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We present a one dimension simulation of Titan’s aerosol distribution and compare our results with the
haze optical properties retrieved by the DISR observations (Tomasko, M.G., Doose, L., Engel, S., Dafoe, L.E.,
West, R., Lemmon, M., Karkoschka, E., See, C. [2008]. Planet. Space Sci. 56, 669-707). We set the mass pro-
duction of aerosols in the thermosphere to 3 x 10~ * gcm™2 s~! and follow the evolution of the particles
due to coagulation, sedimentation and atmospheric mixing. We use the observed aerosol phase functions
at 100 km to constrain the particle’s charge density to 15 e/um. With this charge density, the microphys-

IT?; Vr‘l’ordS: ical model predictions for the number of monomers, and the particle size and density, are in good agree-
Atmospheres ment with the DISR measurements. In addition, we derive a new refractive index for the aerosols based

on the single scattering albedo inferred from DISR measurements. The imaginary index is larger than pre-
vious estimates based on laboratory analogs, with an increasing absorption toward the near-IR. Our sim-
ulation provides a good description of the particle properties above 80 km, but we find that condensation

effects must be included in order to interpret aerosol characteristics at lower altitudes.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The interaction of Titan’s main atmospheric constituents with
solar radiation creates a multitude of complex organic molecules.
Further chemical reactions among these gaseous species produces
the organic aerosols that extend from the surface to the lower ther-
mosphere. The aerosol structure can be separated into a main haze
layer located below 300 km and multiple detached layers above,
the location and extent of which varies with latitude (Rages
et al., 1983; Porco et al., 2005). The Cassini measurements have
also revealed the presence of a well defined and symmetric, de-
tached layer located at 520 km and aerosols have also been de-
tected in the ionosphere (~1000km) as heavy negative ions
(Coates et al., 2007).

Analyses of Voyager observations of the main haze layer sug-
gests that these particles are aggregates of quasi-spherical mono-
mers (West et al., 1983; West and Smith, 1991). This hypothesis
explains the strongly forward scattering character of the haze rel-
ative to the scattering properties of spheres. The optically effective
size of the particles is roughly a micrometer, while their optical
properties imply that the material constituting the haze is strongly
absorbing in the UV and Visible range (Rages et al., 1983). The in-
ferred imaginary index of the aerosols between 0.2 and 0.6 pum is
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similar to that of some laboratory produced haze analogs (tholins)
(Khare et al., 1984). A review of the pre-Cassini knowledge on the
properties of Titan’s haze can be found in McKay et al. (2001).
Comparison of Voyager and ground-based measurements with
1-D aerosol microphysics models has led to a better understanding
of the processes responsible for the formation and evolution of the
observed haze structures. Initial work by Toon et al. (1980) set the
ground for the simulation of Titan’s aerosols through microphysi-
cal models and pointed out the sensitivity of the results to the par-
ticle’s charge and the atmospheric dynamics. Toon et al. (1992)
used the observed geometric albedo to constrain the particle size,
while McKay et al. (1989, 1991) analyzed Titan’s vertical thermal
structure in order to elucidate the role of the aerosols in heating
the stratosphere by the absorption of solar radiation. Cabane
et al. (1992, 1993) and Rannou et al. (1995, 1997) further improved
the aerosol microphysical description with the inclusion of aggre-
gate particle formation. Comparison of these models with high
phase angle observations, implies that the aggregates in the main
haze layer are made of monomers with a radius of 66 nm and that
the fractal structure is characterized by a dimension of Dy= 2. The
inclusion of aggregate particles in the simulations provides a better
understanding of the observed aerosol properties but is not able to
explain all features. An adjustment to the tholin refractive index by
a multiplication factor is required in order to fit UV, Visible and IR
observations (McKay et al., 1989; Toon et al., 1992). The fit was sig-
nificantly improved with the use of aggregates relative to spheres,
while a cut-off in the haze abundance below 100 km was necessary
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in order to match the observed minimum at 0.62 pum in the geo-
metric albedo (Rannou et al., 2003).

Significant effort also has been devoted to the inclusion of
advection effects in the aerosol description. Models of 2 and 3
dimensions have been developed and demonstrated the impact
of dynamics on the produced aerosol distribution (Rannou et al.
(2004) and references therein). These models predict that the
atmospheric circulation concentrates the particles in the polar re-
gions, at latitudes higher than +60°. This variation in the latitudinal
aerosol distribution produces the observed stratospheric tempera-
ture variation and causes the North-South albedo asymmetry and
the polar hood. In addition, Rannou et al. (2003) showed that
advection of the haze particles could produce the Voyager-de-
tected detached haze layer at ~350 km.

Cassini measurements provided further information on the aer-
osol properties and origin. By combining measurements from the
UltraViolet Imaging Spectrometer (UVIS), the Imaging Science Sub-
system (ISS) and the Huygens Atmospheric Structure Instrument
(HASI), Lavvas et al. (2009) derived constraints for the particle size
and flux in the detached haze layer at 520 km. They find that at
this altitude, particles have a quasi-spherical shape with a ~40 nm
radius. In addition, the derived mass flux of 2.7-4.6 x 1074 ¢g
cm 257!, is sufficient to generate the main haze layer, without
the requirement of production in the lower atmosphere, although
aerosol production in the stratosphere is still possible. Furthermore,
the formation of the detached layer was found to correlate with the
transition of the particle growth mode from spherical to aggregate.
Combining these results with energy deposition arguments they
concluded that a large production of aerosols occurs in Titan's
thermosphere (Lavvas et al., 2009).

The measurements of the Descent Imager/Spectral Radiometer
(DISR) on the Huygens probe, provide in situ information on the
optical properties, size and density of the particles present in the
main haze layer (Tomasko et al., 2008). The measurements have
verified many of the conclusions from previous investigations
regarding the particles’ optical properties. The retrieved phase
functions confirmed the fractal-aggregate nature of the particles,
and the wavelength dependent measurements verified the absorb-
ing nature of the particles in the visible region. The new measure-
ments provide much tighter constraints for the particle size and
density than we had before, but new features are also observed.
The haze layer appears to extend all the way to the surface con-
trary to previous investigations that found a clearing of the aero-
sols towards the surface (Rannou et al. (2003) and references
therein). Moreover, the altitude variation of the aerosol extinction
profiles show the presence of three distinct altitude regions (region
I above 80 km, region II between 80 and 30 km, and region III be-
tween 30 km and the surface), defined by both a change in the
shape of the extinction profile and in the optical constants. Finally,
the wavelength variation of the haze opacity is different from the
dependence expected based on the refractive index of laboratory
analogs (Khare et al., 1984).

Given the greatly improved constraints from DISR, we investi-
gate here whether the haze characteristics observed are consistent
with our understanding of aerosol formation and evolution. We do
this through comparison of the inferred characteristics with pre-
dictions of a microphysical model. Since we have in situ observa-
tions only along the Huygens’s path, we perform our calculations
in one dimension but we further discuss the impact of dynamics
on our results. Based on the conclusion that the aerosol production
takes place in the upper atmosphere (Lavvas et al., 2009), the prop-
erties of aerosols in the stratosphere will be a result of the micro-
physical (coagulation and sedimentation) and atmospheric
processes (mixing, condensation) defining the evolution of their
size distribution and density from high to low altitudes. Thus,
the DISR measurements can be used as a constraint for the contri-

bution of all these processes on the aerosol properties. In the cur-
rent approach we attempt to simulate the aerosol profile without
the inclusion of condensation effects in order to constrain the im-
pact of the latter process. The results justify this approach for alti-
tudes above 80 km, while for lower altitudes the inclusion of
condensation appears to be mandatory for understanding the ob-
served features. In the accompanying paper, we describe in detail
how we include the condensation processes in the current model,
and discuss the resulting implications for the optical properties of
particulates in the lower atmosphere.

2. Model description

We base our work on the model developed by Lavvas et al.
(2008a) and extended it in order to include the formation of aggre-
gates. We adopt a discrete volume grid, which leads to an aerosol
continuity equation of the form (Toon et al., 1992):
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where p indicates the volume grid, n(z,) and &(v,) are the number
density and flux of volume v, particles, respectively, r is the plane-
to-centric distance and K is the coagulation kernel. The first sum in
the right-hand side describes the production of size v, particles
from smaller particles, the second is the loss of size v, particles
by coagulation with other particles to form bigger particles, p(v,)
describes the local photochemical production of this size particles
(only for the first bin particles, thus, the presence of the Kronecker
¢ function) and Nj,,q is the number of volume bins considered in the
calculations. There are 20 bins used with an expanding bin struc-
ture (the volume ratio of two adjacent bins is set to 3) covering
the range between 3 nm to 3 pm.

The flux of the particles depends on sedimentation and eddy
mixing:
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where Vi is the settling velocity, K the eddy mixing coefficient and
n, the atmospheric density. The following sections describe the cal-
culation of coagulation and settling velocity for spheres and aggre-
gates. These are similar to the methods used in previous models
(Toon et al., 1980; Cabane et al., 1993; Rannou et al., 2003) with
some improvements regarding the settling properties of the fractal
aggregates. The particles are eventually deposited at the surface.
We consider that each different size particle is lost at the surface
with a velocity that is the maximum between the settling velocity
of the particle right above the surface, and the downward velocity
imposed by the atmospheric mixing. The flux of the particles is zero
at the top boundary.

The above equations hold for both spherical particles and aggre-
gates of monomers since they describe the volume (mass) trans-
ferred between different bins. The growth mode of the particles
affects only the coagulation kernel and is controlled by the aerosol
fractal dimension assumed at each altitude with the latter being
treated as a model parameter. The transition between spherical
to aggregate growth is simulated by changing the fractal dimen-
sion from 3 to 2, with the two limiting cases interpolated with a
hyperbolic tangent function over the altitude range of the transi-
tion. The location and width of the transition region were retrieved
from the analysis of the detached haze layer (Lavvas et al., 2009)
and are further discussed below. The size of the monomer particles
composing the aggregates is calculated as the volume average
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radius of the particles at the altitude corresponding to the mid-
point of the fractal dimension transition. The number of monomers
within each aggregate is then calculated based on the ratio of the
volume of each bin to the volume of a monomer.

We assume the particles grow as spheres above the detached
haze layer and as aggregates below. The mechanism that leads to
this behavior is not clear and depends on the physical properties
of the particles. Assuming the particles to be solid, spherical
growth is possible only inside the production region where the
large number of fresh particles leads to a homogeneous growth
(S. Lebonnois, P. Rannou, private communication). This suggests
that the transition must be near the bottom of the production re-
gion. In addition, there is also the possibility of a continuous chem-
ical growth from the gas phase. It is a common assumption in
microphysical models that the chemical processes producing the
particles from the background gas, cease to be important once
the particles reach a size of a few nanometer, beyond which coag-
ulation takes over. This is a valid assumption if the production re-
gion is narrow and particles readily move out of it. But if the
surface chemical growth of the particles proceeds over a wide alti-
tude range with a significant rate, concurrently with their coagula-
tion, the size and shape of the particles will be affected by this
process as much as from coagulation. Monte-Carlo simulations
combining both chemical (surface) growth and coagulation suggest
that while the latter leads to an aggregate structure, the former
acts in an opposite way, tending to make the particles more spher-
ical (Balthasar and Frenklach, 2005; Morgan et al., 2007). Although
these simulations were performed for laminar flame conditions
they emphasize on the importance of chemical growth taking place
along with coagulation.

2.1. Spheres

The coagulation of particles depends mainly on their size and
the atmospheric conditions. For two spherical particles with radii
r and s, the coagulation kernel can be written as (Pruppacher and
Klett, 1978):

Kg(r,s) = 4n(D; + Ds)(r +5)p (3)
where
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is an interpolation formula (Fuch, 1964) that connects the high
pressure continuum regime (Brownian limit) with the free-molecu-
lar (ballistic) regime. In the above, V, is the particle’s thermal veloc-
ity, /. is the particle’s mean free path and D, the particle diffusivity.
These parameters can be calculated from:

o [8ksT _ 8D, _ keTfasp

with kg Boltzman'’s constant, T and #, the atmospheric temperature
and dynamic viscosity, M, the particle mass and fg;, the Cunning-
ham slip-flow correction term:

faip = 1+ 1.257K, + 0.4K,, exp(—1.1/K,) (7)

which is also an interpolation formula between the continuum
(K, < 1) and free-molecular regime (K, > 1) based on the Knusden
number, K, = /4/r, with J, the atmospheric mean free path. The set-
tling velocity of spherical particles is given by:

2pgr?
Vs = ngslip (8)

which applies in both high and low pressure limits.
2.2. Fractals

The fractal characterization of an aggregate refers to a scaling
law between the number of monomers composing it, N,, and the
characteristic size of the aggregate:

Dy Ry g
N, ~R/ or N,= A(r—) 9)
m

with Dy the dimension of the fractal aggregate and r,,, the monomer
radius. The proportionality constant A depends on the way the ra-
dius Ryis defined and the processes that affect the aggregate forma-
tion, with typical values between 0.95 and 1.43 (see Friedlander
(2000) and references therein). The characterization of an assembly
of particles as fractals of a specific dimension corresponds to a sta-
tistical average of the whole population, while the variation of the
dimension describes the variation of the aggregate structure from
compact, Dy= 3, to linear (chain-like), Dy=1.

The coagulation kernel for aggregate structures can be calcu-
lated based on the spherical equivalent formulas for the radius of
the fractal particle (Cabane et al., 1993). For the limiting cases of
the free-molecular and continuum regimes the coagulation kernels
for aggregates of dimension D are (Friedlander, 2000):
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with v, and v the total volume of the aggregate corresponding to
same mass sphere of radius r and s, respectively, and f,, f; the corre-
sponding slip correction factors. These equations reduce to those
described above for spherical particles in the case of D = 3.

Cabane et al. (1993) suggested that the settling velocity of the
fractal aggregates can be calculated with the same formula as for
spheres, but using the fractal radius of the aggregate. Although this
is a good starting point, it is important to note that the porosity of
the aggregate structure allows the decrease of the drag force due to
air moving through the porous structure, as verified experimen-
tally (Johnson et al., 1996). In order to include this effect in the
velocity calculations we have followed the methodology described
in Tang and Raper (2002), which is based on semi-empirical mod-
els for the settling velocity of fractal aggregates. The ratio of the
porosity-corrected settling velocity to the impermeable particle
velocity, Q, can be calculated from:

28 (1 - ta"/ﬂ)

o J G S (12)
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with g = Ry//k. Here k is the permeability of the particle that is a
function of the porosity €:

r2
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L y=1-e (13)

Finally the porosity of a fractal aggregate can be estimated based on
the ratio of the fractal to monomer radius from:
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Application of the above theory suggests that the correction to the
particle’s settling velocity is small for the size of aggregates/mono-
mers expected in Titan’s aerosols with maximum increase in the
velocity of 10%. Fig. 1 presents the variation of the above parame-
ters with the fractal radius for the case of a 50 nm monomer size.

2.3. Charge effects

The analysis of Titan’s geometric albedo at wavelengths domi-
nated by the haze contribution suggest an average size of aerosols
smaller than 1 pum in the stratosphere (McKay et al., 1989; Toon
et al,, 1992; Rannou et al., 2003; Lavvas et al., 2008b). On the other
hand, microphysical models (Toon et al., 1992; Rannou et al., 2003;
Lavvas et al., 2008b) predict that particles should reach a larger
size before falling at the surface. Thus, an impedance to the growth
of the particles was required in the simulations in order to restrain
their size. This effect could be achieved with particles having the
same sign charge, thus repelling each other, thereby hindering
the growth due to coagulation.

Aerosols can become charged during charge exchange with ions
present in the atmosphere, by electron capture, or due to photo-
electron emission in the interaction with UV radiation (Bakes
et al,, 2002). There are three ionization regions in Titan’s atmo-
sphere that could affect the charge state of the aerosols. The main
ionosphere, located at ~1100 km and produced by high-energy
photon and photoelectron deposition, the mesosphere ion layer in-
duced by the ablation of silicate meteoroids close to 500 km, and
the lower ion layer close to 70 km related with the deposition of
galactic cosmic rays (GCR). A significant density of charged aero-
sols was observed in the thermosphere as large mass negative ions
(Coates et al., 2007), proving that the particles can become
charged, although the variation of this charge with altitude and
time is not yet constrained by observations. Furthermore, Borucki
and Whitten (2008) suggested that the photoelectric effect is insig-
nificant for Titan’s aerosols, based on the analysis of conductivity
measurements from the Huygen’s probe, leaving the interaction
of the aerosols with ambient ions and electrons as the main
process.

The inclusion of the electrostatic interaction between the parti-
cles is usually simulated with the use of a charge density parame-
ter, g, that defines the average number of electrons per radius of a
particle. Typical values of this parameter among different models
range between 15 and 30 electrons per micron of particle radius

1.0]
0.8 e i
0.6 -
L € i
\
Loy
S
= \ -
04 [V ©x10° ]
A 4
. 4 27
Lo L/ Bx107%]
02F; e -
0.0f ‘ I e
100 1000 10000

Fractal Radius (nm)

Fig. 1. Variation of porosity (€), permeability (x), 8, and © with fractal-aggregate
radius for the case of a 50 nm radius monomer. See text for details.

(Borucki et al., 1987; McKay et al., 1989; Toon et al., 1992; Rannou
et al., 2003; Lavvas et al., 2008b). The modification factor for the
coagulation rates in the case of same sign charge in the particles
can be calculated from (Fuch, 1964):

T q*rs

“exp(n) -1’ = (15)

fe (r+s)ksT"

Borucki et al. (1987) calculated the charge per radius of the aerosols
using particle size distributions based on the Voyager observations
and considering ionization from GCR and energetic electron precip-
itation from Saturn’s magnetosphere. They concluded that the var-
iation of g with altitude depended on the particle size, with
constant g for small particles and decreasing q with altitude above
250 km for large particles (r > 1 pm). Although these calculations
need to be repeated based on the much more constraining Cas-
sini/Huygens observations for the aerosol properties and the atmo-
spheric conductivity, they show that q could vary with altitude.
Nevertheless, we assume a constant q in order to simplify the calcu-
lations. The results presented below suggest that it is a valid
assumption.

3. Application to Titan

We initiate the aerosol simulation assuming seed particles of
3 nm radius distributed in a gaussian production profile with a peak
located at 1000 km and a width of 25 km. The integrated mass pro-
ductionrateis setto 3.0 x 107 gcm~2 s~!. We choose this produc-
tion altitude based on our previous analysis of the detached haze
layer (Lavvas et al., 2009), which suggested that a large production
of aerosols is taking place in Titan’s thermosphere. The column pro-
duction rate is constrained by the DISR optical properties described
below, and is consistent within the range retrieved by our previous
analysis. We note here that the mass flux derived at the Huygens
location is not necessarily the same as the disk-average mass flux
required to fit Titan’s geometric albedo. This can happen if the
atmospheric circulation at the aerosol production region is strong
enough to affect the spatial distribution of the aerosol precursors,
and also if the produced aerosols are affected by the atmospheric
circulation. These issues are further discussed below.

For the particle optical properties, we use Mie theory for the
spheres and the semi-empirical model of Rannou et al. (1999) for
fractal aggregates. The DISR analysis used the T-matrix method
(Mishchenko et al., 1996) for the aggregate optical properties.
The differences between the two methods are at maximum 20%
(Tomasko et al., 2008). The refractive index for the particles was
initially taken from the laboratory analogs of Khare et al. (1984)
and then corrected based on the DISR observations. The vertical
temperature profile used in the calculations is taken from Fulchig-
noni et al. (2005). Atmospheric mixing is taken into account with
the use of an eddy mixing profile. The sensitivity of the model re-
sults on the assumed mixing profile and the charge density is dis-
cussed below.

3.1. Monomer radius

The charge present on the aerosols can constrain their maxi-
mum size due to their mutual repulsion. In the case of aggregate
particles, this translates to a constraint on the number of mono-
mers. The DISR measurements provided information for the single
scattering phase function of the particles in the main haze layer,
which constrains the number of monomers. Fig. 2 presents a com-
parison of the aerosol phase function at 100 km, for the model and
the DISR observations at different wavelengths. The general behav-
ior of the phase functions with a strongly scattering forward peak
and low back-scattering is the main characteristic of the fractal
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Fig. 2. Comparison between the modeled and DISR retrieved phase functions at 100 km for the given wavelength. The dotted lines correspond to the phase functions of
aggregates with different number of monomers as given for each curve. The solid line corresponds to the retrieved phase function from DISR measurements (Tomasko et al.,
2008) and the dashed line is the model calculated phase function for a charge density of 15 e/pum. The dash-dotted and dash-triple-dotted lines present the resulting phase

function for 20 and 10 e/um, respectively.

aggregates and a direct indication of their presence in Titan’s atmo-
sphere. The shape of the phase function depends on two parame-
ters: the monomer radius and the number of monomers in the
aggregates. There is very good agreement between the simulated
and observed phase functions at all wavelengths except at
355 nm where the simulated phase function appears to have smal-
ler values than the observed for scattering angles larger than 90°.
Nevertheless, the calculated phase function at 355 nm is within a
factor of 2 from the observed phase function, while the agreement
between model and observations significantly improves at longer

wavelengths. Our calculations suggest a monomer radius of
54 nm, and the number of monomers at 100 km is ~4000. These
values are close to the those retrieved by DISR (50 nm, 3000 mono-
mers/aggregate), which explains the good agreement between the
observed and simulated phase functions. The charge density (q)
that defines the number of monomers in the aggregates is the main
parameter used to fit the model to the observations. Best agree-
ment with the observations is achieved for g = 15 e/um with smal-
ler and larger values providing an envelope to the measured phase
functions (Fig. 2).
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3.2. Altitude profile of extinction

The DISR extinction profiles constrain the contribution of atmo-
spheric mixing in the aerosol density vertical profile. The extinc-
tion coefficient between 80 and 150 km has a constant scale
height of 65 km. This scale height is a minimum value and could
increase up to 80 km due to uncertainties in the pointing of the
spacecraft at high altitudes, although there is further support for
a scale height close to 65 km from ISS observations (Tomasko
et al., 2008). In region I, the particle settling velocity decreases to-
wards the surface due to the increasing contribution of atmo-
spheric drag, thus the contribution of atmospheric mixing
becomes increasingly more important. Fig. 3 presents the sensitiv-
ity of the calculated extinction to the assumed eddy profile. The
extinction profiles have been normalized to the DISR results at
200 km in order to compare the slopes of the calculated extinction
curves. Above ~120 km the simulated profiles are characterized by
an exponential variation with a constant scale height as well. At
lower altitudes though, the slope of the extinction decreases,
becoming almost constant near 70 km. Below this altitude the
extinction starts to increase again until the surface. This behavior
is caused by the rapidly changing temperature profile in this region
that changes the atmospheric density and affects the particle set-
tling velocity, thus, the resulting aerosol opacity.

As shown in Fig. 3, the eddy mixing coefficient affects the
extinction profile, with larger values providing larger scale heights.
In order to constrain the magnitude of the eddy profile in region I,
we consider two limiting cases. The upper limit (dotted line in
Fig. 3) is retrieved by adjusting the eddy coefficient to a magnitude
necessary to reproduce the observed scale height of 65 km. In this
case, the calculated extinction profile is in good agreement with
the observations above 120 km, but is smaller than the observed
extinction profile near 80 km. For the lower limit of the eddy coef-
ficient (dash-doted line), we use the mixing profile derived from
the distribution of gaseous species (Lavvas et al., 2008b). For this
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Fig. 3. Sensitivity of model results for the extinction profile on the assumed eddy
mixing coefficient. Left panel presents the extinction at 355 nm, normalized to the
retrieved extinction (solid line) at 200 km, for the different atmospheric mixing
profiles presented on the right panel.

case the calculated extinction profile is in better agreement with
the observations near 80 km, but has an altitude variation charac-
teristic of a scale height larger than 65 km. In view of these two
limiting cases we chose as our nominal case, a mixing profile that
provides an intermediate extinction (dashed line, Fig. 3). We
should note that the constant scale height extinction profile re-
trieved by DISR, and followed by the abrupt transition at 80 km
could be an artifact of the retrieval process and cannot preclude
the more smooth behavior suggested by the analytic simulation
here from being correct as well.

Tomasko et al. (2008) find that regions II and IIl can be charac-
terized with constant extinction profiles. The calculations below
80 km provide an increasing extinction towards the surface for
any mixing profile, in contrast to the observations. This is an indi-
cation of other processes taking place in the lower atmosphere
with the most likely candidate being the condensation of gas spe-
cies on the aerosol particles. This is supported by the retrieved
optical properties discussed further below.

3.3. Size and density

The particles produced at 1000 km are assumed to have a radius
of 3 nm, an estimate based on the large mass negative ions de-
tected by Coates et al. (2007), assuming a mass density of 1 g cm >,
As they settle out of the production region particles grow spheri-
cally (Dy=3) and their radius starts to increase (Fig. 4). At the same
time the corresponding number density decreases to satisfy mass
balance. Once the particles reach the transition altitude of
520 km they start to grow as fractal aggregates. The collision
cross-section of aggregates is larger than the corresponding
cross-section of the same volume spherical particles, hence the
coagulation rates increase significantly leading to a rapid growth
in the size of the particles (Fig. 4). Below 200 km where the size
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Fig. 4. Model results for the altitude variation of the particle size and density. The
solid line corresponds to the volume average radius (r,), the dash-dotted line to the
equivalent sphere surface average radius (r;) and the dash-triple-dotted line to the
aggregate surface average radius (ry). 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 (N,) 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.
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distribution of the particles does not change, the volume average
size of the particles is 0.84 pm and the corresponding aggregate
surface radius is 3.4 pm. These values are close to those retrieved
by Tomasko et al. (2008) in region I (0.72 and 2.03 pm, respec-
tively). In addition, the calculated particle density at 80 km is
3 cm 2 in good agreement with the value of 5 cm> retrieved by
Tomasko et al. (2008).

The particle size distribution is unimodal in the upper atmo-
sphere, above the growth mode transition altitude (Fig. 5). The par-
ticles grow faster once they start to aggregate close to 500 km,
which leads to a rapid loss of intermediate sizes between 0.1 and
0.5 pm. Smaller particles are transported from higher altitudes,
while larger particles result from the coagulation. Therefore the
distribution becomes bimodal. At lower altitudes almost all parti-
cles have coagulated to sizes for which further growth is inhibited
by the electrostatic repulsion due to particle charging. Hence, the
particle size distribution becomes unimodal again.

3.4. Optical properties

For a given refractive index, the optical properties of fractal
aggregates are mainly defined by the monomer radius because
the opacity scales almost linearly with the number of monomers
(Rannou et al., 2003). Thus, with the monomer radius constrained
by the phase function, we can determine the refractive index from
the single scattering albedo. This can be accomplished by calculat-
ing the scattering and absorbing properties of particles for different
refractive index values and comparing the resulting single scatter-
ing albedo with the retrieved single scattering albedo from the
in situ measurements. As discussed in Tomasko et al. (2008) the
in situ single scattering albedo of aerosols decreases towards the
near-IR, in contrast to the calculated single scattering albedo based
on the Khare et al. (1984) index (Fig. 6). This difference between
the retrieved and simulated single scattering albedos demonstrates
that Titan's aerosols are more absorbing in the near-IR than the
laboratory analogs. Based on the observed dependence of the sin-
gle scattering albedo of aerosols above 144 km we have adjusted
the Khare et al. (1984) imaginary part of the refractive index (k)
in order to reproduce this behavior. The resulting k variation with
wavelength is presented in Fig. 7 and Table 1. For the real part of
the refractive index we used the Khare et al. (1984) measurements.

The wavelength dependence of the total optical depth in the
three regions is presented in Fig. 8 and compared with the model
results, while Fig. 9 presents a comparison between the retrieved
and modeled altitude variation of the extinction profiles and total
optical depth at different wavelengths between 355 and 1583 nm.
There is a good agreement between the retrieved and modeled
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Fig. 5. Size distribution of particles at different designated altitudes, based on the
model calculations.
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Table 1

New refractive index values for Titan’s aerosols based on the in situ DISR measure-
ments for the single scattering albedo. The k values correspond to the points of the
simulated single scattering albedo curve (dotted line) of Fig. 6 at the DISR
wavelengths, while the minimum and maximum k values present the uncertainty
in the retrieved index, based on the uncertainty of observed single scattering albedo.
The real part of the refractive index, n, is taken from the Khare et al. (1984)
measurements.

Wavelength (A) n k k (min) k (max)
430 1.71 1.10 x 107" 9.00 x 1072 1.40 x 107"
491 1.71 6.20 x 1072 5.80 x 1072 8.20 x 1072
531 1.71 450 x 102 4,00 x 1072 490 x 1072
634 1.69 2.60 x 1072 240 x 1072 3.40 x 1072
751 1.67 135 x 102 9.00 x 1073 2.05 x 1072
830 1.66 8.50 x 1073 450 x 1073 135 x 1072
934 1.66 7.50 x 1073 2.50 x 1073 1.50 x 102

1078 1.65 8.00 x 1072 5.50 x 1073 1.25 x 1072

1288 1.64 9.00 x 103 6.20 x 103 1.25 x 1072

1583 1.64 9.00 x 1073 8.00 x 1073 1.15 x 1072

optical properties of the particles in the altitude region above
80 km in terms of both the wavelength dependence and the mag-
nitude of the opacity. In addition, the altitude dependence of the
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Fig. 8. Variation with wavelength of total extinction optical depth for different altitude regions. The solid lines presents the retrieved optical depth, while the dotted lines
present the uncertainty level. Dashed lines correspond to the model results for the corresponding altitude region.

extinction and total optical depth provide a good fit to the ob-
served profiles for all wavelengths.

3.5. Lower altitude region

The DISR observations for the two lower altitude regions sug-
gest that the extinction profiles are constant with altitude. At short
wavelength the extinction coefficient in region Il is greater that in
region III, while at long wavelengths the opposite is true (Fig. 9).
The simulated profiles are significantly different from this behavior
and are characterized by an increasing extinction profiles towards
the surface for all wavelengths. In addition, in the lower altitude
regions the variation of extinction optical depth with wavelength
is stronger in the model than the data, decreasing more rapidly
with wavelength.

The disagreement between the model and the observations for
the two lower altitude regions suggests that the aerosol properties
(size and density) change relative to the properties identified in re-
gion 1. Based on our calculations the microphysical processes defin-
ing the evolution of the aerosol distribution are not expected to
change for altitudes below 200 km, thus, the observed variation
of the retrieved optical properties is an indication of other pro-
cesses taking place. Further constraints on these processes can be
retrieved from the observed wavelength variation of the particle
opacity.

The observed extinction coefficient at low altitudes has a much
weaker wavelength dependence than predicted by the fractal
aggregate model (Fig. 8). This suggests that the aerosols are more
spherical in this region because the wavelength dependence of
the extinction coefficient for large spherical particles in essentially

flat. Another indication of the different optical behavior of the par-
ticles below 80 km comes from the retrieved phase functions
(Tomasko et al., 2008). These demonstrate an increasing back-scat-
tering contribution towards longer wavelengths, also an indication
of increasing sphericity of the particles. Finally, the retrieved single
scattering albedo increases in these altitude regions relative to the
values at higher altitudes (Fig. 6), which suggests that the particles
are less absorbing. This can be explained by condensation of gas-
eous species on the aggregate particles beginning at 80 km.

On the other hand, the fact that the retrieved opacity has a
behavior in between the pure aggregate structure with the strong
wavelength dependence and the wavelength behavior of spherical
particles suggests that the mass deposited on the particles is not
enough to totally cover the aggregates and make them completely
spherical (or at least erase their detailed structure). Instead the
particles retain their aggregate structure but with a higher spheric-
ity. Alternatively, the observations can be explained by a popula-
tion of spherical particles along with the aggregates in these
regions. Finally, the stronger wavelength dependence of the total
opacity between 80 and 30 km relative to the variation between
30 km and the surface in the observations indicates that there is
a larger mass increase in the particles in the latter region relative
to the former. Methane has the largest mass flux available for con-
densation among all species in Titan's troposphere and the ob-
served altitude variation of the total opacity correlates well with
the region where methane is expected to condense. Thus, the
inclusion of condensation processes in our model is necessary in
order to understand the vertical structure and wavelength depen-
dence of the DISR retrieved particle properties. A complete descrip-
tion of these is provided in the accompanying paper.
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4. Discussion

In the past, analyses of Titan's geometric albedo suggested that
the tholin refractive index used in the simulations has to be multi-
plied by a factor of ~1.5 in order to match the observations (McKay
et al., 1989; Toon et al., 1992). This factor brings the tholin refrac-
tive index (Khare et al., 1984) very close to the retrieved index
from our work between 0.43 and 0.7 pm, but does not provide
the increased absorption observed for longer wavelengths. Obser-
vations from the Cassini/VIMS instrument have also retrieved
new aerosol features in the near-IR; a large absorption feature
was observed at 3.4 pm which was directly attributed to the aero-

sols, while other non-identifiable features where observed be-
tween 4.2 and 4.3 um (Bellucci et al., 2009). Thus, the new
refractive indexes retrieved here from the DISR observations and
elsewhere from other instruments should be used in any new spec-
troscopic investigations of aerosols in Titan’s atmosphere.

The mass flux retrieved here (3 x 1074 gcm2s7!), is within
the range 2.7-4.6 x 107 gcm2s~!, determined by our previous
analysis of the detached haze layer (Lavvas et al., 2009). Yet, in or-
der to match the retrieved by UVIS extinction profile (Liang et al.,
2007) a mass flux close to the upper boundary of this range is re-
quired. Uncertainties in the UVIS extinction profile are not well
constrained since, as discussed in Liang et al. (2007), their retrieval
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was a preliminary result. On the other hand, assuming that the
higher production is correct, in order to match the DISR retrieved
opacity in the lower atmosphere, particles must be removed from
the atmosphere more efficiently. This removal is possible if the set-
tling velocities are larger or the atmospheric mixing more effective
in removing the aerosols.

Uncertainties in the settling velocity of the particles are related
to the drag forces on the aggregates. Although we have attempted
to correct for the non-spherical drag force on the fractal particles,
these correction are based on empirical models of earth analogs,
which perhaps do not hold for Titan’s aerosols. Nonetheless, we ex-
pect that the possible correction to the current settling velocities
should be smaller than the increase required to transport the par-
ticles faster to the surface. More likely there are other processes in-
volved in the evolution of the aerosol distribution beyond the one
dimensional description provided here.

The most likely candidate for explaining this decrease in the
aerosol mass flux reaching the lower atmosphere is advection.
The strong stratospheric jet observed around 300 km can transfer
particles horizontally and deposit them in the polar regions where
the descent section of the circulation is focused (currently at the
north pole). This has been demonstrated with Titan general circu-
lation models (Rannou et al., 2004). Advection is considered as the
generating source for the detached haze layer observed by Voyager
around 350 km (Rannou et al., 2002), while the same is expected
for the multiple detached layers observed in the lower atmosphere
in ISS images (Porco et al., 2005). Depending on the magnitude of
the horizontal winds, a fraction of the particles would be able to
fall through the jet region and reach the lower atmosphere and
eventually the surface. The magnitude of the meridional winds at
the location of the stratospheric jet is ~3 cms™' (Achterberg
et al., 2008), while the settling velocity of the particles is of the or-
der of 0.1 cm s~ . This suggests that over the time required to settle
through one scale height (51 km at 300 km altitude) the particles
can be drifted latitudinally over 1/6th of the pole to pole distance.
Thus, the effective mass production rate required to match the
DISR stratospheric observations could be reconciled with the aero-
sol production rate in the upper atmosphere required to match the
UVIS extinction profile.

The DISR observations correspond to a cumulative contribu-
tion of pure aerosols and cloud particles present in Titan’s low-
er atmosphere. Thus both particle types must eventually be
considered in the calculations. Aerosols acting as nucleation
sites for the condensation of gases will be covered by the con-
densing material, hence, they will exhibit a different interaction
with the solar photons. The aerosol particle density is large en-
ough to expect that all condensation processes will take place
on their surface (heterogeneous nucleation). The main gas can-
didates (in terms of mass flux and altitude of condensation) in-
volved in condensation processes in Titan’s lower stratosphere
and troposphere are methane, ethane and hydrogen cyanide.
CoHg and HCN are formed in Titan’s upper atmosphere from
the products of N, and CH4 photolysis, while methane’s origin
lies on the surface or subsurface. Due to the different source
regions and thermodynamical properties, these gases can con-
dense at different altitude regions (which can overlap), hence
their impact on the observed optical properties could be large.
Based on photochemical models (Yung et al., 1984; Lara et al,,
1996; Lebonnois et al, 2001; Hourdin et al, 2004; Wilson
and Atreya, 2004; Lavvas et al., 2008b), HCN is expected to con-
dense close to 80 km, which correlates well with the first tran-
sition altitude detected by DISR. Ethane condensation initiates
close to the tropopause, while methane condensation starts
close to 8 km and extends up to the tropopause. In the accom-
panying paper, where we include the effects of condensation
we show that the aerosol optical properties at altitudes below

80 km can be reproduced by inclusion of methane and hydro-
gen cyanide condensation.

5. Conclusions

We have used the analysis of the DISR observations (Tomasko
et al., 2008) with a 1D simulation and retrieved specific informa-
tion regarding the particle charge, the vertical mixing and the par-
ticle optical properties. The observations for the haze opacity in the
lower atmosphere, suggest a mass production rate of aerosols of
3 x 107" gem™2s~!, which is consistent with our previous analy-
sis based on the optical properties of the detached haze layer at
520 km (Lavvas et al., 2009). By fitting the observed aerosol phase
functions at 100 km we constrain the particle charge density to
15 e/um. With this value, the microphysical model predictions
for the number of monomers, and particle size and density, are
in good agreement with the DISR measurements above 80 km
(Tomasko et al., 2008). In addition, the aerosol optical properties
demonstrate a stronger absorption index than Khare et al. (1984)
with an increasing absorption toward the near-IR.

At lower altitudes, the pure aerosol simulation presented here,
fails to reproduced the DISR retrieved optical properties. The parti-
cles below 80 km have an increased mass relative to the particles
above but they retain their aggregate structure. Their optical prop-
erties indicate the addition of mass with different optical proper-
ties, suggesting that this happens through the condensation of
gases present in Titan’s lower atmosphere. These effects must be
included in the calculations in order to achieve a better under-
standing of the processes taking place at these altitudes. The con-
densation in the aggregate particles is described in the
accompanying paper.
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