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Microphysical simulations of Titan's stratospheric haze show 
that aerosol microphysics is linked to organized dynamical pro- 
cesses. The detached haze layer may be a manifestation of 1 cm 
sec- 1 vertical velocities at altitudes above 300 km. The hemispheri- 
cal asymmetry in the visible albedo may be caused by 0.05 cm sec- 1 
vertical velocities at altitudes of 250 to 200 kin, we predict contrast 
reversal beyond 0.6 pm. Tomasko and Smith's (1982, Icarus 52, 
65-95) model, in which a layer of large particles above 220 km 
altitude is responsible for the high forward scattering observed by 
Rages and Pollack (1983, Icarus 55, 50-62), is a natural outcome 
of the detached haze layer being produced by rising motions if 
aerosol mass production occurs primarily below the detached haze 
layer. The aerosol's electrical charge is critical for the particle size 
and optical depth of the haze. The geometric albedo, particularly 
in the ultraviolet and near infrared, requires that the particle size 
be near 0.15 ~m down to altitudes below 200 km, which is consis- 
tent with polarization observations (Tomasko and Smith 1982, 
West and Smith 1991, Icarus 90, 330-333). Above about 400 km 
and below about 250 km Yung et al.'s (1984, Astrophys. J. Suppl. 
Set. 55, 465-506) diffusion coefficients are too small. Dynamical 
processes control the haze particles below about 250 km. The 
relatively large eddy diffusion coefficients in the lower stratosphere 
result in a vertically extensive region with nonuniform mixing 
ratios of condensable gases, so that most hydrocarbons may con- 
dense very near the tropopause rather than tens of kilometers above 
it. The optical depths of hydrocarbon clouds are probably less than 
one, requiring that abundant gases such as ethane condense on a 
subset of the haze particles to create relatively large, rapidly re- 
moved particles. The wavelength dependence of the optical radius 
is calculated for use in analyzing observations of the geometric 
albedo. The lower atmosphere and surface should be visible outside 
of regions of methane absorption in the near infrared. Limb scans 
at 2.0 /zm wavelength should be possible down to about 75 km 
altitude. © 1992 Academic Press, Inc. 
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2NTRODUCTION 

Organic photochemis t ry  creates  an optically thick haze 
in the s t ra tosphere of  Titan. Ground-based  observers ,  as 
well as Pioneer  and Voyager  spacecraf t  observers ,  have 
provided a series of  constraints  on the haze proper t ies  
and raised a number  of  questions about  the haze (Hunten 
et al. 1984). In order  to investigate some of  these ques- 
tions, we have const ructed a physical  model  of  the forma-  
tion and growth of the aerosols  in T i tan ' s  s t ra tosphere.  

One point of  debate  about  T i tan ' s  haze is the particle 
size. Models of  the phase  angle variat ion of  the reflectivity 
and of the geometr ic  a lbedo by Rages and Pollack (1980) 
indicated particle sizes be tween  0.2 and 0 .35 /zm,  while 
calculations by Podolak and Giver  (1979) suggested parti- 
cles sizes near  0.1/xm. Pioneer  (Tomasko  and Smith 1982) 
and Voyager  (West et al. 1983) observa t ions  of  polariza-  
tion of scat tered light required particle sizes no larger than 
0.1 /zm. However ,  Voyager  observa t ions  (Rages et al. 

1983) of  the high phase  angle brightness required particles 
sizes of  least 0 .2 /xm and probably  0.5 p~m. 

West  and Smith (1991) showed that a bimodal size distri- 
bution with nonspherical  particles, consisting of relatively 
densely packed  groups of spherical subelements ,  in a size 
mode with an area mean radius of  about  0.15/zm together 
with a second size mode  of very small spherical particles 
can explain both the photometr ic  and the polarization 
data. T o m a s k o  and Smith (1982) put forward a different 
resolution of  the particle size problem. They recognized 
that the polarization and high phase angle data originated 
f rom different regions of  the a tmosphere  which could have 
different particle properties.  They suggested that a layer 
of  large spherical particles with an optical depth near 0.05 
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might overlie the main haze layer and be responsible for 
the high phase angle data. The first goal of this paper is to 
determine if such a high altitude layer of large particles is 
plausible, to determine the conditions under which bi- 
modal size distributions might occur in the main haze 
layer, and to determine the particle size in the main haze 
layer based on geometric albedo data. 

A second point of debate is whether or not the aerosol 
composition depends on altitude. Unfortunately, chemi- 
cal models of haze formation are not yet capable of pre- 
dicting the abundances of materials that might condense 
in various altitude regions. Most aerosol microphysical 
models (e.g., Toon et  al. 1980, McKay et  al. 1989) have 
assumed an altitude-independent composition similar to 
that of tholins produced in laboratory simulations of Ti- 
tan's atmosphere (Khare et  al. 1984). Sagan and Thomp- 
son (1984) pointed out that the gap between the observed 
low molecular weight hydrocarbons and high molecular 
weight compounds which presumably condense to form 
tholins could be filled with intermediate molecular weight 
compounds that would condense to form haze layers. 
Podolak (1984) favored a material, such as a polymer 
of ethylene, which is less absorbing than tholins as the 
dominant constituent of the high altitude haze. We restrict 
our investigations to homogeneous, involatile aerosols. 
The second goal of this paper is to determine if such 
aerosols can explain features such as the detached haze 
layer in a natural manner. 

Titan's haze extends over a vertical distance of several 
hundred kilometers. Little is known about the vertical 
variation of the haze properties, and the third goal of our 
work is to constrain the vertical variation. Aerosol models 
constructed prior to the Voyager mission also considered 
this problem (Toon et  al. 1980, Podolak and Podolak 
1980), but these models have been outdated by the Voy- 
ager atmospheric structure data which show a much 
higher atmospheric pressure than assumed in these early 
models. In addition, a number of new constraints have 
been placed upon the vertical aerosol variation by Voy- 
ager and other observations. 

A number of observations indicate latitudinal inhomo- 
geneities in the aerosols. The detached haze layer ob- 
served by Voyager (Smith et  al. 1981) is present through- 
out the Southern hemisphere and at low latitudes of the 
Northern hemisphere. Its altitude is smaller at the south 
pole, and it merges with the main haze layer at the north 
pole. Hence, there is both a hemispheric asymmetry, and 
an equator to pole variation. In addition, low phase angle 
pictures show that the southern hemisphere is brighter at 
visible wavelengths than the northern hemisphere (Smith 
et  al. 1981). Sromovsky et  al. (1981) argued that variations 
in the aerosol optical depth or optical constants are the 
most likely cause of these variations. Another goal of our 
modeling will be to explore possible explanations for these 
latitudinal variations in the haze. 

The low temperatures near Titan's tropopause may lead 
to the condensation of a number of observed organic spe- 
cies (Hanel et  al. 1981, Yung et  al. 1984). Sagan and 
Thompson (1984) suggested that four organic gases, in- 
cluding ethane, could condense to produce clouds with 
visible optical depths in the range of 10 to 200. These 
optical depth estimates were based upon the abundances 
observed at altitudes well above the tropopause. We ex- 
plore the vertical distribution of ethane and of HCN in a 
simple manner. The results call into question the presence 
of optically thick condensational clouds in Titan's strato- 
sphere. 

Below we first describe the structure of our model. Next 
we discuss observational constraints. Then we perform a 
series of sensitivity tests in order to determine the rela- 
tionship between the physical processes controlling the 
aerosols and the observable properties of the aerosols. 
Following the sensitivity tests we develop models which 
provide the best agreement with the available data. Fi- 
nally, we discuss the implications of our work. 

THE NUMERICAL AEROSOL MODEL 

The physical processes in our one-dimensional aerosol 
model are similar to those described by Toon et  al. (1980). 
The numerical algorithms are discussed by Toon et  al. 
(1988a). The model simulates particle coagulation, sedi- 
mentation, eddy diffusion, and aerosol electrical charging. 
We envision that unspecified photochemistry creates ang- 
strom-sized clusters which collide with each other and 
with larger aerosols, created previously, causing particles 
to grow to submicrometer sizes. The ultimate size of the 
particles is limited by particle charging which inhibits 
coagulation between large charged particles. The particles 
fall downward and are transported by eddy diffsuion. 

In this section of the paper we establish a set of "con- 
ventional" model parameter values (Table I). Later we 
refine our parameter choices by comparing aerosol model 
simulations with observations. In this section we also 
define a number of microphysical time constants, which 
are useful for gaining physical insight into the aerosol 
system as discussed at greater length later in the paper. 

The aerosol model solves continuity equations in one 
spatial dimension of the form (Toon et  al. 1988a) 

dn(v) ld t  --- d{n(v )Vfa i i -  nga~Kad[n(v ) lng j /dz} /dz  

+ 0.5 K ( v ' ,  v - v ' )n (v ' )n (v  - v ' )dv '  

- ~ K ( v ' ,  v )n (v )n(v ' )dv '  + q(v)  - Rrn(V). 
Jo 

(1) 
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T A B L E  I 
P a r a m e t e r s  U s e d  in the Aerosol Model 

Parameter Conventional model Revised model 

T, P profile Lellouch and Hunten - - "  
(1989) recommended 
(Figs. 1, 2) 

Mass production 66% above 300 km 3% above 300 km 
profile (Fig. 1) (Fig. 1) 

Volume production 1.225 × 10 -I4 
rate (cm 3 cm -2 
s e e  i )  

Eddy diffusion 
Vertical air 

velocity 
Particle shape 
Particle density 
Coagulation 

efficiency 

Rainout time 

Fig. 2 Fig. 2 
None 1.0 cm sec 

320 to 430 km 
Spheres  
1 g c m  -3 
Borucki et  al. (1987) No charge above 

charging 300 km 
3 x Borucki et  al. 

(1987) 
below 300 km 

I year (below 30 km) No rainout 

Indicates no change from conventional model. 

This equation states that the time rate of change of the 
concentration of particles having volume v, at altitude 
z, at time t is equal to the sum of the gradient of the 
sedimentation flux found using fall velocity Vf~ ; the gradi- 
ent of the diffusive flux with diffusion coefficient Kd ; the 
creation rate of particles of size v by the coagulation of 
smaller particles at a rate determined by the coagulation 
kernel K; the loss rate of particles of size v by coagulation 
with all the other particles; the production rate of particles 
due to nucleation, q; and finally the loss rate due to collec- 
tion by rainfall at a rate given by Rr. In Eq. (1), ngas is the 
number density of atmospheric molecules. 

The continuity equation is solved for particles ranging in 
size from about 13 A to 3/xm with the particles segregated 
into bins that double in volume. A continuity equation is 
solved for each bin of aerosols on an altitude grid which 
covers the range from the surface to 600 km in 10-km 
steps. We assume that there is no flux of aerosol across 
the upper boundary of the model. 

We calculate the microphysical and optical properties 
of the particles using expressions based upon spherical 
shape. The microphysical properties of moderately elon- 
gated spheres and plates differ only slightly from those of 
spheres (Toon e t  al. 1980), although some optical proper- 
ties, especially polarization, can depend significantly 
upon particle shape. 

In the pre-Voyager model of Toon et  al. (1980) one of 
the principal Uncertainties was the atmospheric pres- 
sure-temperature structure. However, that has now been 
determined as illustrated in Figs. 1 and 2. We use the 

Lellouch and Hunten (1989) recommended model for the 
temperature and density structure on Titan. We calculate 
the pressure from the density and temperature assuming 
an altitude-independent molecular weight of 28. 

A second major uncertainty in our earlier study (Toon 
et al. 1980) was the altitude at which aerosol mass is 
produced. Unfortunately, no chemical simulations exist 
which definitively identify the regions, or mechanisms, of 
aerosol formation. Since the aerosol must originate from 
methane, we assume in our conventional model that the 
aerosol production rate is directly proportional to the local 
methane destruction rate. Yung et al. (1984) show that 
about 30% of the column methane loss occurs above 600 
km altitude due to direct photodissociation of methane. 
Allen et al. (1980) proposed that methane destruction at 
lower altitudes is due to photosensitized dissociation in- 
volving the photolysis of C2H2. The methane destruction 
rate due to these processes (Yung et  al. 1984; reactions 
R55, R61, and R53) maximizes between 150 and 350 km, 
but these processes continue to occur upward to altitudes 
above 600 km. 

We derived an expression for the altitude profile of 
aerosol mass production rate below 600 km by fitting the 
methane destruction rate terms in Fig. 5a of Yung et al. 
(1984). This function is given by 

E 
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i TEMPERATURE, K 
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* C TR(~CPAUSE 

0 O0 200 

FIG. 1. Vertical profiles of  temperature and aerosol mass production 
rate. The vertical temperature structure in the equatorial region of  Titan 
is from Lellouch and Hunten (1989). The conventional  model mass 
production profile is obtained from the profile of  the methane destruction 
rate given by Yung et  al.  (1984). The figure presents  the profile in terms 
of the fraction (in %) of  the column mass production that occurs above 
a given altitude, The altitudes of  the visible limb (~- ~ 0.1), o f  the peak 
of  the detached haze layer (r ~ 0.01), and of  the tropopause are indicated 
by arrows. 
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FIG. 2. Vertical profiles of the pressure and diffusion coefficient. 
The pressure as a function of altitude was determined from the density 
and temperature data of Lellouch and Hunten (1989), assuming a molecu- 
lar weight of 28. The diffusion coefficient in the conventional model 
above 150 km is identical to that of Yung et  al. (1984) derived from their 
simulation of the chemistry of the atmosphere of Titan. Below 150 km 
the conventional model uses a modified diffusion coefficient chosen 
to make the conventional model yield reasonable agreement with the 
geometric albedo data. The revised model increases the diffusion coeffi- 
cient above 400 km so that the aerosols remain well mixed at high altitude 
as observed by Rages and Pollack (1983). 

q(Rmin) --- exp(-0.5*((Z - Zo)/Zs)2). 

If Z is greater than Z 0 we use twice the value for Zs that 
we use when Z is less than Z0, and q is not allowed to be 
less than 0.2. The scale height of the production is smaller 
at lower altitude because absorption by the haze limits the 
penetration of ultraviolet sunlight. The mass production 
rate becomes constant at high altitude because of the 
very extended nature of the chemical production region in 
Titan's atmosphere. In the conventional case, Z 0 is taken 
to be 250 km and Zs is taken to be 50 km for Z less than 
z0. 

In order to match the Yung et  al. (1984) methane loss 
rate profile, the production rate altitude profile is normal- 
ized to two-thirds of the column mass production rate 
assumed. In addition, a flux of one-third the mass produc- 
tion rate occurs at the model top to represent methane 
destruction above the model top. The total mass produc- 
tion rate in our conventional model is taken to be 1.2 x 
10 -14 g cm -2 sec -1 (McKay et al. 1989). 

Toon et al. (1980) preferred a mass production rate 10 
times larger than the one assumed in our conventional 
model. However, Yung et al. (1984), who deduced that 
the total methane loss rate is about 4 x 10 -13 g cm -2 
sec-l, assigned most of the lost methane to production of 
ethane and acetylene, leaving only a small fraction of the 
total methane loss to be used for aerosol formation. The 
large aerosol mass production rate was needed by Toon 
et al. (1980) in those pre-Voyager simulations because the 
atmospheric mass was incorrectly assumed to be small. 
With the current knowledge of Titan's atmospheric struc- 
ture such large mass production rates are no longer 
needed. 

The production rate curve is presented in Fig. 1 in terms 
of a cumulative amount of mass produced in the column 
above a given altitude. Most of the column production 
occurs at high altitude; half of the mass is produced above 
375 km, 85% is produced above 250 km, and 98% is pro- 
duced above 175 km. Given the chemical destruction pro- 
file of methane in the Yung et al. (1984) model, most of 
the mass that is needed to produce the main aerosol layer 
is produced in the region containing the detached haze 
layer, suggesting that the aerosols in the detached haze 
layer may be similar in composition to those in the main 
haze layer. 

The eddy diffusion flux in Eq. (1) is proportional to the 
eddy diffusion coefficient, K a. Yung et al. (1984) have 
adopted a stratospheric eddy diffusion coefficient profile 
in which the diffusion coefficient is constant at a value of 
3 × 102 cm 2 sec- ~ for atmospheric number density greater 
t h a n  1017 c m  -3 (which occurs at about 150 km) and varies 
as  8 X 104 (]017/ngas) I/2 c m  2 s e c  -1 for lower number densi- 
ties. Coustenis et al. (1989) find that the abundances of a 
number of minor constituents of Titan's atmosphere are 
overestimated by the work of Yung et al. (1984), which 
Coustenis et al. (1989) attribute to Yung et al. (1984) 
having too small a diffusion coefficient in the lower strato- 
sphere. In order to partially correct the Yung diffusion 
coefficients, our conventional model diffusion coefficient 
profile (Fig. 2) continues downward to about 70 km with 
a n ~ / 2  dependence rather than abruptly decreasing at 
about 150 km altitude. There is no physical significance 
to 150 km in Titan's atmosphere, but 70 km is just above 
the tropopause. The tropospheric diffusion coefficient is 
3 × 102 cm 2 sec-~, which is smaller than Flasar et al . 's  
(1981) upper limit of 103 cm 2 sec- 1. A diffusive time con- 
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temperature. The density of the particles is not known, 
but is assumed to be unity in the model. Figure 3 presents 
the time required for particles of various sizes to fall a 
scale height,/sed = H/Vfall" Figure 4 illustrates typical fall 
velocities. 

The coagulation kernel, above about 80 km, can be 
written as (Toon et al. 1980) K(vl ,  v2) = BSt(rl + r2) 2 
(1/v 1 + 1/v2) 1/2. In this expression, B varies as the square 
root of temperature. The radius corresponding to volume 
vl is q .  The factor St is a sticking coefficient which repre- 
sents the probability that two colliding particles will stick 
together. Observations indicate that, for uncharged sub- 
micrometer particles, St generally has a value very near 
unity. However, that may not be the case on Titan where 
the particles may be charged. 

Borucki et al. (1987) examined particle charging mecha- 
nisms. Galactic cosmic rays create ion pairs below about 
400 km. (Above 400 km precipitating electrons from Sa- 
turn's magnetosphere create ion pairs, but these have 
little effect on the aerosols being considered due to the 
high altitude.) Because there are no known materials in 
Titan's atmosphere which easily form negative ions, the 

600 " 

~ 0.1~m RADIUS 

5 0 0  • 1.0 p.rn RADIUS 

FIG. 3. Compar i son  of  the  t imes  needed  for various processes  to 
occur  as a funct ion of  altitude. The rainout  lifetime is the a s sumed  time 
required for the aerosol  concent ra t ion  to e-fold due to removal  by clouds.  
There  is no physical  basis  for choosing 1 year  as done  in the calculation. 
The  diffusion time scale is the  t ime required for t ransport  p rocesses  to 
mix material  over  30 kin. The  fall t ime,  given for two particle sizes,  is 
the  t ime required for part icles to fall 30 km. The  production time is the 
t ime at which  the mass  product ion rate can produce a number  of  particles 
of  the s ta ted size whose  coagulat ion rate would be such that,  in the same 
t ime,  the  n u m b e r  o f  particles would be reduced by a factor of  two due 
to coagulat ion.  
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stant is given in Fig. 3. If H is the scale height, about 30 
kin, then tdi f = H2/gd is a measure of the time for materials 
to be mixed over a distance H. 

Since the mean free path of the air molecules on Titan 
exceeds 1 txm above 80 km altitude the particle fall veloc- 
ity is controlled by kinetics throughout most of the atmo- 
sphere (Toon et al. 1980). At 50 km the mean free path 
drops to about 0.1 /zm and the particles are then in a 
"continuum" regime. In the former case the fall velocity 
is given by Vra u = C/ngas. The factor C varies linearly 
with the particle density, and as the square root of the 

100 

, , , i 

10-4 10 ,3 10 -2 10-1 10 0 101 102 

FALL VELOCITY, cm/sec 

FIG. 4. Fall velocity of  particles of  sizes 0. l /xm and 1 .0 /xm as a 
funct ion of altitude. 
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electrons remain free until they attach to an aerosol. Elec- 
trons have greater mobility than the more massive positive 
ions so they collide more frequently with aerosols leading 
to a net negative charging of the aerosols. Borucki et al. 
(1987) show in the kinetic regime, when the aerosol den- 
sity is high enough to control the recombination of elec- 
trons and ions, that the charge to radius ratio is very 
nearly independent of radius and is given by solving the 
equation 

xe -X  = I ~rv k (ni/ci) ~ (nir . 
i=l 

(2) 

Here ok is the thermal velocity of positive ions calculated 
using the ion masses tabulated by Borucki et  al. (1987), 
and I is the ionization rate given by Borucki et  al. (1987). 
Also x = pici ,  wherep; is the number of elemental charges 
on particles in a given aerosol size bin i and where ci = 
e2/(riKaT),  with e the unit of charge, and K B Boltzmann's 
constant. Note that by assumption pi/ri is a constant so 
that x is not a function of particle size. The sums extend 
over the N total radius bins, each of which contains n; 
aerosols. The expression is solved iteratively in conjunc- 
tion with the aerosol continuity equations to determine x. 
Borucki et  al. (1987) and we find that the aerosols typically 
are charged with a few electrons on a 0.1-~m-sized parti- 
cle. The assumption that p / r  is a constant breaks down 
below 100 km, and extremely small concentrations of 
negative ions would alter the electrical balance below 100 
km. Therefore, the particle charging calculations are most 
uncertain at low altitude. 

Once the charge is known St can be found as St = 
exp[--r lrz(p/r)2e2/{KBT(rl  + r2)}] (Toon et  al. 1980). 
Since the charge to radius ratio is constant, if one of 
the particles is small then St has a value near one, and 
coagulation is not inhibited. However, if the particles are 
of comparable size and if the charge is great enough, 
then the coagulation will be strongly inhibited above a 
threshold size and unaffected for particles that are slightly 
smaller. For particles with a charge of a few electrons per 
0.1-/xm-sized particle, the coagulation is inhibited in the 
size range near 0.1 /zm. 

The coagulation lifetime, which is the time for the total 
number of particles n to be reduced by 50%, is tco,g = 
I / (2nK) .  The coagulation lifetime depends upon the aero- 
sol number density, which is not easy to constrain from 
observations. However, the number of particles can be 
estimated given a particle radius and the mass production 
that has occurred during the mass production time which 
is rmass = 41rr3nHo/3M. Here H is the scale height and M 
is the mass production rate above the altitude in question. 
If we seek to know the amount of mass produced during 
the coagulation time, then the two times can be equated 

and the number density of particles can be eliminated. 
This mathematical process results in a time constant, the 
particle production time, representing the balance be- 
tween production of a certain number of particles of a 
given radius and their loss to larger sizes by coagulation, 
which is illustrated in Fig. 3. 

Methane clouds may form below the tropopause of Ti- 
tan. Aerosols act as nuclei to the cloud drops, and can 
diffuse to cloud drops, or be collected by falling rain 
drops. On Earth the typical lifetime of aerosols with re- 
spect to being removed by cloud processes is on the order 
of a week, which is the typical frequency for encountering 
a cloud. We assume in our conventional model that the 
rainout lifetime Rr  I has a value of 1 year below an altitude 
of 30 km. This choice of rainout time is made to emphasize 
the fact that, given the very long periods of time (decades) 
required for small particles to fall from Titan's tropo- 
sphere, even slow rainout removal is important. 

OBSERVATIONAL CONSTRAINTS ON AEROSOL 
PROPERTIES 

There are a number of important clues to the properties 
of Titan's aerosols from remote sensing observations. 
These observations apply to different altitude regions of 
the atmosphere whose particle properties are not neces- 
sarily identical. 

The vertical distribution of the stratospheric aerosols 
above 220 km has been determined from visible wave- 
length limb scans by Voyager which were inverted to yield 
optical depths by Rages and Pollack (1983). This work 
suggests that the 0.5-~m-wavelength optical depth is 
about 0.01 at an altitude of 357 km over the equator and 
340 km over the poles. This optical depth level marks the 
maximum extinction of a broad region of detached haze 
that merges with the main haze layer in the north polar 
regions. The altitude of the top of the main haze layer, 
which roughly coincides with the visible limb where the 
optical depth is about 0.1, is approximately 220 km. The 
extinction data of Rages and Pollack (1983) from the equa- 
torial region as a function of altitude are compared with 
the model results in later sections of the paper. The extinc- 
tion per unit mass of atmosphere, found by dividing the 
extinction data by the air density, is constant to within 
about a factor of 2 between 230 and 550 km. This rather 
surprising result implies that the aerosols are nearly uni- 
formly mixed across this entire altitude region. 

The extinction coefficient could not be derived uniquely 
by Rages and Pollack (1983) from the observations at 
each altitude, but required independent information on the 
particle size and the refractive index that came from a 
restricted altitude region. In order to compare our model 
results with observations that do not make use of these 
extra assumptions, we use the quantity flto0P(25), which 



30 TOON ET AL. 

E 

u/ 

k- 
F- 
.J 

a 600 

500 

400 

300 

200 

100 

1983) 

TE/5 
I-E'5 
~T 600 km 
W 300 km 

0 
10 .6 10-8  10 -4 10 -3 10 .2 10 -1 10 0 

-1 
SCALED EXTINCTION COEFFICIENT,  k m  

b 600. 

500 

400 

U] 300 a 

I-- 
I-- .J 

200 

100 

& RAGES AND POLLACK (1983) 

CONVENTIONAL MOOE 
8 DENSITY= 0.25 

UPWARD VELOCITY 1.0 cm/s 
e. UPWARD VELOCITY 0.1 crrVs 
• DIFFUSION*10 

0 ~  
10-8  10 -7 10-6  10"5 10 .4 10 -3 10 -2 10-~ 10 0 

1 
SCALED EXTINCTION COEFFICIENT,  k m  

FIG. 5. Vertical profile of  the scaled extinction coefficient as observed by Rages and Pollack (1983), as calculated in the conventional  model 
and as calculated in a number of sensitivity tests.  In the mass production at 600 km case it is assumed that all of  the aerosol  enters at the top of 
the model.  In the mass  produced below 300 km case,  the source above 600 km is eliminated and the scale height of the production is made 25 km 
both above  and below the mean altitude of mass production (250 km) so that only 1% of the mass is produced above  370 km and only 10% above 
320 km. In the vertical wind cases  a wind of the magnitude given in the key was used between altitudes of 330 and 420 kin. 

we call the scaled extinction coefficient. In this expres- 
sion,/3 is the extinction coefficient per kilometer, w0 is the 
single scattering albedo, and P(25) is the scattering phase 
function at an angle of 25 degrees. We assume that the 
data apply to a wavelength of 0.5 /~m, where the real 
refractive index of the aerosol is assumed to be 1.6 and 
the imaginary index is 3.5 x 10 -z. We then use the aerosol 
model size distributions and Mie theory to calculate the 
quantity/3¢o0P(25) and compare it with the value of this 
product as determined by Rages and Pollack (1983). An 
example of such data is given in Fig. 5. Rages and Pollack 
(1983) use an altitude-independent value of ¢%P(25) of 4.76 
above an altitude of 320 km and 3.03 for lower altitudes. 
Although we find a similar value in our conventional 
model throughout most of the haze layer, the magnitude 
of co0P(25) can be very small at altitudes above 300 km in 
our model. 

A useful limitation on the altitude dependence of the 
optical depth of the aerosols for optical depths larger than 
0.1 is available from analyses of the geometric albedo 

spectrum (e.g., Rages and Pollack 1980, McKay e t  al .  
1989). In order to utilize the constraint provided by the 
geometric albedo we have calculated it using an approxi- 
mate method as described in the appendix. Geometric 
albedo observations are dependent upon knowledge of the 
optical radius of Titan. Unfortunately, different choices 
of radius have been made by different observers. We 
consider this problem in more detail, using our aerosol 
model to constrain the optical radius, in the discussion 
section of this paper. 

There are several sources of geometric albedo data. For 
wavelengths from about 0.35 to 1.0/zm we use the data 
of Neff et  al .  (1984) multiplied by a factor of 0.81 to 
account for the optical radius of Titan (McKay e t  al .  
1989). These data contain a number of methane absorption 
features and span a wavelength region in which the optical 
constants of tholins vary substantially so they can be used 
to constrain the vertical dependence of the optical depth. 
Between 0.22 and 0.33 p,m we use International Ultravio- 
let Explorer (IUE) data from Courtin e t  al .  (1991). These 
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TABLE II 
Parameters Used in Calculation of Geometric Albedo 

Paramete r  Convent ional  model  Revised model  

Aerosol  optical 4/3 tholin imaginary 1.5 × tholin imaginary 
cons tan t s  index (Table III) index (Table III) 

Methane  optical Table III - - a  
propert ies  

Methane  abundance  1% > 30 km (4% sfc) - -  
(mass  mixing ratio) 

Surface albedo 0.1 
Methane  cloud 0.0 

optical depth  
Ethane  cloud 0.0 

optical depth  

a Indicates no change from convent ional  model.  

data are useful because the Rayleigh optical depth of Ti- 
tan's atmosphere is about 50 at the surface and about 0.3 
at 100 km at a wavelength of 0.22/zm so the ultraviolet 
albedo is very sensitive to the amount of dark aerosol 
above the bright Rayleigh scattering atmosphere in this 
altitude region. Finally, we use the near infrared data of 
Fink and Larson (1979) between 1.0 and 2.5/zm. The large 
wavelength of these data allows us to be sensitive to a 
broad range of particle sizes in the haze. Unfortunately, 
methane absorption coefficients are not available at all of 
these longer wavelengths. Hence, we do calculations in 
regions which do not appear to be affected by methane 
absorption and in one region centered at about 2.16 ~m 
where Griffith et  al. (1991) have performed line-by-line 
calculations of the methane absorption coefficients. We 
treated these using an exponential sum approximation to 
the line-by-line data set. We are not aware of anyone who 
has previously made use of all of these data sets together 
in order to constrain the properties of Titan's aerosols. 

The albedo calculations are sensitive to several parame- 
ters, summarized in Table II, which are not simulated by 
our model and therefore must be treated by independent 
assumptions. In our conventional case we assume that 
methane clouds are not present (or equivalently that they 
occupy only a small fraction of the area of Titan) since 
there are currently no data which clearly indicate their 
existence. However, in a sensitivity test we assume that 
methane clouds are present from 20 to 30 km altitude with 
a visible optical depth of 10, a single scattering albedo of 
1.0, and an asymmetry parameter of 0.8 at all wavelengths 
(Toon et  al. 1988a). We assume that the surface of Titan 
has a Lambert scattering albedo of 0.1 (McKay et  al. 
1989). In our conventional model we use the real index of 
refraction of tholins (Khare et  al. 1984), and 4/3 times the 
imaginary index of tholins which is given in Table III. The 
factor of 4/3 was found to produce the best agreement 

with the geometric albedo data by McKay et  al. (1989). 
The monochromatic absorption coefficients for methane 
are given in Table III. These differ slightly from those 
used by McKay et  al. (1989) based on new data that have 
become available. Finally, in our conventional model the 
mass mixing ratio of methane is assumed to be I% at all 
altitudes above 30 km and to increase linearly to 4% at 
the surface (Toon et  al. 1988b). 

Particle size information comes from analyses of the 
observed polarization and forward scattering of light re- 
flected from the planet. Between optical depths of 0.1 and 
1, Tomasko and Smith (1982) as well as West et  al. (1983) 
suggest, on the basis of the observed polarization at a 
number of wavelengths, that, if the particles are spherical, 
the mean size varies as refr(/zm) = 0.1170"/0.5) °217. Here 
z is the optical depth in the red (0.6 /zm). Beyond an 
optical depth of 1.14, West et  al. (1983) suggest that the 
size is roughly constant at about 0.14/xm. However, Voy- 
ager observations (Rages et  al. 1983) of the brightness of 
Titan at high phase angles requires spherical particles that 
are at least 0.2 ~m and probably 0.5 tzm in radius. The 
Rages and Pollack (1983) restrictions on the particle size 
originate from the intensity variation as a function of 

T A B L E  I I I  

Op t i ca l  P r o p e r t i e s  o f  T i t a n ' s  A t m o s p h e r e  

Tholin optical 
Methane  absorpt ion cons tan t s  a 

Wavelength  coefficient (at 95 K) 
(tzm) (km-amagats)  - i k n 

0.22245 0 b 0.21 1.66 
0.35 0 ~ 0.11 1.63 
0.450 0.0008 b 0.059 1.72 
0.55 0.003 c 0.024 1.70 
0.58 0.0191 b 0.019 1.695 
0.619 1.013 d 0.015 1.69 
0.636 0.0051 b 0.013 1.685 
0.728 3.95 c 0.007 1.675 
0.750 0.0015 c 0.006 1.675 
0.799 1.23 ~ 0.004 1.67 
0.827 0.011 c 0.0033 1.665 
0.841 0.918 b 0.003 1.66 
0.862 5.28 b 0.0023 1.66 
0.888 34.0 c 0.0021 1.66 
0.935 0.077 b 0.0017 1.655 
1.075 0.0 0.0008 1.65 
1.30 0.0 0.0005 1.645 
1.6 0.0 0.0004 1.64 
2.05 0.0 0.0008 1.63 
2.16 e 0.0008 1.63 

Interpolated f rom Kha re  et  al. (1984). 
b K.  Rages ,  pr ivate  communica t ion .  

Pollack et  al. (1986). 
a Smith et  al. (1989). 
e Exponent ia l  sums  f rom Griffith et  al. (1991). 
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phase angle. They report that the brightness of the de- 
tached haze layer is 3.3 + 0.3 times larger at an angle of 
25 ° from the forward direction than it is at an angle of 40 ° . 
If the particles are not spheres it may be possible to ex- 
plain both observations with the combination of a mode of 
compact spherical clusters having a projected area mean 
radius near 0.15 /xm, and a second mode of spherical 
particles with a radius near 0.03 /zm (West and Smith 
1991). If the particles do behave as spheres then simulta- 
neous explanation of the observed high polarization and 
high forward scattering would require the model sug- 
gested by Tomasko and Smith (1982). This model recog- 
nizes that the polarization observations and the forward 
scattering observations originate from vertically different 
regions of the atmosphere. Thus, this model proposes 
particle sizes between 0.25 and 0.5 /zm in the first 0.05 
optical depth, which is well above the visible limb. These 
inferred size variations are compared with simulations in 
later sections of the paper. 

CONCEPTUAL MODELS OF TITAN'S AEROSOLS 

Knowing the characteristic time scales for aerosol mi- 
crophysical processes (Fig. 3) is helpful in interpreting the 
results of numerical simulations presented below. McKay 
et al. (1989) present an analytic model for the behavior 
of Titan's aerosols which also provides useful physical 
insight, but which is not able to include all of the physical 
processes that our numerical model shows to be im- 
portant. 

The aerosol production time is the time required for the 
conventional mass production rate above a given altitude 
to yield one scale height filled with particles of a given 
mass. During this time coagulation limits the number of 
particles. Hence, in steady state, a fixed concentration of 
each particle size results. The time needed to produce 
about 15 particles cm -3 with a size of 0.1 txm is several 
months, while the time needed to produce about 0.3 parti- 
cles cm -3 with a radius of 1.0/xm is several years (Fig. 
3). The lack of altitude dependence in Fig. 3 reflects the 
extended nature of the mass source region and the fact 
that 30% of the mass is produced above about 600 km. 
For reference, the aerosol mass production rate in our 
conventional model is about 4 times greater than that in 
the Earth's stratospheric sulfate layer (Turco et al. 1982). 
The number of particles in the Earth's stratosphere is also 
of order 10 cm 3, but their size is slightly less than 0.1 
tzm. The haze on Titan has about 100 times the optical 
depth of the stratospheric aerosol on Earth. About one- 
third of this difference is due to the greater mass produc- 
tion and hence larger size of the Titan aerosol. The major- 
ity of the optical depth difference is due to the greater 
vertical extent and longer residence time of the aerosols 
on Titan. 

The aerosol mass below about 200 km on Titan is not 
produced locally by chemistry, but rather is provided by 
sedimentation of particles from aloft. Figure 3 also gives 
the time for particles of radius 0.1 and 1.0/zm to fall one 
scale height. (This sedimentation time is about the time 
needed for particles originating at high altitude to fall to 
the altitude indicated, independent of the original starting 
altitude.) It is noteworthy that even micrometer-sized par- 
ticles have fall times that are decades in length below 
100 kin. Below about 300 km eddy diffusion becomes 
competitive with sedimentation in the vertical redistribu- 
tion of aerosol. 

Comparison of magnitudes of various time scales sheds 
light on the significance of various altitudes where the 
aerosol is observed to undergo changes. At about 350 km 
the fall speed of the particles is such that 0.1 ~m radius 
particles will fall a scale height in about the time it takes 
for the mass production process to make them. This time 
scale coincidence determines the altitude of the peak of 
the detached haze, as the height at which large particles 
can first be maintained at a reasonable concentration. No 
particular process suddenly dominates at the visible limb. 
It is simply a region in which the column of aerosol pro- 
duced at higher altitudes accumulates to reach a density 
which is great enough to become easily visible. Below 100 
km the fall times continue to increase. The assumed l-year 
rainout lifetime of particles in the troposphere of Titan is 
short compared with the time scales of all of the other 
processes, implying that the number of haze particles 
in the troposphere may be very small even if rainfall is 
sporadic. 

One implication of the coincidences of the time scales 
for production and removal noted above is that without 
particle charging the sizes of the particles in the haze layer 
would be expected to lie between 0.1 and 1 /xm with the 
larger sizes occurring at lower altitudes. As we shall dis- 
cuss below, the observations suggest that the particles 
remain near 0.1 /xm in size throughout the atmosphere. 
In effect the removal time for 0.1 p~m particles due to 
coagulation must be longer than estimated in Fig. 3, be- 
cause of the low coagulation sticking coefficients. 

Figure 4 illustrates the fall velocities of 0.1- and 1.0-/xm 
sized particles. Vertical wind velocities on this order 
would be able to suspend the particles. The small magni- 
tudes of these velocities suggests that the aerosols should 
respond to dynamical motions throughout a broad region 
of Titan's atmosphere. 

CONVENTIONAL CASE AND SENSITIVITY STUDIES 

In this section we compare the conventional model with 
observations and we perform sensitivity tests in order to 
investigate those parameters which, if changed, might 
produce a more realistic simulation. Note that our conven- 
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tional case is not the best simulation we have been able 
to obtain, but instead is the simulation based upon the 
conventional choice of input parameters. 

First, we discuss the sensitivity of the model in relation 
to observations made at altitudes above the visible limb. 
There are two relevant observations, the mean particle 
radius and the vertical profile of the scaled extinction 
coefficient. 

The conventional model (Fig. 5) agrees very well with 
the observed scaled extinction coefficient in the altitude 
region between about 200 and 300 km. At higher altitudes 
the conventional model has much lower values of the 
scaled extinction coefficient than observed and does not 
show any evidence of a detached haze layer. The simu- 
lated and observed values of the scaled extinction coeffi- 
cient disagree more strongly than those of the extinction 
coefficient (not shown), which indicates that the simulated 
particles are too small at high altitude. That is, the value 
of the single scattering albedo times the phase function is 
smaller than observed. 

The altitude distribution of the scaled extinction coeffi- 
cient is not very sensitive to whether the mass is created 
above 600 km and forms aerosols as the material drifts 
downward, or is created below 300 km and forms aerosols 
as the material is mixed upward (Fig. 5a). Changing the 
mass production rate by factors of 5 leads to considerable 
differences in the vertical profile of the scaled extinction 
coefficient. Unfortunately, large increases in mass pro- 
duction rate which lead to improved agreement between 
the model and the observations above 300 km lead to 
disagreement below 300 km. We conclude that a sub- 
stance having a source in the region above the 300-km 
altitude regime which evaporated below 300 km could 
explain the detached haze region. However, a candidate 
volatile material has not been identified, and there is no 
obvious physical reason for evaporation to occur in what 
is thought to be an isothermal region of the atmosphere. 
Therefore, it seems most likely that changes from the 
conventional model in the altitude of aerosol mass produc- 
tion or in the rate of mass production will not explain the 
detached haze layer. 

Figure 5b investigates changes in dynamical processes 
that may affect the scaled extinction coefficient. Reducing 
the particle density (but maintaining the same volume of 
particles being produced by the source), which results in 
a smaller particle fall velocity, yields better agreement 
between models and observations at high altitude, but 
worse agreement below 300 kin. In another calculation, 
not shown, we found that the charge on the aerosols has 
little effect on the particles above about 200 kin, because 
particle growth is occurring by collisions between preex- 
isting aerosols and molecular-sized aerosols which are not 
charged due to their small size. 

Imposing an upward velocity of 0.1 cm sec-1 (Fig. 5b) 

has little impact on the model, but a velocity of 1.0 cm 
sec-l  between 320 and 430 km altitude results in a pro- 
nounced layer of aerosols. Above 200 km the conventional 
diffusion coefficient plays no important role, as deter- 
mined from simulations in which the diffusion coefficient 
is set to zero. With a diffusion coefficient I0 times larger 
than the conventional one, Fig. 5b indicates a slight en- 
hancement of the scaled extinction coefficient at very high 
altitude, with a decline below. From these simulations we 
conclude that dynamical processes are most likely playing 
a very significant role in the distribution of aerosols above 
300 km. 

Figure 6 illustrates model simulations of the particle 
radius. A number of simulations agree with the general 
slope of the particle radius versus altitude inferred from 
polarization data, but none of them agree with the magni- 
tude of the data except for a case in which we increase 
the charge by a factor of 3 over that predicted by the 
Borucki et  al. (1987) model for the same number and 
surface area of particles (note this is not the same as 
increasing the charge per particle by a factor of three; in 
fact, the charge per particle is only about 60% higher in 
the enhanced model, because the number and surface area 
of the particles change). Interestingly, when charging is 
neglected, the particle radii are in the range from 0.1 to 
1.0/zm as anticipated from our time constant discussion. 
Several cases have particles that are at the lower range of 
sizes expected by Rages et  al. (1983), but none extend to 
the upper end of the size range. In particular, the no 
charge model, the mass*5 model, and the vertical wind 
model have large particles at optical depths near 0.1. The 
vertical wind model shows that a particle size gradient 
can occur near the cloud top, which is reminiscent of 
Tomasko and Smith's (1982) explanation of the discrep- 
ancy between the polarization data and the high phase 
angle size data. However,  the particle sizes in the vertical 
wind case for optical depths greater than 0.1 are too large 
to agree with the polarization data. Another important 
aspect of Fig. 6 is that none of the models have a nearly 
altitude-independent particle radius at optical depths be- 
low 0.1 as suggested by Rages et  al. (1983). This discrep- 
ancy is related to the inability of the models to reproduce 
the large extinctions observed at high altitude. 

The geometric albedo places constraints upon the aero- 
sols below the visible limb, but is complicated to analyze 
because it is affected by a number of quantities in addition 
to those simulated by our model. The sensitivity of the 
model to changes in the optical properties of the aerosols 
is quite large at wavelengths less than about 0.7 /xm, 
where tholins are absorbing (Fig. 7a). We assume that the 
wavelength dependence of the tholin refractive index is 
identical to that of Titan aerosols, but we treat the magni- 
tude of the refractive index as a free parameter. Of course 
the imaginary refractive index of the Titan aerosols might 
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FIG. 6. Radius of the particles as a function of the visible optical depth according to observations, the conventional model, and several 
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et al. (1983) refer to the area-averaged radius. 

differ from that of the tholins as a function of wavelength. 
It is noteworthy in this regard that increasing the imagi- 
nary index at the smallest wavelength considered does 
not affect the albedo at that wavelength (Fig. 7a). Hence 
changes in the shape of the imaginary index spectrum 
cannot be used to fix the disagreement between the mod- 
eled and the observed ultraviolet albedo (Fig. 7a). 

The albedo beyond about 0.6/xm is very sensitive to 
the presence of highly reflecting clouds in the troposphere 
of Titan, and somewhat sensitive to the albedo of the 
surface, and to the presence of moderate optical depth 
clouds in the lower stratosphere (Fig. 7b). Figure 7c shows 
that the depth of the methane absorption features is sensi- 
tive to the amount of methane in the atmosphere, or equiv- 
alently to errors in the magnitude of the methane absorp- 
tion coefficients. We normally include no absorption by 
methane in the transparent regions beyong 1 /xm, but for 
the increased methane case we assumed that these regions 
had methane absorption coefficients identical to that at 
0.935/xm (Table II). The albedo at the longest wavelength 
point considered is not very sensitive either to the meth- 

ane abundance (Fig. 7c) or to the surface albedo (Fig. 
7b), and therefore can be useful for determining particle 
properties. 

The geometric albedo potentially provides information 
about the wavelength dependence of the optical depth 
which is related to the particle size. Figure 8 illustrates 
the wavelength dependence of the aerosol extinction cross 
section as a function of particle size. Small particles have 
greater extinction at short wavelengths, while larger ones 
have extinction that is independent of wavelength. Inter- 
mediate-sized particles may even have extinction cross 
sections that increase with wavelength. Information about 
the vertical profile of the optical depth is obtained from 
geometric albedo data because the aerosols are intermixed 
with gas which has a substantial Rayleigh optical depth in 
the ultraviolet, and because methane has a number of 
absorption features which are partially hidden when aero- 
sols are present. 

The conventional model produces a geometric albedo 
that is close to that observed (Fig. 9a). The major differ- 
ences are a slight upturn of the model albedo at the short- 
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est wavelengths, slightly too little absorption in the meth- 
ane absorption bands near 2.16 and 0.7/zm, and too much 
absorption in the other methane absorption features. The 
difference in the ultraviolet albedo is due to too much 
Rayleigh scattering, suggesting that slightly more aerosol 
optical depth is needed, while the lack of enough absorp- 
tion in the visible indicates slightly too much aerosol is 
present. These seemingly contradictory problems may 
reflect errors in the altitude dependence of the optical 
depth, and errors in the particle size. 

The conventional model correctly predicts that the alti- 
tude of the visible limb is slightly above 200 km (Fig. 10). 
The optical depth increases significantly below 100 km 
altitude because the particles fall very slowly there, and 
because the diffusive transport is slow in the troposphere. 
Figure 10a illustrates sensitivity studies in which the alti- 
tude at which rainout occurs has been altered. These 
changes affect only the profile of the optical depth and not 
the particle radius so they identify the altitudes at which 
greatest sensitivity of albedo to optical depth occurs at 
the various wavelengths. Comparison of the rain at 60 km 
and the conventional case in Fig. 9a shows that the albedo 
is only sensitive to the aerosol optical depth below about 
60 km in the most transparent region of the spectrum, 
where the surface albedo and the presence of methane 
clouds also has a significant effect as shown in Fig. 7. 
However,  comparison of the rain at 70 km and conven- 
tional models in Fig. 9a shows that the region between 
about 60 and 80 km, where the optical depth climbs from 
about I to about 2 in the conventional model, strongly 
affects the albedo at nearly all wavelengths. Clearly the 
altitude at which an optical depth of 2 occurs is important 
to the geometric albedo. In the model the vertical profile 
of optical depth is very sensitive to rainout rising to 70 
km (Fig. 9a) because the diffusion coefficient is relatively 
large above that altitude so that the effects of alterations 
in the rainout rate between 60 and 70 km are transmitted 
to higher levels. 

The geometric albedo is very sensitive to the mass cre- 
ation rate, because the total optical depth is sensitive to 
these parameters (Figs. 9 and 10). Decreasing the diffusion 
coefficient or increasing the charge has an effect similar 
to increasing the mass creation rate, because they both 
lead to increases in the total optical depth. Clearly the 
total aerosol optical depth cannot be much different than 
that in the conventional model (about 3 at 0.5 ttm) without 
causing significant departures from the geometric albedo 
either in the ultraviolet (sensitive to decreased optical 
depth) or in the infrared (sensitive to increased aeros~ 
optical depth). 

The upward velocity of 1.0 cm sec-~ between 320 and 
430 km case model illustrated in Figs. 10c and 9d does 
less well than the conventional model in simulating the 
observed albedo, because it has a slightly lower optical 
depth near 100 km than does the conventional model, 

showing that the vertical profile as well as the total optical 
depth is important. The ultraviolet albedo is higher for 
the upward velocity case than for the conventional case 
because the upward velocity case has larger panicles, and 
therefore a lower ultraviolet aerosol optical depth, than 
the conventional case. The upward velocity of 0.1 cm 
sec -~ between 150 and 200 km case illustrated in Figs. 
10b and 9d has the opposite trend in geometric albedo to 
that which would be expected relative to the conventional 
case simply from the comparison of their total optical 
depths. This change in geometric albedo occurs because 
the upward velocity of 0.1 simulation has larger panicles 
than the conventional model, so the optical depth is higher 
in the near infrared, even though the visible optical depth 
is less than in the conventional model. Also the particles 
are more absorbing in the ultraviolet than in the conven- 
tional model because they are larger. 

Thus optical depth, optical depth profile, and particle 
size all play important roles in controlling the albedo. 
Interactions between various physical parameters which 
have differing effects on these aerosol properties can 
therefore be important. Comparisons of the sensitivity 
cases with the conventional model suggest that the midvis- 
ible total optical depth must be about 3. In addition we 
can use Fig. 8 and our sensitivity tests to constrain the 
particle size. As we have pointed out the sensitivity tests 
suggest that the model is most sensitive to the aerosol in 
the altitude range just above 60 km. We also have seen 
that the albedos at 0.22/zm and at 2.106/zm are relatively 
insensitive to uncertain parameters such aerosol optical 
constants, methane abundance or optical properties, and 
surface albedo. Hence we ratio the optical depths above 
60 km at these two wavelengths for the sensitivity cases 
that produced the best matches of the observed geometric 
albedo to the optical depth at 0.5/~m above 60 km in the 
conventional model and put the results in Fig. 8. As may 
be seen, particle sizes between 0.1 and 0.2/xm are required 
above 60 km to obtain the wavelength dependence of 
optical depth implied by these studies. 

The requirement that panicle sizes be small below 100 
km, while the optical depth remain modest, puts strong 
constraints on physical processes in the lower atmo- 
sphere. Because of the relatively low optical depth, it is 
not possible for the particles to collect in this region over 
long periods of time, so it is not possible that they are 
being removed by sedimentation, which is slow at these 
sizes and altitudes. Instead they must be transported 
downward by atmospheric motions. We now turn to the 
issue of the modifications to the conventional model that 
yield the best agreement with observations. 

REVISED MODEL 

In seeking a model which better fits the available data, 
we explored a wide range of parameter space. We first 
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FIG. 8. Calculated wavelength dependence of the optical depth for 
particles with varying radius. The results have been normalized at a 
wavelength of 0.5 ~m. The calculation was done using Mie theory 
assuming the particles had a log normal size distribution with a mode 
radius (about 5% smaller than the area-averaged radius) as given in the 
key to the figure, and a standard deviation of 1.25. Also shown are the 
aerosol optical depths above 60 km at 0.22 /~m and at 2.1 p.m from 
sensitivity tests that gave the best fit to the observed geometric albedo 
at each wavelength (see Fig. 9). These best fit optical depths have been 
normalized to 2.3, which is the optical depth in the visible above 60 km in 
the conventional model. Finally, the graph illustrates the (unnormalized) 
optical depth above 60 km in our revised model of the aerosols. The 
wavelength dependence of the revised model agrees well with that ex- 
pected from the sensitivity tests. 

attempted to find a model with relatively large particles, 
in the range 0.25 to 0.5,/zm, which would yield a fit to the 
geometric albedo data, but we were not successful for the 
reasons discussed earlier and illustrated in Fig. 8. We 
explored the possibility that adding layers of other con- 
densables near the tropopause might bring the model into 

agreement, but did not succeed. Courtin et  al. (1991) have 
proposed a model to fit the geometric albedo data in the 
ultraviolet which consists of a larger particle size mode 
and an equal mass second size mode of very small parti- 
cles. Our microphysical model does not yield such 
strongly bimodal size distributions, and such a bimodal 
size distribution cannot account for the near infrared geo- 
metric albedo. 

In our revised model we have attempted to solve two 
basic problems in the conventional model. First, we have 
tried to produce a detached haze layer and to obtain an 
altitude profile of the aerosol optical depth that is nearly 
uniformly mixed above 400 km altitude. Second, we have 
attempted to obtain small enough sizes in the main haze 
layer to account for the observed polarization and geomet- 
ric albedo data. Our resulting model closely resembles the 
one suggested by Tomasko and Smith (1982) in which a 
large particle layer overlies a main haze layer with small 
particles. The parameters in the revised model are com- 
pared with those in the conventional model in Table I. 

Our sensitivity studies suggest that the only possible 
explanation of the detached haze layer, given our assump- 
tion of involatile particles, is that the layer is created 
by organized dynamical motions similar to the Hadley 
circulation on Earth. In order to simulate the portion of 
the detached haze layer in the ascending branch of this 
circulation we have imposed an upward velocity in the 
region from 320 to 430 km of 1.25 cm sec -~. This is a 
crude treatment of organized motion, which requires at 
least a two-dimensional model to simulate properly. We 
assume that the atmosphere is horizontally homogeneous 
so that no allowance is made for horizontal transport 
which must occur to satisfy the mass continuity equation. 
Flasar et al. (1981) suggested a circulation with rising 
motion in the tropics for the region near and below 200 km 
based upon Voyager infrared observations of horizontal 
temperature gradients at these altitudes. The magnitude 
of the vertical velocity at 300 km which we investigate is 
of the same magnitude as vertical velocities which occur 
in the Earth's upper stratosphere at equivalent pressures 
(Solomon et  al. 1986). In our model the particles are car- 
ried aloft by this vertical wind until they become large 
enough to fall against it, or until diffusion carries them 
downward. This approach has the advantage of including 
these particles in the lower layers which they would reach 
at other latitudes in reality. Because of this crude treat- 
ment we believe our results for the detached haze layer 
are only valid in a qualitative sense. 

FIG. 7. Sensitivity of the geometric albedo to various radiative properties that cannot be calculated directly from the aerosol model. These 
include the imaginary refractive index of the aerosols, the presence of clouds in the lower atmosphere, the surface albedo, and the amount of 
methane in the atmosphere or equivalently the absorption cross section of the methane. The figure includes data from several sources listed in the 
key. 
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In order to obtain a well-mixed aerosol above 400 km 
we have increased the diffusion coefficient in that region 
to values of  1 x 108 cm 2 sec ~ (Fig. 2). In order to limit 
the mass in the detached haze layer, in order to create a 
particle size gradient between the detached haze layer and 
the main haze layer, and in order to obtain a vertical 
profile of  optical depth in the region between 200 and 300 
km altitude that matches well with the observations,  we 
have eliminated the mass production at high altitude in 
the model  and we have reduced the scale height of the 
mass production near the limb to 25 km (Fig. 1). Of course, 

in reality mass may reach lower layers in the descending 
portion of  the circulation cell. Hence,  we do not believe 
that our one-dimensional  model is capable of  constraining 
the actual profile of mass production in Titan's atmo- 
sphere. The revised model also assumes that the particles 
are not charged above 300 km altitude. In fact, the photo- 
electric effect, which was not included in the work of  
Borucki e t  al .  (1987) must prevent a sizable accumulation 
of  charge on the aerosols at some altitude. Again, how- 
ever, it may be that a two-dimensional simulation will 
not require the elimination of  the charge. The effect of 
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eliminating the charge is to produce slightly larger parti- 
cles than would otherwise occur. 

The revised model has a well-mixed profile above 400 
km and exhibits a detached haze layer, thereby resembling 
the observations of the scaled extinction coefficient much 
better that the conventional model (Fig. I1). However, 
the revised model overestimates the extinction at the peak 
of the detached haze layer and underestimates the extinc- 
tion just below the detached haze layer. We attribute 
these differences between the model and the observations 
primarily to the one-dimensional nature of our model. In 
a two-dimensional simulation, mass would be transported 
horizontally out of the haze layer, reducing the magnitude 
of the peak. Also the vertical velocity would vary gradu- 
ally through the layer modifying the gradients at the base 
of the layer. However, we have found in sensitivity tests 
(not shown) that gradual velocity variations do not cause 
the layer to vanish so long as the peak velocity is on the 
order of 1 cm sec-~. 

The revised model has relatively large particles at high 
altitude in agreement with the observations of Rages et  

al. (1983), but it has small particles at the visible limb and 
below in agreement with the polarization data and with 
the ideas of Tomasko and Smith (1982) (Fig. 12). This 
rather unusual situation, in which large particles overlie 
smaller ones, is a natural result of the Hadley circulation 
if the bulk of the aerosol mass is produced below the level 
of the detached haze layer. The particles in the detached 
haze layer yield a ratio of the scattering phase function at 
an angle of 25 ° to the phase function at 40 ° of 3.3 at 330 
km altitude, which agrees with the observation of Rages 
et  al. (1983). 

The particle size can be similar between the main haze 
layer and a detached haze layer produced in rising air 
(Fig. 6b). The particle size gradient in the revised model 
(Fig. 12) occurs because most of the mass in the main 
haze layer in the revised model is produced below the 
altitude of the detached haze layer (Fig. 1). If in reality, 
the particle size does not vary greatly with altitude and 
nonspherical effects explain the high forward scatter- 
ing as suggested by West and Smith (1991) then a more 
vertically extensive mass production region would be 
implied. 

In order to create small particles for optical depths 
slightly larger than 0.05 on Titan we have increased the 
charge carried by the particles until sizes of the magnitude 
required by West et  al.  (1983) were obtained. The charge 
in the revised model is a factor of 3 greater than that 
predicted, given the same particle size and density, by the 
simplified version of the Borucki et  al. (1987) model. The 
resulting charge per particle is about 60% higher in the 
revised model than in the conventional one (Fig. 17). The 
fact that the particles near an optical depth of 0.1 are 
slightly larger than those suggested by West et  al. (1983) 

could be altered by using a slightly higher charge. For 
example, a factor of four charge increase brings the size 
into agreement with the results of West et  al.  (1983) at an 
optical depth of about 0.2, but the particles are then 
smaller than observed at higher optical depths. We believe 
that obtaining agreement at all altitudes will require a two- 
dimensional simulation, and additional consideration of 
charging mechanisms. There are several possible changes 
to the charging mechanism. The factor of 3 increase in 
particle charging could be produced by a cosmic ray ion- 
ization rate of slightly more than a factor of I0 over that 
predicted by Borucki et  al. (1987). It may be that the 
simple charging algorithm that we employ is not adequate 
to calculate the charge properly. It may be that there are 
factors in addition to charging that limit the frequency 
with which colliding particles stick together to form larger 
particles, or that the formulation we use to calculate the 
coagulation kernel of the charged aerosols is not com- 
pletely adequate. Finally, and perhaps most likely, non- 
spherical particles may alter the size that is needed, as 
well as the coagulation efficiency of the charged particles. 
Until further work is done to consider such nonspherical 
particles it is difficult to determine if the relatively small 
discrepancy with the Borucki et  al. (1987) model is sig- 
nificant. 

Figure 13 illustrates the geometric albedo produced by 
the revised model and the conventional model. The albedo 
at the smallest ultraviolet and the largest infrared wave- 
lengths place the greatest constraints on the aerosol 
size, as pointed out previously. In order to keep the 
particles from becoming too large in the lower strato- 
sphere, while still maintaining an adequate optical depth, 
the diffusion coefficient in the conventional model has 
been modified in two ways. We have decreased the 
diffusion coefficient between 150 and 70 km which 
increases the strospheric optical depth (Fig. 14), making 
it easier to fit the ultraviolet geometric albedo observa- 
tions. Also we have increased the diffusion coefficient 
below 70 km which reduces the tropospheric particle 
size. In addition we eliminated the rainout at low alti- 
tudes, causing the optical depth at low altitudes to 
increase significantly, which helps to fit the ultraviolet 
and infrared geometric albedo data. The modified diffu- 
sion coefficient is displayed in Fig. 2. Our lowest altitude 
diffusion coefficients are slightly higher than the value 
o f  10 3 cm 2 sec i suggested by Flasar et  al. (1981). 
However, our model is not very sensitive to tropospheric 
aerosols. An alternative model with rainout removal and 
a lower tropospheric diffusion coefficient, but with a 
higher surface albedo than the 0.1 value used or with 
tropospheric clouds, would yield equally good results. 
In the revised model only about 6% of the incident solar 
radiation reaches the surface, which is less than in the 
greenhouse model of McKay et  al. (1989), suggesting 
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that the model with rainfall might be preferred. How- 
ever, further greenhouse calculations would be required 
to confirm this preference. 

There are several wavelengths at which the revised 
model could be made to better match the geometric albedo 
data (Fig. 13) by specific parameter adjustments. For in- 
stance, the point at 0.35/zm is very sensitive to the imagi- 
nary index of refraction of the tholins. This wavelength is 
near a slight shoulder in the tholin refractive indices, 
which may not occur in the real Titan aerosol. Indeed, a 
change within the stated 30% uncertainty in the tholin 
imaginary indices would allow this point to be moved onto 
the observed curve. The other major points of discrepancy 
are at 0.75 and 0.827/zm, where the model overestimates 
the albedo, and 0.888 /xm, where the model underesti- 
mates the albedo. In each case the methane absorption 
coefficients may have errors. Alternatively, the two over- 
estimated points may be places where the surface albedo 
is smaller than assumed in the revised model. Because of 
the uncertainty in several parameters, it is not possible 
to determine unambiguously the precise reason for the 
discrepancy between the modeled and the observed geo- 
metric albedos. 

Figure 15 illustrates various interesting properties of 
the revised model. The total number of particles is greatest 
in the altitude region near 250 km where the source is 
located. Of course the altitude of particle creation is not 
well determined by our model since observations place 
few constraints on such small-sized particles. Diffusion 
carries the small particles a considerable distance away 
from the source region. The particle mass concentration 
steadily increases with depth in the atmosphere. Mass 
estimates should be more reliable than number estimates 
since the mass is controlled by large particles which 
should dominate the scattering observed by Rages and 
Pollack (1983). The mass mixing ratio profile clearly 
shows the importance of the surface as a particle sink 
even with slow transport process in the troposphere. The 
lack of a constant mass mixing ratio reflects vertically 
changing source strengths and the influence of sedimenta- 
tion. Since the rate of supply of particles from aloft is 
rather slow, the number of tropospheric particles is small. 
The concentration declines from about 50 c m  - 3  with no 
rainfall to less than 10 cm-3 if rainfall occurs at a rate that 
removes the aerosols just once per year. Either of these 
concentrations is less than occurs in Earth's troposphere. 
Due to the small number of particles available to act as 
cloud condensation nuclei, Toon et al. (1988b) suggested 
that methane condensation would result in rainfall, rather 
than the formation of clouds. 

Well away from the particle source region, coagulation 
leads to the creation of particles which are predominantly 
in the size range between 0.01 and 0.1 /.~m. Only below 
100 km altitude do the majority of particles reach sizes 

above 0.1/~m. Figure 16 illustrates the size distributions 
at several altitudes. At 210 km altitude, near the visible 
limb, the particles are mainly smaller than 0.1/.~m with a 
significant mode of particles having sizes corresponding 
to freshly nucleated molecular clusters. At 350 km altitude 
the size distribution is also bimodal with a small mode 
well above 0.2/xm. This small mode is dominant at visible 
wavelengths. At 100 km the smaller particles have been 
lost by coagulation and only a single mode of 0.1-/~m-sized 
particles is found. Figure 17 shows the altitude variation of 
the area average radius and its variance (Hansen and 
Travis 1974). Relatively large variance occurs at all alti- 
tudes partly because of the bimodal distributions, but even 
unimodal regions such as near 100 km (Fig. 16) have 
significant variance. 

The visibility is defined to be about 4 times the inverse 
of the extinction (Fig. 17). Even at the extreme haze 
loading, which is this model occurs near the surface, the 
horizontal visibility is about 100 km. Hence, Titan's lower 
atmosphere is about as clear as the rural terrestrial atmo- 
sphere, assuming that the high altitude haze is the only 
source of particles on Titan. The outward appearance of 
a dense haze layer is due to the vertically extended nature 
of the haze. 

DISCUSSION 

Organized motions in the region between 300 and 400 
km altitude may play an important role in creating a de- 
tached haze layer containing somewhat larger particles 
than does the main haze layer. The observations show 
that the detached haze layer is present throughout the 
southern hemisphere and tropics, but merges with the 
main haze layer at middle and high latitudes in the north- 
ern hemisphere (Rages and Pollack 1983). This observed 
structure, and the simulations presented earlier, suggest 
that rising motion occurs in the southern hemisphere and 
in the tropics at these altitudes while descending motion 
occurs at middle to high latitudes in the northern hemi- 
sphere. Given this general pattern of motion, particles 
formed in the tropics and southern hemisphere should 
not only fall downward, but should also be transported 
horizontally into the northern hemisphere. The extent to 
which particles in the northern hemisphere have formed 
locally, and may thus have small particle sizes, relative 
to the extent to which the particles come from the 
southern hemisphere and may thus be larger in size 
can only be investigated by future two-dimensional 
simulations. 

Flasar and Conrath (1990) suggested a circulation in the 
150- to 200-km region in which rising motion occurred in 
the northern hemisphere at the time of the Voyager flyby. 
Hunten et al. (1984) presented scaling arguments which 
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FIG. 12. Radius of the particles as a function of the visible optical 
depth according to observations, the conventional model, and the re- 
vised model. See also Fig. 6. 

suggest that the magnitude of the vertical motion would 
be on the order of 0.05 cm sec- ~, which is comparable to 
the fall velocities at these altitudes (Fig. 4). This "Hadley 
circulation" results in a significant increase in optical 
depth in the region just below the visible limb (Fig. 14), 
an increase in particle size (Fig. 17), a decrease in albedo 
at wavelengths less than 0.6/xm, but an increase the al- 
bedo at longer wavelengths (Fig. 13). The albedo declines 
at the short wavelengths because the aerosol is a strong 
absorber, compared with the atmosphere, and increasing 
the optical depth of the haze causes aerosol to dominate 
more completely over Rayleigh scattering. However, the 
aerosol is relatively bright between 0.6 and 1.0/~m com- 
pared with methane absorption so a greater optical depth 
of aerosols significantly increases the albedo at these 
wavelengths. Similar increases in albedo may also occur 
beyond 1.0/~m in methane absorption bands, or above a 
relatively dark surface. The difference in albedo between 
the case with and without rising motion is about 25% in 

the blue, as is observed (Sromovsky et  al. 1981), but it is 
less than 10% in the green which is less than observed. We 
conclude that rising motion in the northern hemisphere 
stratosphere in the 150- to 200-km altitude range with a 
magnitude near 0.05 cm sec-J would be consistent with 
the observed lower albedo of the northern hemisphere. 
Future observation of the albedo variation at wavelengths 
beyond 0.6/zm would be useful to confirm that this expla- 
nation is correct. If the alternative suggestions--that the 
optical properties of the aerosols vary latitudinally (Sro- 
movsky e t  al. 1981) or that underlying tropospheric clouds 
vary latitudinally (Flasar et  al. 1981)--are correct one 
would not expect to observe a contrast reversal at longer 
wavelengths. It has already been pointed out that varia- 
tions in underlying clouds would not produce the wave- 
length dependence of the contrast which is observed (Sro- 
movsky et  al. 1981). A two-dimensional model is needed 
to further explore hemispheric albedo variations caused 
by interactions of aerosols with the motion fields. 

FIG. 10. Vertical profiles of the optical depth at a wavelength of 0.5 #m for the conventional model and for several sensitivity tests. Data from 
the work of Rages and Pollack (1983) are shown. 
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Several investigators have proposed that the aerosols 
have bimodal size distributions. Courtin et al. (1991) sug- 
gested that, in order to account for the ultraviolet albedo 
of Titan, a mode of particles with sizes less than 0.02 txm 
must be present in addition to an equal mass mode of 
particles with sizes greater than 0.1/~m. As Courtin et al. 
(1991) pointed out, the small particles in such a distribu- 
tion would have a short coagulation lifetime and would be 
difficult to maintain. Our model does yield a mode of small 
particles in regions where chemistry is actively producing 
aerosols, but the small particles do not have a mass equal 
to that of larger particles. We have shown that the ultravi- 
olet albedo can be accounted for without imposing a bi- 
modal distribution of the sort suggested by Courtin et 

al. (1991). In our simulations the ultraviolet albedo is 
controlled by the vertical distribution of the 0.1-/zm-sized 
particles relative to the gas composing Titan's atmo- 
sphere. 

West and Smith (1991) have proposed that the aerosols 
have a mode of nonspherical particles with size near 0.15 
/xm, and a second mode of spherical particles with size in 
the range 0.03 to 0.06 p,m. This smaller mode is needed 
in order to obtain the large polarization observed in the 
ultraviolet. Our model does produce bimodal size distribu- 
tions, but not with modes that are so close together in 
size. In the Earth's atmosphere bimodal size distributions 
are often observed, where they are invariably caused by 
the mixing together of particles that have different 

sources. Likewise, in laboratory experiments in flames, 
the spherical monomers are created in the flame where 
molecular-sized fragments are common. The larger 
aspherical particles are produced in the boundary of the 
flame region, where molecular fragments are not present, 
as the spherical particles coagulate. Hence the two types 
of particles are end members of different processes and 
only occur together in limited regions of space where the 
smaller particles are relatively near their source and where 
the smaller particles have been only partially transformed 
to the larger nonspherical particles. These observations 
and our model results suggest to us that the bimodal distri- 
butions suggested by West and Smith (1991) are mainly a 
vertical variation in the size distribution, rather than being 
two modes that coexist. Our model shows that such varia- 
tions should occur due either to vertical motions (Figs. 
12 and 17), or simply due to the fact that the chemical 
production is undoubtedly not constant throughout the 
aerosol layer, so that smaller particles form near the top 
of the haze layer from monomers, while larger ones form 
due to coagulation as the particles sediment to lower alti- 
tude (conventional model, Fig. 12). Another possibility 
is that horizontal transport of aerosols having different 
growth histories may occur as aerosols formed in rising 
and descending air parcels are mixed together. In that 
case bimodal distributions may occur. Evaluation of this 
idea will require a two-dimensional aerosol model. These 
possibilities imply that scattering calculations including 
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nonspherical particles must consider the vertical and hori- 
zontal variation of particle size if they wish to more com- 
pletely interpret the remote sensing observations of Titan, 
as also suggested West and Smith (1991). 

Observations of the geometric albedo depend upon 
knowledge of the optical radius of Titan, which is difficult 
to determine because the depth of the atmosphere is sig- 
nificant compared with the radius of the planet. Smith 
(1980) presented Pioneer observations of the optical ra- 
dius of Titan indicating a substantial wavelength depen- 
dence. We find that the radius observed by Smith coin- 
cides with the 0.051 optical depth level in our model. 
Taking this value of optical depth (gas plus aerosol) to 
represent the optical radius at other wavelengths, we pres- 
ent in Fig. 18 a comparison between the optical radius as 
a function of wavelength from our model and from various 
observers. The optical radius is a strong function of wave- 
length and differs substantially from that assumed in inter- 
preting some of the geometric albedo data sets. The model 

shows a wavelength dependence that agrees well with the 
Smith (I 980) observations, suggesting that the aerosol size 
near an optical depth of 0.05 is reasonable. 

Figure 19 presents the geometric albedo data scaled 
to include the predicted optical radius as a function of 
wavelength. Substantial differences between the original 
and the scaled geometric albedos are found especially in 
the near infrared. Figure 20 illustrates the revised model 
geometric albedo in comparison with the geometric albedo 
corrected for the wavelength-dependent radius. At wave- 
lengths beyond 1/.tin, the comparison suggests that the 
surface albedo or cloud opacity in the troposphere of Titan 
may be higher than assumed in the revised model. Since 
the data are ambiguous about these parameters we have 
not attempted to derive new values, but from the sensitiv- 
ity tests the interested reader can judge the magnitude of 
surface albedo change or cloud opacity that would be 
needed to obtain better agreement between the model and 
the data. There continue to be differences between the 
model and the data in the 0.7- to 0.9-/xm wavelength range 
that we attribute to uncertainty in the methane absorption 
coefficients, as discussed previously. 

In our revised model we made a number of changes to 
the eddy diffusion coefficients suggested by Yung et al. 

(1984) (Fig. 2). Coustenis et al. (1989) noted that the mix- 
ing ratios of several gases derived from the model of Yung 
et al. (1984) were much higher than those observed by 
Voyager, which they suggested could be due to incorrect 
choice of diffusion coefficient. Figure 21 illustrates calcu- 
lated ethane mixing ratios for Yung's diffusion coefficient, 
for the conventional model diffusion coefficient, and for 
the revised model diffusion coefficient. These various 
models differ primarily in the magnitude of the diffusion 
coefficient below 150 km. We forced the mixing ratio to 
the equivalent vapor pressure if the pressure of ethane 
exceeded the vapor pressure. We fixed the downward flux 
of ethane at the top of our model to be 5.8 x 109 molecules 
cm -z sec-~ based upon the value of the flux at the tropo- 
pause found in Yung et al . ' s  (1984) model. Ethane was 
assumed to be neither created nor destroyed by photo- 
chemistry in the region below 600 km. The resulting mix- 
ing ratios in the revised model and in the conventional 
model now lie within the low end of the range of 1 to 
1.8 x 10 -5 at 125 km found by Coustenis et  al. (1989). 
Comparison of the columns between our model and Cous- 
tenis et al . ' s  (1989) observations may be more relevant, 
since Coustenis et al. (1989) assumed that the ethane 
mixing ratio would be constant with altitude whereas our 
model has an altitude-dependent mixing ratio. The column 
above 20 mbars in our model, near the bottom of the 
observational weighting functions, is at the upper limit of 
the observations. 

Tanguy et al. (1990) found from millimeter observations 
that Yung et al . ' s  (1984) model overestimated the HCN 
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mixing ratio on Titan and that Yung et  a l . ' s  model did not 
have a steep enough mixing ratio gradient in the tropo- 
sphere. Tanguy et  al. (1990) reduced Yung et  a l . ' s  diffu- 
sion coefficients in the stratosphere and increased them 
below about 150 km to bring their model into agreement 
with observations. Figure 22 shows similar calculations 
for HCN in comparison with the data of Tanguy et  al. 

(1990). Although the Yung et  al. (1984) diffusion coeffi- 
cients yield too large an HCN mixing ratio, the larger 
diffusion coefficients in the revised model yield good 
agreement with the data i fa  flux of 2 x 108 cm -2 sec -I is 
used at the top of the model (Yung et  al.  1987; see note 
in Tanguy et  al. 1990). Tanguy et  al. (1990) emphasized 
lowering the diffusion coefficient in the altitude region 
below 300 km. However, Tanguy et  al. (1990) also in- 
creased the diffusion coefficients below 150 km compared 

to Yung et  al. (1983) and we believe that this change is 
the one that is critical. 

Sagan and Thompson (1984), among others, have used 
Voyager observations to show that if the mixing ratios of 
ethane and other hydrocarbons remain constant into the 
lower atmosphere then these gases will condense over a 
broad range of altitudes to form hazes and clouds. How- 
ever, as illustrated in Figs. 21 and 22, the mixing ratios in 
the presence of a condensational sink and relatively large 
diffusion coefficients are much lower than one would as- 
sume from a constant mixing ratio extrapolation of Voy- 
ager measurements. The result is that the altitude of con- 
densation is moved downward to very near the location of 
the temperature minimum and the amount of condensable 
material is greatly reduced. 

The large scattering optical depth upper limits obtained 
by Sagan and Thompson (1984) (for example, about 200 
for ethane haze assuming a size of 1 /xm) cannot occur 
without causing significant problems in matching the ob- 
served geometric albedo. We believe that the way out of 
this dilemma can be understood by using an alternate 
method of calculation of the optical depth of the hazes. 
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Sagan and Thompson (1984) assumed that the mass of 
condensate in the region just above the tropopause would 
equal a fraction of the mass of the column of the gas above 
the condensation altitude. They could not determine the 
value of this fraction, so their upper limits were based 
upon assuming that the fraction was unity. Here we find 
the condensed mass by equating the mass flux of the gas 
to the condensation level, F, with the mass flux from the 
condensation level by sedimentation. That is, if F is the 
mass flux, and if we assume that N particles of radius r 
are present and that they fall with velocity V then F = 
4zrrapNV/3. Now the optical depth is ~- = ~rr2qextNl, 
where I is the depth of the cloud, taken here to be about 
10 km, and qext is the extinction efficiency assumed here 
to be 2. V can be approximately written V = Vor where 

V0 is about 50 sec- ' at 70 km. Eliminating N between the 
equations results in the expression 

I" = 3 F q e x t I / ( 4 p V o r Z ) .  

If the particle radius is (0.1, 1.0, 10.0/~m) then the optical 
depth is about (100, I, 0.01) and the number of particles 
present is about (105, 10, 10 -3 cm -3) assuming the vapor 
flux of ethane resulting from Yung et al.'s (1984) work. 
The downward mass flux of the gases is not able to pro- 
duce a high optical depth cloud unless the particle size is 
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very small, and the number of particles is very large. 
Such large numbers of particles require that homogeneous 
nucleation occur, which is unlikely in the presence of a 
preexisting aerosol. However, if the particle radius is 
larger than 1 /xm, then the ethane optical depth will be 
small, and the ethane clouds will have a minor impact on 
the geometric albedo. We suggest that the particles 
formed by condensation of these hydrocarbons may well 
be much larger than the haze particles. The mechanism 
for causing the size difference may be selective nucleation 
of the hydrocarbons onto a small subset of the haze parti- 
cles. Such phenomena occur commonly in Earth's atmo- 
sphere and account for the large size of cirrus cloud parti- 
cles which form on a very small fraction of the available 
nuclei (Pruppacher and Klett 1978). Such a circumstance 
would be favored on Titan because most of the condens- 
ables are solids, which typically have large energy barriers 
to nucleation, and because the stability of the atmosphere 
in the region of the tropopause argues for relatively slow 
dynamical processes which would be unlikely to maintain 
a large enough supersaturation to nucleate all of the haze 
particles. 

The planned Cassini orbiter may also tell us much about 
the clouds of Titan by making observations in the near 
infrared. As we illustrated in Fig. 8 the aerosol optical 
depth may be rather low in the near infrared so that outside 
of regions of methane absorption it may prove possible 

to detect the presence of optically thick clouds in the 
troposphere, or even albedo features on the surface. Fig- 
ure 7b illustrates how the ability to sense cloud and surface 
albedo features varies with wavelength. Likewise, Fig. 18 
indicates that even within regions of methane absorption 
near 2.0 t~m it should prove possible to observe the atmo- 
sphere on the limb down to altitudes of about 75 km. 
Griffith et al. (1991) provide a more detailed discussion of 
the visibility of the surface at near infrared wavelengths. 

C O N C L U S I O N S  

Currently available observations provide a number of 
tantalizing clues about the properties of the stratospheric 
haze on Titan. However, the data base is extremely lim- 
ited and significant surprises should be expected in future 
observations. Our modeling effort is based upon a number 
of simplifying assumptions. The most important of these 
are that the aerosols in Titan's stratosphere are of a single 
composition and are involatile. We assume that Mie the- 
ory and spherical shapes are adequate. We also assume 
that a one-dimensional model is capable of simulating 
the general characteristics of these aerosols. Given these 
assumptions, and the limited data base, we draw the fol- 
lowing conclusions. 

1. Atmospheric motions are important for determining 
many of the observed properties of the aerosols. Hence, 
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4. The electrical charge on the aerosols in Titan's atmo- 
sphere controls the particle size and haze optical depth. 
The calculations of aerosol charging by Borucki et al. 
(1987) appear consistent to first approximation with the 
charging required to obtain the particle characteristics 
observed. However,  to obtain particles as small as needed 
to explain the observed polarization with spherical shapes 
requires that, for the same number and size of particles, 
the particles must be charged about 3 times as much as 
found using our simplified version of the Borucki et al. 
(1987) model. Either the simple model is not completely 
adequate, the ionization rate is about 10 times as large as 
predicted by Borucki et al. (1987), or the particles are not 
spherical and therefore do not need to be quite as small 
as thought to produce the required polarization. At high 
altitude the photoelectric effect may cause the charge to 
be less than predicted by Borucki et al. (1987), allowing 
large particles to form there. 

FIG. 20. Corrected geometric albedo data and the geometric albedo 
from the revised model.  

although a one-dimensional model may be sufficient for a 
qualitative examination of many of the aerosol properties, 
details will need to be investigated with a multidimen- 
sional model. 

2. The detached haze on Titan may be a manifestation of 
organized, "Hadley type,"  motions above 300 km altitude 
with vertical velocities on the order of I cm sec -]. The 
vertical extinction profiles of Rages and Pollack (1983) 
suggest that at the time of the Voyager encounters rising 
motion was occurring in the southern hemisphere and in 
the equatorial regions, all of which show a detached haze 
layer, and sinking motion was occurring at middle and 
high latitudes of the northern hemisphere where there was 
no detached haze layer and a polar hood was observed. 
Other patterns of motion may well occur at the time of 
the Cassini mission due to the varying position of Titan 
with respect to the sun, leading to a different distribution 
of the detached haze layer. 

3. The hemispherical asymmetry in Titan's visible al- 
bedo may be caused by organized vertical motions within 
the upper portion (150 to 200 km) of the haze with vertical 
velocities on the order of 0.05 cm sec-] .  Rising motion 
must occur in the darker northern hemisphere as proposed 
independently by Flasar and Conrath (1990) on the basis 
of dynamical arguments. Beyond a wavelength of 0.6/zm 
the hemispheric contrast should reverse with the northern 
hemisphere being brighter, if our model is correct. The 
contrast variations on Titan should be a function of the 
position of Titan relative to the sun since the dynamical 
motion represents a lagged response to solar heating. 
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5. A discrepancy in the particle size just above the 
visible limb (about 220 km altitude) originates from inter- 
pretations of the Tomasko and Smith (1982) polarization 
data, which suggest radii of less than 0.1 tim near and 
below the visible limb, and the high phase angle data of 
Rages and Pollack (1983), which suggests radii of 0.25 tim 
or greater, near and above the visible limb. West and 
Smith (1991) resolve the discrepancy by invoking non- 
spherical particle shapes. Tomasko and Smith (1982) re- 
solve the discrepancy by invoking a layer of large particles 
overlying the main haze layer. We show that such a large 
particle layer could be a natural outcome of the detached 
haze layer being produced by rising motions if the bulk of 
the mass needed for the main haze layer is produced at 
altitudes below the detached haze layer. A significant size 
difference between the detached haze layer and the main 
haze layer does not occur, even if rising motions are 
present, if the aerosol mass is predominantly produced 
above the detached haze layer. It is difficult to simulate 
the details of the interaction of the detached haze layer 
and the main haze layer in a one-dimensional model. How- 

ever, we conclude that both size variations and shape are 
potentially important in resolving the discrepancy in the 
particle size just above the visible limb. 

6. Our simulations of the geometric albedo data, partic- 
ularly in the ultraviolet near 0.2 tom and in the near infra- 
red near 2 ~m, suggest that the mean particle size in the 
bulk of Titan's haze layer is near 0.15 p,m. This size is 
consistent with that suggested by the polarization obser- 
vations (Tomasko and Smith 1982) which also apply to 
the bulk of the haze layer. It is not consistent with the 
size suggested by the high phase angle scattering data 
(Rages et  al. 1983), but those data only apply to particles 
above the visible limb, not to the main haze layer. Our 
particle size inferred from the geometric albedo data is 
also consistent with the size of nonspherical particles sug- 
gested by recent studies of the polarization (West and 
Smith 1991). Bimodal size distributions are required by 
the nonspherical model. These could be produced by hori- 
zontal motions bringing together aerosols with different 
growth histories, a process that cannot be treated in a 
one-dimensional model. However, our model suggests 
that vertical variations in particle size are also important 
and could be responsible for the optical data, rather than 
having two modes of similar-sized particles coexisting. 
The geometric albedo data are most sensitive to aerosols 
in the altitude region below 100 km and suggest that the 
aerosol optical depth in the visible above about 60 km is 
on the order of 3. In the ultraviolet it is on the order of 6 
and at 2.0 tim it is on the order of 0.05. 

7. The optical radius of Titan is a function of the wave- 
length of observation. The aerosol model provides a 
means of extending observations of the optical radius from 
the visible to the near infrared. The results suggest that 
at 2-tim wavelength the optical radius may be 200 km less 
than it is in the visible and within 75 km of the radius of 
the solid planet. 

8. The eddy diffusion coefficients suggested by Yung 
et  al. (1984) are useful for simulations throughout most 
of the atmosphere. However, above about 400 km the 
uniformly mixed aerosol extinction observed by Rages 
et  al. (1983) requires larger diffusion coefficients, on the 
order of 108 cm 2 s i, than in the Yung et  al.  (1984) model. 
Likewise, below about 150 km considerably larger diffu- 
sion coefficients are required than in the Yung et  al. (1984) 
model in order to fit the geometric albedo data. Dynamical 
processes, rather than particle sedimentation, control the 
distribution of the haze particles below about 150 km. The 
critical factors controlling the mixing ratios of gases in the 
stratosphere of Titan between 50 and 200 km are the 
condensation temperature of the material and the diffu- 
sion coefficient in the region extending below 150 km to 
the condensation point. Using the ethane flux predictions 
of Yung et  al. (1984) and the diffusion coefficients ob- 
tained from the aerosol study we find an ethane mixing 



0.7 ratio and column abundance that agree within the error 
bars with the observations reported by Coustenis (1989). 
Likewise, we obtain an acceptable fit to the HCN profiles 
of Tanguy et  al. (1990). 

9. The relatively large eddy diffusion coefficients in the 
lower stratosphere of Titan result in nonuniform mixing 
ratios of condensable gases and considerably lower alti- 
tudes for condensation than has been assumed in previous 
studies. Most hydrocarbons would be expected to con- 
dense very near the altitude of lowest temperature rather 
than tens of kilometers above the tropopause as suggested 
in the earlier studies. We suggest that the optical depths 
of hydrocarbon clouds must be much less than one. For 
gases such as ethane this requires that they form on only 
a small subset of the haze particles to create relatively 
large, rapidly removed particles. 

10. Near infrared observations should be able to detect 
the surface or troposphere at wavelengths between meth- 
ane bands. Even in the methane bands, limb observations 
should be able to reach within 75 km of the surface near 
2/xm. The ability to sense the lower atmosphere is dis- 
cussed in more detail by Griffith et  al. (1991). 
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FIG. A1. The geometric albedo for a semi-infinite plane parallel 
atmosphere is illustrated as a function of the single scattering albedo and 
the asymmetry parameter from the approximate model and from the 
precise model of Dlugach and Yanovitskij (1984). 

A P P E N D I X  

We used an approximate technique to calculate the geometric albedo 
based upon one used by Toon e t  al. (1977) to investigate the thermal 
emission from Mars as extended by Toon e t  al. (1989). Our model is 
plane parallel, which should be accurate to within a few percent of 
spherical model calculations. The geometric albedo is defined to be 

Ag = 2 f01 I(0, g'o, - ~o)/~0 d/zo. (A1) 

Here I is the intensity in the backscatter direction at the top of the 
atmosphere and P-0 is the local solar zenith angle. 

The exact expression for I at the top of a plane parallel atmosphere of 
total optical depth r is 

1(0, iz o , - l%) = l ( z ,  IX o , - / ~ 0 ) e x p (  - r/lZo) 

+ f :  J ( r ' ,  I~ o, - #0)exp(-  r ' l tzo)dr ' l lzo.  (A2) 

Once the source function J is known as a function of the optical depth 
r ' ,  then this expression can be solved. We treat an inhomogeneous 
atmosphere by breaking the integral into segments for each layer. 

In order to find the source function we make the approximation that 
it is given by 

tf °f ' J ( r ' ,  tz0, -/z0) = co0/4¢r t '0 ~ - 1 Is(r', ~, ~b)P(/x, ~b, -/z0)d/z d~b 

+ ¢rFP(I.%, - / ~ 0 ) e x p (  - r'//zo)}. (A3) 

In this expression Is is the two-stream intensity, P is the scattering 
phase function, and 7rF is the incident solar flux. Using the two-stream 
intensity the integral can be done analytically. In the Eddington approxi- 
mation Is = I 0 + /xll, where 1 o and 11 are independent of angle, and we 
find that 

J ( r ' , / z  0, -/~0) = oJ0{(10 + /Zgll) + n'FP(tx0, - /%)exp(-r ' / /z0)}.  (A4) 

Here g is the scattering asymmetry parameter. 
Given the two-stream solution for I0 and Ii, all of the integrations in 

the expression for the intensity may be done analytically for layers with 
homogeneous properties. Toon et  al. (1989) present solutions for the 
two-stream equations and for the intensity integrals in a form suited for 
rapid computations. 

Figure AI illustrates comparisons of the geometric albedo calculated 
for a semi-infinite atmosphere using our approximation and using a more 
accurate technique (Dlugach and Yanovitskij 1974). Our calculations are 
typically accurate to better than 10% although occasionally a 15% error 
occurs. Likewise, the spherical albedo found using the two-stream ap- 
proximation is accurate to within about 1%, although for the smallest 
albedos errors of 15% were encountered. The spherical albedo is found 
more precisely because it involves more angular integration than the 
geometric albedo. The magnitude of these errors is typical of those found 
in all applications of two-stream approximations. We have found that 
the best performance for all single scattering albedos is obtained with 
the standard Eddington approximation rather than one of the delta- 
techniques. The delta-Eddington and the delta-quadrature technique are 
generally more accurate for calculations of the spherical albedo. For 
calculations of the geometric albedo they are more accurate when the 
geometric albedo is larger than 0.2, but they have significant errors for 
geometric albedos less than 0.1. 
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