investigation needs to be carried by laboratory studies,

before we visit Titan again.

Investigations for the mechanisms involved in the molecu-

lar growth processes leading to increasing size and complex-

ity of molecules should have a primary role in future studies.

More specifically the chemical reactions among ion and neu-

tral species are important at Titan’s low temperature condi-

tions. In addition the role of radical chemistry in the growth

of large PAHs, as suggested by theoretical calculation, must

be verified and further investigated. Thus, measurements of

reaction rates and chemical products leading to increasing

complexity should have a priority in laboratory experiments.

In addition, heterogeneous chemistry on the surface of the

formed particles can have an important contribution to the

resulting shape and optical properties of the aerosols. Nev-

ertheless, information for the efficiency of these processes is

limited and further experiments are required for their quan-

tification. The above laboratory experiments will provide us

enough information for the simulation of the gas to particle

transition and particle evolution at a more detailed level.

From the model prospective a better understanding of the

interaction among gases, aerosols, and dynamics is required

in order to elucidate the relative contribution of each in the

resulting distribution of particles. More specifically, current

general circulation models do not simulate the critical re-

gion of the mesosphere where the altitude transition in the

location of the detached haze layer is observed. Moreover

the complete picture coupling photochemistry, microphysics,

and dynamics is not yet available. Thus, future investiga-

tions should aim in providing a complete picture of these

processes in the whole extent of Titan’s atmosphere. Sub-

sequent analyses of Cassini observations will provide more

constraints on the temporal evolution of the aerosol prop-

erties that will help validate these models. In addition, the

role of the aerosol layers in the energy balance of the upper

atmosphere needs to be evaluated. Preliminary calculations

suggest that aerosols have an important contribution to the

atmospheric heating, hence, they can significantly affect the

temperature profile. Finally the impact of waves, generated

by the local aerosol heating or by other mechanisms such

as gravity waves or tides, on the resulting distributions of

particles and gases is another process that needs to be con-

sidered.
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Dafoe, L. E., Doose, L., Douté, S., Eibl, A., Engel, S., Gliem,

F., Grieger, B., Holso, K., Howington-Kraus, E., Karkoschka,

E., Keller, H. U., Kirk, R., Kramm, R., Küppers, M., Lana-
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Bruno, de Kok, Remco, and Samuelson, Robert E. 2011.

Optical constants of Titan’s stratospheric aerosol in the 70–

1500 cm−1 spectral range constrained from Cassini/CIRS

observations. Icarus (submitted).

Vuitton, V, Yelle, R. V, and Cui, J. 2008. Formation and distribu-

tion of benzene on Titan. Journal of Geophysical Research,

113(May), 05007. 10.1029/2007JE002997.

Vuitton, V., Tran, B. N., Persans, P. D., and Ferris, J. P. 2009. De-

termination of the complex refractive indices of Titan haze

analogs using photothermal deflection spectroscopy. Icarus,

203(Oct.), 663–671. 10.1016/j.icarus.2009.04.016.

Wahlund, J.-E., Galand, M., MÃ?ller-Wodarg, I., Cui, J.,
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