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By comparing observations from the Cassini imaging system, UV spectrometer, and Huygens atmospheric
structure instrument, we determine an apparent radius of ~40 nm, an imaginary index <0.3 at 187.5 nm
and a number density of ~30 particlescm~3 for the detached haze layer at 520 km in Titan’s mesosphere.
We point out that the detached haze layer is coincident with a local maximum in the measured
temperature profile and show that the temperature maximum is caused by absorption of sunlight in
Keywords: the detached haze layer. This rules out condensation as the source of the layer. The derived particle size
Titan is in good agreement with that estimated for the size of the monomers in the aggregate particles that
Atmospheres, structure make up the main haze layer. Calculations of the sedimentation velocity of the haze particles coupled
with the derived number density imply a mass flux 2.7-4.6 x 10~ gcm~2s~!, which is approximately
equal to the mass flux required to explain the main haze layer. Because the aerosol size and mass flux
derived for the detached layer agree with those determined for the main layer, we suggest that the main
haze layer in Titan's stratosphere is formed primarily by sedimentation and coagulation of particles in
the detached layer. This implies that high-energy radical and ion chemistry in the thermosphere is the
main source of haze on Titan.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Titan’s thick haze is believed to be a consequence of the vig-
orous organic photochemistry in its atmosphere, but the chemical
processes that lead to haze formation are poorly understood. Some
authors have suggested that haze is produced by chemistry in the
thermosphere driven by absorption of solar EUV energy (Dimitrov
and Bar-Nun, 1999), but others have suggested that the bulk of
aerosol production occurs in the stratosphere, driven by absorption
of solar FUV radiation (Ferris et al., 2005), especially the chem-
istry associated with formation of PAHs (Wilson and Atreya, 2003;
Lebonnois et al., 2002). Chassefiere and Cabane (1995) and Lavvas
et al. (2008b) have argued that both thermospheric and strato-
spheric sources are important. Recently, Waite et al. (2007) and
Coates et al. (2007) have reported the existence of heavy ions and
negatively charged aerosols in Titan’s thermosphere, proving that
some aerosols are created at high altitude. This, along with the
rich composition of the ionosphere (Vuitton et al., 2006, 2007),
suggests that ion chemistry plays a role in aerosol formation, as is
thought to be the case in the interstellar medium (Bohme, 1992).
Deciding among these possibilities is difficult on chemical grounds
because the chemical pathways to aerosols are not well known and
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reaction rate data are scarce, but clues to formation mechanisms
are present in the haze altitude distribution.

Cassini observations have revealed the presence of a detached
haze layer in Titan’s mesosphere at an altitude of 520 km, well
above the stratosphere. Observations of scattered light made by
the Imaging Science Subsystem (ISS) (Porco et al., 2005) reveal a
clearly defined layer encircling low and mid-latitude regions. The
aerosol layer is also detected in stellar occultation measurements
of UV extinction by the UltraViolet Imaging Spectrometer (UVIS)
(Shemansky et al., 2005; Liang et al., 2007). We show below that
the detached haze layer is coincident with and the likely cause
of a local maximum in the temperature profile measured by the
Huygens Atmospheric Structure Instrument (HASI) (Fulchignoni et
al., 2005). This rules out condensation as the source of the de-
tached haze. Instead, we suggest that the aerosols are formed at
higher altitudes by photochemical processes in Titan’s ionosphere,
becoming visible near 500 km because of the increased number
density, caused by the decrease in sedimentation velocity with
decreasing altitude, and the increase in scattering and extinction
efficiency caused by the aerosol growth through coagulation. Thus,
the detached haze layer is a signature of haze formation in Titan’s
thermosphere.

2. Observations

We use observations from three instruments on the Cassini/
Huygens mission for our analysis, which are gathered in Fig. 1. The
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Fig. 1. The UVIS retrieved haze extinction profile at 187.5 nm (long-dashed line)
based on Liang et al. (2007), the ISS I/F at 338 nm (dash-dotted line; Porco et
al.,, 2005) and the HASI vertical temperature structure (solid line; Fulchignoni et al.,
2005) used in the detached haze layer analysis. The dotted line is the UVIS opacity
along the line of sight calculated from the retrieved extinction profile.

ISS observations at 338 nm determine the ratio of scattered inten-
sity to incident solar flux, I/F. The values shown in the figure are
taken directly from Fig. 10 in Porco et al. (2005) for observations
made on July 3, 2004 at 10° S latitude. The extinction at 187.5 nm
is derived from UVIS observations of the occultation of A Scorpii
by Titan’s atmosphere on December 13, 2004 at a latitude of 36° S.
The extinction coefficient is derived from the particle density and
optical properties published by Liang et al. (2007). Their analysis
assumed spherical particles (personal communication with M.-C.
Liang). As discussed below, we disagree with Liang et al.’s (2007)
interpretation of the observations and therefore we have converted
their particle density back to an extinction coefficient, which is
more directly related to the observations. The ISS and UVIS obser-
vations both show the detached layer near 500 km, but the ISS
observations show the layer to be slightly less well defined and at
a slightly lower altitude. These differences are due at least in part
to the fact that the ISS observations represent the emission rate
integrated along the line of sight whereas the UVIS measurements
have been inverted to provide the local value of the extinction co-
efficient. Using the UVIS extinction profile to calculate the opacity
along the line of sight shows that the location of peak and trough
for the two data sets is the same, hence they are consistent (Fig. 1).

Also shown in Fig. 1 is the vertical temperature profile retrieved
by HASI (Fulchignoni et al., 2005) at 10° S latitude on January 14,
2004. The rather small range in latitude and time (compared to
the ~7.5 terrestrial years period of a Titan season) suggests that
the observations are directly comparable. The measured temper-
ature increases sharply near 509 km, coincident with the UVIS
extinction and ISS intensity. This temperature inversion has been
detected previously in two ground-based stellar occultation obser-
vations that revealed a temperature increase of 15 K over 6 km at
an altitude of 515+ 6 km (Sicardy et al., 2006). The two stellar oc-
cultations took place within fourteen months suggesting that the
inversion layer is not a temporal effect, while the large range of
latitudes at which it has been observed suggests that it is not a lo-
cal phenomenon either. Thus, the detached layer near 520 km is a
persistent and global feature in Titan’s atmosphere.

Previously, Voyager high phase angle images at 500 nm re-
vealed a detached haze layer near 350 km, covering all latitudes
below ~45° N (Rages et al., 1983). Though similar in some respects
to the Cassini layer, the Voyager detached layer is located more
than 150 km lower. Porco et al. (2005) suggest that the Cassini
detached layer could represent a seasonal evolution of the Voyager
layer, but this is unlikely. First of all, Voyager images reveal the ex-
istence of layers at both 500 and 350 km, though the 500 km layer
was at the limit of the Voyager camera sensitivity and, though
clearly detected at some latitudes, could not be seen at others
(Rages et al.,, 1983). Moreover, the Voyager and Cassini I/F val-
ues are consistent throughout the 400-520 km region. Thus, we
conclude that the Cassini detached layer at 520 km is a separate
phenomenon rather than a change in the Voyager detached layer.

3. Detached haze optical properties

We proceed with the analysis of the detached layer optical
properties by making two assumptions: the size distribution of the
particles in the layer is narrow enough to be characterized by a
mono-dispersed distribution and the shape of the particles can be
approximated as spherical. We do not expect the first assumption
to significantly affect our conclusions because aerosol size distribu-
tions are usually narrow and the optical results will be controlled
by the peak size. In addition, we present below the results of an
aerosol model that takes into account the size distribution of par-
ticles at each altitude. The model allows for the de-convolution of
the apparent particle size from the volume-average size, and fur-
thermore supports the second assumption of spherical particles in
the detached haze layer.

The observed brightness indicates that the detached haze is op-
tically thin and I/F can be approximated as:

% = %NﬂazQsctP(Q)l (1)
where N is the local particle density, a the particle radius, Qg
the scattering efficiency, P(0) the phase function at scattering an-
gle 0, and [ the atmospheric path-length that can be estimated as
| = /27 RH with R and H the local planetocentric distance and
aerosol scale-height, respectively. We neglect illumination of the
haze by scattered light from Titan’s lower atmosphere because the
geometric albedo of 0.05 at 338 nm (Karkoschka, 1994) implies
that direct solar illumination dominates. The extinction coefficient
is given by x = N7a® Qext, where Qex; is the extinction efficiency.
Combining the expressions for the intensity of scattered radiation
and extinction leads to:
4d/F) _[QsaPO1 _

= =Q. (2)

PRI

Qext and Qg are functions of wavelength (i), particle radius (a)
and refractive index (n, k). The refractive index is a complex num-
ber with the real part, n, presenting a rather small variability with
wavelength, while the imaginary part, k, can exhibit significant
variation covering many orders of magnitude. In the current cal-
culations we have used n = 1.65, the value for tholins at the UVIS
and ISS wavelengths (Khare et al., 1984).

The I/F value from ISS observations at 338 nm, phase angle
of ¢ = 114° (§ = 180 — ¢) and altitude of 520 km is ~5 x 1073,
while the UVIS extinction at 187.5 nm is ~3.1 x 1072 cm~!. At
this altitude H =52 km (Fulchignoni et al., 2005), the atmospheric
path-length is | = 1.0 x 108 cm and £ = 6.5 x 10~2. Examination
of the data in Porco et al. (2005) suggests a ~10% variability in
I/F. Assuming that the uncertainty in x at 187.5 nm is of the
same order, we conservatively estimate that §£2 must lie between
5x 1072 and 8 x 10~2. Hence, the combination of sizes and optical
properties that define the magnitude of 2 must lie in this range.
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Fig. 2. The dependence of parameter £2 on different values of k(187.5 nm) for differ-
ent particle sizes. The horizontal dashed line corresponds to the value of £2 defined
by the observations and the long dashed lines represent the uncertainty in the ob-
served value.

The equation used above for the calculation of the path-length
assumes an exponentially decreasing aerosol density with altitude.
As shown in Fig. 1, the extinction profile is more complex than
a simple exponential, but we do not expect this simplification to
significantly affect our results. Assuming a scale height H =76 km
results in a slightly (due to the square root dependence) larger
path length (1.2 x 108 cm) and £2 = 5.2 x 102, which is within
the uncertainty range of values defined above.

Calculation of the particle scattering properties with Mie the-
ory indicates that Qg(338 nm) and P(#)(338 nm) are indepen-
dent of k(338 nm) over a large range of values up to ~0.2. On
the other hand, Qex(187.5 nm) depends both on k(187.5 nm)
and a; thus, the value of §2 defines solutions corresponding to
pairs of k(187.5 nm)-a values. Fig. 2 presents values of £ from
Mie calculations as a function of k(187.5 nm) for a range of
a. Also shown is the value defined by the observations. We set
k(338 nm) = 0.12, the value for tholins at this wavelength (Khare
et al., 1984). For this case, solutions for £2 = 6.5 x 10~2 are only
obtained for 5 nm < a < 41 nm and consideration of the range of
£2 values indicates that the particle apparent size must be in the
range 3 nm < a < 45 nm. The derived value of k(187.5 nm) for
the detached haze particles is close to (at the large radius limit)
or smaller than the value of k(187.5 nm) = 0.24 for the particles
in the main haze layer (Khare et al., 1984). This suggests that the
chemical composition of the detached layer could be different from
that of the main haze layer, a conclusion similar to that reached
for the particles of the Voyager detached haze layer (Rannou et al.,
2000). The latter showed that the relative spectral variation of k
between 0.42, 0.5 and 0.58 pm at the Voyager detached haze layer
was different from that expected in the main haze layer based on
the tholin analogs (Khare et al., 1984), although absolute values of
the refractive index could not be retrieved.

Fig. 3 also shows the effect of using different values for
k(338 nm) to derive values for k(187.5 nm) and a. Smaller val-
ues of k(338 nm) do not provide a significantly different solution
since Qs¢(338 nm) and P(6)(338 nm) are practically independent
of k(338 nm) for values less than 0.2. The solutions are also quite
similar for k(338 nm) = 0.3. Values larger than this are unlikely
because they would be beyond the range defined by laboratory ex-

Fig. 3. Dependence of settling velocity (solid line), k(187.5 nm) (asterisk) and in-
verse number density (dashed line), on the particle’s radius. The sensitivity of the
retrieved values of k(187.5 nm) on the assumed value of k(338 nm) is also shown
with the long dashed (k(338 nm = 0.3)) and dotted (k(338 nm) = 0.01) lines rel-
ative to the nominal case of k(338 nm) = 0.12 for the asterisk. The diamonds
represent the retrieved k(187.5 nm) values for the case of larger scale height, dis-
cussed in the text. The dash-dotted line is the corresponding mass flux assuming
that the aerosols material has a density of 1 gcm—3,

periments (Ferris et al., 2005) and would also result in too high
k(187.5 nm) values (for example, assuming k(338 nm) = 0.5 the
maximum size retrieved is 38 nm with k(187.5 nm) = 0.6).

We calculate the haze number density N for all members of the
family of solutions shown in Fig. 2. The inferred densities shown in
Fig. 3, range from 36 cm~3 for k(187.5 nm) = 0.3 and a = 40 nm
to 3 x 10° cm~3 for k(187.5 nm) = 0.0016 and a = 9 nm. Assuming
an extinction scale height of 76 km only changes the upper limit
on a to 39 nm and the associated density to 34 cm~3. For clarity
of the plot we do not overplot these results in Fig. 3.

With the size and atmospheric density we calculate the sedi-
mentation velocity, also shown in Fig. 3. At these altitudes drag is
in the molecular regime and the settling velocity of the particles
is given by v = aag/ugpg with g the gravitational acceleration, ug
the gas thermal velocity, pg the atmospheric density, and « a nu-
merical coefficient taken equal to 0.7. Our analysis constrains only
a family of solutions corresponding to (k, a) pairs, but particle sizes
near the upper end of our range seem far more likely than smaller
particles for two reasons: they provide the right heating for gen-
erating the observed temperature maximum, and their mass flux
is in agreement with the flux allowed by the photochemical pro-
cesses in the atmosphere. These are discussed hereafter.

Heating of the atmosphere by absorption of sunlight in the de-
tached layer causes the correlation between the haze extinction
and temperature shown in Fig. 1. Fig. 4 shows the vertical tem-
perature profile calculated including heating in the detached layer.
The temperature is calculated assuming radiative equilibrium and
using the non-LTE code described in Yelle (1991). The heating rate
is assumed to be a Gaussian in shape, centered at a pressure of
1 pbar with a width of 10 km. The calculated temperature inver-
sion is consistent with that measured by HASI for a peak heating
rate in the detached layer of 8.5 x 10~7 ergcm~3s~!. Fig. 5 shows
calculations of the peak heating rate in the detached layer as a
function of particle size. The calculations assume optically thin Mie
scattering and use tholin optical properties (Khare et al., 1984) in
the visible region of the spectrum. The density of haze particles is
taken from Fig. 3. A peak heating rate of 8.5 x 10~ ergcm 35!
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Fig. 4. Calculated temperature profiles and aerosol heating rates in Titan's meso-
sphere for models with and without a detached haze layer. The dot-dashed and
dotted lines show the heating rate with and without a detached haze layer; the
solid and dashed lines show the corresponding temperature profiles.

is obtained for a particle radii of 42 nm, but, assuming that the
inadequate knowledge of aerosol optical constants and possible
departures from radiative equilibrium cause a factor of two un-
certainty in the heating rates, we consider that any particle radius
greater than 35 nm produces an acceptable solution. Combining
this constraint with that determined from the optical analysis pre-
sented earlier, we conclude that a = 35-45 nm for the particles in
the detached layer.

Particle radii of ~40 nm are also implied by consideration of
the mass flux required to sustain the detached haze layer. The
product of aerosol mass, density and settling velocity gives the
mass flux, shown in Fig. 3. For a = 35, 40, and 45 nm, the mass flux
scaled to the surface is 4.6, 3.5, and 2.7 x 10~'* gcm—2s~!. Larger
mass fluxes are difficult to explain on the basis of photochemistry.
As discussed below, the total mass production rate above 500 km
due to photochemistry is roughly 9 x 10~ gem=2s~1 (Lavvas et
al., 2008b; Vuitton et al., 2008), implying that photochemical pro-
duction of haze in Titan’s atmosphere occurs with an efficiency of
30-50%. Particle radii less than ~25 nm would imply that photo-
chemistry leads to aerosol production with 100% efficiency, which
is not possible. Thus, consideration of energetics and mass balance
both favor particle radii of ~40 nm.

4. Previously suggested formation mechanisms

Liang et al. (2007) suggest that the detached layer is caused
by condensation of CgN; at a temperature minimum near 520 km.
The minimum discussed by Liang et al. (2007) is present in the
temperature profile derived from the UVIS data but not in the
higher resolution and more direct HASI observations. The HASI
data clearly show that the haze is coincident with a temperature
maximum and consequently the condensation hypothesis must be
rejected.

We have also considered a more complicated scenario in which
the detached layer is caused by an increase in the density of con-
densation nuclei near 520 km. This is motivated by the fact that
silicate micrometeorites ablate near 500 km (English et al., 1996;
Ip, 1990). Recondensation of the refractory vapor creates ‘smoke’
particles (Hunten et al, 1980) that could serve as condensation
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Fig. 5. The solid line shows the solar heating rate in the detached layer as a func-
tion of the particle radius retrieved by the optical analysis. The dashed line is the
calculated temperature increase in the layer corresponding to the heating rate for a
given particle size. The dotted line shows the observed temperature increase.

nuclei. Pioneer measurements of the dust density near Saturn’s re-
gion combined with theoretical estimates for the particles velocity
distribution, suggest mass fluxes of ~10~" gcm=2s~! (Molina-
Cuberos et al., 2001), while measurements from the Cassini Dust
Analyzer (CDA) suggest a similar magnitude at Titan’s location
(Srama et al, 2006). These fluxes are ~3 orders of magnitude
smaller than the lower limit of our estimated mass flux, so me-
teorite ablation cannot be the direct cause of the aerosol layer;
however, if the ablated meteoritic material reforms 1 nm particles,
the implied number flux would be 2.4 x 10° particlescm—2s~1,
which is of the right order of magnitude to explain the detached
layer.

This hypothesis requires that additional material condense on
the meteoritic smoke particles (Hunten et al., 1980). Unfortunately,
the main photochemical products on Titan (HCN, C;H,, CoHg, etc.)
do not condense at the temperature and pressure in the de-
tached layer. The saturation mixing ratios for species present in
Titan's mesosphere are shown in Fig. 6. The vapor pressure of each
species is calculated assuming the HASI vertical temperature pro-
file (Fulchignoni et al., 2005). The species that come closest to
condensing are H,O and CgN;. There is some water vapor present
from ablation of icy micrometeorites in Titan’s atmosphere, but
the mole fraction corresponding to saturation vapor pressure of
water at 520 km is 1.6 x 1072, many orders of magnitude larger
than expected (at 500 km the expected mixing ratio of H,O is less
than 10~8; Horst et al.,, 2008). Similarly, the mole fraction of CgN;
at 520 km is expected to be much smaller than the saturation
value of 5x1076. The simulated mole fractions of C;N; and C4N>
are close to 108 at 520 km (Lavvas et al., 2008b) and the mole
fraction of CgN, should be even smaller based on photochemical
considerations. Hence, the growth of particles through condensa-
tion cannot explain the detached haze layer.

Rannou et al. (2002) suggest that the Voyager detached haze
layer is related to advection processes in the atmosphere. In this
model, meridional winds transport the haze particles polewards,
constraining them at a specific altitude region, before depositing
them at the pole, while the upwelling part of the circulation trans-
ports large particles from the main haze layer upwards, enhancing
in this way the opacity of the detached haze layer. This explana-
tion is unlikely to work for the detached layer at 520 km because
sedimentation velocities at these altitudes are much larger. More-
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Fig. 6. Saturation mixing ratios for plausible condensates in Titan’s mesosphere and
thermosphere calculated using the HASI vertical temperature profile (Fulchignoni
et al., 2005). The vapor pressure data are taken from the NIST database except for
CgN2 which is taken from Saggiomo (1957).

over, the detached layer at 520 km is remarkably symmetric and
confined within a few km at a constant altitude around Titan
(Fig. 10a, Porco et al., 2005). Nevertheless, we can estimate the
necessary magnitude of the meridional winds. If meridional winds
are responsible for the formation of the detached layer, then their
magnitude must be large enough to transport the particles from
any latitude to the pole before these settle out of the detached
layer region. Otherwise the width of the layer would be variable
with latitude and asymmetries would be observed, as is the case
for the lower altitude layers observed by ISS (Porco et al., 2005).
A 40 nm particle has a settling velocity of vs ~1 cms~! at 500 km
(Fig. 3), and the characteristic time to fall 20 km is only 2 x 10° s.
Unfortunately, the magnitude of the meridional winds at those al-
titudes is not known. From the characteristic time for meridional
transport, Ty = R/v with R the planetocentric distance and v the
meridional wind velocity, we can deduce that the latter must be
much larger than 150 cms™! in order to be able to generate the
detached layer. The only estimate for the meridional wind mag-
nitude that we have is for the region of the stratospheric zonal
jet, where based on CIRS temperature measurements Achterberg
et al. (2008) estimated that v ~ 3 cms~!. If the meridional winds
are not significantly enhanced at higher altitudes then they are
too small to generate the well-defined detached haze layer. This is
something that remains to be verified.

But even if the meridional winds at the location of the detached
haze layer are much stronger than those at the stratospheric jet
region, the advection solution cannot be a possible explanation for
another reason. An important parameter in the dynamical explana-
tion of the detached layer formation is the location of the produc-
tion region since it is only inside this region where the detached
haze layer can be generated (Rannou et al., 2002, 2004). Hence,
under the advection description different detached haze layers re-
quire different formation altitudes for the aerosols and in the cur-
rent case of the Cassini detached haze layer this altitude should be
close to 500 km. Yet, the large sedimentation velocity retrieved in
the detached layer in combination with the inefficiency of conden-
sation or external sources to provide enough mass to generate the
detached layer, as shown above, suggests that the aerosols must
be formed at higher altitudes. This makes the dynamical solu-
tion more difficult to apply. Aerosols formed above 500 km must

Absorption Rate (photons em™s™!)

Fig. 7. The absorption rate of solar photons versus altitude in Titan’s atmosphere.
The dot-dashed, dashed, and solid lines represent the integrated flux in the wave-
length bands <89.6 nm, 89.6-145 nm, and 145-200 nm, respectively. The first
band represents solar ionizing radiation, the second the region over which CHy is
photodissociated into neutral fragments, and the third, absorption by CaH,, which
drives the photocatalytic dissociation of CHg. Calculations assume a solar zenith an-
gle of 60° and are scaled by 0.5 to represent a global-average. The altitude profile
of density for absorbing constituents is taken from Yelle et al. (2008) and Vuitton
et al. (2008).

be produced by the energetic radical and ion chemistry in the
thermosphere. Fig. 7 shows calculations of the absorption rate for
several UV wavelength bands in Titan’s atmosphere. Only chem-
istry driven by the solar flux below ~145 nm can contribute to
the haze seen in the detached layer and this energy is mainly
deposited above 700 km. Absorption of longer wavelength solar
radiation, which contributes to the photo-catalytic destruction of
CH4 and the formation of C;Hg (Yung et al., 1984), occurs far too
deep in the atmosphere to be a factor. The column-integrated pho-
toabsorption rate at wavelengths less than 145 nm corresponds to
a globally-averaged mass production rate of 9 x 10~ gem=2s1.
This value is a factor of 2-3 larger than our estimate of the mass
flux in the detached layer, implying that thermospheric chemistry
could account for most of the haze in Titan’s atmosphere as long
as the efficiency is tens of percent.

5. Optical illusion scenario

Still, it remains to explain the drop in extinction and I/F
just below 500 km. A possible case could be that of an opti-
cal illusion. In this scenario the coagulation of the particles that
leads to the concentration of their mass into a smaller number
of larger size particles, could result in a decrease in their ex-
tinction profile, resulting in the apparent detached layer. Aerosol
microphysics in this region is quite complex. It is customary to
separate coagulation into two distinct phases in which aerosols
first grow in a quasi-liquid fashion becoming larger spheres up
to a size of ~30-50 nm, after which growth occurs through for-
mation of aggregates of spherical monomers (Bar-Nun et al., 1988;
Cabane et al., 1993). The transition from monomer growth to ag-
gregation occurs in this region of the atmosphere (Cabane et al.,
1993), but the exact location and the details of the process is not
well understood, especially for the initial growth of aggregate par-
ticles.

In order to investigate these processes we used the microphys-
ical model described in Lavvas et al. (2008a), which has been ex-
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Fig. 8. Results of the aerosol model assuming a Gaussian production profile cen-
tered at 900 km (solid line with asterisks). The solid and short-dashed lines present
the optically-effective radius of the particles averaged between the UVIS and ISS
wavelengths, for the two growth processes considered. The apparent size of the par-
ticles, presents a sharp increase when these start to coagulate as fractal aggregates
(dashed line) close to 500 km, relative to the calculated size when only spherical
growth is considered (solid line). Due to volume conservation, the average parti-
cle density corresponding to the optically-effective radius, has the inverse behavior
(dash-triple dotted line for spheres, dash-dotted line for fractals). The long-dashed
line presents the calculated number of monomers in each aggregate, Ny.

tended to describe both spherical and fractal particle growth. The
model solves the time-dependent continuity equation for particle
growth in one dimension, generating the population of different
size particles at each altitude. The coagulation of the particles is
considered to follow the Brownian or ballistic kernels, depending
on the atmospheric pressure, and the necessary adjustments re-
quired for the description of the kernels, settling velocities and
charge effect between the particles for the case of fractals, were
included based on the work of Cabane et al. (1993). The contribu-
tion of eddy mixing in the distribution of particles is also included
in the calculations with the mixing profile taken from Lavvas et
al. (2008b). The model includes 35 size bins that double in volume
covering the range between 3 nm and 2 microns. The optical prop-
erties of the generated particles are calculated from Mie theory if
these are spheres or from the semi-empirical model of Rannou et
al. (1999) when they are of fractal structure.

We applied this model in Titan’s upper atmosphere focusing on
the detached haze layer region. For the particle production we as-
sume a Gaussian profile centered at 900 km and with a column
mass production of 6.5 x 10~ gcm=2s~! (Fig. 8). The particles
grow as spheres or fractals depending on the fractal dimension,
Df (Df < 2 for aggregates and 3 for spheres), which is a free pa-
rameter in the model. The transition between spherical to fractal
growth allows for a more efficient coagulation between the par-
ticles due to the effectively larger collision cross section of the
fractal structures. This is shown by the solid and dashed lines in
Fig. 8 that represent the optically effective radius of the particles,
averaged between the UVIS and ISS wavelengths. At the detached
haze peak, the calculated apparent size is in between the size
range (35-45 nm) retrieved by our analysis and furthermore the
volume-average size of the particles is 30 nm (not shown). The
proximity of these two values suggests that our initial assumptions
for the optical analysis are valid. Since, under the fractal aggregate
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Fig. 9. Model results for the extinction by the aerosol particles at 187.5 nm. The
dash and dash-dotted lines present the contribution from fractal and spherical par-
ticles. These provide a good fit to the extinction profile retrieved by the Cassini/UVIS
data analysis at 187.5 nm (Liang et al., 2007—red line) at the altitudes where only
spherical (>520 km) or only fractal (<480 km) particles are present. The com-
bined contribution by the two types of particle shapes, at the transition region from
spherical to fractal growth (solid line), provides a well-pronounced minimum in the
total extinction profile (diamonds), in excellent agreement with the observations.
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

growth scenario the particles are larger than in the case of spher-
ical growth, volume conservation requires that the corresponding
particle densities exhibit the inverse behavior. This is verified by
our calculations, which show a rapid decrease of particle density
after the onset of aggregate formation (dash-dotted line) relative to
the particle density under spherical growth only (dash-triple dot-
ted line).

Assuming that the particles grow only spherically (Df = 3), re-
sults in a good fit to the extinction observed by UVIS at 187.5
nm above the detached haze layer, while the modeled extinction
drops faster than the observed extinction at altitudes below the
detached layer (Fig. 9). By setting the center of the transition re-
gion of spherical to fractal growth at 500 km, the generated fractal
particles provide an excellent fit to the observed extinction pro-
file below the detached layer suggesting that the particles present
there are indeed of fractal structure (Df < 3). At the same time, the
transition from spheres to aggregates, generates a well pronounced
minimum in the total simulated extinction, which provides a very
good fit to the retrieved detached-layer extinction profile from
UVIS (Liang et al., 2007). A local minimum in the extinction profile
is also observed in the modeled extinction at 338 nm, although of
smaller magnitude (not shown).

The above results suggest that the presence of the detached
haze layer is due to the transition in the particle growth process
from spherical growth to aggregate growth of fractal structure. We
note here that our calculations for the optical properties of the ag-
gregate particles, based on the Rannou et al. (1999) semi-empirical
model, correspond to a fractal dimension, Df = 2. The optical be-
havior of the aggregates for 2 < Df < 3 is not known. To overcome
this obstacle we applied an interpolation between the optical prop-
erties of spherical particles (based on Mie theory) and the optical
properties of fractal aggregates of Df = 2 weighted by the fractal
dimension in the transition region (Fig. 9). This approach is sup-
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ported by the independent fit of the observations by the model
calculations at the regions were only spheres (z > 520 km) or only
fractals of Df =2 (z < 480) are used.

Finally, the calculated monomer size of the particles forming
the fractal aggregates is ~60 nm. We calculate the monomer size
at the mid point (Df = 2.5, z=500 km) of the transition region
between spherical and fractal growth with Df = 2, which explains
the larger size of the monomers relative to the particle size at
the detached layer peak. This monomer size is consistent with
the 50 nm size retrieved by the DISR measurements (Tomasko
et al, 2008), while the corresponding number of monomers in
the simulated aggregates reaches to ~1200 in the lower atmo-
sphere (below 200 km) that is also in agreement with the value of
3000 retrieved by DISR. This is an important constraint since the
size of the monomers indicates the location of the transition re-
gion between spherical to aggregate growth. If the transition was
at a much higher altitude than the one used here, the spherical
particles would not have enough time to grow to the retrieved
monomer size, while if it was at a lower altitude the monomers
would be larger and would induce different polarization from that
observed by DISR. Of course the above depends on the location of
the production profile. Assuming that the production is centered
at 600 km, results in a smaller extinction at the spherical-particle
growth region above 600 km (and in a reduction in the total ex-
tinction) since there is no production at these altitudes any more
(and the particles stay for a smaller time in the atmosphere). Yet,
the presence of a minimum in the extinction profile at the loca-
tion of the detached haze layer is a persistent result of the model.
If the particle production is below the location of the detached
haze layer then the above scenario is not possible. Yet, as discussed
above, the production of particles at high altitudes is supported by
the detection of large mass negative ions and by the optical analy-
sis of the detached haze layer presented here. A production region
at the detached haze layer is also required in the dynamical so-
lution scenario used for the Voyager detected detached layer at
350 km (Rannou et al., 2002). These results provide further sup-
port to our suggested model of the detached haze layer formation.

6. Discussion

Our analysis of the detached-haze layer from the Cassini/Huy-
gens observations suggests that the transition from spherical to
aggregate growth of fractal structure, is the cause for the presence
of this feature. Of course the emerging question is why this occurs
at the specific altitude. So far the aerosol growth models have de-
scribed the particle interaction through a sticking efficiency, which
is usually parameterized as an empirical number. Nevertheless,
this efficiency, which practically conceals the physical and chem-
ical process taking place during the surface interaction between
two colliding particles, is a function of the atmospheric conditions,
the chemical composition and structure of the aerosols, and of
course of the atmospheric gas background. A rigorous theory for
the impact of all these parameters is required before a better un-
derstanding of the processes defining the shape of the emerging
particle, is reached.

Nevertheless, it is interesting to note that the location of the
detached haze layer is coincident with the atmospheric region
where the main photochemical radicals are depleted (Lavvas et
al., 2008b). This could mark the ending of the chemical growth
of the particles from the interaction with the atmospheric chemi-
cal background and the initiation of a growth mode based only on
particle collisions. Furthermore, laboratory measurements (Sekine
et al., 2008a) combined with theoretical calculations (Lavvas et
al., 2008b; Sekine et al., 2008b) have shown that heterogeneous
chemistry on the surface of the haze analogs induce significant
changes in the chemical structure of the particle surface, which

can have further ramifications in the chemical composition of the
atmosphere. Potentially these effects can change the interaction
between the colliding particles although the results of their impact
are not understood under our current knowledge. Further inves-
tigation of the processes defining the growth of the particles is
required in order to understand why the transition takes place
at this region and how the particles produced at higher altitudes
determine the vertical haze opacity in Titan’s atmosphere. These
issues, along with a more detailed description of the aerosol model
presented above will be given in a future publication.

7. Conclusions

Our simulation of Titan’s haze particle evolution suggests that
the presence of the detached haze layer is due to the transition
in the growth of particles from spherical to fractal structure. The
rapid sedimentation velocity at 520 km implies that the parti-
cles in the detached layer will settle to the main layer, raising the
possibility that the main haze layer is produced primarily by set-
tling and coagulation of the detached haze layer. Our estimate of
~40 nm for the size of the detached layer particles is also in good
agreement with the size ~50 nm inferred for the monomers in
the aggregate particles of the main layer (Tomasko et al., 2008).
Furthermore, the mass flux of 2.7-4.6 x 10~ gcm™2s~! that
we derive for the detached layer is close to the estimates of
0.5-2.0 x 107 gem=2s~! for the flux required to produce the
main haze layer in the stratosphere (McKay et al., 2001). Because
of this close agreement in mass flux, the agreement between the
size of the detached haze and main layer monomers, and the fact
that the detached layer must sediment to lower altitudes, we sug-
gest that the main haze layer on Titan is formed from sedimen-
tation and coagulation of the detached layer. Thus, the detached
layer is not an isolated phenomenon, but the key to understanding
aerosol formation for the entire atmosphere. It follows that chem-
istry in the thermosphere and ionosphere is a primary source for
Titan’s main haze layer. Given the uncertainty in estimates for the
mass flux, we cannot rule out an additional significant source from
stratospheric chemistry, but such a source does not appear to be
required by the data at the present time.
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