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ABSTRACT 

I have developed a model of aerosol microphysics and scattering in Titan's 

atmosphere that incorporates the concept of irregular aggregates. By comparing models 

with spacecraft observations of Titan's intensity and polarization phase laws and ground

based observations of Titan's solar reflection spectrum, I have constrained several 

properties of the aerosols. The aerosols are assumed to be irregular aggregates of small 

spheres made of Titan tholin-the spheres have a radius of approximately 0.06 Jl.m, and 

through most of the atmosphere the aggregates comprise 10 to 100 spheres. The 

aggregates form at an altitude of 250 to 300 km, and are the primary source of scattering 

opacity down to the lower stratosphere, where there must be some removal process, such 

as rain-out, although there is likely to be some scattering opacity in the troposphere. This 

model fits the polarization data well, in addition to being highly forward scattering. It is 

used to predict the penetration of sunlight into the atmosphere, and it predicts that the 

surface becomes visible at wavelengths longer than about 0.9 J.1m. 

I then carried out a program of 0.9-2.3 /.lm spectroscopy of Titan in which Titan's 

albedo at wavelengths sensitive to the surface was monitored. Results of this program 

show that Titan's albedo does vary, with the leading hemisphere consistently brighter than 

the trailing hemisphere, and that the variations repeat with a period equal to Titan's orbital 

period. The source of the variation is very likely the surface, and there is no evidence of 

surface absorption features. The runplitude of the light-curve at 2 Jl.m (32±3%) suggests 

that the bright component is unlikely to have a strong 2 /.lm absorption feature, and, 

therefore, is not pure water ice. It is clear from the existence and repetition of the 

variation that the surface is not homogeneous, and specifically that a global ocean is not 

allowed. 
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1. INTRODUCTION 

1.1. Why Titan? 

"Titan, of course, is an extremely pleasant moon of Saturn," according to Kurt 

Vonnegut (1959). Vonnegut's idyllic Titan is far from the Titan we know from three 

spacecraft visits and numerous ground based observations. Its surface temperature of 94 

K falls far short of the "uniform temperature of sixty-seven degrees Fahrenheit," and its 

nitrogen-methane atmosphere does not have "plenty of oxygen to breath," and is quite 

unlike "the atmosphere outside the backdoor of an Earthling bakery on a spring morning." 

On the one hand, Vonnegut's Titan was full of variety, with three large lakes and 93 

ponds and smaller lakes, three rivers, and "woods, meadows, and mountains." On the 

other hand, Voyager's Titan was far from varied; indeed, it was rather bland to look at. 

Ironically, it is the former picture of Titan that now seems a better conceptual model-the 

evidence for variety on Titan's surface that was hidden from Voyager is now apparent to 

observers on the Earth. 

What we find on Titan will be, of course, different from any fictional account, and 

different from what we have found on any other world we have explored. Titan's 

nitrogen atmosphere is similar to the Earth's in surface pressure, in the presence of a 

clearly defined troposphere, and in the presence of a condensable gas as a major 

component of the atmosphere. It is different in temperature (much colder), and that 

difference is responsible for the fact that the gas which may condense in Titan's 

atmosphere is methane and not water. The atmospheric dynamics are likely to be 

different, both due to the lower temperature and to Titan's slower rotation rate. The 

surface processes are likely to be different from those of any other known body: first, the 

presence of a dense atmosphere in contact with the surface places Titan in the exclusive 
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company of Venus, Earth, and Mars. Second, Titan's average density (intermediate 

between ice and rock) suggests that water ice may be abundant at the surface, but as 

"bedrock" rather than as a volatile. Third, we know from Voyager that methane is 

photolyzed high in the atmosphere and that the hydrocarbon products are eventually 

deposited on the surface, which must also be a source to replace the methane loss. 

The similarities and the differences suggest that we have much to learn from Titan. 

Titan is a climate laboratory, where we may be able to observe the behavior of clouds and 

winds and atmosphere-surface (perhaps even atmosphere-ocean/lake) interactions. Titan 

is a chemistry laboratory, where organic chemicals from the same brew that formed the 

planets have been concentrated and put into cold storage, and where life has presumably 

not mixed up the brew. Titan is a geology laboratory, where as yet unknown processes 

are creating as yet undiscovered land forms. This work, of course, merely skims the 

surface, but it does shed light on solutions to some old problems as well as showing that 

Earth-based observations are still quite useful for learning about Titan. In the following 

pages, I present a model of Titan's haze as smoke-like particles that explains previously 

unreconciled data and observations that demonstrate Titan's surface variety. 

1.2. A note on the format 

Titan is a very complex world, rich with avenues of study. Although my interests 

have led me down many of these avenues, in my work I have necessarily remained in just 

a few areas. I have approached the basic question, what's going on there? from two 

directions. First, I worked on theoretical models of the haze in order to understand 

certain apparently discrepant observations-also to know what lies between an observer 

on Earth and the surface of Titan and whether that surface could be seen and studied. 

Second, I left my computer terminal, went to the telescope, and looked for information 

about the surface. 
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In the remainder of this chapter I will review the literature to present the context of 

this study. The second chapter contains an explanation of the development of a new 

Titan haze model and reviews the implications of that model. In the third chapter, I 

summarize two papers I have published reporting the observational work I have done in 

collaboration with Erich Karkoschka and Martin Toma~kQ. The two papers are included 

without revision in Appendices A and B. The fourth chapter is a summary of the main 

conclusions of my work in the context of a general study of Titan. 

1.3. Summary of recent work 

It is easy to get a general idea of what is going on in Titan's atmosphere by 

considering the reflection spectrum (Fig. 1). Atmospheric absorptions of two kinds 

dominate the spectrum. At short wavelengths, from 0.2 to 0.6 J.1m, there is a broad 

"continuum" absorption. Where a pristine planetary atmosphere would be bright because 

of Rayleigh scattering, Titan is exceptionally dark. Danielson et al. (1973) explained this 

broad absorption as an effect of aerosols, or Axel (1972) dust, high in the atmosphere. 

The aerosols are strongly absorbing in the ultra-violet, making Titan dark, but become 

brighter at increasing wavelengths. The low albedo at the shortest wavelengths, where 

the Rayleigh scattering cross-section is largest, requires the dust to occur at very high 

altitudes; that is, most of the dust is above most of the gas. At longer wavelengths, 

greater than 0.6 J.1m, the spectrum is dominated by increasingly strong methane 

absorptions, which were first observed by Kuiper (1944) and which resulted in his 

discovery of Titan's atmosphere. Fink and Larson (1979) used measurements of the 

equivalent widths of two near-infrared methane bands to determine that there was .... 1 km

am of Cf4 above some reflecting layer (the surface or a cloud layer). The combination 

of a very red aerosol and methane features (which, with Rayleigh scattering instead of 

haze absorption, give Neptune its blue appearance) gives Titan its ruddy-orange color. 
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FIGURE 1. Titan's reflectance spectrum. A composite spectrum of geometric albedo 
observations by Courtin et al. (1991,0.22-0.35 J.Lm), Neff et al. (1984,0.35-1.0 J.Lm), 
and Fink and Larson (1979, 1.0-2.5 J.Lm) is shown. The observations have been 
normalized so that Titan's optical radius corresponds to that derived by Toon et al. 
(1992). 

The measurements of Fink and Larson (1979) conflicted with similar measurements 

in the visible, where methane abundance seemed to be an order of magnitude smaller. 

The haze optical depth is large enough, at visible wavelengths, to obscure not only the 

Rayleigh scattering but also the methane absorption. At longer wavelengths the haze is 

essentially transparent, and much more methane can be seen. This implies that the 

particles are small, such that their opacity is strongly wavelength dependent. Because the 

haze opacity decreases rapidly with wavelength, in the methane continuum regions at 

wavelengths larger than about 1 J.Lm the lower atmosphere (perhaps containing thick 

condensation clouds) and surface may be visible. 
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A planet's brightness varies as the Sun-object-Earth angle (the phase angle) varies. 

This variation of brightness with phase angle is known as the phase law. Unfortunately, 

only a limited part of Titan's phase law, 0°-6°, may be observed from Earth. Rages and 

Pollack (1980) analyzed the phase variation as a function of wavelength (Noland et al. 

1974) to constrain the real part of the refractive index to 1.5 ~ nr ~ 2.0 and the aerosol 

. . . ... . .. . . . ... .. . .... size .to 0.20. J.l.Dl. S.a.s .0.35. Jl.m. (assuming . spherical aerosols). Rages and Pollack (1980) 

then modeled the albedo spectrum in order to detennine the total amounts of methane 

(2.2 krn-am) and aerosol ('tlOtal=lO) and the imaginary part of the refractive index. 

A similar absorption spectrum was measured in the laboratory by Khare et al. (1984), 

who created dark reddish organic solids (tholins) in a simulated Titanian atmosphere. 

They used a continuous DC electrical discharge in a N:zICl4 mixture to simulate the 

instigation of Titan's photochemistry, collected the chemical products, and measured their 

optical properties. They determined the index of refraction of the Titan tholin: the real 

index is near 1.65 in the visible, and the imaginary index ranges from 0.1 in the blue to 

0.01 in the red. These values are consistent with the observational detenninations of 

Titan's aerosol's optical properties, suggesting that the aerosol on Titan is composed of 

something similar to the Titan tholin. 

Three spacecraft have had close encounters with Titan: Pioneer 11 and Voyager 1 and 

2. Pioneer 11 photopolarimetry at phase angles from 22° to 96° required that aerosols in 

the main haze layer (specifically near 'f= 0.5 in the blue-red) be small, near 0.1 Jl.m in 

radius (Tomasko and Smith 1982). Tomasko and Smith (1982) observed the disk 

integrated intensity and polarization phase laws and intensity limb scans at blue and red 

wavelengths (which probe to different altitudes). They used a spherical-aerosol model to 

derive the aerosol index of refraction and size-they derived the relation a = 0.117 Jl.m 

('freJO.5)O.217, where a is the aerosol radius and 'fred is the optical depth in the red. The 

Voyager 2 Photopolarimetry Subsystem .(PPS) measured the polarization phase law from 
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450 to 1540 phase angle in the ultraviolet and very-near-infrared (West et al. 1983). West 

et al. (1983) modified the Tomasko and Smith (1982) power law to have a cut-offradius, 

amox = 0.14 JlII1. 

Voyager 1 was targeted to pass behind Titan as observed from Earth, allowing it to 

take images at high phase angles. Titan's extended atmosphere was seen to be very 

forward scattering; in fact, "new moon" (very high phase angles) was brighter than 

"quarter moon" (intermediate phase angles). In contrast with the polarization 

measurements, analysis of the high phase angle photometry showed that there must be 

large particles, 0.3--0.5 J.1m high in Titan's atmosphere (Rages and Pollack 1983, Rages 

et al. 1983). Inversion of radial intensity scans of a single clear-filter image of Titan at a 

solar phase angle of 1550 yielded vertical proflles of the haze extinction above around 

300 km, showing the uppermost part of the main haze layer and two detached hazes 

(Rages and Pollack 1983). Rages and Pollack (1983) also compared this image with a 

similar one taken at a 1400 phase angle to estimate aerosol sizes of 0.3 J.1m in the 

detached haze at 300-350 km and 0.4 J.1m in the main haze layer. At around 300 km they 

found a north polar hood, with extinction enhanced 5-fold over that in the southern 

hemisphere at the same latitude and altitudes. 

Further evidence for large particles high in Titan's atmosphere was presented by 

Rages et al. (1983), who analyzed three high phase angle images taken by Voyager 1 and 

four by Voyager 2. They compared the peak intensity in radial scans of the green and 

violet images at several phase angles. In the violet images, they define Rms as the ratio of 

the maximum I/F at the two extreme phase angles, Rms = max IIF(~ = 1600 )/max IIF(~ = 

129°). This ratio is sensitive to the shape of the forward scattering lobe of the individual 

aerosols, but includes the effect of multiple scattering events. The ratio of these 

intensities for single scattering is Rss. They found Rms = 5.2 ± 0.7, which clearly 

excluded a purely Rayleigh scattering model, for which Rms = 1.5. They performed a 
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hunt through a variety of phase function shapes and single scattering albedos to find a 

solution that fit the observed R rtls as well as the geometric albedo and the absolute 

intensities. They found that fi10 = 0.71 and that Rss = 7.2 ± 1.0 (where the uncertainty 

includes instrumental calibration uncertainty but not model dependent systematic errors). 

Model atmospheres with spherical particles were required to have spheres with a mean 

radius of a:::: 0.5 jJ.m for nr = 1.6, and a:::: 0.32 /lm for nr = 1.7. 

The spacecraft data exhibit what is now the classical paradox of Titan's aerosols: the 

disk integrated polarization measurements require that the aerosol sizes be around 0.1 

/lm, but the high phase angle photometry requires that the aerosol sizes be around 0.5 /lm. 

The polarization measurements are primarily sensitive to a lower part of the atmosphere 

than the high phase angle photometry. This led Tomasko and Smith (1982) to suggest a 'r 

= 0.05 layer of large particles above smaller particles. The large particles would 

dominate the high phase angle images due to the long slant-paths, but would be negligible 

to the disk integrated polarization measurements at intermediate phase angles. This 

model produced a somewhat worse fit to the polarization data, but had the potential to 

resolve the paradox. Rages et al. (1983) point out that the layer of larger particles cannot 

be identified with the detached haze seen in the Voyager images, as the intensity scans 

pertain to the main haze layer. They reject the Tomasko and Smith (1982) model on the 

grounds that a model with large particles above small ones is contrary to basic 

conclusions of cloud physics models, although they were not able to suggest a better way 

to reconcile the two sets of observations. 

Prior to the spacecraft encounters, Podolak and Podolak (1980) and Toon et al. (1980) 

compared ground-based observations of Titan with cloud physical models of the haze. In 

this type of modeling, a steady-state distribution of aerosols is derived from a 

parameterized mass production function using the continuity equation for aerosol volume 
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(mass conservation with the assumption of constant density). The continuity equation 

can be written following Toon et al. (1980) as: 

(Eq.1.1) 

dn(v) d 1 J"' -J --= --(tPs + tPD)+- K(v', v-v)· n(v-v')· dv' -n(v)· K(v, v'). n(v')· dv' +q(v) 
dt dZ 20 0 

The term on the left is the time rate of change of the concentration of aerosols of volume 

v and altitude z. The first term on the right is the sum of the gradients in sedimentation 

and diffusion fluxes; the second term is the creation rate of particles of volume v due to 

coagulation of smaller particles; the third term is the loss rate due to coagulation with 

other particles; the final term is the production rate. Toon et al. (1980) solved the 

equation by starting with an atmosphere empty of aerosols and stepping in time until a 

steady state was reached, and Podolak and Podolak (1980) set the time derivative equal to 

zero and numerically obtained the aerosol size distribution as a function of altitude. I 

used the latter method for the modeling which will be described in Chapter 2. 

The early physical models were hindered by the lack of knowledge of the 

composition of Titan's atmosphere. The spacecraft observations confrrmed that N2 

dominates the atmosphere, determined the pressure-temperature structure (Lindal et al. 

1983, Lellouch et al. 1989) of the atmosphere, determined the rate of dissociation of 

methane and thus the production of ethane and heavier hydrocarbons (yung et al. 1984), 

and measured the aerosol physical properties (Tomasko and Smith 1982, Rages et al. 

1983, West et al. 1983). It was then possible to construct more detailed models. 

The development of a cloud physical model of the aerosol that produced aerosols 

small enough to meet the polarization requirements was discussed by Tomasko et al. 

(1989). This model has been developed since 1989, and is used to model the 

environment of the Descent Imager / Spectral Radiometer (DISR) on board the Huygens 



20 

probe as it descends into Titan's atmosphere. The model is further described in Tomasko 

et al. (1994). Tomasko et al. use a cloud physical model following that of Toon et al. 

(1980), with aerosol (assumed to have Titan tholin composition) creation in the 

stratosphere, coagulation, diffusion, and sedimentation. Aerosols in Titan's stratosphere 

carry an electrical charge proportional to the radius of about 30 e- J.1m -1 (Borucki et al. 

1987). This charging inhibits coagulation due to electrostatic repulsion, and in the 

Tomasko et al. modelled to particle sizes near 0.1 J.1m in the upper parts of the haze. 

Free parameters were constrained by comparison of the mQti-el results to Titan's geometric 

albedo from 0.35-1.0 J.1m (Neff et al. 1984) and 1.0-2.2 J.1m (Fink and Larson 1979). 

The aerosol mass production rate is constrained primarily by the strong 8900 A methane 

band and was found to be MPR = 4 x 10-15 g cm-2 s-l. This is two orders of magnitude 

below the methane photolysis rate (Yung et al. 1984), and is consistent with ethane, 

rather than the haze, being the dominant product of the photochemistry. The shape of the 

weaker very-near-infrared methane bands could not be fit if the haze were continuous 

down to the surface; haze removal, perhaps due to rain-out as ethane condenses onto 

aerosols, occurs in the lower stratosphere (at an altitude of 56 km) in the model. In order 

to fit the albedo in the methane bands at longer wavelengths (e.g., 1.7 J.1m), additional 

opacity is needed, so Tomasko et al. posit a condensation cloud (1' = 0.1) in the lower 

stratosphere at the level of haze rain-out; a second condensation cloud (1' = 0.1) is posited 

in the troposphere (near 20 km altitude), to fit weaker methane bands. 

The Tomasko et al. model fits the albedo well (Fig. 2). It has been used to predict the 

penetration of sunlight into Titan's atmosphere and the local intensity field throughout the 

atmosphere. These predictions have been used in the design of the DISR to ensure that 

the instrument's sensitivity was appropriate to the ambient lighting, so that the Sun-sensor 

would find the sun, and the spectrometers and imagers would have sufficient signal/noise 

throughout the descent. Because it was important to determine the model dependence of 
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~m (a) and Jl > 1 ~m (b). The circles are model results, the line is the observed 
reflectance spectrum. The 1.8-1.9 ~m spectrum should not be trusted, due to strong 
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the results to verify that DISR would work in Titan conditions, and because the aerosol 

model failed to resolve the paradox regarding aerosol size, and therefore did not meet all 

known constraints on aerosol physical characteristics, it was deemed necessary to create 

another model. This requirement was the genesis of the work presented in Chapter 2: the 

development of a model with aerosols that forward scatter like large spheres yet polarize 

like small spheres, in order to predict the penetration of sunlight into Titan's atmosphere. 

McKay et al. (1989) took a different approach to the aerosol physical characteristics, 

reducing the charging coefficient to 10 e- Ilm-1 to create the larger particles required by 

the high phase angle photometry, ignoring the polarization constraints on size. Their 

model reproduced the geometric albedo from the ultraviolet to near 1 Ilm and also 

attempted to fit, through forward modeling, the thermal spectrum of Titan measured by 

the Voyager Infrared Spectrometer. 

Toon et al. (1992) made the first attempt to use a cloud physical model to meet both 

the forward scattering and polarization size constraints; they also fit their model to the 

widest variety of geometric albedo data, from 0.2-2.2 Ilm, including a long wavelength 

(2.2 Ilm) methane band. Toon et al. (1992) discussed two models, their conventional 

model and a revised model. For the conventional model, the aerosol size-distribution was 

fit to the Tomasko and Smith (1982) suggested haze profile as modified by West et al. 

(1983), to fit the constraints imposed by the polarization data, and the extinction profile 

was constrained by the profile determined by Rages and Pollack (1983). In the revised 

model, they used vertical winds in the stratosphere to create an optically thin layer of 

large particles over the small particles. 

Each of these models assumed that the aerosols are spherical, but the aerosols could 

have non-spherical or even irregular shapes. West et al. (1983) tabulated the single

scattering properties for various types of non-spherical particles (e.g., fluffy, elongated, or 

plate-like). Various particle shapes had some of the desired characteristics (including 
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constraints on single-scattering albedo, intensity phase functions and polarization), but it 

has not been shown that aerosols of any shape can be used to reproduce Titan's geometric 

albedo spectrum while providing large polarization from the ultra-violet to the near

infrared and being sufficiently forward scattering in the violet. 

Aside from simplicity, there is no particular reason to make the spherical-aerosol 

assumption. If the aerosol is indeed made of Titan tholin, then it is solid at room 

temperature (Khare et al. 1984), and therefore at the colder Titan stratospheric 

temperatures. When solid aerosols form, it is not necessary that they take on an 

approximately spherical shape. Water, for instance, freezes into a non-spherical, but 

distinctly regular (crystalline) snowflake. Other aerosols are somewhat spherical on 

formation, but upon coagulation, the spherical shape may be lost. For instance, smoke 

forms as spheres, but rapidly coagulates with aerosols of similar size accreting into 

irregular aggregates. Laboratory experiments growing aerosols from the dissociation 

products of simulated Titan atmospheres have shown that roughly spherical aerosols form 

and then coagulate into irregular aggregates similar to smoke (Bar-Nun et al. 1988, 

Scattergood et al. 1992). Scattergood et al. (1992) report that there is a tendency for 

particles to maintain a spherical shape until they reached a certain critical size (0.6 J.1m in 

their experimental conditions) and then to form aggregates. The aggregates described 

here are all formed by the accretion of primary units (called "monomers" by chemical 

analogy) into larger particles without losing their original identity and shape. These 

aggregates, when they contain a large number of monomers, are fractals. 

Fractal aggregates can simultaneously be sufficiently forward scattering and 

polarizing to meet the photometric and polarimetric constraints on the Titan aerosols 

(West and Smith 1991). West (1991) used a discrete dipole approximation (DDA) code 

to model the single-scattering characteristics of aerosols grown by diffusion limited 

aggregation (DLA). West (1991) showed that the forward scattering for the aggregate is 
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similar to that of a sphere of the same cross-section, while the polarization, low phase 

angle scattering, and single scattering albedo depends on the monomer size. West and 

3mith (1991) tested two examples ofDLA, a type I that had 170 monomers each having 

20 dipole elements, and a type II that had 8 monomers with 420 dipole elements each in a 

multiple scattering model. Their model atmosphere was a semi-infinite half-space for all 

but the longest wavelength. The type IT model fit the polarization phase law well at 4520 

and 6480 A; they included a second mode of small spheres in order to fit the polarization 

phase law at 2640 A, and they allowed the atmosphere to become less optically thick ('r = 

0.5) at 7500 A in order to improve the fit to the polarization data. Their work clearly 

demonstrated the feasibility of modeling Titan's aerosols as aggregates, and showed the 

potential for such a model to resolve the size paradox, but several problems remain. 

First, they modeied oniy the geometric albedo at four continuum wavelengths, and did 

not attempt to fit the methane band albedos. Second, their work used a very simple 

model atmosphere; for a detailed investigation it will be necessary to include cloud 

physical calculations, and consider the vertical structure of the haze. Third, for the type IT 

DLA, in the violet Rss = 3.0, well short of even the observed RIllS = 5.2 ± 0.7 (Robert 

West, personal communication). 

In the DLA process assumed by West and Smith (1991), all aggregation occurs by the 

accretion of individual monomers onto the cluster (Le., it is point-cluster aggregation). In 

Titan's stratosphere, it is more likely that clusters will be able to stick to each other, 

indeed, that cluster-cluster aggregation will be the dominant mechanism for aggregate 

growth (Cabane et al. 1993a). Aggregates formed by cluster-cluster aggregation are less 

compact than those formed by point-cluster aggregation (Meakin 1984). Fractal 

dimension is a measure of the compactness. The most common usage of fractal 

dimension in this context (strictly speaking, anything physical is multifractal, and has an 

infinite number of more and less useful fractal dimensions) is the scaling between mass 
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and radius, where R - M1ID, and R is some measure of radius, M is the mass and D the 

fractal dimension. A fractal dimension of D = 3 represents a compact object (such as a 

sphere), while a fractal dimension of D = 2 is very open, "transparent" in 3-dimensional 

space. For diffusion limited particle-cluster aggregation in three-dimensional space, the 

fractal dimension is near 2.5, for cluster-cluster aggregation the fractal dimension is less 

than about 2 (Meakin 1984). 

Near the formation region, aerosols grow by the accretion of much smaller aerosols, 

and therefore are fairly compact point-cluster aggregates with D '" 3. As the aerosols fall, 

they enter a region where growth occurs primarily by coagulation with similarly sized 

aerosols, and the aerosols are more open cluster-cluster aggregates with D '" 2 (Cabane et 

al. 1993a). The size of the monomers and the aggregates are very sensitive to the 

formation altitude, and Cabane et al. (1993b) used a cloud physical model to find that a 

low formation altitude (zo = 350-400 Ian) was necessary in order to result in an aerosol 

similar to the West and Smith (1991) type IT aggregate. They showed that with low 

formation altitudes, aerosols had monomer sizes near 0.1 J.1Il1, which was consistent with 

the polarization constraint (Tomasko and Smith 1982), cross-sections equivalent to 

spheres with radius 0.3-0.5 Jlm, which is consistent with the estimate of Rages and 

Pollack (1983), and a small number of monomers, N = 10-20, similar to the results of 

West and Smith (1991). Despite the promise that they demonstrate for the ability of 

cluster-cluster aggregates to resolve the aerosol size paradox, they were not able to 

include the scattering effects and thus did not explicitly fit any of the photometric, 

polarimetric, or albedo data. Nevertheless, it is clear that cluster-cluster aggregates are 

the most likely aerosol shape given the formation environment in Titan's stratosphere, and 

that fractal aggregates have strong potential to be simultaneously very forward scattering 

and highly polarizing. 
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Our understanding of Titan's surface has evolved in parallel with that of the 

atmosphere. The methane in the atmosphere is continually photo-dissociated, resulting in 

the formation of ethane, other hydrocarbons, and the organic haze. The time scale for the 

removal of methane from the atmosphere by photolysis is about 10 million years, so the 

methane loss must be replenished from a surface source, assuming a steady state. Sagan 

and Dermott (1982) investigated the possibility of a methane ocean. Titan's high 

eccentricity, if primordial, required either that the ocean must be global and greater than 

400 m in depth or that there be no ocean. Sears (1994) recently re-analyzed the tidal 

constraint and determined that liquid hydrocarbons, if present, in quantity must be either 

global oceans no deeper than 500 m, buried in a sub-surface reservoir, or disconnected 

seas.. The temperature profile observed by Voyager is inconsistent with methane 

saturation in the lower 17 Ian of the atmosphere (Eshleman et al. 1983, Flasar 1983), 

which would result from the presence of a global purely methane ocean. Instead, Lunine 

et al. (1983) proposed an ethane-methane ocean to serve simultaneously as the source of 

methane and the sink for ethane. Heterogeneous surface models have been explored 

recently by Lorenz (1993). 

Observations show variation that is not consistent with a globally uniform surface. 

Muhleman et al. (1990, 1992) found that Titan's radar return varied dramatically from 

night to night, and also that its reflectivity is inconsistent with a hydrocarbon ocean at all 

phases they observed. Grossman et al. (1992) also found that Titan's emissivity at radio 

wavelengths was inconsistent with a hydrocarbon ocean; the radiometry limits the size of 

liquid reservoirs for ethane-methane to diameters of 100 km or less. In the wake of the 

report by Muhleman et al. (1992) that Titan's rotation may be asynchronous, Sears et al. 

(1993) showed that a slightly faster than synchronous rotation is stable if there are no 

permanent asymmetries in the satellite's figure. 
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A major motivation for studying Titan's haze is to penetrate it and explore the surface. 

All of the cloud physical models of Titan's haze that fit the observed geometric albedo 

agree that the haze is optically thin at wavelengths not much larger than 111m. 

Cruikshank and Morgan (1980) found variability in Titan's brightness with broad-band 

filters. Using similar techniques, Noll and Knacke (1993) failed to see short-term 

variability, but they reported systematically higher albedos than observed by Cruikshank 

and Morgan (1980). Recently, spectrally resolved observations of Titan's near-infrared 

light-curve (Lemmon et al. 1993, 1994, Griffith 1993, Coustenis et al. 1994; see Chapter 

3 and Appendices A and B) and ground-based (Saint-Pe et al. 1993) and Hubble Space 

Telescope (Smith and Lemmon 1993) images have suggested that the surface is visible in 

methane windows at 0.94, 1.08, 1.28, 1.58, and 2.03 11m. 

A dirty water ice model of the surface composition was suggested by Griffith et al. 

(1992), who used their own observations together with the albedo calibration from Fink 

and Larson (1979) to model the surface reflectivity. They found evidence for absorptions 

at 1.6 and 211m, diagnostic of water ice. The absolute reflectivity, however, was lower 

than expected for a pure water ice surface, so they suggested that the water was mixed 

with some dark component. Coustenis et al. (1994) used a new determination of the 

spectral albedo to model the surface reflectivity. Their resulting surface spectrum has 

absorptions at 1.1 and 1.6 11m, which, they suggest, indicates that anhydrous silicates 

dominate the composition. They argue that the presence of anhydrous silicates is 

inconsistent with models that have Titan's fonnation in the Saturnian sub-nebula (where 

silicates would tend to be hydrated), but instead require that the satellite formed in an 

environment with Solar nebula conditions. They do not explain the presence of a large 

amount of silicates above the less dense hydrocarbon aquifer or water-ice mantle rather 

than in the core. Either model is compatible with a sub-surface reservoir of methane and 



28 

ethane, assuming there is some mechanism to supply the methane to the atmosphere over 

geologic time scales. 

The problems of Titan's atmosphere and surface are not separate issues. Not only is 

the surface a source and sink for atmospheric constituents, but also the atmosphere 

controls the deposition of solar radiation at the surface. Titan's atmosphere sustains a 

mild greenhouse effect due to the collision induced absorption of N 2 despite the haze, 

which absorbs much sunlight in the stratosphere (Hunten 1992). Lunine and Rizk (1989) 

explored how the composition of the ocean might change with time as methane was 

irreversibly converted to ethane. McKay et al. (1993) developed a coupled atmosphere

surface model and studied Titan's thermal evolution. They studied cases where the 

methane reservoir was either a global ocean or small lakes. In both cases the system is 

stable against runaway greenhouse. As a result of the smaller solar luminosity in the past, 

they found that the surface of Titan was covered by ice about 3 Ga ago. In the fonner 

case, the "ocean" was frozen, in the latter, nitrogen condensed out of the atmosphere. 

They used a I-dimensional radiative-convective model of the atmosphere based on the 

haze model of McKay et al. (1989). The penetration of sunlight into the atmosphere, and 

the deposition of solar flux at the surface, may be different if the haze is made up of non

spherical particles, such as in the model of Cabane et al. (1993a). The evolution of 

Titan's surface-atmosphere system is a function of both the increasing solar flux at the 

surface and the changing composition of the surface methane reservoir (that is, the 

irreversible conversion of methane into ethane). If the history of the deposition of the 

solar flux onto the surface were different, then the evolution would be different. 

1.4. Discussion 

There is a growing body of knowledge about Titan. The geometric albedo contains 

information about the vertical distribution of the aerosols and also about the aerosol 
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properties. The spacecraft photometry and polarimetry provide information about the 

shape and size of the aerosols: that information was seemingly contradictory if the 

aerosols were assumed to be spherical, but recent models with non-spherical aerosols at 

least show the promise to resolve the paradox. Knowledge about the aerosols has 

prompted studies of the energy deposition within the atmosphere and at the surface, and 

the evolution of the surface-atmosphere system. Recently, models of the atmosphere 

have suggested that it is possible to see through the haze to the surface. 

In this work, I will carry the development of the fractal aggregate concept a step 

further, and show that a model of the aerosols as cluster-cluster aggregates can satisfy 

cloud physical constraints, photometric constraints including both geometric albedo and 

high phase angle photometry, and polarimetric constraints. The model will be used to 

predict the solar flux penetration into Titan's atmosphere, and to compare that to 

spherical-aerosol models. The model agrees with previously published models that the 

haze is optically thin at wavelengths greater than about 1 Jl.m; these models prompted an 

observing program. I will go on to discuss observations of Titan's light-curve in the near

infrared and the implications of those observations for Titan's rotation rate and surface 

composition. 
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2. FRACTAL AGGREGATES IN TITAN'S STRATOSPHERE 

2.1. The nature of the problem 

The fIrst road I would like to lead the reader down starts high in Titan's stratosphere 

and winds its way past various obstacles to the surface. Early models of the haze had to 

ignore some of the constraints on its physical nature, due to the apparent contradiction 

between the photometric and polarimetric data sets. More recently, it has been possible 

to model the haze as irregular aggregates using a Discrete Dipole Approximation (DDA) 

code to model the scattering of irregular particles. These new models are consistent with 

our understanding of the microphysics of the aerosol formation and growth, and can 

plausibly satisfy both the forward scattering and high polarization constraints. 

In section 2.2, I will discuss the choice of a particle shape (a type of fractal 

aggregate), the creation of model particles, and the use of a DDA code to determine the 

scattering properties of the aggregates. I will go on to discuss the use of a multiple 

scattering model with a semi-infinite layer of aerosols, to constrain physical 

characteristics of the aerosols. In section 2.3, I will discuss the aerosol microphysical 

model that is used to satisfy cloud physical constraints and to determine the aerosol 

distribution from a small number of free param~ters. In section 2.4, I will discuss the use 

of the single-scattering, multiple-scattering, and cloud physical codes to develop a model 

of Titan's atmosphere. Different data are used to probe different altitudes, constraining 

the distribution of aerosols between the surface and the stratosphere. The implications of 

the model in the context of other Titan research is discussed in section 2.5. 

The intent of this work is to demonstrate that a physical model of Titan's aerosols 

incorporating scattering by fractal aggregates can be highly polarizing and very forward 

scattering, while also having a vertical distribution consistent with the geometric albedo 
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spectrum. Such a model will be useful for the interpretation of both spacecraft and 

ground-based data, as well as for planning for the Cassini/Huygens mission. 

2.2. Radiative transfer calculations 

Single-scattering by fractal aggregates 

The fIrst requirement in this study is to model the aggregation process and the single 

scattering properties of irregular aggregates. Aggregates fonned by the repeated 

coagulation of aerosols with similarly sized particles are known as cluster-cluster 

aggregates. The structure of these aggregates, which have a fractal dimension near 2, is 

more open and "fluffy" than that of point-cluster aggregates, which have a fractal 

dimension near 2.5-3 (Meakin 1984). For either type of aggregate, the particles may 

approach each other in a ballistic trajectory, if the mean free path is much larger than the 

aggregate size, or a Brownian trajectory for mean free paths smaller than the size of the 

aggregate. A Brownian, or diffusion limited trajectory leads to more open clusters due to 

the increased likelihood that point masses are accreted at the exterior of the particle, 

leaving stochastically created holes in the interior. More technically, the fractal 

dimension of the trajectory is D = 2, so a body of D > 2 is opaque to the trajectory: the 

trajectory typically cannot penetrate to the interior of the object (Meakin 1984). 

The aggregates studied by West and Smith (1991) were created by diffusion limited 

point-cluster aggregation (DLA). At 300 km altitude in Titan's stratosphere, the mean 

free path for an aerosol is much longer than typical aerosol sizes, so particles should 

approach each other on ballistic, rather than diffusive, paths. Ballistic point-cluster 

aggregation leads to fractal dimensions near D = 3 (Cabane et al. 1993a), rather compact 

particles similar to the primary aerosols observed in the laboratory experiments of 

Scattergood et al. (1992). As the aerosols fall out of the formation region, the dominant 

growth process is collision of aerosols of similar size (Cabane et al. 1993a). Ballistic 
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cluster-cluster aggregates (BCCAs), which result from this process, have structures with 

D = 1.7-2 (Jollien and Botet 1987). 

In Titan conditions, the coagulating aerosols have similar but not identical sizes: the 

monomers have some size distribution, and colliding clusters have different numbers of 

monomers. In the "hierarchical model" of aerosol growth, the monomers have the same 

size, and cluster growth always occurs by coagulation of clusters of identical sizes (e.g., 

two monomers form one dimer, two dimers form a cluster of four, two clusters of four 

form a cluster of eight, etc.). The random coagulation model and the hierarchical model 

both result in clusters with the same fractal dimension and similar structures (Jullien and 

Botet 1987). In this work, I create BCCAs by first creating a dimer by joining two 

spheres in a random orientation. Aggregates of 1'1 = 4,8, 16, ... , are formed by placing the 

accreting cluster at a random location on a sphere centered on one of the monomers of the 

target, and with a radius equal to twice the maximum diameter of the colliding clusters; 

the accreting cluster then follows a random linear trajectory until there is a collision or 

the two aggregates are separated by a distance greater than the original distance. In the 

former case, the result is a new cluster; in the latter, the process is repeated. Figure 3 

shows a BCCA with 16 monomers. The non-sphericity of the monomers is due to a 

combination of the requirement to place dipoles on lattice sites and the plotting routine, 

but is a somewhat realistic representation of irregularity in the monomers. 

The fractal dimension of the aggregates may be measured by comparing the radius of 

gyration of the clusters with the number of monomers for a large number of aggregates. 

(Strictly speaking, the aggregates are multifractal, and there are many different measures 

of fractal dimension, which result in slightly different values for D.) The radius of 

gyration, TG is defined by 
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FIGURE 3. Representation of a fractal aggregate. An aggregate comprises several (16 
here) roughly spherical "monomers" joined together in a very open structure. This is a 
ballistic cluster-cluster aggregate, formed by a successive doubling method: the accretion 
of two monomers into a dimer, two dimers into an aggregate of four, etc. 
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(Eq.2.1) 
1 N ,2 =-~(r -r )2 

G 2.N LJ n m 
II."' 

For a sphere, the radius of gyration is 0.548 times its physical radius, or 0.274 dm (dm is 

the monomer-or sphere-diameter). For the BCCAs described here, rG - Nl/1.80, 

indicating a fractal dimension D = 1.80 (Fig. 4). For a sphere, of course, rG - Nl/3, 

indicating a much slower growth as mass is added. The geometric cross-section of 

aggregates also increases more rapidly for aggregates than for spheres: for spheres, (1 = 

1t/4 * Nlf3, for aggregates, (1= 1t/4 * ]VO.925 (Fig. 5). In other words, BCCA cross-section 

increases in an almost linear fashion with mass. 

The optical properties of such irregular and randomly shaped particles cannot be 

measured analytically. It is possible to compute the optical properties of specific shapes 

with the use of numerical techniques, such as a discrete dipole approximation, or DDA, 

code (Draine 1988). This method requires that small volumes of the particle be treated as 

dipoles. The aggregate is placed on a grid, and dipoles are placed at each of the lattice 

sites within the aggregate. Maxwell's equations are then solved iteratively with the dipole 

location and strength as boundary conditions, with the particles in six different 

orientations of the particle relative to the incident radiation (following West 1991). With 

this method, absorption and scattering cross-sections are computed at approximately 10% 

accuracy, and the entire scattering matrix (which reduces to Pu, P12, P22, P33, P34 , P44, 

with certain standard assumptions) is computed. The Stokes vector of the incident light is 

altered in the scattering event such that 

r 
Q 
U' 

V 

= 

(Eq.2.2) 
I Pu P12 0 0 

Q -P12 P22 0 0 
• U 0 0 P33 P34 ' 

V 0 0 -P34 P44 
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FIGURE 4. Radius of gyration of BCCAs as a function of the number of monomers (N). 
The points are model calculations: three BCCAs with N = 4096 were created by 
successive doubling. For each of these cases, there were 2048 dimers, 1024 aggregates of 
N = 4, 512 of N = 8, etc. For each size, three points are shown, corresponding to the 
average properties of all of the aggregates of that size for that case. The values for N = 
4096 are "averages" of one case and display the spread one expects due to random 
variations. The line is a power law fit to the data: the reciprocal of the power is a 
measure of the fractal dimension. 

BCCA geometric cross-section 
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FIGURE 5. Geometric cross-section of BCCAs, same as Fig. 4. The area of a monomer 
(sphere) is 1t/4 in these units. BCCA cross-section increases in a roughly linear fashion 
with N, while cross-section increases with N2f3 for spheres. The cross-section is the 
average cross-section in three orthogonal planes. 
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where I, Q, U, and V are the Stokes parameters and the primes denote the beam after the 

scattering event. 

Multiple scattering calculations 

In order to explicitly compare an aggregate aerosol model with spacecraft and other 

data, multiple-scattering must be accounted for. I used a doubling and adding code 

(Hansen and Travis 1974, Tomasko and Smith 1982) to perform multiple scattering 

calculations with particles of arbitrary phase functions. The model uses four terms of the 

phase function, Pll, P12, P22, and P33, and assumes P44 = Pll, and P34 = 0, which is 

sufficiently accurate for computations of the intensity and polarization phase laws for 

spheres (Hansen 1971) and for aggregates (Robert West, personal communication). 

Other albedo models (McKay et al. 1989, Toon et al. 1992) treat the radiation as a scalar 

field; when multiple scattering is important, however, the albedo depends on both Pll and 

P22. As Titan's aerosols are known to be very polarizing in the 0.265--0.75 J.Lm range, 

the approximation of a scalar field may introduce small systematic errors. In fact, the 

single-scattering polarization is smaller at shorter wavelengths, but the observed 

polarization is smaller at larger wavelengths because of the increasing importance of 

multiple scattering at longer wavelengths (Tomasko and Smith 1982, West et al. 1984). 

The model is plane-parallel-due to the sphericity of Titan's atmosphere, the plane

parallel assumption breaks down at high phase angles and the model is not applicable. At 

low and intermediate phase angles, the plane-parallel assumption is valid. 

Because the model is not applicable at high-phase angles, I compared the single

scattering phase function of aggregates at 0.42 J.Lm with the single-scattering value of Rss 

= 7.2 ± 1.0 derived by Rages et al. (1983). Using the monomer radius of 0.06 J.Lm 

suggested by West and Smith (1991) to fit the polarization data, I increased the number 

of monomers from N = 2 by doubling the size of the aggregate at each step. For each 
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FIGURE 6. Intensity phase function at 0.42 Ilm. The solid line is the average phase 
function of 8 BCCAs (N = 16, Rmonomer = 0.06Ilm, index of refraction corresponds to 
Titan tholin). The broken line is the phase function of the West and Smith (1991) Type II 
diffusion limited aggregate (DLA). The squares are from Rages et al. (1983), who 
derived the ratio of the single-scattering phase function at 21° scattering angle to that at 
50° scattering angle for Titan's aerosols. Because this quantity (Rss) is a ratio, I have 
normalized it to the BCCA phase function at 21° and shown the quantity Pll, 
model(21°)/Rss at 50°, with appropriate error bars. 

step, I compared the average phase function of seven different randomly created 

aggregates measured at six different orientations with the constraint on Rss. Optical 

properties were determined by setting nr equal to the value for tholins (Khare et al. 1984) 

and constraining nj by comparing the multiple-scattering model result for a semi-infinite 

layer of aggregates to the observed albedo (Neff et al. 1984, corrected for Titan's optical 

radius). Figure 6 shows the average phase function for BCCAs with N = 16 and Rmonomer 

= 0.061lm compared to West and Smith (1991) type II DLA and the estimated value of 
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Rss. While there is no explicit comparison with the high phase angle photometry, the 

BCCAs meet the constraint on the shape of the phase function derived from that 

photometry. 

At 0.264, 0.452, 0.648, and 0.750 Ilm, polarization phase laws were calculated and 

compared with the Pioneer 11 (Tomasko and Smith 1982) and Voyager 2 (West et al. 

1983) data. Figure 7 shows the model fit to the data. At the blue and red wavelengths, 

the model is strictly a semi-infinite layer of the BCCAs described above. In the 

ultraviolet, West and Smith (1991) were forced to add a mode of small spheres to fit the 

data. While the BCCAs provide a much closer fit than the DLA, the fit is improved by 

adding a layer of spheres above the layer of BCCAs. The second layer has an optical 

thickness of 0.02 at 0.42 Ilm (so that it is thin enough that the high phase angle 

photometry probes below it); the spheres are 0.03 Ilm in radius and have the same optical 

properties as the aggregates. At 7500 A, West and Smith (1991) found that the DLA 

were too polarizing, and suggested that the haze was optically thin and that either the 

surface or a thick layer of large particles was below an optical thickness 0.5 haze. 

Following West and Smith (1991), I simultaneously varied the surface reflectivity and the 

aerosol thickness in order to fit the albedo and polarization. For tholin composition, the 

aerosols are nearly conservatively scattering, and the albedo is not strongly sensitive to 

minor variations in nj. 

Tomasko and Smith (1982) also report the intensity phase law in the red. and blue. In 

Fig. 8, the shape of the phase law observed by Pioneer 11 is compared with the model 

predictions for the semi-infinite layer of BCCAs (the optically thin layer of spheres is 

negligible). For the red, the model is directly compared to the observations (including the 

geometric albedo the model was fit to). For the blue, the spacecraft observations are 

scaled by -10%, within the absolute calibration uncertainty. This is done so that the 
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FIGURE 7. BCCA model polarization phase function. The spacecraft data are presented 
as circ1es-error bars are typically smaller than the points. The optical properties of the 
aggregates were determined by assuming tholin real indices of refraction and adjusting 
the imaginary index of refraction to fit the observed geometric albedo. (This is true of 
this study and the study of West and Smith 1991.). In the ultraviolet (a), results for a 
semi-infinite atmosphere of the prototype BCCA (N = 16, Rmonomer= 0.06 J.l.m) are shown 
as a heavy broken line. The heavy solid line represents a revised model, in which a thin 
layer (t = 0.05) of small spheres (a = 0.03 J.l.m) overlies the BCCAs. The West and Smith 
(1991) Type II DLA is represented by the dash-dot line. They include a component 
(roughly half of the total) of small spheres (0.03 J.l.m) in the semi-infinite layer of 
aggregates, shown by the broken line. In the blue (b) and red (c), the model of a semi
infinite layer of BCCAs is represented by the heavy solid line, and that of West and 
Smith (1991) is represented by the broken line. The component of spheres is negligible 
at these longer wavelengths. At 7500 A (d), there is a t= 0.5 haze over a bright surface. 
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solid lines are results for the BCCA models shown in Fig. 7 a and b, where the imaginary 
index of refraction has been adjusted to fit the observed geometric albedo. 
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model may be compared with the shape of the phase function, which is well known, 

rather than the absolute intensity, which is poorly known. The geometric albedo that the 

model was fit to is also shown; it is -10% greater than the value used by Tomasko and 

Smith (1982). 

This model shows that BCCAs with N = 16 and Rnwnomer = 0.06 Jlm provide a good 

fit to the data, but before a more physical model is developed, it is useful to examine the 

constraint on the size of the monomers. Fig. 9 shows the polarization at 910 phase angle 

in the blue as a function of monomer size for a variety of cluster sizes. When the cluster 

contains fewer than about 100 monomers, the polarization is equal to the observed value 

for monomer sizes of 0.06-0.07 Jlm. The optimal monomer size is approximately 

independent of cluster size: this is beneficial, as the monomer size stays the same but the 

clusters grow as the aerosols fall. 

This simple model of the aerosols shows that BCCAs can have very forward 

scattering phase functions and still meet the polarization constraint if the monomer size is 

near 0.06 Jlm and the clusters contain approximately 10-100 monomers in the upper 

part of the atmosphere. In the investigation of the vertical distribution of the aerosols, 

which follows, I will assume that the monomer radius is 0.06 Jlm, and that the real index 

of refraction is identical to that of tholins. In general, the imaginary index of refraction 

was found to be slightly higher than the value for tholins; I follow Toon et al. (1992) and 

assume that the imaginary index is 4/3 the tholin value. 

It is desirable to make these assumptions before going on to computations at other 

wavelengths: the calculation of aerosol scattering properties at a given size parameter, 

cluster size, and complex index of refraction is computationally intensive, and it would be 

prohibitive to treat these as free parameters in the multiple-wavelength computations that 

follow. For all of the computations in section 2.4, a database of aerosol scattering 

properties was developed. DDA calculations were performed for cluster sizes N = 2, 4, 8, 
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(triangles), and N = 128 (open diamonds) are modeled for various monomer sizes and 
compared to the observed value (solid line at 56% polarization). In each case, the method 
of adjusting the imaginary index of refraction to fit the observed geometric albedo was 
used. 
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16, 32, 64, and 128, at wavelengths A. = 0.2000, 0.2648, 0.4200, 0.452, 0.648, 0.750, 

0.930, 1.16, and 2.20 Ilm. The scattering properties were interpolated to calculate 

geometric albedos at intermediate wavelengths. Volume bins are stepped by a factor of 

two in all of the cloud physics calculations (section 2.3), so no interpolation is necessary. 

2.3. Aerosol microphysics 

In order to provide a physical constraint on the distribution of aerosols, cloud 

microphysical calculations were performed. I used a microphysics code created by Erich 

Karkoschka for spherical aerosols. The code is used to solve Eq. 1.1 by setting the time 

derivative equal to zero and iteratively solving for the number of aerosols in each altitude 

and size bin. Particle shape influences the microphysics, so each of the terms was 

changed to account for the fractal aggregates. 

First, the aerosol creation results in spherical aerosols in the smallest size bin, 0.01 

/lm in radius. As the aerosols grow, they remain spherical until they reach the size of 

monomers, where RT1UNWmer = 0.06 /lm by assumption. The continuity equation is not 

modified from Toon et al. (1980) for these size bins. As the aerosols grow beyond the 

monomer size, they are fractal aggregates, and the terms in the continuity equation reflect 

the fractal dimension of the aerosols. The fractal dimension is assumed to be identically 

2. While the model BCCAs have a fractal dimension of 1.8, this assumption reflects the 

fact that there are various processes operating on Titan that are not modeled. For 

instance, the aerosols probably do not freeze at the first point of contact-they may rotate 

around that point and have two or even three points of contact between the two colliding 

aerosols. In any case, the changes in the physics were measured for cluster-cluster 

aggregates, rather than as a function of fractal dimension. 
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Aerosol sedimentation is controlled by the relation between gravity and frictional 

forces. The gravitational force increases in proportion to the mass. The frictional force is 

proportional to the aerosol cross-section in the Epstein drag regime (gas mean free path 

greater than aerosol size) appropriate to Titan's upper stratosphere, and to the aerosol 

hydrodynamic radius in the Stokes drag regime (gas mean free path smaller than aerosol 

size) appropriate to Titan's lower stratosphere and troposphere. For aggregates, the lower 

fractal dimension results in a larger size (cross-section and radius) compared to spheres of 

the same mass. In the Epstein drag regime, the fall velocity is 

(Eq.2.3) 

u=Mgll 

where M is the aerosol mass, g is the acceleration of gravity, and 1 is the friction 

coefficient. For spherical aerosols, 

(Eq.2.4) 

1=413 01Ca2 nmv 

where 0 is a factor near unity (1.0 for specular reflection of gas molecules off of the 

aerosol surface, and 1.44 for diffuse cosine law reflection), a is the radius of the sphere, n 

is the gas density, m is the mass of a gas molecule, and v is the average speed of gas 

molecules (Meakin et ai. 1989). For calculations of Epstein fall velocity in this work, I 

have assumed diffuse reflection, and replaced the quantity 1C a2 by the geometric cross-

section of the aggregates. Note that for BCCAs, .the cross-section is approximately linear 

with mass, while for spheres the cross section is proportional to Ml13. Applying Eq. 2.3, 

this implies that while the fall velocity of spheres increases with the cube root of radius, 

the fall velocity of BCCAs is roughly independent of size (assuming that the monomers 

remain the same size). 

In a dense fluid (Stokes regime), 
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(Eq.2.5) 

!=61&1'/ Rh, 

where 1'/ is the gas viscosity and Rh is the hydrodynamic radius of the aggregate. The 

hydrodynamic radius is proportional to the radius of gyration (Meakin et aZ. 1985). I 

used the same constant of proportionality for spheres in order to meet the boundary 

condition that for a number of monomers approaching unity and for fractal dimension 

approaching 3, the equations must reduce to those for spheres (for numerical ease). For 

BCCAs Rh is proportional to ...fM, while for spheres Rh is proportional to VM. 
Application of Eq. 2.3 shows that the fall velocity increases as size increases, although 

more slowly than it does for spheres. 

The rate of coagulation is very different for aggregates and spheres. In both cases, 

aerosols diffuse through the atmosphere due to random collision with molecules 

(molecular diffusion as opposed to eddy diffusion). The rate of diffusion depends on the 

particle cross-section, which varies with shape. As the aerosols approach each other, 

there is an electrostatic repulsion between them because they are charged. The spatial 

distribution of the charge is different for different particle shapes-aggregates have their 

electrons distributed through a larger volume than same-mass spheres due to their fluffy 

nature. For those aerosols that come close despite the electrical charge, the van der 

Waals attraction, which scales as R-6 eventually overcomes the electrostatic repulsion, 

which scales as R-2, and the particles stick together. The reaction constant, Kij, in the 

absence of electrostatic repulsion is the product of the sum of the cluster sizes and the 

sum of the cluster diffusivities. The cluster diffusivity scales with N-lID, so 

(Eq.2.6) 
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where N is the number of monomers in the cluster (Meakin et al. 1985). As above, I 

selected the scaling constant by applying the boundary conditions. For charged particles, 

Kij is multiplied by a factor ofy/(exp(y)-l), where 

(Eq.2.7) 

qj and qj refer to the charges on the two particles, k is the Boltzmann constant, and T is 

the temperature. 

Table I: 

Haze model parameter assumptions 

Parameter This work Tomasko et al. 

Pressure-temperature profile Fig. 13 Linda! et al. (1983) 

Aerosol shape Aggregates Spheres 

Aerosol density 1 g cm-3 Same 

Real index of refraction Khare et al. (1984) Khare et al. (1984) 
4 

Imaginary index of refraction 3"x Khare et al. (1984) " 

Methane abundance (mixing ratio) 1.8% (stratosphere) to Same 

4.4% (surface) 

Various parameters of the atmosphere are constrained by other work. Table I shows 

the assumed cloud physics and scattering parameters and sources. The composition is 

N2-CI4, with a 1.8% Cf4 mixing ratio in the stratosphere, increasing to 4.4% at the 

surface. The temperature profile (Athena Coustenis, personal communication) is the 

same as the preferred profile of Lellouch et al. (1989) below about 250 km, but slowly 

decreases with increasing altitude in order to match boundary conditions from the Yelle 
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(1991) model J, which includes aerosol absorption. The eddy diffusion is assumed to 

scale with the square root of atmospheric density, following Yung et al. (1984). 

Following Toon et al. (1992), the n-1(l profIle is extended down to the tropopause in order 

to match the increased eddy diffusion below 150 km required by Coustenis et al. (1989). 

Eddy diffusion works the same for the aggregates as for spheres, as the aerosols simply 

follow the larger scale eddy motions of the atmosphere. The value of the diffusion 

constant is treated as a free parameter within an order of magnitude of the value assumed 

by Yung et al. (1984). Finally, the aerosol production profile is assumed to have a 

FWHM of -15 km. 

Figure 10 illustrates the Titan atmospheric model. The aerosol mass production rate 

(MPR) is a free parameter. Yung et al. (1984) established an upper limit by determining 

the rate of photolysis of methane, 1.5 x 1010 cm-2 s-l. They suggested that most of the 

methane was converted into ethane, leaving only a fraction of this amount for the 

production of aerosols. The aerosol charging coefficient (Q) was detennined by Borucki 

et al. (1987) to be about 30 e- J,1m- l , with an uncertainty of nearly a factor of two. McKay 

et al. (1989) assumed a much lower value (10 e- J.1ffi-l) to create large aerosols. I allow Q 

to vary from 15-50 e- J,1m- l . The eddy diffusion parameter,Keddy, is the factor by which 

I multiply the eddy diffusion constant, and is allowed to be 0.1-1.0. The pressure of 

formation of the haze, Po, i~ allowed to vary freely. Various models have suggested that 

the haze is removed from the atmosphere (Tomasko et al. 1989, McKay et al. 1989, Toon 

et al. 1992). In this model, haze removal is allowed to occur at any level. Removal is 

usually suggested to be caused by the condensation of ethane or methane onto the haze 

particles. Griffith et al. (1991) argued that this would not decrease the optical depth of 

the haze, as the increased size of the particles would exactly offset the decreased density. 

First, I note that for fractal particles, the first effect of condensation is to make them 

spherical, increasing their mass much faster than increasing their cross-section, and the 
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FIGURE 10. Titan model concept. The free parameters of the Titan atmospheric model 
are illustrated here. The distribution of the haze can be determined from several 
parameters by the use of a cloud physics model. At some altitude haze is removed from 
the atmosphere ("rain-out"). Below this, there may be a uniform cloud or two separate 
clouds (as in the previous Tomasko et al. spherical-aerosol model). The surface 
reflectivity is assumed to be a function of wavelength, and the methane mixing ratio is 
assumed to be 4.4% at the surface, falling to 1.8% in the stratosphere. 
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argument of Griffith et al. (1991) does not apply. Second, Griffith et al. (1991) neglected 

to consider that the time scale for sedimentation of large particles is far shorter than the 

time scale for sedimentation of the small haze particles. Thus, the atmosphere may be 

"cleansed" by sporadic rain-out, with the characteristic time between events much longer 

than the time scale of the event. In this case, rain-out is a viable method to reduce the 

optical thickness of scatterers in the atmosphere. With this mechanism in mind, 

condensation opacity is allowed to appear below the level of rain-out as a continuous 

cloud between the haze bottom and the surface (the choice of this structure is not 

constrained). The surface reflectivity is wavelength dependent and unconstrained. 

2.4. A Titan haze model 

For calculation of the radiative properties of the haze, I used a 30-layer model 

atmosphere. The upper 18 layers of the cloud physics model were collapsed into the 

upper two layers of the radiative transfer model due to their being optically thin. There is 

a one-to-one correspondence between the remaining 28 layers of the two models. 

Aerosol extinction efficiencies tabulated as described in Section 2.2 were used with the 

number densities from the cloud physics model to determine layer opacities. Single

scattering albedo and layer phase functions were obtained by averaging over size bins, 

weighted by extinction optical depth in the former case and scattering optical depth in the 

latter. Rayleigh scattering opacity is included in the average for each layer. Wavelength, 

pressure, and temperature dependent methane opacity is also included in the average, 

reducing the layer single scattering albedo. Methane absorption coefficients at 

wavelengths below 1 J.1m were taken from Karkoschka and Tomasko (1992), and are 

appropriate to cold temperatures. At wavelengths greater than 1 micron, I used an 

exponential sum fitting technique (ESFI', Asano and Uchiyama 1987) based on 

laboratory data from Larry Giver (personal communication, 1989), The ESFI' code, 
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implemented by Dana Kerola, resulted in absorption coefficient for any pressure at three 

different temperatures (112, 188, and 273 K). Since the Giver data were obtained at 

temperatures from 112 K to room temperature, an interpolation in temperature is used for 

most of the layers. Nevertheless, the layers near the tropopause require temperature 

extrapolation, which was done by a second order polynomial fit. (Under some 

circumstances where methane absorption is low, the extrapolation results in negative 

optical depths and an exponential fit was used instead.) The temperature extrapolation 

does introduce some uncertainty. It is not used in the development of the model, 

however, and the uncertainty is mitigated somewhat by the fact that the methane 

abundance is very uncertain (and is not constrained by this study). Finally, in layers 

where condensation opacity is assumed, an arbitrary optical thickness of two-term 

Henyey-Greenstein opacity may be included; I used the parameters! = 0.763 g1 = 0.620, 

and g2 = -0.294, which are typical of large particles. 

Constraining the model 

The aerosols are c.:reated high in the atmosphere, near 300 km; from there they diffuse 

upward and downward, grow by collisions with other aerosols, and sediment out of the 

atmosphere. Some measurements probe only the uppermost layers, while others probe 

much deeper and are fairly insensitive to the upper layers. I followed the strategy of first 

using observations sensitive only to the haze production region and mid- to upper

stratosphere, such as the high phase angle photometry and the polarization phase laws, to 

constrain the haze production parameters: mass production rate (MPR) , charging 

coefficient (Q), eddy diffusion coefficient (Keddy), and pressure of formation (P 0). 

Second, I used measurements that probed deeper into the stratosphere, such as strong 

methane band albedos, to place more tight constraints on the production parameters and 

to determine the level and magnitude of the haze depletion in the lower stratosphere. 
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Third, I used measurements that probed even deeper, such as weak methane band 

albedos, to constrain tropospheric scattering. Finally, I used the methane continuum to 

constrain the surface albedo. Each successive step is built upon the previous steps, so 

that uncertainty for the constraints on parameters grows with depth into the atmosphere. 

The high phase angle photometry, which applies to )..=0.42 J.1m, is sensitive only to 

the top few optical depths along the slant path, which is the top few hundredths of an 

optical depth normal to the atmosphere. Because Titan's atmosphere is distinctly 

spherical, the plane parallel radiative transfer model I used is not useful for directly 

modeling observations at such high phase angles. Instead, I compared the single 

scattering phase function, specifically Rss = P 11 (200 )IP 11(51°), of the layer at 't'=O.05, with 

the observations of Rages et al. (1983). 

Figure 11 shows how the model value of Rss varies with the aerosol's charging 

coefficient for different (a) eddy diffusion coefficients, and (b) pressures of formation. 

Rss was insensitive to MPR within the range 5 to 13 x 10-15 g cm-2 S-l. As the charging 

coefficient (Q) is increased, coagulation is inhibited, particle sizes are smaller, and the 

value of Rss decreases. The relationship between Rss and Q is only weakly dependent on 

the eddy diffusion coefficient (Keddy), with Rss increasing for increasing Keddy. The effect 

of the uncertainty in scattering parameters can be seen in the scatter of Rss values. 

Pressure of formation (Po) is more important to the value of Rss. When the pressure of 

formation is low, the small spherical aerosols are not supported by the atmosphere-the 

time scale for sedimentation is short, and they fall to a lower level before coagulation 

becomes important. As the pressure of formation is increased (the aerosols are formed 

lower in the atmosphere) the monomers are more supported by the atmosphere. The time 

scale of sedimentation decreases, while that for coagulation is larger due to the higher 

densities. The increased importance of coagulation allows larger particles to be formed 

near the creation region. 
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FIGURE 11. Forward scattering at 'r = 0.05. The magnitude of the forward scattering, Rss 

= Pll(200)/Pl1(51°), for the level where f= 0.05 is plotted against charging constant for 
(a) a pressure of formation of 0.33 mbar and various eddy diffusion constants; and (b) an 
eddy diffusion constant of 0.15 and various pressures of formation. Rages et al. (1983 
estimated that Rss = 7.2±1.0 at a normal optical depth of several hundredths in the main 
haze layer. 
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The Rages et al. (1983) estimate of Rss was based upon a model without true spherical 

geometry. Among the deficiencies of the model, the limb scans produced matched the 

observations only in peak values, while the shapes of the profiles were different. 

Furthermore, the estimate of Rss was dependent on the single-scattering albedo of the 

aerosols. The relationship they derive between Rss and (jJo was dependent on the 

geometric albedo at 0.42 J.lm. They did not specify the geometric albedo they used, and 

many albedos during that time frame (e.g., those used by Rages and Pollack 1980, and 

those reported in Neff et al. 1984) overestimated the albedo relative to values accepted 

now. To avoid erroneously excluding possible parameter combinations, I chose to be 

very conservative in constraining them at this stage. Using relationships between Q, 

Keddy, Po, and Rss similar to those in Fig. 11, I excluded all parameter combinations for 

which Rss < 4.5, where 4.5 is the (I-sigma) lower limit on the observed value, the ratio for 

multiple scattering (i.e., Rms). This procedure resulted in an upper limit on Q (typically 

20-35) for values of Po and Keddy in a grid over Po=O.098, 0.15,0.22,0.33, and 0.48 

mbar, and Keddy=O.I, 0.15, 0.2, 0.3, 0.5, and 0.7. 

The ultraviolet (0.2648 J.l.m) albedo and polarization are sensitive only to the upper 

stratosphere also. For the polarization constraint, I used POL1TU1X = 59±3%, based on 

West et al. (1983); for the albedo constraint, I usedp = 0.0307±o.OO31, based on Courtin 

et al. (1991). I used the region allowed in the previous region, and compared model 

results to the observed ultraviolet polarization and albedo over the same grid in Po and 

Keddy, with a third dimension of those values of Q allowed by the forward scattering 

observations. The free parameter in this case was MPR. The ultraviolet albedo was 

approximately linear in MPR; the polarization was not strongly sensitive to MPR. The 

albedo constraint provided a lower limit for MPR, typically 4.5-5.5 x 10-15 g cm-2 8""1; 

reasonable values for MPR failed to produce an albedo darker than the observational 

lower limit. The polarization constraint did not impact MPR, but it placed upper limits on 
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Q (typically 25-35). In some cases, the upper limit was below the lower limit, and I 

excluded that combination of Po and Keddy. 

The blue polarization is also sensitive only to the upper stratosphere, while the blue 

albedo is potentially sensitive to haze removal near 100 lan. Applying the constraint 

POL(91°)=56.4±2.0%, from Tomasko and Smith (1982), I established new upper and 

lower limits on Q for several grid points (in Po and Keddy). Several grid points were 

eliminated altogether. In particular, the larger values of Keddy were eliminated. 

Table IT shows the remaining allowed grid points, together with the limits on Q for 

each point. For each allowed combination of Po and Keddy. at selected values of Q within 

the limits, I calculated the albedo at wavelengths of 0.2648,0.452,0.6192,0.648,0.7272, 

0.7500,0.8616 and 0.8880 J.1m for several values of MPR. The selected wavelengths 

were expected to be sensitive to only the stratosphere, either because the wavelengths 

were short or because they were within strong methane bands. The runs at 0.7500 J.1m are 

in a methane continuum that is probably at least partially sensitive to the surface, but 

were done to evaluate the polarization observations, which may not be sensitive to the 

surface. Because these wavelengths probe to a lower region of the atmosphere, new free 

parameters were introduced. Haze removal altitudes of 56,74 and 88 kIn were modeled 

as were two values of condensation (wavelength independent) opacity immediately below 

the removal, 'r = 0 and 0.3. Altogether, albedo values were computed for each point in a 

grid in 6-dimensional phase space. These albedos were compared to the values in Table 

m. A linear interpolation in MPR and condensation opacity was done to increase the 

resolution in these two parameters for the purpose of finding candidate combinations of 

parameters to fit the data. All of the interpolations were later checked with explicit 

calculations, as discussed below. 

Parameters for all of the model runs that fit the albedo data within the uncertainty are 

shown in Table IV. For each of the acceptable fits, I did model calculations of the 
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Table ll: 

Upper atmospheric parameters 

This shows the range of allowed values of the charging 

coefficient, Q, after applying the constraints derived from the 

high phase angle photometry and the blue polarization phase 

law. 

K Po Q K Po Q 

0.1 0.098 ~18 0.3 0.098 ~18 

" 0.15 ~1 " 0.15 ~O 

0.22 ~O " 0.22 ~4 

" 0.33 ~5 " 0.33 26~Q~8 

" 0.48 ~9 " 0.48 No solution 

0.15 0.098 ~18 0.5 0.098 ~18 

" 0.15 ~1 " 0.15 ~2 

" 0.22 ~4 " 0.22 ~5 

" 0.33 ~7 " 0.33 ~9 

" 0.48 ~30 " 0.48 No solution 

0.2 0.098 ~18 0.7 0.098 No solution 

" 0.15 ~1 " 0.15 No solution 

" 0.22 ~4 0.22 No solution 

" 0.33 ~7 " 0.33 No solution 

" 0.48 ~1 " 0.48 No solution 
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albedos for various values of MPR and condensation opacity to refine estimates of these 

parameters. Figure 12 shows the albedos for each of the 7 acceptable cases. For all 

cases, the only acceptable haze removal altitude was the highest of those that I tested, 88 

km. It is possible that a higher removal altitude would provide a better fit to the data. 

Note that for some cases the albedos do not fit within the uncertainty at all wavelengths. 

This shows that a linear interpolation was not adequate in some cases. I chose the best fit 

(labeled "D") by a least-squares method. 

For the purpose of investigating the lower atmosphere, the parameters for model D 

were used for all processes above the haze removal. I then used albedos for weak and 

strong methane bands and the polarization at 0.75 ~m (West et al. 1983) to examine the 

Tablem: 

Geometric albedo for model fitting 

Wavelength (~m) SEectrum Albedo 

0.2648 Continuum 0.03071 

0.4520 Continuum 0.0932 

0.6192 Band 0.1772 

0.6480 Continuum 0.2222 

0.7272 Band 0.1422 

0.7500 Continuum 0.2462 

0.8616 Band 0.1252 

0.8880 Band 0.0742 

1. Data from Courtin et al. 1992, and modified for Titan's. optical radius as determined by 
Toon et al. 1992. 

2. Data from Neff et al. 1984, and modified for Titan's optical radius as determined by 
Toon et al. 1992. 



57 

Table IV 

Model parameter space of best fits 

These are the cloud physical parameters input for the acceptable fits to 
the albedo of methane bands, UV continuum albedo, polarization, and 
forward scattering, together with the resulting Rss. 

Label Po Keddy Q MPR 'tcloud Rss 

(mbars) (e-'!:!m) ~Xl0-15 ~ cm-:Z s-l} 

A 0.48 0.1 29 68 0.05 5.1 

B 0.48 0.2 31 69 0.0 5.3 

C 0.33 0.1 24 67 0.1 5.3 

D 0.33 0.15 26 68 0.05 5.2 

E 0.22 0.1 20 70 0.05 5.4 

F 0.22 0.3 24 63 0.0 5.3 

G 0.15 0.3 21 61 0.0 5.3 

FIGURE 12 (next page). Geometric albedo for several cloud physical models (see Table 
IV for descriptions). Titan's albedo (Courtin et al. 1991, Neff et al. 1984) is shown as a 
solid line and compared with seven cloud physical models. The rain-out altitude is 88 km 
in all cases. 



0.3 
1=. 

0 ~I "C 
~ 

~ 0.2 --< 
CJ .-~ ..... I-~ 

§ 0.1 
~ 

~ I-

o 
0.2 

Titan geometric alb(~do models 

Observed • 
0 A <> 

• B • 
0 C x 

/ ~ 

../ • 
~ 

0.4 0.6 0.8 
Wavelength (J..lm) 

1.0 

Ut 
00 



59 

albedos for various values of MPR and condensation opacity to refme estimates of these 

parameters. Figure 12 shows the albedos for each of the 7 acceptable cases. For all 

cases, the only acceptable haze removal altitude was the highest of those that I tested, 88 

km. It is possible that a higher removal altitude would provide a better fit to the data. 

Note that for some cases the albedos do not fit within the uncertainty at all wavelengths. 

This shows that a linear interpolation was not adequate in some cases. I chose the best fit 

(labeled "D") by a least-squares method. 

For the purpose of investigating the lower atmosphere, the parameters for model D 

were used for all processes above the haze removal. I then used albedos for weak and 

strong methane bands and the polarization at 0.75 Ilm (West et al. 1983) to examine the 

condensation opacity. Model D failed to fit weaker methane bands that probed lower into 

the troposphere, but not all the way to the surface. I assumed that rather than a single 

discrete layer of clouds ('C = 0.05) immediately below the haze removal, the clouds were 

unifonnly distributed with altitude below the haze removal. The best fit, in a least 

squares sense, to the albedos at 0.6192, 0.7272, 0.7992, 0.8400, 0.8616, and 0.8880 Ilm 

was 'Clayer = 0.035, or 'Ccumulalive== 0.5. Other cloud distributions were found to give a 

similarly good fit, with total optical thicknesses of several tenths. In particular, a similar 

total opacity in two discrete cloud layers, one immediately below the haze and one near 

20 km, is also acceptable. Also, models with a fraction of the planet covered by thicker 

clouds and the remainder of the planet free of clouds are not distinguishable from the 

distributed cloud discussed above. Thus, while the fit to the methane band albedos 

requires that there be some scattering opacity beneath the haze, there may exist clear 

regions in the atmosphere, or, indeed, most of the atmosphere may be clear of scatterers, 

with only sporadic rainfall providing the required opacity. 

With the first cloud distribution, 'C = 0.035 per layer, I used the geometric albedo in 

the methane continuum to detennine a surface albedo spectrum. At wavelengths as low 
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as 0.6 J.lI11 the surface albedo is weakly constrained. This implies that the global average 

albedo at 0° phase angle is sensitive at the percent level to the global average surface 

albedo, and does not imply that surface albedo features, if they exist, would be visible. 

The somewhat conservatively scattering (in the red) aerosols allow some light to reach 

the surface and then escape the atmosphere, but the large optical depth at the surface 

('Cnormal = 2.5) implies that there is much scattering of the light on the way out. 

Sensitivity of the infrared albedo to the surface is discussed later. 

Standard model 

Figure 13 summarizes the Titan haze model. Aerosols are produced at 250-300 kIn, 

grow to sizes of 0.06 J.lI11 when they begin to form into aggregates with fractal dimension 

2, and eventually reach sizes of typically 30 monomers before they are removed from the 

lower stratosphere. The model was constrained by the geometric albedo at several 

Table V: 

Model constrained parameters 

Values of free parameters are shown for the aggregate model, and for the sperical 
aerosol model for comparison. 

Parameter SX!!!bol This work Tomasko et al. 

Pressure of formation (mbar) Po 0.33 0.01 

Eddy diffusion constant Keddy 0.15 0 

Charging coefficient (e- / J.l.m) Q 26 30 

Mass production rate (xlO-15 g cm-2 sol) MPR 6.8 4 

Removal altitude (kIn) Zo 88 56 

Condensation clouds 'C 0.0052km-1 0.1 (52km) 

0.1 (18 km) 



300 

250 

i 200 
~ 
'-' 

N 150 

100 

50 

Model structure 

I Formation: 68 pg m-2 8-1 

D~2 

Rmon ~ 0.06 J.lm 
N~30 

Rainout 

o~----~~--~~~--~--
50 100 150 200 

Temperature (K) 

61 

FIGURE 13. Model structure. The pressure-temperature profile of the model is shown, 
with formation near 260 km, rain-out below 90 km, and a haze of fractal aggregates 
between. 
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wavelengths from the ultraviolet to 1 J.1IIl. the Voyager high phase angle photometry, and 

the Pioneer 11 and Voyager 2 photopolarimetry. Table V shows the selected values for 

all of the free parameters in the model. 

Fig. 14 shows the size of the aerosols. In the fonnation region, which peaks at 0.33 

mbar, the aerosols grow rapidly. and the size distribution is therefore broad. As they fall, 

the aerosols collide and grow to a maximum size near the 10 mbar level (rain-out also 

occurs near 10 mbar). If there were no removal process, aerosols lower in the atmosphere 

would be slightly smaller than those higher up, due to the increased dependence of fall 

velocity on size as the transition to a Stokes' drag regime is made. I do not account for a 

possible reduced charging coefficient near 100 km (Borucki et al. 1987), although that 

may contribute to the haze removal by increasing particle sizes and therefore fall 

velocities. 

The column-integrated geometric cross-section, which is dimensionless, is shown in 

Fig. 15. This is related to optical depth (which is the integral over size and altitude of the 

product of geometric cross-section and extinction efficiency). The dense lower 

atmosphere is capable of supporting a large amount of haze due to the long time scale for 

sedimentation. Thus, the removal significantly affects the cumulative cross-section, and 

therefore the optical depth. While the removal was necessitated by low albedos in 

methane bands that penetrate beneath the altitude of removal, it is further supported by 

infrared observations that demonstrate that Titan's surface is visible. Without the 

removal, haze opacity would be nearly 6 at 1.3 /lm, where Titan's light-curve amplitude is 

22±3% (Lemmon et al. 1993, 1994). The haze thickness would be about 1.6 at 2 /lm, 

where the light-curve amplitude is 32±3% (Lemmon et al. 1994). 

Fig. 16 shows the column mass density of the haze. Again, the haze removal reduces 

the total suspended mass of aerosols by a factor of about thirty. The change of slope near 

a pressure of 0.3 mbar is due to the chan~e in dominant transport mechanism. Below the 
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FIGURE 14. Approximate aerosol size as a function of altitude. Effective radius (dashed 
line) is the radius of a sphere of the same volume of the aggregates. Fractal radius (heavy 
solid line) is the radius of gyration of the aerosols. The sphere radius (light solid line) is 
the radius of aerosols in the Tomasko et al. spherical-aerosol model. 
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FIGURE 15. Column cross-section. The heavy solid line shows the cumulative 
geometrical cross-section per unit surface area, which is related to optical depth by the 
extinction efficiency of the individual aerosols, for the BCCA model. The dashed line 
shows the profile for the same input parameters except that there is no rain-out. The light 
solid line shows column cross-section for the Tomasko et al. spherical-aerosol model. 
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haze fonnation, the dominant transport mechanism is, of course, sedimentation. The haze 

reaches altitudes above the fonnation region due to eddy diffusion. The two processes 

have different scale heights. Fig. 17 shows the optical depth profile at 0.64 J.1IIl for the 

spherical and aggregate models, which may be compared to that of McKay et al. (1989, 

Fig. 3). 

Fig. 18 shows the albedo spectrum of Titan. The fit is very good throughout the 

spectral region used for constraining the model. Note especially the 0.89 ~m methane 

band: within the band, wavelength dependence of aerosol properties is negligible, so the 

band simply probes different altitudes, from the surface (at 0.83 and 0.94 J.1IIl) to the 

lower stratosphere (at 0.89 ~m). The fit is also very good in the 1-2.2 ~m region, which 

was not used in deriving a model. Both the aggregate model and the Toon et al. (1992) 

revised model appear to have an increasing albedo with decreasing wavelength at the 

shortest wavelengths. This is caused by increased visibility of Rayleigh scattering at the 

top of the atmosphere. Features in Titan's haze such as the detached haze layers may be 

responsible for keeping the actual albedo low. Inhomogeneities such as these are not 

accounted for in the aggregate model. The aggregate model fits most of the albedo data 

better than the revised model ofToon et al. (1992). 

The polarization phase law is also well fit (Fig. 19) due to the use of peak polarization 

data in deriving the model. The only exception to the good fit is in the ultraviolet at 

phase angles greater than 80°. This effect seems to be a feature of the plane-parallel 

code, as was suggested earlier. In the red and blue, the fits to the data are as good as 

those found by Tomasko and Smith (1982, Figs. 9 and 10) for arbitrary phase functions 

and polarizations. The fits to the red and blue data are better than either alternate model 

in Tomasko and Smith (1982), the model with small spherical aerosols (Figs. 18 and 20) 

and the model with large spheres above small spheres (Figs. 24 and 25). The latter model 

is mimicked by the Toon et al. (1992) revised model, which uses vertical winds to 
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FIGURE 17. Cumulative optical depth from the top of the atmosphere (solid line) at 0.64 
j.1ffi. The dashed line shows the same profile with no haze removal. 
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FIGURE 18. Geometric albedo models compared to observations fonn 0.2-1.0 J.1m (a) 
and 1.0-2.2 J.1m (b). The solid line is a composite spectrum (Courtin et al. 1991, Neff et 
al. 1984, Fink and Larson 1978). Filled circles show albedos from the standard model, 
and the values reported by Toon et al. (1992, revised model) are shown as crosses for 
comparison. 
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FIGURE 19. Polarization phase law compared to observations. The observed polarization 
from West et al. (1983) in the UV and at 7500 A and those of Tomasko and Smith (1982) 
in the blue and red are shown as filled circles. The error bars are typically smaller than 
the size of the points. The phase law at each wavelength for the standard model is shown 
as a solid line. 

produce a layer of large particles above a main layer of smaller particles. Toon et al. 

(1992) do not make independent polarization calculations. 

It is not possible to do a unique comparison of particle size between the aggregate 

model and spherical-aerosol models. The effective radius of the aerosols depends upon 

the wavelength and the measurement technique. At the higher altitudes, the primary 

source of size data is the high phase angle photometry, particularly that at 0.42 J.lm. For 

each layer in the model, I computed a single-scattering phase function at 0.42 J.lm. From 

that, I determined Rss = P 11(200)IP11(51°) for each layer. I compared the computed 
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values of Rss with those from Mie calculations for spheres of the same composition, and 

defined the effective radius of the layer's aerosols to be the smallest size sphere with the 

same Rss. The result was a size profile of the aggregate model that could be directly 

compared to other models that were intended to fit the forward scattering data (Fig. 20). 

While the size is approximately 2-sigma below the observed value (Rages et al. 1983), as 

discussed earlier, the aerosols are larger than those in the UA spherical particle model, the 

McKay et al. (1989) model, and the Toon et al. (1992) conventional model. The Toon et 

al. (1992) revised model fits the data exactly by the creation of an arbitrarily thick upper 

haze layer with aerosols of arbitrary size. The aggregate model provides an acceptable fit 

without including dynamics. With mechanisms such as vertical winds similar to those 

used by Toon et al. (1992), although perhaps smaller in magnitude, it is probable that a 

similar fit could be achieved with BCCAs. 

There are other data sets that the model may be compared with, which were not used 

in optimizing the model, including the disk integrated photometry and limb scans from 

Pioneer 11. Fig. 21 shows the Pioneer 11 disk integrated photometry (Tomasko and 

Smith 1982), as modified for Fig. 8, compared with model calculations. For both the red 

and the blue, the fit to the shape of the phase law is adequate. The scaling between the 

observations and the model has not been optimized (recall that the absolute calibration of 

the observations is highly uncertain). Fig. 22 shows an equatorial scan (Tomasko and 

Smith 1982). 
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FIGURE 20. Effective radius as a function of optical depth. The effective radius for the 
BCCA model (heavy solid line) is computed by detennining a layer single-scattering 
phase function and then setting the effective radius equal to the radius of the smallest 
sphere with the same value of Rss = PJ1(200)/Pll(51°). The estimate of Rages et al. 
(1983, filled circle) is thought to apply to an optical depth of 0.02-0.1. The vertical 
error bars are one-sigma observational errors and do not include uncertainty in their 
model. The Toon et al. (1992) conventional (short dashed line) and revised (long dashed 
line) models are shown for comparison. 
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FIGURE 21. Red and blue phase law. The standard model phase law at 0.45 and O.64llm 
is shown as a solid line. Geometric albedos from Neff et al. (1984) are shown at a phase 
angle of zero. Observed intensities as a function of phase angle (solid circles) are taken 
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FIGURE 22. Limb darkening at 0.45 and 0.64 J.1m. Intensities for a Pioneer 11 limb scan 
taken at a phase angle of 28.1 0 (Tomasko and Smith 1982, filled circles) are compare to 
the standard model (solid line). The roll scale was used in Tomasko and Smith (1982) 
and is directly proportional to a spatial scale. 
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Sensitivity tests 

I varied several of the model parameters to show the relevance of each parameter to 

the albedo spectrum. Fig. 23 shows the albedo with the standard model with two 

comparison models. In the comparison models, the mass production rate has been 

increased and decreased by a factor of two. The amount of haze in the atmosphere is 

nearly proportional to the mass production rate (there is a small second order effect, as 

the aerosol density controls the collision rate, and therefore the growth rate, which in turn 

affects the sedimentation rate). At the shortest wavelength, the change results in only a 

slight change in the amount of Rayleigh scattering seen, and the albedo changes little. 

The methane band albedos, which are (roughly) diagnostic of the amount of haze above 

the level they probe, show the near-linear dependence of aerosol amount on mass 

production rate. Note that more haze reduces the visible continuum albedo, while it 

increases the methane band albedo. At longer wavelengths, changing the altitude of haze 

removal is similar to changing the mass production rate (Fig. 24). At shorter 

wavelengths, however, the altitude of removal is not probed, and there is no sensitivity to 

the change. This pattern bears a striking resemblance to the wavelength dependence of 

Titan's north-south contrast, which is small in the ultraviolet, is larger in the visible, and 

has opposite polarity and a large magnitude in the 0.89 Ilm methane band (Lemmon and 

Smith 1994). The resemblance between the effects of these two mechanisms for change 

in the atmosphere and the observed changes, coupled with the absence of similar patterns 

when changing other parameters, suggests that by some mechanism the total amount of 

haze is different in Titan's two hemispheres, and varies with time as the north-south 

asymmetry is observed to do. 

Changing the charging coefficient effectively changes the aerosol size. A larger 

coefficient inhibits coagulation because of electrostatic repulsion, keeping the aerosols 

smaller. Changes of particle size affect the fall velocity somewhat, but primarily affect 
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the phase function. Fig. 25 shows that at visible wavelengths, where particle size is 

similar to the wavelength, the charging coefficient can be important to the albedo. The 

importance of charging coefficient is smaller for the methane band albedos, however. 

Note that the wavelength dependence is very different from that observed for the north

south asymmetry' specifically, there is no contrast reversal (longward of the ultraviolet), 

and the methane band contrast is very small. 

The albedo is not strongly sensitive to small changes in the eddy diffusion coefficient 

(Fig. 26). There is no contrast reversal, and the contrast is not strongly wavelength 

dependent. Changing the altitude of formation also has very little impact on the albedo 

(Fig. 27). 

Fig. 28 shows the sensitivity of the near-infrared albedo to tropospheric cloudiness. 

In the two test cases, the clouds are (a) removed and (b) increased in thickness by a factor 

of two. Note that the changes are of approximately equal magnitude. The cloud 

thickness, about one-half, is small enough that the albedo is nearly linear with cloud 

optical depth. 

Fig. 29 shows the sensitivity of methane window albedo to the surface. At 0.935 J.Lm 

the absorption coeefficients are taken from Karkoschka and Tomasko (1992). At 1.1,1.3, 

1.6 and 2 Jlm, the absorption coefficient is assumed to be 0.05, 0.05, 0.06, and 0.04 (km 

Am)-l, respectively. For a black surface, the albedo decreases with wavelength as the 

haze optical depth increases. The dependence of surface albedo on ground albedo is not 

only sensitive to uncertainties in other model parameters, it is very sensitive to the 

methane absorption coefficient. Fig. 30 shows the surface visibility as a function of 

wavelength. For optical depths near or less than one, surface features should be visible; 

for optical depths of a few, the geometric albedo is sensitive to the surface, but the light 

has undergone so much scattering that surface features are not observable. For large 

optical depths, the light does not reach the surface. 
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FIGURE 23. Model sensitivity to mtlS5: production rate (MPR). The observed geometric 
albedo (Courtin et al. 1991, Neff et al. 1984) is shown as a solid line and compared to 
model results for the standard model (filled diamonds) and several parameter variations. 
Mass production is varied up and down by a factor of two. 
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FIGURE 24. Same as Fig. 23 for the altitude of haze removal. The altitude of rain-out is 
reduced to 64 km (- one scale height below the nominal altitude). This is qualitatively 
similar to increased mass production, which is shown for comparison, in that total aerosol 
mass is increased, although only at the bottom of the haze layer. 



= -= ~ 
,Q 0.2 
-; 
CJ .• ... -~ 5 = 0.1 
~ 

~ 

.f20 

Albedo sensitivity tests 

--Observed 
• Q=36 

o Q=21 

0.40 0.60 
Wavelength (Jlm) 

0.80 

78 

1.00 

FIGURE 25. Same as Fig. 23 for charging coefficient (Q). The charging coefficient (e
Jlm-1) is varied +10 and -5. 
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FIGURE 26. Same as Fig. 23 for the eddy diffusion constant. The eddy diffusion constant 
is varied up and down a factor of two. 
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FIGURE 27. Same as Fig. 23 for the pressure of fonnation. The pressure of the fonnation 
region is reduced to 0.15 mbar. This results in smaller particles, and is compared to an 
increase in charging. 
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FIGURE 28. Same as Fig. 23 for condensation opacity. The geometric albedo at 
wavelengths above 1 Jlm is from Fink and Larson (1979). The condensation cloud 
opacity is varied. For no cloud the albedo in the weak methane bands is too dark, for 
clouds twice as thick the albedo is too bright-these wavelengths do not probe the 
surface. In the methane windows, the surface as well as the cloud layer is probed. 
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FIGURE 29. Sensitivity of albedo to surface reflectivity in five methane windows. Note 
that longer wavelengths are systematically darker at zero ground reflectivity due to the 
thinning of the haze with increasing wavelength. 
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FIGURE 30. Aerosol extinction. The stratospheric aerosol extinction at nonna! incidence 
(dashed line) and the two-way aerosol extinction at 30° zenith angle (including 
condensation clouds) is shown as a function of wavelength. The horizontal dashed line 
shows the contribution from condensation opacity at nonna! incidence. 
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2.5. Discussion 

This model has several implications for the distribution of haze and of sunlight in the 

atmosphere. In many respects, the model is similar to models with spherical particles, 

which is not surprising-they are constrained by the same data. I will highlight the 

differences. 

Like models with spherical particles, this model suggests that the surface can be 

sensed in near-infrared methane windows. That suggests that if there are variations of 

albedo on the surface, they can be detected. In this case, the data has caught up to the 

models, and surface variations have been detected (see Chapter 3). Never.heless, the 

atmosphere still masks the surface somewhat, even at 2 J1m. Larger variations on the 

surface are seen as smaller variations at the top of the atmosphere due to atmospheric 

(haze, cloud, and methane) attenuation. The corollary to this is that large uncertainties in 

geometric albedo (typically 15% for the absolute calibration) become still larger 

uncertainties in surface albedo. The situation is exacerbated by uncertain methane 

absorption coefficients. Consequently, surface spectra are still unreliable for the purpose 

of constraining surface composition. 

Despite the penetration of some light to the surface, most of the solar energy incident 

upon Titan is deposited in the atmosphere. Figure 31 shows the distribution of solar flux 

within the atmosphere for the aggregate and spherical-aerosol models at 50° solar zenith 

angle. (The computations were done in support of the DISR for a likely descent profile.) 

For each model, about 1 W m-2 reaches the surface, mostly as diffuse light (i.e., it has 

been scattered one or more times). The calculations assumed the same ground reflectivity 

spectrum, so the upward flux from the surface is also about the same. The upward flux at 

the top of the atmosphere is about 25% larger for the spherical-aerosol model than for the 

aggregate model. No more than 10% of this discrepancy is due to a systematic error in 

the flux calculation: for these calculations, the light was treated as a scalar and 
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polarization was ignored. Tests have shown that this results in an underestimate of the 

geometric albedo by 5-10% through the violet to very-near-infrared spectrum (relative 

to the vector light scattering model). The remainder of the difference is most likely due 

to the different phase laws that result from the different aerosol shapes. 

Most of the interesting physics happens in between. Light is scattered out of the 

direct solar beam higher in the atmosphere for the aggregate model; most of this 

contributes to the downward diffuse flux rather than to the upward flux due to the highly 

forward scattering nature of the aerosols. The gradient of the net flux (including thermal 

infrared radiation, which is not treated here) is the energy that is available for driving 

dynamics in the atmosphere. The input to the system, the solar flux, is described by the 

gradient of the net downward flux. The aggregate model shows energy deposits higher in 

the atmosphere than the spherical-aerosol model: both models predict similar energy 

depositions in the troposphere, but most of the energy deposited in the stratosphere is 

deposited between 100 and 200 km in the aggregate model, while stratospheric energy 

deposition is biased toward the bottom of the haze (56-100 km) in the spherical-aerosol 

model. 

One clear difference between the BCCA model and spherical particle models is that a 

lower mass production rate is required for the BCCA model. This is because the albedo 

forces different models to have similar amounts of suspended haze. Aggregates fall more 

slowly (in this case by a factor of two) than spherical particles of the same mass. Since 

the sedimentation rate is lower for aggregate models, the creation rate must be similarly 

reduced to maintain a similar equilibrium. The mass production rate for the BCCA 

model is 6.8 x 10-15 g cm-2 s-1; it was 12.25 x 10-15 g cm-2 g-l for the revised model of 

Toon et al. (1992). The lower mass production rate implies that a smaller amount of 

aerosol has collected on the surface. Over the age of the solar system, the sedimented 

haze would compact into a global layer 10 m deep. The lower mass production rate has 
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little impact on ethane production and sedimentation, as most of the carbon goes into 

ethane and other light hydrocarbons, and only a small fraction is partitioned into polymer 

production. 

Changing the amount of haze in the atmosphere changes the albedo in a fashion 

similar to the observed nonh-south contrast. The contrast is small in the ultraviolet, 

largest in the green, and the contrast is reversed in methane bands. If the mass production 

rate were different in the two hemispheres (larger in the hemisphere darker in the visible), 

the contrast would peak in the visible, and have opposite polarity in methane bands. The 

asymmetry changes with seasonal time scales. The time scale for sedimentation of haze 

to the lower stratosphere, where the visible continuum and the methane bands probe, is 

-300 years. Thus, it is unlikely that changing the mass production rate could cause the 

hypothesized difference in the amount of suspended aerosols. Furthermore, the northern 

hemisphere has faced toward the Sun in recent years, yet the southern hemisphere is 

much brighter in the methane band, and therefore has more suspended aerosols. 

The mechanism for the asymmetry is likely to be lower in the atmosphere. It is 

unlikely that the simple haze removal in the model is accurate. I suggest that the haze 

removal may be latitude dependent, and that the altitude of haze removal is currently 

higher in the nonhern hemisphere. This mechanism would produce an effect similar to 

that illustrated in Fig. 27, and might be caused by Hadley-type circulation (P. Smith, M. 

Lemmon, and S. Croft, manuscript in preparation). Typical fall velocities for aerosols in 

the lower stratosphere are of order 10-3 cm s-l. With such low velocities the aerosols 

would follow streamlines in the zonal, meridional, and vertical wind field. A circulation 

similar to that discussed by Flasar et al. (1981, see their Fig. 3)-except that the sense of 

the circulation has reversed with the changes of season on Titan such that there is now 

upwelling in the northern hemisphere's stratosphere and subsidence in the southern 

hemisphere's stratosphere-could lead to a rain-out similar to that observed. The 
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conceptual model is this: aerosols falling in the northern hemisphere are transported by 

meridional winds to the southern hemisphere at an altitude near 100 Ian; as aerosols fall 

below around 70 Ian, they become nuclei for ethane condensation and are removed from 

the atmosphere over short time scales; the upwelling air in the north is thus clear of 

aerosols. Note that this model strays far afield from the topic of this work, and has not 

been investigated in any detail. In any case, the low fall velocities of the aerosols in the 

lower stratosphere indicate that any understanding of aerosol behavior at those altitudes 

take into account dynamics, which is beyond the scope of this work. 

The objective to this study was to show that a model of Titan's aerosols as aggregates 

could satisfy cloud physical and observational constraints. This had not been done 

before-Table VI compares the ability of this and other models to meet the constraints of 

a variety of observations. Only Toon et al. (1992) have attempted to meet the constraints 

of both high phase angle photometry and polarization with a cloud physical model. 

While this model better fits some of the observations, the principal differences are the 

differently assumed aerosol shape and the lack (in this model) of large vertical winds. 

While spherical particles are easier to model, irregular aerosols such as BCCAs are 

expected in Titan-like conditions. I have shown that BCCAs composed of clusters of 

around 10-100 particles each near 0.06--0.08 J.lm in radius can be sufficiently forward 

scattering and sufficiently polarizing. The cloud physical model I developed using 

monomer sizes of 0.06 J.lm produces very forward scattering aerosols high in the 

atmosphere, matches the observed polarization data at four wavelengths in the ultraviolet 

to the near-infrared, matches the geometric albedo within both methane bands and 

continuum regions from 0.22 to 2.2 J.lm, and matches phase laws and limb scans in the 

red and blue. I leave as future work the development of a model with dynamics, which 

could produce the observed north-south asymmetry or vertical structure such as that 

observed at the top of the haze. 



Tllblc VI: Model comparison 

This shows the ability of various models In salisfy observational constrainls. The 'type' describes the shape of the aerosols; 

physical refers to whether the model includes cloud physics; the aerosol size at the violet limb m:ly be compared to the Rages 

el 01. (1983) estimale of 0.25 J1m; explicil polarization (or phase law or limb darkening) indicntes Ihatlhe model was compared 

(favorably) directly with the data from Tomasko and Smith (1982) and West el 01. (1984), while implicit means that the model 

meets constraints on size made by the observations; albedo shows the range over which the model was compared to the 

geometric albedo spectrum. 

Model Type Physical Aerosol size at Polarization Albedo Phase Limb 

violet limb law darkening 

McKay el Cli. 1989 Large spheres Yes (I.IS J1m No fit 0.3S-1.0 /1111 '! ? 

West amI Smith 1991 Aggregales Nil NA Explicit Selecl A only ? ? 

Toon el 01. 1992 Large spheres Yes 0.12 ~tm (con) 1111 plici t 0.2-2.2 JlIII Implicit IlIIplicil 

over small 0.25 J1m (rev) 

Cabane el 01. 1993 Aggregates Yes ? Implicit? 7 ? ? 

UA model Small spheres Yes 0.07 J1m Explicit 0.3S-2.2 JlIII Explicit Explicit 

nCCA Aggregates Yes 0.19 J.1m ~xIllicit 0.2S-2.2 !l1II Ex Illicit Explicit 

\0 
o 
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3. PRESENT STUDY 

The second road I shall lead the reader down is a more scenic road, on which we will 

catch the fIrst hazy glimpses of Titan's surface. In this chapter I summarize the methods, 

results, and conclusions of two papers reporting on observations of Titan in the near

infrared, which are included as Appendices A and B. 

3.1 Observations of a surface feature 

'Titan's Rotation: Surface Feature Observed,' appeared in Icarus in 1993. I was the 

primary author of the paper, with Erich Karkoschka and my advisor Martin Tomasko as 

co-authors. A copy of the paper is included as Appendix C of this dissertation. The 

observations reported in the paper were made in the Summer of 1992 and showed for the 

fIrst time that Titan's albedo in methane windows (spectral regions of low methane 

absorption) changes, relative to its albedo in methane bands, on short time scales. My 

contribution to the research reported in the paper was as follows: I was primarily 

responsible for the writing of the observing proposal; I was the primary observer (with 

the valuable aid of Erich Karkoschka and George Rieke), in the sense that I was 

responsible for the choice of observing strategy and ran the instrument most nights; I 

handled the preliminary data reduction (transformation of raw data into spectra covering 

0.1 /lm each) and shared with Erich Karkoschka the remainder of the data reduction and 

interpretation and error analysis; I was primarily responsible for writing and revising the 

manuscript. 

We observed Titan on 18 and 19 July 1992, near its greatest western elongation from 

Saturn, with the Steward Observatory 2.3-m telescope. We followed up with 

observations from the Multiple Mirror Telescope (MMT) on 13, 14, 15, and 17 
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September 1992 as Titan moved from its greatest eastern elongation to inferior 

conjunction. For all observations, we used the Gennanium Spectrograph (GeSpec), a 2 x 

32 array detector sensitive to light in the 0.8 to 1.4 Jlm wavelength range. The GeSpec 

measures spectra with a bandwidth of 0.1 f,1m, and simultaneously takes spectra of object 

and sky background. We obtained 0.87 to 1.32 Jlm spectra of both Titan and SAO 

164338 (a GO star nearby in the sky, for removal of telluric absorptions). The individual 

spectral pieces (0.1 Jlm bandwidth) were reduced by subtraction of sky background, 

averaging of about 10 integrations, and taking the ratio of Titan/SAO 164338. We 

assumed the comparison star to have a solar type spectrum and used the reduced spectra 

as a surrogate for albedo (with an unknown scaling factor). The individual albedo spectra 

were "knitted" together by comparison of overlapping spectral regions: the central 

wavelengths of consecutive spectra were offset by 0.05 Jlm so that half of each spectrum 

overlapped with its short wavelength neighbor and half overlapped with its long 

wavelength neighbor. This process gave us a 0.87 to 1.32 Jlm spectrum of Titan. On 

some nights we only took window spectra, two pieces of the spectrum that overlap on the 

window. 

We derived an absolute geometric albedo by comparison of our spectrum with that of 

Fink and Larson (1979) in the methane bands. The albedo in Titan's methane bands is 

thought to change with a fifteen year period due to seasonal effects. We observed Titan 

17 years after Fink and Larson (1979), and we assume that the methane band spectra were 

the same at both times. Scaling our spectrum by a constant did not ~ve a perfect fit to 

the Fink and Larson (1979) spectrum, so we scaled by a factor with a linear dependence 

on wavelength (about 10% larger at long wavelengths than at short). This effect might be 

caused by an incorrect assumption of the temperature of the comparison star (i.e., it is 

slightly cooler than the Sun). 
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Independently of the absolute calibration, we scaled our spectra from all nights to that 

from the fIrst night (at greatest western elongation) by comparing the spectra in methane 

bands. We expect that methane band albedos would not change over the course of our 

observations-they are sensitive only to the main haze layer, and time scales for change 

in the main haze layer are expected to be long (Toon et al. 1992). Figure 1 of the paper 

shows spectra of the leading and trailing hemispheres together with their ratio. The ratio 

of the methane bands was flat even though the albedo changes by nearly an order of 

magnitude within the bands, supporting our assumption that the methane bands are 

constant over monthly time scales. The features observable in the ratio spectrum coincide 

with methane windows (although there is some noise due to the presence of telluric water 

bands), and the amplitude of the variations grows with increasing wavelength, 8±5%, 

14±3%, and 22±3% at 0.94, 1.1, and 1.3 J.lII1 respectively. 

Figure 2 of the paper shows the albedo at several wavelengths at each of the orbital 

phases we observed, showing not only that Titan was brighter near its eastern elongation 

than near its western, but also that it grew dark again by inferior conjunction four days 

later. The data are consistent with the widespread assumption that Titan rotates 

synchronously with its orbit, and the observations of Fink and Larson (1979), which were 

made just before eastern elongation, are most similar to our eastern elongation spectra. 

We constrain the period to at least 5 days as we did not observe a complete rotation with 

four observations in five nights, and the period must not be longer than about 30 days, as 

we observed rapid change after eastern elongation. Many possible periods between 5 and 

30 days were ruled out due to the 56-day separation of our brightest and darkest 

observations. 

We explain our observations with a simple (non-unique) model. Titan has a relatively 

brighter leading hemisphere than trailing hemisphere, and is tidally locked into 

synchronous rotation. We derived surface reflectivities for the bright and dark 
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hemispheres at each wavelength with a version of the scattering model presented in 

Chapter 2. The absolute value of the surface reflectivity was very sensitive to the 

uncertain absolute calibration of the data, but the difference between the average albedo 

of the bright and dark hemispheres was robustly detennined to be 0.1. The paper's Fig. 2 

also shows the model calculations at a variety of phase angles for each of the wavelengths 

of the observations shown in the figure. 

The main conclusions of the paper are, first, that we observed variations in Titan's 

albedo. Second, we consider it likely that the variation is a result of one or more 

characteristics of the surface: albedo, topography, or local climate. Third, that our 

observations are consistent with synchronous rotation. Finally, our models of the flux 

calibrated data suggest that the average surface reflectivity of Titan's leading hemisphere 

is higher than that of its trailing hemisphere by 0.1. 

3.2 Titan's surface light-curve 

'Titan's Rotational Light-curve,' has been accepted for publication in Icarus. I am the 

primary author of the manuscript, with Erich Karkoschka and my advisor Martin 

Tomasko as co-authors. A copy of the manuscript is included as Appendix D of this 

dissertation. My contribution to the paper was as follows: I was primarily responsible for 

the writing of the observing proposal and detennining the observing strategy; I was the 

observer for all GeSpec nights, and shared observing duties with Erich Karkoschka for 

the FSpec runs, both with the aid of George and Marcia Rieke; I did the preliminary 

reduction of the GeSpec data and all reduction of the FSpec data; I did all model 

calculations; and I was primarily responsible for writing and revising the manuscript. 

In the wake of the earlier paper, Griffith (1993) reported on prior observations of 

Titan's near-infrared spectrum, and Coustenis et al. (1994) made new observations. 

Griffith (1993) observed Titan's 1.1, 1.3, and 1.6 Jlm windows once at each elongation in 
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1989, and observed the 2 Ilm window at western elongation and shortly after eastern 

elongation in 1990. Her observations that Titan's leading hemisphere was brighter than 

the trailing hemisphere in each pair of observations bolstered the argument that the bright 

feature was a surface feature on the leading hemisphere. Further, Griffith observed the 

leading hemisphere to be brighter than the trailing hemisphere by 12±4%, 20±1O%, 

20±10%, and 12±4% at the 1.1, 1.3, 1.6, and 2 Ilm windows respectively. This is 

consistent, at the shorter wavelengths, with the reports of Lemmon et al. (1993). 

Coustenis et al. (1994) observed the 1.1, 1.3, 1.6, and 21lm windows on 6 nights (out of 

10 consecutive nights) in August 1993. They found that both conjunctions were brighter 

than western elongation for each of the windows. Their data were flux calibrated, 

allowing them to use an atmospheric scattering model to retrieve the ground reflectivities 

in each window. The spectrum they derived had a deep absorption at 1.1 Ilm, and a 

smaller one at 1.6 Ilm. They argue that the spectral shape is diagnostic of anhydrous 

silicates, and that this implies Titan formed within the Solar nebula rather than the 

Satumian sub-nebula. 

We observed Titan with the FSpec, a 256 x 256 NICMOS array detector sensitive to 

wavelengths from 1.4 to 2.4 Ilm, near greatest western elongation in early September 

1993 (from the Steward Observatory 1.54-m telescope), at the same orbital phase 16 days 

later, and on several nights over the next two weeks (from the Steward Observatory 2.3-m 

telescope). The bandwidth of the FSpec, using the low resolution grating, is 0.4 Ilm. 

This allowed us to obtain individual spectra that included the 1.6 and 2 Ilm methane 

windows as well as parts of the adjacent bands on either side. Several consecutive 

spectra were taken with the position of Titan slightly offset from one to the next, so we 

subtracted consecutive spectra for dark subtraction and bias correction. After flat

fielding, the individual spectra were extracted from the array and co-added to obtain a 

single one-dimensional Titan spectrum. The final Titan spectrum was divided by a 
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similarly processed spectrum of SAO 164769, a GO star, to produce the Titan albedo 

spectra. Finally, the albedo spectra from each night were scaled within the methane 

bands for a relative flux calibration. From 1-4 October 1993, we also observed Titan 

with the GeSpec (from the MMT) as it moved from its greatest eastern elongation toward 

inferior conjunction. All of the GeSpec observations used the same comparison star as 

our earlier observations, for compatibility with them, and were reduced in the same 

manner. Erich Karkoschka provided absolute calibration, having observed SAO 164338 

and standard stars in a separate observing run (personal communication). 

Figs. 1 and 3 of the paper show spectra of Titan's leading hemisphere compared to 

spectra of its trailing hemisphere. The leading hemisphere is brighter for all windows. 

The leading hemisphere spectra of the 1.1 and 1.3 J.lm windows have the same shape as in 

1992. The brightness increase is 23±2% and 32±3% at 1.6 and 2 J.lm respectively. Figs. 

2 and 4 show the observed light-curves for each window-they all appear to be in phase. 

We clearly established that Titan's albedo varies with orbital time scales by observing 

Titan to be dark near western elongation, to brighten as it moved east, and then to darken 

again as it moved back to the west. Our observations at the same phases on different 

orbits have all been similar: we observed three consecutive western elongations in 1993, 

as well as observing the brightness decrease between eastern elongation and inferior 

conjunction in 1992 and 1993. These patterns suggest that we have observed a long

lasting and synchronously rotating feature-a surface feature. 

Calculations made by Erich Karkoschka show that we can constrain the period of the 

light-curve to be 15.950±0.025 days using all of our 1992 and 1993 data. With this 

precision we can determine the number of periods between our observations and those of 

Fink and Larson (1979). By also constraining the light-curve to be bright during the time 

of the Fink and Larson (1979) observations, which have a similar spectral shape to our 
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leading hemisphere spectra, we can constrain the period of the light-curve to 

15.949±O.OO6 days. Titan's orbital period of 15.945 days is within our 0.04% error bars. 

The paper discusses a greater than 30% discrepancy between the spectral geometric 

albedo determined by us in the 1.0 to 1.3 Ilm range and that determined by Coustenis et 

al. (1994). The magnitude of the discrepancy is linear with wavelength throughout the 

range observed by both groups. Based on recent discussion with Athena Coustenis, we 

are confident that this discrepancy will significantly diminish or go away after they finish 

a reanalysis of their data. Titan's albedo spectrum is indicated in Fig. 5 of our paper. The 

albedo of the leading hemisphere is shown plotted against that of the trailing hemisphere 

for each wavelength. The brightest area (the upper right part of the figures) show the 

albedos in the methane windows for each hemisphere. The calibrated geometric albedo at 

0.94, 1.1, and 1.3 /lm is taken from our spectra (Fig. 3). The scale for the 1.6 and 2 J.lm 

windows (Figs. 5b and 5c) was determined by comparing our data with the calibration of 

Coustenis et al. (1994), which they expect to be accurate to within -10%. 

I modeled the window albedos as shown in Fig. 5 of the paper. We find that the leading 

hemisphere's ground reflectivity is larger than that of the trailing hemisphere by 0.1 to 0.2 

in each window, and that the average brightness of the surface is near 0.4 (Fig. 32). The 

largest increase in brightness is at 2 /lm, where the haze is thinnest, but there is a strong 

water ice absorption. We cannot account for the observed ratio of the two hemispheres 

solely by the thinner haze, so we suggest that the bright component of Titan's surface 

does not have a 2 /lm water ice absorption feature. Given the uncertainties in absolute 

calibration, the strength of methane absorption in the windows at temperatures 

appropriate to Titan, and the amount of light scattering in the lower atmosphere, we 

found that the surface reflectivities are not well constrained. We did not find compelling 

evidence for the presence of any absorption features on the surface-the surface spectrum 

appears essentially flat. We also noted that water ice, intimately mixed with a second, 
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FIGURE 32. Surface spectra for Titan's leading (open circles) and trailing (filled circles) 
hemispheres. Uncertainties due to methane absorption coefficients, methane column 
abundance, absolute calibration of the geometric albedo, and the scattering model, are, in 
sum, comparable to the magnitude of the surface reflectivity. 

dark component, can increase the brightness of a surface beyond that of the dark 

component alone without the presence of the 2 J.1m absorption. Thus we also did not rule 

out the Griffith et al. (1991) dirty water ice model of the surface. 

The shape of the 2 J.1m light-cwve (Fig. 2b of the paper) is non-sinusoidal. While this 

conclusion depends upon the 29 September datum, the departure from a sine-wave is 

more than 3-sigma. We developed a model of the spatial distribution of the bright 

material by fitting this light-curve (Fig. 6 of the paper). A bright spot near 1200 is 

required to fit the main peak, and a second smaller or darker one is required near 10° in 

order to create the observed inflection. In the paper, we presented the 2-spot model as 
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.. one·possible·solution. Note that'a model with dark Spots rather than brighrspots might 

also work. 

Coustenis et al. (1994) began observing Titan only a month before we did. Fig. 7 of 

the paper shows their observations and ours on a time axis, with a sine-wave fit to the 

data to illustrate Titan's rotation. In Fig. 8 their and our observations are shown for all of 

the wavelengths observed, as are the observations reported by us for 1992 (Lemmon et ai. 

1993) and by Griffith (1993). The axis is orbital longitude to show clearly that the data, 

taken together, are consistent with synchronous rotation. 

3.3. Discussion 

The observations reported here represent the largest published set of observations of 

Titan's near-infrared spectral light-curve. The detection of variation in Titan's near

infrared spectrum has implications for both the surface and the atmosphere. First, the 

existence of the variation confmns model predictions that the haze becomes optically thin 

in the near-infrared. The flat spectra within each of the methane bands seems to validate 

the assumption that any variation is low in the atmosphere, and therefore in the window. 

The haze, as well as condensed ethane or methane, is bright in the window regions, so the 

only thing to cause the observed darkening is the surface, and any clouds are patchy or 

thin. While clouds may cause brightening, the repeatability of the light-curve suggests 

that the bright feature is a surface feature. 

Second, there is heterogeneity on the surface. Models such as the global ocean of 

Sagan and Dermott (1982) are excluded. We can say little about the composition of the 

surface at this time, but we know that the surface is varied, and therefore that much more 

interesting to study. 
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Third, the rotation is synchronous with the orbit. Those who model the tidal 

evolution of Titan need not search for mechanisms for allowing the satellite to avoid 

becoming tidally locked. 

Finally, this work suggests that Cassini's Imaging Sub-System and Visual and 

Infrared Mapping Spectrometer will be able to directly observe Titan's surface, as well as 

observing any large cloud features as they move over the surface. This work has 

impacted planning for Cassini by making these suggestions as well as measuring the 

amplitude of the light-curve in the different windows. 

Future work suggested by these observations includes ground based imaging of Titan 

in the near-infrared and obtaining reliable absolute calibration of the window albedos as 

well as cold temperature methane absorption coefficients. The imaging, beyond simply 

mapping the surface at low resolution, could detect and track large cloud features. This 

would allow determination of the direction of the winds, at least those in the troposphere, 

simplifying the job of Cassini mission planners. The latter information would allow more 

accurate models of the surface spectrum, and, thereby, better determination of the 

composition of the surface. 
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4. CONCLUSIONS 

The main conclusions of this work can be briefly summarized as follows. 

1. Cluster-cluster aggregates can be sufficiently forward scattering to meet the 

constraints of high phase angle photometry (Rages et al. 1983) while also having large 

enough polarization to meet the constraints of Tomasko and Smith (1982) and West et al. 

(1983). This combination of properties makes them good candidates to represent the 

shape of Titan's aerosols. 

2. A cloud physical model of Titan's aerosols as being cluster-cluster aggregates 

meets a wider variety of observational constraints than any other physical model. The 

model is very forward scattering even in its uppermost layers; it is highly polarizing and 

is the only physical model to be explicitly compared to polarization data; it fits the 

geometric albedo well in the range 0.2 to 2.2 J.lm, including methane bands of varying 

strengths from 0.6 to 2.2 J.lm. The model is one-dimensional and does not contain 

dynamical effects-this is a serious limitation due to the obvious asymmetry in Titan's 

haze, and is an important field for further work. The model ta...l(es a top down approach: 

the charging of the haze and the pressure of formation are well constrained by data sets 

that probe only the upper atmosphere; the mass production rate and the altitude of haze 

removal/rain-out are constrained by data that probes more deeply into the atmosphere, 

and the determination of these parameters is dependent on uncertainties in the earlier 

parameters; uncertainty in cloudiness in the lower stratosphere and troposphere is 

compounded by uncertainty in the entire haze; finally, the determination of surface 

albedo is dependent upon the determination of all of the atmospheric parameters. This is 

an inevitable problem while we study Titan's atmosphere from above. Only by physically 
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going beneath the haze can we get an unobscured view of the surface and lower 

atmosphere at wavelengths where the haze is thick. 

3. The aerosol spectral characterisitics was assumed to be similar to Titan tholin, so 

laboratory measurements of tholin optical properties were taken to represent Titan's 

aerosols. Titan's low albedo was better fit by assuming that the imaginary index of 

refraction was higher than that of Titan tholin by a wavelength independent scaling factor 

of 4/3. These spectral characteristics allow a good fit to the geometric albedo. 

4. There must be a haze removal process in the lower stratosphere. The most likely 

mechanism is rain-out of the haze: ethane condenses onto the haze near 70 km, but other 

species of hydrocarbons can condense at higher altitudes. The best-fitting rain-out 

altitude is 88 km. A rain-out altitude of 70 Ian is not consistent with the methane band 

albedos. It is possible that a Hadley-like circulation cell is responsible for making the 

altitude of haze removal somewhat higher than the level of ethane condensation. Such a 

hemispheric asymmetry in the level of haze removal may explain Titan's albedo 

asymmetry. Alternatively, ethane condensation may occur at slightly higher altitudes 

(and warmer temperatures) due to the presence of condensation nuclei that are 

hydrocarbons and contain "traps" for ethane molecules where the monomer components 

of the aggregates are joined. Decreased charging of the aerosols near 100 km may cause 

the continued growth of the aerosols, increasing the fall velocity and therefore the 

sedimentation, contributing to the removal. 

5. The penetration of sunlight to Titan's surface in the aggregate model is similar to 

that in a spherical-aerosol model. The deposition of solar energy within the troposphere 

is also the same; in the aggregate model, however, energy is deposited at higher altitudes 

in the stratosphere than it is in the spherical-aerosol model. This energy is available to be 

radiated at thermal wavelengths and to drive dynamics in the atmosphere. The energy 

deposition suggests that more energy may be available to drive dynamics in the 100--200 
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km range than would be expected from previous models. In order to determine how 

much energy is available for dynamics, thermal models must be coupled with the light

scattering model presented here. 

6. The surface is visible for methane continuum wavelengths near 1 to 21lm. The 

aggregate model, like spherical-aerosol models, suggests that the haze thins rapidly with 

increasing wavelength, and that the optical depth falls to unity near 1 Jlm. Observations 

of Titan showed time-variation in the albedo of all of the near-infrared methane windows. 

The variation was regular, and the amplitude increased with wavelength, 8±5%, 14±3%, 

22±3%, 23±2%, and 32±3% in the 0.94, 1.1, 1.3, 1.6, and 2 Ilm windows. These 

observations include the first report of spectral variability, and make up the most 

complete light-curve available. 

7. Titan's rotation is synchronous with its orbit. We observed a complete rotation in 

1993. Combined with observations two weeks earlier and one year earlier, we 

constrained the period to be 15.950±0.025 days. By also considering that the spectrum 

taken by Fink and Larson (1978) was similar in shape to our leading hemisphere spectra, 

but not our trailing hemisphere spectra, we further constrained the period to be 

15.949±O.OO6 days. Each of these constraints includes the orbital period of 15.945 days. 

8. Titan's surface is heterogeneous. The brightest part of Titan's surface (for all of 

the windows) is on the leading hemisphere. The light-curve is not explained by a simple 

bright-hemisphere/dark-hemisphere model, but can be model by two bright spots. In the 

latter case, the brighter or larger of the two spots is near 1200 longitude, and the smaller is 

near 100 in longitude. In any case, it is important to note that the surface is not uniform, 

but is varied-a global ocean is not allowed. 

9. The bright component of the surface probably does not have a water ice spectrum. 

Models of the surface spectrum are unreliable due to the combined uncertainties in the 

properties and thickness of the haze and of possible tropospheric cloudiness, to the 
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uncertainty of all absolute albedo calibrations, and to a large discrepancy between our 

calibration and another. Nevertheless, the large magnitude of the variability at 2 ~tm 

suggests that the bright surface component does not have a strong absorption feature at 2 

J..I.m. This observation rules out a water ice spectrum. It does not rule out the presence of 

a large amount of water ice intimately mixed with another component. No other 

absorption features were unambiguously detected. The most likely composition of the 

bright component of the surface is water ice mixed with "tar", the precipitated haze, while 

the dark area probably contains more of the dark organics. 



BCCA 

DDA 

DISR 

DLA 

ESFf 

FSPEC 

GeSpec 

LCM 

MMT 

MPR 

Rss 

Rms 

SAO 

APPENDIX A: GLOSSARY OF ACRONYMS 

Ballistic cluster-cluster aggregates 

Discrete dipole approximation 

Descent Imager / Spectral Radiometer (on the Huygens probe) 

Diffusion limited aggregate 

Exponential sum fitting technique 

(or FRANKENSPEC) Infrared array spectrometer 

Germanium Spectrometer 
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Longitude of central meridian (0° at Titan's superior conjunction, increases 

with time thereafter) 

Multiple Mirror Telescope 

Mass production rate 

Ratio, single-scattering (of intensity scatteret at 20° phase angle to that at 

51 ° phase angle) 

Ratio, multiple scattering (of intensity scatteret at 20° phase angle to that 

at 51 ° phase angle) 

Smithsonian Astrophysical ObselVatory catalogue 
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APPENDIX B: FORTRAN CODE FOR CLOUD PHYSICS 

"Fall" description 

The following is the cloud physics code used in this work. It was created by Erich 

Karkoschka and modified to include transport of irregular aerosols and to write its output 

in a fonnat appropriate to the radiative tranfer models of Martin Tomasko and colleagues. 

DESCRIPTION OF CLOUD PHYSICS PROGRAM "FALL" BY ERICH KARKOSCHKA, 

92-07 

The program fa1l.f is similar to Toon, Turco, and Pollack's model of 

aerosol formation and evolution in earth's stratosphere. 

Part of the program AEROSOL.FIN by Shelly Pope has been used. 

The model divides the aerosols in a planetary stratosphere into a 

discrete two-dimensional scheme, aerosol size and altitude. 

The smallest aerosol radius is set to 0.01 micrometer, aerosol 

mass increases by a factor of two from bin to bin. Altitude bins 

can be chosen as desired. 

Aerosol transport is governed by five processes: 

1) Creation: Aerosols are introduced into the smallest size bin at 

a specified rate in each altitude layer. 

2) Condensation: Aerosols grow in each altitude layer at a 

specified mass production rate. The distribution of the mass 

taken by up particles of different sizes is assumed to be a power 

law with exponent PWRR. Some "diffusion" is introduced by the 



scheme, a narrow aerosol size distribution becomes somewhat spread 

out. 

3) Coagulation: Aerosols coagulate at rates defined by complicated 

equations. Coagulationm is simulated by a transport of mass from 

the smaller aerosol size bin to the size bin next to the larger 

aerosol. 

4) Sedimentation: Aerosols fall according to fall velocities 

calculated from complicated equations. 

5) Eddy Diffusion: Aerosols spread in altitude according to the 

diffusion equation. If the eddy diffusion coefficient is smaller 

than a specific value (dependent on the bin), the scheme assumes 

this value as the minimal possible. This value is approximately 

fall velocity "layer thickness / 2. 

Boundary conditions: 

Top: No aerosol transport is assumed across top of scheme. 

Bottom: Aerosol! gas ratio constant across bottom of scheme 

Smallest size: Mass production rate set by creation. 

Largest size: The largest size bin should contain no aerosols. 

If it does (warning message on screen), the number 

of size bins = M should be increased. 

The program finds the steady state solution of aerosol distribution. 

INPUT: 

Three files: fall.in, a namelist file, and a atmospheric structure 

file. 
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fall.in: gives the filename of the namelist in line 1 and the 

filename of the atmospheric structure file in line 2. 

namlist file: gives 13 parameters: 

TITLE tiUe 

GRA V gravity in m/s2, extent of atmosphere is assumed to be 

small compared to the planetary radius 

WMOL mean molecular weight in atomic mass units 

DENS particle density in g/ cm3, particles are assumed spherical 

CHAR particle charge in electrons/micrometer radius, charge is 

assumed to be proportional to particle radius 

CREA total particle creation mass production rate in pg/m2 

COND total particle condensation mass production rate in pg/m2 

SED! factor to multipy standard fall velocities 

COAG factor to multiply standard coagulation rates 

EDDY factor to multiply standard eddy diffusion constants 

PWRR power law exponent for condensation 

PTOP top pressure im mb of region of investigation 

PBOT bottom pressure in mb of region of investigation. 

atmospheriC structure file: gives parameters varying with altitude. 

The first two lines contain header information. 

The following lines (one for each layer) contain 5 entries: 

pressure in mb at bottom of layer 

temperature in K at bottom of layer 

eddy diffusion coefficient in m2/s at bottom of layer 

particle creation 
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particle condensation. 

The last two entries can be given in any unit. They are 

scaled by the values of CREA and CONDo 

Note that PrOP and PBOT should pe within the range of 

pressure values given in the atmospheric structure file. 

For a nice printout, the prssure should be given in the 

first 4 columns, and aIlS entries within 20 columns. 

OUTPUT: 

On the screen the number of iterations are given. 

File fall.out: 

Additional to the input parameters following variable are printed: 

5%r,95%r the radius where 5% (95%) of the total aerosol mass in 

that layer falls below that value. 

a, b size distribution parameters (aerosol area weighted). 

(the parameters are actually calculated by mass 

weighting, but then rescaled to area weighting) 

CUM: values following are cumulative values for all layers down 

from top. 

GeoCrS total geometric cross section of aerosols 

Mass total particle mass load 

A table gives the distribution of mass among the bins in two dimensions. 

ITERATION METHOD: 

For each bin, the steady state requires that the flux into the bin 
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equals the flux out of the bin. The flux out of the bin is of the 

form Cl .. N + C2 .. N .... 2 where Cl and C2 are constants and N is 

the number density of aerosols in the bin. Assuming that the flux 

into the bin has been calculated, N is found by solving the quadratic 

equation for steady state. This process gives a new estimate of N 

and this is repeated for each layer from top to bottom. Then a 

vertical equilibration is done by assuming the horizontal fluxes into 

all bins are known and treating C2 .. N in the equation above as known. 

Thus the two dimensional scheme becomes a linear system of 

equatiOns and can be solved quickly. Both processes are repeated 

until the result is stable to 4 Significant digits relative 

to the bin with the most mass. 

Aside from the input namelist variables, all variables in the 

program are in units of the international system of units. 

COMPARISON WITH AEROSOL.FIN: 

1) fall.f is 4 times shorter. 

2) fall.f does the dicretization more accurately. Differences of 

output variables are sometimes in the order of 10%. 

3) fall.f runs faster by about the factor 100. 

4) fall.f converges without any input of convergence parameters. 

"Fall" code 

PROGRAM FALL 

110 



C Cloud Phycics Program by Erich Karkoschka, Version 1992 July. 

C Program simulates aerosols falling in a planetary stratosphere. 

C Program description in file fall. text. 

C Modified by Mark Lemmon 2/93. Subroutines put output in 

C format for photcld, which was added as a subroutine. 

PARAMETER (M=40,L=50) 

CHARACTER*BO NAMELIST,STRUCTURE,TITLE,RAD(M),STRUC(L),SYMB(L) 

DIMENSION POW(M),AM(M),RM(M),RH(M),RP(M),RPM(M),VV(M),DEL(M), 

&DD(M),FLIN(M),TH(L),CRE(L),CON(L),OLD(L),TC(L),T(L),P(L),EDK(L), 

&GQ(L),AN(M,L),FREQ(M,L),FRDN(M,L),FRUP(M,L),FLUX(M,L),CER(M,M,L) 

NAMELIST /INPUT / 

TITLE,GRA V,RPLA,WMOL,CMOL,DENS,CHAR,FRAD,FRAR, 

&CREA,COND,SEDI,COAG,EDDY,PWRR,PTOP,PBOT 

common/ output/ an,rm,ktop,kbtm,frar 

PI=3.14159265 

OPEN(1,FILE='falI.in',STA TUS='OLD') 

READ(l,"(ABO/ ABO)") NAMELIST,5TRUCTURE 

CLOSE(1) 

OPEN(2,FILE=NAMELIST,5TA TUS='OLD') 

OPEN(3,FILE=STRUCTURE,STATUS='OLD') 

OPEN(7,FILE='falI.out') 

C read namelist and atmospheriC structure 

READ(2,NML=INPUT) 

REWIND(2) 

if(frad.lt.2.) then 
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frad =2. 

write("',"') 'FRAD being set to 20' 

end if 

READ(2,"(6(/X,A79»") (STRUC(I),I=1,6) 

WRITE(7,"(S(A79/),A79)") (STRUC(I),I=1,6) 

CLOSE(2) 

WM=1.660SE-27"'WMOL 

CM=1.E-18"'CMOL 

RF=1.E-6*FRAR 

READ(3,"(A22/ A22)") TITLE,5TRUCTURE 

DOl K=l,L 

READ(3,"(A80)",END=2) STRUC(K) 

READ(STRUC(K), "') PMB,TK,EDK(K),CRE(K),CON(K) 

IF(PMB.GT.PTOP.AND.KTOP.EQ.O) KTOP=K 

IF(PMB.GE.PBOT.AND.KBTM.EQ.O) KBTM=K 

P(K)=100. "'PMB 

T(K)= 1.38054E-23"'TJ< 

IF(K.NE.l) TC(K)=(T(K-l)+ T(K» /2. 

1 IF(K.NE.1)TH(K)=ALOG(P(K)/P(K-l»"'TC(K)/WM/GRAV 

K=K+l 

2 IF(MINO(KTOP,KBTM).LE.l) WRITE("',"') 'structure without PTOP,PBOT!' 

CLOSE(3) 

doii=l,m 

flin(ii)=O. 

do JJ=l,1 
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an(ii,jj)=O. 

end do 

end do 

Q=l. 

RPL=1.E3"RPLA 

00 3 I<K=K-l,2,-1 

GQ(I<K)=l. 

IF(RPLA.NE.O.) GQ(KK)=(Q+ TH(KK)"(Q+ TH(KK) /2./RPL)""'2/2./RPL)""'2 

IF(RPLA.NE.O.) TH(KK)=GQ(KK)"'TH(I<K) 

3 IF(RPLA.NE.O.) Q=Q+ TH(KK)/RPL 

C initialize particle radius, mass 

004J=l,M 

RMQ)=O.94SE-8"'2 ..... «J-l) /3.) 

RHQ)=RM(J) 

IF<FRAD.GE.2 .. AND.RM(j).GT.RF) RH(J)=RP(RMQ)/RF) .... (3./FRAD) 

AM(J)=l.E3"'DENS"PI/ .7S"RM(J)""'3 

RP(J)=RM(J) .... PWRR 

RPMQ)=RP(J)/ AM(J) 

IF(J.NE.1) POW(J)=2 ..... (J-l) 

WRITE(RAD(J),"(F4.3)") 1.E6"RH(J) 

IF(RH(J).GT.3.E-8) WRITE(RAD(J),"(X,F3.2)") 1.E6"RH(J) 

4 IF(RH(J).GT.9.E-7) WRITE(RAD(J),"(F4.1)") 1.E6"RH(J) 

C scale mass prodution rates 

00 5 K=KTOP,KBTM 

SUMCRE=SUMCRE+CRE(K) 
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S SUMCON=SUMCON+CON(K) 

IF(SUMCRE.EQ.O.) WRITE(*, "') 'No Creation within PTOP and PBOT!' 

DO 6 K=KTOP,KBTM 

CRE(K)=CRE(K)"'CREA "'1.E-1SI AM(1)/SUMCRE"'GQ(K) 

IF(SUMCON.NE.O.) CON(K)=CON(K)"'COND*1.E-1S/SUMCON*GQ(K) 

SUMCC=SUMCC+AM(1)"'CRE(K)+CON(K) 

6 OLD(K)=.4"'(AM(1)"'CRE(K)+CON(K» I (SUMCC+ 1.E-30) 

C initialize frequecies of vertical transport 

EDK(KBTM)=O. 

00 7 K=KTOP,KBTM 

VIS=6. *PI"SQRT(WM) ICM"SQRT(T(K» 

FP= 1.6*T(K) ICM/P(K) 

KK=MINO(KBTM,K+ 1) 

THTH=TH(K)+ TH(MOD(K,KBTM)+ 1) 

HK=ALOG(P(KK)/P(K-1)/T(KK)*T(K-1)"'(GQ(KK)/GQ(K»"'*2)/THTH 

007J=l,M 

VF=AM(J)*GRA V IGQ(K) IVIS"'(1 IRH(J)+3.62S*FP I (RH(J)"'*2+ 1.9"'RM(J)**2» 

ED=EDDY"'EDK(K)-SEDI"'VF 1(2./TH(K)-HK) 

FRDN(J,K)=SEDI*VF/(l.-HK*TH(K)/2.)/TH(K) 

IF(ED.GT.O.) FRDN(J,K)=FRDN(J,K)+ED*(2.+HK*TH(K+l»/TH(K)/THTH 

7 IF(ED.GT.O.) FRUP(J,K+ 1)=ED*(2.-HK*TH(K»/TH(K+ l)/THTH 

C initialize coagulation kernel 

00 8 K=KTOP,KBTM 

VIS=6.*PI"SQRT(WM) /CM~SQRT(TC(K» 

FP= 1.6*TC(K) I CM/SQRT(P(K-1)"'P(K» 
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OOBJ=l,M 

RJ=RHQ') 

WO)=8./PIII'fC(I<) I AMO) 

DDQ')=TC(K)/RJ/VIS*(1.+1.2S*FP/RJ) 

AL=B. IPI*DDO) ISQRT(VVQ'» 

DELO)=«(2. *RJ+AL)**3-(4. *RJ"2+ AL "2)**l.S) I 6./RJ I AL-2. *RJ)**2 

00 BJJ=l,J 

RS=RJ+RH(JJ) 

c STK=2.30712E-22*real(int(1.e+6*CHAR*RJ»* 

c &real(int(1.e+6*char*RHOJ») ITC(K) IRS 

STK=2.30712E-16*CHAR**2*RJ*RHQJ) ITC(K) IRS 

8 IF(STK.LT.30.) CEROJ,J,K)=COAC*PI/ (.25 / (R5+SQRT(DELO)+DELQJ))) 

&/(DDO)+DDQJ»+EXP(STK)/SQRT(WO)+WQJ»/RS**2)/TH(K)/GQ(I<) 

&*«l.+POW(1+J-JJ»*ALOG(l.+.S**O-JJ»/ ALOG(2.)+J-JJ)1(1 +J-JJ) 

C loop for precision 

00 3911I=l,4 

PRECIS=.l .... 11I 

C iteration loop 

00 38 n=l,1000 

C loop over layers 

00 32 K=KTOP,KBTM 

OLDK=OLD(I<)*(1.+.1 .... an-1 » 

00 10J=l,M 

10 FL1NO)=FRDNO,K-1)*ANO,K-1)+FRUPO,K+ 1)* ANO,K+ 1) 

FLIN(1)=FLIN(1 )+CRE(K) 
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0011 JMIN=l,M 

11 IF(FLIN(JMIN).NE.O .. OR.AN(JMIN,K).NE.O.) GOTO 12 

C internal iteration loop 

12 DO 30 1=1,1000 

IF(I.EQ.1000) WRITE(*,") 'No convergence in layer ',K 

00 13J=1,M 

FREQO,K)=FRDNO,K)+FRUPO,K) 

13 FLUXO,K)=FLINO> 

00 14 JMAX=M,2,-1 

14 IF(FLIN(JMAX-1).NE.0 .. OR.ANOMAX-1,K).NE.0.) GOTO 15 

15 IF(AN(M,K).NE.O.) WRITE(*,"') 'Particles too big in layer ',K 

C coagulation 

IF(COAG.EQ.O.) GOTO 21 

00 20 JJ=JMIN,JMAX-1 

IF(CERaJ,JJ+ 1,K).EQ.O.) GOTO 21 

00 20 J=JJ,JMAX-1 

IFO·NE·m FREQ(JJ,K)=FREQaJ,K)+CERaJ,J,K)*ANO,K) 

20 FLUX(J+ 1,K)=FLUX(J+ 1,K)+CEROJ,J,K)* AN(J,K)*AN<n,K)/POW(2+J-m 

C condensation 

21 IF(CON(K).EQ.O.) GOTO 25 

SUM=O. 

00 22J=JMIN,JMAX-1 

22 SUM=SUM+RPO>*ANO,K) 

IF(SUM.EQ.O.) GOTO 25 

00 23 J=JMIN,JMAX-1 
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FREQO',K)=FREQO',K)+CON(K)"'RPM(J)/SUM 

23 FLUX(J+ 1,K)=FLUXO'+ 1,K)+CON(K)"'RPMO') /SUM"'ANO',K) 

25 IFU.NE.1.AND.DIF.LE.PRECIS"'AMM) GOTO 31 

C update particle numbers horizontally 

AMM=O. 

DIF=O. 

00 26 J=]MIN,}MAX 

ANNEW=FLUXO',K)/FREQ(J,K) 

ANNEW=ANNEW /(.5+SQRT(.25+CER(J,J,K) /FREQO,K)"'ANNEW» 

DIF=AMAX1 (DIF,AMO')'" ABS(ANO,K)-ANNEW» 

AN(J,K)=(1.-0LDK)'" ANNEW+OLDK~ ANO,K) 

IF(ANO',K).LT.1.) ANO,K)=O. 

26 AMM=AMAXt(AMM,AMO')"'ANO,K» 

30 CONTINUE 

31 00 32 J=JMIN,}MAX 

FREQO,K)=FREQ(J,K)+CERO,J,K)'" ANO,K) 

32 FLUX(J,K)=FLUX(J,K)-FLINO') 

IF(EDDY.EQ.O.) GOTO 38 

C update particle numbers vertically 

AMM=O. 

DIF=O. 

00 35 J=2,M 

00 34 K=KBTM-1,KTOP,-1 

FREQO,K)=FREQ(J,K)-FRUP(J,K+ 1) /FREQO,K+ 1)"'FRDN(J,K) 

34 FLUXO,K)=FLUX(J,K)+ FRUP(J,K+ 1)/FREQO,K+ t)"'FLUXO,K+ 1) 
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00 3S K=KTOP,KBTM 

ANNEW=(FLUXQ',K)+FRDNQ',K-1)"ANQ',K-1»/FREQQ',K) 

DIF=AMAX1 (DIF,AM(J)"ABS(AN(J,K)·ANNEW» 

ANQ',K)=(ANNEW+ANQ',K»/2. 

IF(ANQ',K).LT.1.) ANQ',K)=O. 

3S AMM=AMAX1(AMM,AMQ')"ANQ',K+1» 

38 IF(DIF.LE.PRECIS"AMM) GOTO 39 

39 WRITE(","(I4,$)") II 

WRITE(",")' Iterations' 

WRITE(7,"(S6X,A/ A22,A/ A22,A)") 'cumulative',mLE, 

&' S%r 9S%r abc Geometr Mass Mixing', 

&STRUCTURE,' mic mic mic % CrossSec mg/m2 ppb' 

DO 47 K=KTOP,KBTM 

SYMB(K)=' , 

IF(K/S"S.EQ.K) SYMB(K)=' .. ' 

C calculate cumulative particle numbers and moments in particle size 

004OJ=1,M 

ANQ',K)=ANQ',K)/GQ(K) 

40 ANQ',l)=ANQ',1)+AN(J,K) 

00 42 KK=K,l,l-K 

00411=2,5 

POW(I)=O. 

0041 J=l,M 

41 POW(I)=POW(I)+AN(J,KK) .. AM(J) .... (I/3.) 

IF(POW(3).EQ.O.) GOTO 47 
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IF(KI(.EQ.1) Goro 43 

A=POW(3) /POW(2)/ AM(1) .... O./3.) .. RM(1) 

B=POW(4) /POW(3)/POW(3)"POW(2)-1. 

C=POW(5)/POW(4)/POW(3)"POW(2)/(1.+2 "B)-l. 

42 AMK=POW(3) 

C calculate distribution limits 5% and 95% 

43 DO 46 1=0,1 

SUM=(-.05-.9"I)"AMK 

00 44J=l,M 

SUM=SUM+ANO,K)"AMO) 

44 IF(SUM.GT.O.) GOrO 45 

45 RB=RMO)*2 ..... «.5-SUM/ AN(J,K)/ AM(J»/3.) 

46 IF(I.EQ.O) RA=RB 

47 WRITE(7,"(A22,2F7.3,F8.3,X,F3.2,I4,F9.4,F8.2,F8.1,A2)") STRUC 

&(K),l.E6"RA,l.E6"RB,l.E6"A,B,NINT(100."C),POW(2)/ AM(1) .... (2./3.) .. PI 

& .. RMO) .... 2,l.E6 .. POW(3),I.E9 .. AMK/ (P(K)-P<K-l}}*GRA V /GQ(K),sYMB(K) 

00 48 J=I,M-15 

48 IF(AM(J+ 15)" ANO+ 15,1).LE.AMO)" AN(J,1)) GOTO 49 

49 WRITE(7,"(f / A4,2A/ A4,15(A4,X»") TITLE,' Radius (mid = , , 

&'Distribution of Mass (.0Img/m2)',STRUCTURE,(RAD(JJ),JJ=J,J+14) 

DO 50 K=KTOP,KBrM 

50 WRITE(7,"(A4,I3,14I5,A2)") STRUC(K), 

&(NINTO.ES"AM(JJ)"ANOJ,K»,JJ=J,J+14),sYMB(K) 

call namwrite 

dose(7) 
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END 

C THIS SUBROUTINE TAKES THE SIZE DISTRIBUTION OF THE AEROSOL 

C PROGRAM AND CONVERTS IT TO TABULAR SCATTERING PROPERTIES 

C FOR PHOTCLD. PHOTCLD IS ASSUMED TO HA VB 30 LAYERS. M IS 

C THE NUMBER OF SIZE BINS FOR FALL; NBIN THAT FOR THE SCAT.TAB 

C INPUT. L IS THE NUMBER OF LAYERS FOR FALL. NW AV IS THE 
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C NUMBER OF WAVELENGTHS FOR SCAT.TAB. ALL PHASE FUNCTIONS ARE 

C ASSUMED TO BE SPECIFIED AT NANG (=37) SCATTERING ANGLES; SEE 

C FIRST INITIALLIZATION FOR VALUES. 

subroutine namwrite 

parameter(m=40,I=50,nwav=9,nbin=16,nang=37) 

integer openscat 

real an(m,l) ,rm(m) 

real theta(nang),wav(nwav) 

real qe(nwav,nbin),piO(nwav,nbin) 

real p11 (nwav,nbin,nang),p12(nwav,nbin,nang),p22(nwav,nbin,nang), 

& p33(nwav ,nbin,nang),p34(nwav ,nbin,nang),p44(nwav,nbin,nang) 

real qext(m),pizero(nbin) 

real p1 (nbin,nang),p2(nbin,nang),p3(nbin,nang), 

& p4(nbin,nang),p5(nbin,nang),p6(nbin,nang) 

real t(m,l),w(l),tau(l) 



real spll(l,nang),sp12(l,nang),sp22(l,nang), 

& sp33(l,nang) ,sp34(l,nang) ,sp44(l,nang) 

real tau30(30),w30(30) 

real pl130(30,nang),pl230(30,nang),p2230(30,nang), 

& p3330(30,nang),p3430(30,nang),p4430(30,nang) 

character*2 extl(l) 

character*9 fnpl(30) 

character fnp"7,a"'l,b"'l,c"'l,line"'SO 

common/ output/ an,rm,ktop,kbtm,frar 

open(11,file='scat.tab') 

open(12,file= 'wavl. tab') 

open(13,file='namlist.stk') 

open(14,file= 'namlisUop ') 

do i=1,1000 

read(14,"(a80)",end=556) line 

write(13,"(aBO)") line 

end do 

dose(14) 

556 continue 

C INITIALIZE VARIABLES 

pi=4. "'atan(1.) 

do ll=l,nang 
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theta(ll) = realOl-l) It 5. 

end do 

c LAYER EXTENSION OF PFN FILES 

do j=1,30 

a='3' 

if(j.lt.30) a = '2' 

if(j.1t.20) a = '1' 

if(j.1t.l0) a = '0' 

jj = j - 10 ... (j / 10) 

b = char(48 + jj) 

ext1(j) = a / / b 

end do 

C READ TABULAR SCAITERING PARAMETERS FROM SCAT.TAB 

don=l,nwav 

do i=l,nbin 

read(11,"(4x,f7.4)") wav(n) 

read(11,"(19x,e9.3,5x,e9.3)") qe(n,i),piO(n,i) 

do ll=l,nang 

read(11,"(6x,6(1 pel1.3»") pl1 (n,i,ll),p12(n,i,Il), 

& p22(n,i,ll), p33(n,i,ll), p34(n,i,Il), p44(n,i,ll) 

end do 

read(l1,lt) 

end do 
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end do 

iwav=O 

531 fonnat(a80) 

read(12,531) line 

C BEGIN MAIN LOOP OVER WAVELENGTH 

831 write(13,531) line 

iwav = iwav + 1 

read(line,"(6x,g6)") wavl 

if(iwav.eq.1) read(12,"') nnn 

read(12,531) line 

write(13,531) line 

C INTERPOLATE SCATI'ERING PARAMETERS TO WAVL 

do i=l,nbin 

call1ogint8(wavl,nwav,wav,qe(1,i),qext(i)) 

call1inint( wavl,nwav, wav ,piO(1,i), pizero(i» 

do ll=l,nang 

call1inint(wavl,nwav,wav,pll (1,i,ll),pl (i,ll) 

call1inint(wavl,nwav,wav,p12(1,i,1l),p2(i,ll)) 

call1inint(wavl,nwav,wav,p22(1,i,ll),p3(i,ll)) 

call1inint(wavl,nwav,wav,p33(1,i,ll),p4(i,ll)) 

call1inint(wavl,nwav,wav,p34(1,i,ll),p5(i,ll)) 

call1inint(wavl,nwav,wav,p44(1,i,1l),p6(i,ll)) 

end do 
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end do 

C DERIVE QEXT FROM SEMI-EMPIRICAL FORMULA FOR N > 64 

C BASED ON FORMULA OF 2/19/93 

C Switch back to using Qext for N=1argest (N=128) 

do i=nbin+ 1,m 

c AMO = 0.0124 .. wavl .... (-4.) 

c slope = 1.084 - 1.573 .. exp(-2.243" wavl) 

c fnum= (rm(i) / frar) .... (1./3.) 

c qext(i) = AMO .. fnum .... slope 

qext(i) = qext(nbin)*2 ..... (.592 .. real(i-nbin» 

end do 

C CREATE WAVELENGTH EXTENSION OF PFN FILES 

nzz=nzz+1 

naa=nzz/100 

nbb=nzz/10-10*naa 

ncc=nzz-100"naa-10"nbb 

a=char(48+naa) 

b=char(48+nbb) 

c=char(48+ncc) 

fnp='pfn.' / / a / / b / / c 

C LOOP OVER AEROSOL LAYERS 

num = kbtm - ktop + 1 
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dok=l,num 

C INITIALIZE AEROSOL LAYER PROPERTIES 

nump=k+ ktop-1 

tau(k)=O. 

w(k)=O. 

do ll=l,nang 

spll(k,ll) = O. 

sp12(k,ll) = O. 

sp22(k,ll) = O. 

sp33(k,ll) = O. 

sp34(k,ll) = O. 

sp44(k,ll) = O. 

end do 

C LOOP OVER SIZE FOR TAU 

taularge = o. 

doi=l,m 

t(i,k) = an(i,nump)"'qext(i)"'pi"'rm(i)"'''2 

tau(k) = tau(k) + t(i,k) 

end do 

C LOOP OVER SIZE FOR SINGLE SCATTERING ALBEDO 

do i=l,nbin 

if(tau(k).lt.1e-25) then 

w(k) = 1. 
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else 

w(k) = w(k) + t(i,k) "" pizero(i) / tau(k) 

end if 

end do 

do i=nbin+ I,m 

taularge = taularge + t(i,k) / tau(k) 

if(tau(k).lt.le-25) then 

w(k) = 1. 

else 

w(k) = w(k) + t(i,k) "" pizero(nbin) / tau(k) 

end if 

end do 

c if(taularge.gt.O.01) write("","") k,'taularge',taularge 

C LOOP OVER SIZE FOR PHASE FUNCTION 

doi=l,nbin 

do ll=l,nang 

if(tau(k).lt.le-20) then 

sp 11 (k,ll) = 1. 

sp12(k,ll) = o. 
sp22(k,ll) = 1. 

sp33(k,ll) = 1. 

sp34(k,ll) = o. 
sp44(k,ll) = 1. 

else 
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sp 11 (k,ll) = sp 11 (k,ll) + p 1 (i,ll) ... pizero(i) ... t(i,k) / 

& w(k) / tau(k) 

sp12(k,ll) = sp12(k,ll) + p2(i,ll) ... pizero(i) ... t(i,k) / 

& w(k) / tau(k) 

sp22(k,ll) = sp22(k,ll) + p3(i,Il) ... pizero(i) ... t(i,k) / 

& w(k) / tau(k) 

sp33(k,ll) = sp33(k,l!) + p4(i)!) ... pizero(i) ... t(i,k) / 

& w(k) / tau(k) 

sp34(k,ll) = sp34(k,1l) + p5(i,ll) ... pizero(i) ... t(i,k) / 

& w(k) / tau(k) 

sp44(k,ll) = sp44(k,1l) + p6(i,ll) ... pizero(i) ... t(i,k) / 

& w(k) / tau(k) 

end if 

end do 

end do 

do i=nbin+ l,m 

do ll=l,nang 

if(tau(k).lt.le-20) then 

spl1(k,ll) = 1. 

sp12(k,ll) = O. 

sp22(k,ll) = 1. 

sp33(k,1l) = 1. 

sp34(k,1l) = O. 

sp44(k,ll) = 1. 

else 
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sp 11 (k,ll) = sp 11 (k,ll) + p 1 (nbin,ll)*pizero(nbin)*t(i,k) / 

& w(k) / tau(k) 

sp12(k,ll) = sp12(k,ll) + p2(nbin,ll)*pizero(nbin)*t(i,k) / 

& w(k) / tau(k) 

sp22(k,ll) = sp22(k,ll) + p3(nbin,ll)*pizero(nbin)*t(i,k) / 

& w(k) / tau(k) 

sp33(k,ll) = sp33(k,ll) + p4(nbin,ll)*pizero(nbin)*t(i,k) / 

& w(k) / tau(k) 

sp34(k,ll) = sp34(k,ll) + p5(nbin,ll)*pizero(nbin)*t(i,k) / 

& w(k) / tau(k) 

sp44(k,ll) = sp44(k,ll) + p6(nbin,ll)*pizero(nbin)*W,k) / 

& w(k) / tau(k) 

end if 

end do 

end do 

end do 

C SET PHOTOPOLARIMETRY LAYER PROPERTIES 

C INITIALLIZE FIRST 2 LAYERS 

do j=l,2 

tau30(j) = o. 
w30(j) = o. 

do ll=l,nang 

pll30(j,ll) = o. 

pl230(tll) = o. 
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p2230(tll) = o. 
p3330(tll) = O. 

p3430(tll) = O. 

p4430(Pl) = O. 

end do 

end do 

C ASSUMED 9 CLOUD PHYSICS LAYERS·> PHOTOMETRY LAYERS 1,2 

C LOOPFORTAU 

do k=l,9 

tau30(1) = tau30(l) + tau(k) 

tau30(2) = tau30(2) + tau(k+9) 

end do 

C LOOP FOR SINGLE SCATIERING ALBEDO 

do k=l,9 

if(tau30(1).le.l~20) then 

w30(1) = 1. 

else 

w30(1) = w30(1) + w(k)'" tau(k) / tau30(1) 

end if 

if(tau30(2).le.l~20) then 

w(2) = 1. 

else 

w30(2) = w30(2) + w(k+9) ... tau(k+9) / tau30(2) 
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end if 

end do 

C LOOP FOR PHASE FUNCTION 

do k=1,9 

do 11=1,nang 

if(tau30(l).le.1e-20) then 

p1130(1,ll) = 1. 

p1230(1,ll) = O. 

p2230(1,ll) = 1. 

p3330(1,ll) = 1. 

p3430(1,ll) = O. 

p4430(1,ll) = 1. 

else 

p1130(1,ll)=p1130(1,l1>+sp11 (k,ll)*tau(k)*w(k)/tau30(1) /w30(l) 

pl230(1,ll)=pl230(1,ll)+sp12(k,ll)*tau(k)*w(k)/tau30(1)/w30(1) 

p2230(1,ll)=p2230(1,ll)+sp22(k,ll)*tau(k)*w(k) / tau30(l) / w30(1) 

p3330(1 ,ll)=p3330(1,ll)+sp33(k,ll)*tau(k)*w(k) / tau30(1) / w30(1) 

p3430(1,ll)=p3430(1,ll)+sp34(k,ll)*tau(k)*w(k) / tau30(1) / w30(1) 

p4430(1,ll)=p4430(1,ll)+sp44(k,ll)*tau(k)*w(k)/tau30(1)/w30(1) 

end if 

if(tau30(2).le.1e-20) then 

p1130(2,ll) = 1. 

p1230(2,ll) = O. 

p2230(2,ll) = 1. 
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p3330(2,ll) = 1. 

p3430(2,ll) = O. 

p4430(2,ll) = 1. 

else 

p1130(2,ll)=p1130(2,ll) + sp11{k+9,ll)"'tau(k+9)"w(k+9) 

& /tau30(2)/w30(2) 

p1230(2,1l)=p1230(2,ll) + sp12(k+9,ll)lI-tau(k+9)"w(k+9) 

& / tau30(2) / w30(2) 

p2230(2,ll)=p2230(2,ll) + sp22(k+9,ll)lI-tau(k+9)lI-w(k+9) 

& / tau30(2) / w30(2) 

p3330(2,11)=p3330(2,ll) + sp33(k+9,ll)lI-tau(k+9)lI-w(k+9) 

& /tau30(2)/w30(2) 

p3430(2,1l)=p3430(2,ll) + sp34(k+9,ll)lI-tau(k+9)lI-w(k+9) 

& / tau30(2) / w30(2) 

p4430(2,ll)=p4430(2,ll) + sp44(k+9,ll)lI-tau(k+9)lI-w(k+9) 

& / tau30(2) / w30(2) 

end if 

end do 

end do 

C THERE IS ASSUMED A ONE TO ONE CORRESPONDANCE BETWEEN 

PHOTOMETRY 

C LAYER J AND CLOUD PHYSICS LAYER K=J+ 16. 

do j=3,30 

tau30(j) = tau(j+16) 
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w30(j) = w(j+16) 

do ll=l,nang 

pll30(tll) = sp11(j+16,11) 

pl230(tll) = sp12(j+16,ll) 

p2230(tll) = sp22(j+16,11) 

p3330(pn = sp33(j+16,11) 

p3430(tll) = sp34(j+ 16,11) 

p4430(j,ll) = sp44(j+ 16,11) 

end do 

end do 

c if«wavl-o.42).lt.O.OOOl) then 

open(18,file='atmos.new') 

if(openscat.eq.O) then 

openscat = 1 

open(19,file='scat.out') 

end if 

write(19,"") 'WAVL=',wavl 

write(19,588) 'z','tau','qscaled','w','rssv','rssc' 

588 fonnat(aS,5all) 

read(18, II") 

read(18,*) 

589 fonnat(fS.l,S(1pe11.3» 

cumtau=O. 

irep=O 
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do k=1,46 

cumtau = cumtau + tau(k) 

read(18,'I') nma,ztop,zbtm 

dz = (ztop - zbtm) /100000. 

zm = (ztop + zbtm) / 200000. 

qscal = tau(k) / dz'" sp11(k,6) 

spS1 = «sp11(k,11)) ...... 4 ... sp11(k,12))* ... (O.2) 

rssv = spll(k,5) /spSl 

rssc = spl1(k,6) / spll(k,9) 

polz = -sp12(k,19) / spl1(k,19) 

if(cumtau.gt.O.l.and.irep.eq.O) then 

cum = cumtau - tau(k) 

spSl = «spl1(k-l,11)) ...... 4 ... spl1(k-l,12» ...... (0.2) 

rssl = spll(k-l,S) / spSl 

rss = rssl + (OJ-cum) / tau(k) ... (rssv - rss1) 

write(*, *) rss 

irep=l 

end if 

write(19,589) zm,cumtau,qscal,w(k),rssv,rssc 

end do 

close(18) 

c end if 

C SET RAINOUT LAYER TAU = 0 

do mmm=31-nnn,30 
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tau30(mmm) = O. 

end do 

write(13,"(, tautab=',6(1 pe10.2»") (tau30(j),j=1,6) 

write(13,"(1 x,8(1 pe 10.2) )") (tau30(j) ,j=7, 14) 

write(13,"(1x,8(1 pe10.2»") (tau30(j),j=15,22) 

write(13,"(lx,8(1pe10.2»") (tau30(j),j=23,30) 

write(13,"(, wtab=',6(lpel0.2»") (w30(j),j=1,6) 

write(13,"(1x,8(1pel0.2»") (w30(j),j=7,14) 

write(13,"(1x,8(1pe10.2»") (w30(j),j=15,22) 

write(13,"(lx,8(1pe10.2»") (w30(j),j=23,30) 

do j=l,30 

fnpl(j)=fnp / / extl(j) 

open(15,file=fnpl(j» 

c write(15,*) 'NO' 

do 1l=1,nang 

write(15,"(f6.1,(1 pell.3»") theta(ll),p1130(j,ll) 

c & p 1230(j,ll), p2230(j,ll) ,p3330(j,1l), p3430(j,ll) ,p4430(j,1l) 

end do 

close(15) 

end do 

write(13,"(' phasetab=',5(1h',a9,lh',','»") (fnpl(j),j=l,5) 

write(13,"(1Ox,5(1h',a9,lh',','»") (fnpl(j),j=6,10) 
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write(13,"(1Ox,5(1h',a9,lh',','»") (fnpl(j),j=11,15) 

write(13,"(1Ox,5(lh',a9,lh',','»") (fnpl(j),j=16,20) 

write(13,"(lOx,5(1h',a9,lh',','»") (fnpl(j),j=21,25) 

write(13,"(1Ox,5(1h',a9,lh',','»") (fnpl(j),j=26,30) 

do i=1,1000 

read(12,531,end=832) line 

if(index(1ine,'wavl').ne.O) go to 831 

write(13,531) line 

end do 

832 continue 

719 continue 

c1ose(l1) 

c1ose(12) 

close(13) 

return 

end 

subroutine linint(a,n,x,y,b) 

c a is the point at which to interpolate 

c b is the value at a 

c n is the number of y(x) 

c x is the array of points 

c Y is the array of values 
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real a,x(n),y(n),b 

do i=2,n 

b=y(i) 

if(a.eq.x(i» go to 100 

if(x(i).gt.a) then 

db=y(i)-y(i-l) 

da=x(j)-x(i-l) 

b=y(i-1)+(a-x(i-l)/da'fdb 

go to 100 

end if 

end do 

100 continue 

return 

end 

subroutine logint8(a,n,x,y,b) 

c ALERT ...... n must = 9!!!!!!! 

real a,al,x(9),xl(9),y(9),yl (9),b,bl 

do i=1,9 

x1(i)=log10(x(i» 

y1(i)=log10(y(i» 

end do 

al=log10(a) 
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call1inint(al,9,xl,yl,bl) 

return 

end 
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APPENDIX C: TITAN'S ROTATION: SURFACE FEATURE 

OBSERVED 
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1(' AIH ~ 103. ~~I'_~,'~ II'~~I 

NOTE 

Titan's Rotation: Surface Feature Observed 

MARK T. LEMMON, ERICH KARKOSCHKA, AND MARTIN TOMASKO 

Llllwr tille/ PIIlIlt'IIl,,' Llllhlrmor;" U"il.'(·rs;,." fI[.-tri:uIJtl, Tm',ftl". Ar;:mw 85711 

We have delected time variation in Titan's geometric albedo in 
methane windows at 0.94, 1.08, and 1.28 /UI1, relative to its albedo 
in adjacent methane bands, or 8 :!: 5%, 14 :!: 3%, and 22 :!: 3%, 
respectively. We attribute these changes to a surface reature or a 
reature near the surface. Our observations are consistent with 
synchronous rotation and can be explained by a higher surface 
albedo by 0.1 on Titan's leading hemisphere. r '''J A ...... k 

Prc:u.IK. 

Introdilctiull. Pioneer II and the Iwo Voyager sp.ce~raft observed 
a nearly realureless Tilan. Their cameras saw Titan's haze. which is 
oplically thick in Ihe visible. The longesl wavelenBlh ror ;tIllhree cam
eras was near 0.6 I'm. The rorward scallering propenies orTilan's haze 
particles measured by Voyager I imply particle radii belween O.~ and 
O.S I'm IRages " al. 19ft3). The extinclion due 100.4 I'm or smaller 
aerosols rail, olT rapidl)' in Ihe infrared. Thus. Ihe hnze. while oplically 
Ihick in Ihe visible. rna)' be opli~.II)' Ihin al wavelenglhs [U'Caler Ihan 
Il'm. Db,ervalion> nflhe mClhane band, in Ihe \'i,ible and near-infmred 
_bo Impl\' Ihal Ihe haze i. Ihln fRage, and Pullack 19RIll. ~Iore reccnl 
mod~" h~N:d ,'n Ih~ FIOIo. .lf1d lolr"m Ill.Ji~I, ~dT ,'/ Itl. 119)(.11, anl1 
Griffith t" til, 1 I'~II 1..1;,11:1 .. ~" ,ul"f"Il1r1thl\anl1 Indil.'al~lhi.1t i.1n~'cond~n,;.t· 
lion cloud) are ~lIhcr Ihin or I"lJlchy and that Ihc )urfact: I) sensible at 
0.94. 1.08. 1.~8. U8. and 2.0 I'm ITomasko tI III. 19R9. Grundy 'I al. 
1991. Griffilh 'I al. 19911. 

Currenl speculalion on Ihe nalure or Tilan·. surface cenlen on Ihe 
possible presence orlarge amounts orliquid hydrocarbons and di.solved 
nilrogen as an ocean. large lakes. or a subsurface re.ervoir (Lunine 
(993). Ocean. or Inkes would be very dark in our wavelenBlh range 
compared wilh waler ice. which is al,o Ihoughl 10 be a likely surface 
componenl. Griffilh ,I al. 119911 model Tilan·. ,urfnce as dirty waler 
icc: a surface reftcctivilY largcr than that ror an clhanc ocean is necdcd 
10 fillhe albedo measured by Fink and La",on //9791 al 1.~8. I.S8. and 
2.0 I'm: also. Ihe wavelenglh dependence of Ihe surface reneclivily is 
similar 10 Ih.1 of a waler ice reneclion speclrum. 

Although il is difficult tl) oblain ,palially resolved image. or Tilan 
rrom Earth. 'palial inrormalion is conlained in Tilan's lighl-curve as it 
rotates, Pa!li!iive nldio observation'i or Tilan's surface have not shown 
significanl short-Ierm \·.rialion fGro"man .nd Muhleman 19921. The 
)urface diclectric con~uants dcrived rrom Ihcsc ob!icrvations arc nol 
consislent with hydrocarbon ",ccan", Thcy are con!iiMcnl with Will~r 
ice and Olhc:r m:.uerials, Radar ob"lCI'\'alion"l do ~how shon·lenn vana· 
lions wilh • period Ilirrerenl Ihan Ih. orbilal period IMuhleman ,'t /II. 

1990. 19921. These observalions also are inconsislenl wilh a sun'ace 
dominaled by liquid hydrocarbons. Lunone I 199:: I argues Ihallhe ,uspen
sion oC a large number or scalleren in an ocean could fil Ihe radio dala. 

Infrared aSlronomy has much polenlial for probing Tilan's surface. 
ImagesofTilan in Ihe near-infrared oblained b)' Hubble Space T ele"ope 
ISmith ,I III. 1992) and by groundbased inSlrumenlall,'n 151. P •• " "I, 
19931 show apparem fe.lures. Couslenis tI al. 119911 found an inclc.led 
albedo al 1.28 I'm wilh respect 10 dala galhered by Fink and Lanon 
(1979). Their albedos at 1.08 I'm are consiSlenl wilh ench olher. Liihl
curves in Ihe inrrared have been oblained by Cruikshank and ~Ior;an 
11980) and Noll and Knackell99)). However. :he onlerprelalion ot' :he 
observations is problemalic due 10 Ihe broad transmissions of Ihe rillers 
and Titan's stron, melhane bands wilhin Ihe filter bandpass ... We have 
obtained speclroscopic observalions Ihat indi.ale which wavelenglhs 
display lemporal varialions in albedo and by whal amounls. The lack of 
variation wilhin melhane bands and the significanl varialions in melhane 
continuum regions indicate thai the variations occur at or ncar thc 
surface. II is not clear that a surface variali,," can be immcdiately 
distinguished rrom varialions in low-allilude clouds wilhoul obselnllon 
or a liPilooCul'\'c that ~peats ovcr multiple or:--its, We havc obla:;,ed 
Ihe beginning of such a dala sel. showing Ihe e~iSlence of sun'", ~r 
melcorolopicai \'arialion!=. on Tilan. 

OhurL'Illi ... ". We ob,erved Tilan on 1ft "nd 19 Jul\' 1'1<1: 0' :ne 
Sle"aN Oh'~r\iIIUr~' ~,~em 1.:1~"cope ,lnd ,m I:, 14, l~, .Jnt.! I'" Sc::,,' .!:Tl' 

bc:r 1Y9~ 011 th.: ~lullIple ~Iirror T ele!\c:op~, Til;'lr. ,orhltal ohu:'Ie (,,'r:- ~,c: 

obscrvalions I':lngcs rrom greatcst ca)tcm elon~alion un 13 S-=plet:i:-er 
10 srca,esl weslem elongalion on 19 July. We used Ihe Germanium 
Speclrograph from 0.87 10 1.32 I'm. Individu;tl obser\'alions spanned 
0.10 I'ffi wilh 32 pixels. Telluric erreclS were removed by companson 
with the nearby GO star SAD 164338. The spectra are nOI observalionally 
calibrated in terms of absolule inlensity. 

The ralio or Titan'S nux 10 Ihe slellar flux is used as a surrogal< for 
albedo. This assume. Ihal SAO 164338 has a solar Iype speclrum on Ihe 
infrared. We oblain an albedo by scaling each nighl's observaflon, In 
melhane bands 10 Iho," or Fink and La",on 1/9791. Since .caling o~ a 
constanl does nOI give. perfeci agreemenl be,ween bOlh dala ,ell "e 
applied. scale faclorslighlly dependenl on wa\'elenglh laboul IW, ~ .. r 
lhe spectrum) to our data. This wavelenBlh dependence did nOI change 
Ihroughoul our ob.erving period and may be due 10 a non50lar speclral 
slope or our comparison 51". The Fink and Lanon observaflons ".re 
made 18 years ago. so Ihere is uncenainlY in Ihe absolule ,c.le "'e 
presenl. Over Ihe course of our observalions. "'e e.peci Ihe albedo on 
lilan's methane bands to remain conslanl. as II IS scnsltivc onl\' 10 the 
main haze la)'er. and limc scalcs (or change In Ihe maIO hazc lis~ er 
are expecled 10 be long (Toon .1 til. 19921. Thi. is supponed b) "ur 
observalions ,howing ,peclral shapes changing only in melhane '.\In· 

3~9 
,lOl'I,IO~~ 9. ~~ un 

Cl.>pynl!hl ~ .. IW, t'l\' A":aiJcml": Pre'~ Inc, 
,-\11 n~hh df rc~rod:J'::II'n an any .. ,Irm rc,c:-, cll 
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FIG. I. Tilan', scomelric albedo speclrum from 0.87 10 1.32 I'm. Our observalions on differenl nights tsolid and dashed 'urveSi have a 
spectrnl resolution III 0.01 ",m. The rutio between our two SPCCIIil (lOp) clearty dislinguis,hcs reeions of sil!!nificant variations Ime-thane wlndow~1 
from regions of no "anallon Imelhane bandsl. The Fink and Larson 119791 speclrum has much hii/lcr speclral resolulion. but is shown subsampled 
here lopen cin:lesl. The bars on lap indicale a minor (0.95 jlm) and a major (I.Ul'm) lelluric absorplion band where observalions are unreliable. 
OUlside oflhe lelluric absorplion. Ihe errors of the ralio spectrum arc eSlimaled 10 be less Ihan 3%. The five arrows show Ihe selecled wavelenglhs 
of Fig. 2. 

dows. Our conclUSIon. depend on ralios of our speclra. alllaken wilh 
the same Instrument and companson star. nod are thcrefoFC independent 
of any assumplions reparding Ihe speclral shape of SAO 164338 or Ihe 
albedo scale. 

The signal 10 noi!!lc in each pixel is near 100 and thu!;. noc limiting for 
our accuracy. It can be cSlIm;:l1cd well as each observation consists of 
aboul 10 allcmatln~ integrations on object and .. ky. Systematic error" 
come from ml"lrrom:l1chc\ In the llIrma!iS bet" ~cn Titotn and the cnmparison 
SlarftyplcOlU\, U.O~ ;urma"e\l. from the imen!tilY \cOllinl;toreach O~'itrvOl· 
tion. :mll pO"l'I~I~ Ir~lm l,ther unknuwn 'uurcc:~. ;\fj,miIlCht\ in airma" 
cau\c c:rmr' tt" In .. n :.; llUhuJl! llf th.: Itlluric ~b'l'rpllon rC~lon' ill 
IU'~-II % ,.,m ,lOll .1: I 11-1.1 ~ #'m. \\"~ I.',um;all.' the rl.'l,lu\1.' IOh:n'II}· 
,calin~ bel\\&:cn ,,(' ... cn;'llhln, IIJ tie 1!UUU Itl \\Ithin ~'1" Fur ub,.:rvatlun\ 
on 14 September \\C c)lImale ts ~t;( uncenuintY. ~ccuu\e only O.05·~m· 
wide spcctral n:glon~ were available then. Ouruataba!te contains several 
checks for consistency by allOWIng comparison of several observalions 
wilhin each nighl wilh overlapping wavelength regions. Also. Ihe last 
nights' data of Ihe July and Seplember observing runs are consistent 
wilh each olher. Thus we have good evidence Ihal there are no 01 her 
sources of error inftuencing variallons in Ihe spectral shape by more 
Ihan !'if. 

Figure I shows our Tilan spectra recorded on differenl ni~hls. As 
mentioned above. the albedo scale is uncenDin; however. Ihe rntio 
bel ween bolh speclra nap of Fig. IIi, nol inHuenced by Ihese uncenainl· 
ies and should be Hal iflhe objecl's speclral .hape did nOI change. This 
is Ihe cas. in m.lhane band regIons ncar 1.0 and 1.2 I'm. On the olher 
hand. in the methane windows we observc significant variations. The 
atmospherc is expected 10 be mo§1 u'".J.n!rlparent al 1.28 J,l.m wilhin thc 
shown wavclcngth rcglOn. This is the window where we )ec the )trongesl 
variation. 

CouMenis "1 III. 119911 found Ihal Ihe region of Ihe inHeetion in Ihe 
albedo !'Ipcctrum near 1.10 ~m is. nol \c",itlvc to the ,urfnce. yet is 
sensitivc 10 clout.l!t in the: upper tropusphere. Wc observed no vnnation 
at 1.10 I'm. This indicales Ihal varialions in Ihe m.lhane windows an: 

due 10 fealures lower in Titan's almosphere. This could indicale surface 
f.alures. although we cannOI rule OUI clouds below IS km. 

Grundy ./ 01. 119911 reponed Ihal al 0.94 I'm wavelenglh Tilan may 
be brighler ncar grealest eastern elongalion Ihan nenr greatest western 
elongation. similar to our rcsuh. However. in this methane: window both 
their dala and ours are noisY nnd less reliable: due to the presence of a 
lelluric waler absorplion. Th. methane windows al I.OR and 1.~8 I'm 
do nol have Ihis problem. . 

Our D Septembc:r 'pectrum l'i \·ery 'iimil:u 10 the "j:'Iectrum uf Fink 
and Lar\on 119791.rccordcd in 19-5. "bo ,hu\\n on Fi~. I. In Ih~ melhilne 
wlOlh.J\\ .... their 'pcclrum ,,'m~\\ h:tl (\ct:(lh our hrig:hll.' ... t 'I1CClrum. 

.~ ... ,umlOg Ihc Vilrl.lli,'n III i'':''1 ... urfact! fcalur&:. \\t: ':..In \.',m'tr<lln tht: 
rOlalional periou or" Titan. W~ ut-,c:n"cu no 'Ignlticanl \ i.lrlallll", Wllhln 

a ni,ht. and night to nigh I vunations are much sm ... Ucr than variutJons 
al 2· 10 +day inlef\'aI,: Ihus Ihe period T., 5 days. The large decrease 
in albedo from 13 Seplember 10 17 Seplember eannol be explained by 
a slow rolalion. so T < 30 days. Finally.lhe albedo of 18 and 19 July 
is v.ry differenl from the albedo of 13. 14. and 15 Seplember. so an 
integral number of rolalions cannOI have passed belween Ihese dales 
and T cannol be an inlegral fraclion of ~6-~9 days. Our observalions 
arc eonsistenl wilh ,ynehronou. rOlalion la Ib-day periodl. 

Figure 2 shows all of our measurements of Titan's albedo al five 
wavclens:ths. We D!rI!fIUme a "i~·nchronou) rOlation and plot nlbedo as:ainsl 
Ihe lon~ilude of Ihe cenlrul mendian. The methane bands remain con· 
stanl. At all 01 her wavelenl1lh,. Tilan i. brighlest on its leading hemi· 
sphere Ifacin~ Eanh al greale>t.astem elonpllonl. Afler gre.lesl east· 
em elongation. Titan darkened fast: its anti·Salum hemi.phere was 
almost as dark as its lruilin~ hemisphere. 

Our obscrvation§can be c:\pIOlinc:u by a VCt1" simpte model. We a~!.ume 
Ihal Tilan ha. a briJ;h1 hem"phere cenlered "n 60' longitude and Ihal 
Ihe albedo difference bel .... en Ih. bri~hl and dark hemispheres i, 0.1. 
Our calculation~ U!'IC thc atm\l)pheric model ""r Toma,lr.;o c'l (1/. t IYK91. 
We adjust the .urrace albed" ill .ach lVuv.len~lh 10 fil Ihe dala. leaVIng 
Ihe h.mi.pheric conlraSI .1 11.1. Thi, model filS our dala and Ihe Fink 
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FIG. 2. Titon', geumetric albedo at five selcclcll wavdcnglh!l us a function of longilud.: of ~(ntroll mcridii.ln 100 m.:ridian facing Smurn,. 
assuming a synchronous rotation. Our obs.rv.tions are .hown us clos.d and open cirel.s twith 31¥ error bars shown on 17 Sept.mb.rl. wh.reas 
valu.s adopt.d from Fink and Larson (19791 are shown lIS horizontal bars b.tw •• n triangl.s. as th.y an: av.rag.s of three nights data. Dash.d 
curv.s r.pres.nt mod.1 calculations for. surfac. with a 0.1 albedo difference betw •• n bright and dartc hemisph.r.s ben •• th a hazy atmosph.r •. 
Th. disks below repre •• nt ph •••• of Titan und.r the mod.1 IISsumption. of briSht and dark h.misph.res. 

and Larson 1975 obs.rvations. as indicat.d in Fig. ~. Th. a"..m.nt 
with Fink and Larson (19791. who .. spectrum was recorded as Titan 
approach.d .ast.m .Iongation on ~Iareh 3. 1975. suppon. our alBument 
for synchronous rotation of Titan. sinc. the sam. h.mispher. appeared 
bright 17 years before our observations. If cloud. are involved. they 
seem 10 be associated with surface c:ondilions. Thus. our observed 
variations of ~2 :: 3% .t 1.~8 ,.m and 14 :: 391 at 1.08 ,.m can be 
.. plain.d by an albedo contrast of 0.1 betw •• n hemisph.res. Th •• ame 
contrast yields a IO'IC variation of the geometric albedo at 0.94 ,.m. 
consist.nt with ourob •• rv.d v.lue ofS :: 5'1< .In our atmospheric model 
for I.~S ,.m wav.l.ngth. the surfac. can be probed w.n in the c.nter 
of Titan's disk. but I.ss w.n ncar the limb. resulting in 0 light-curv. 
that is not precis.ly .inu.oidal. Our simple mooel i. the first step to 

investigations refining the distribution of alb.do f.atur •• on Tit.n·s 
surf~ce. 

Crmrlus;ons. We have observed a varialion in the albedo of Titan 
that is due to f.atures below the tropopaus •. This variation is s.en as 
a wa\,.I.ngth dep.nd.nce of the ratio of Titan's spectrum obs.rv.d one 
night 10 thut observed another night. As such. it is independent of 
absolut. calibration. The obsctV.d ratio spectrum is flat in the methane 
bands and variable in methane window •. W. consid.r it lik.ly that this 
variation in result of on. or~ characteristics ofth. surface: alb.do. 
topography. or local climat •. 

Our ob •• rvations are consi".nt with n l6-day synchronous period. 
Assuming that w. are observing the surrace. periods long.r than Z7 
days or shon.r than 5 days are ... Iud.d. Th. spectral shape that we 
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obs.rv. for Tilans I<:lding h.misph.re is \,.ry similar 10 Ihe ,pectral 
,ha,,~ fllr Til;,tn'\ 11!:lding. hl!misrh~rl! t.lb~er\'~L1 hr Fink und Ll.lr~On in 
1'1"5 .• lnLl GrunLl~' ,'I ,,,. 111,I\l111,~,t:I"\'cLl Tit;tn', Il!aLling h~mi:\phcr~ hl 
be brighl.r Ihan its troiling h.misph.r •• although with hi~h unc.nainlY. 
Muhlemun ~I III. 119921 repon u rOlational period 0.82 hr shaner than 
the orbital period. This is not excluded by our observations. 

In order I., model the obs.,,'alion,. we calihrole lhe data b,' reference 
10 lhe speclrum of Fink and Larson 119791. Varialions in Tiian, hemi· 
sphe:rically ,l\Cr.lge:U surface: rcrlccli\'ily of Olhoul n.1 .Ire: rcquirl!u to 
explain the ",b!tcl"\'cd light .. ..:unc. 

Our observalions indicate that TItan's bright hemisphere is its leading 
hemisphere 150mewhal tilled toward Satuml. Fink and Larson 119791 
rcp,,'rtc:d or.;cn·;uion, of thc r.:;IIJing. hcmi'rhcrc. Thus mlldcls bascd 
on th~hC d;~:~. !tuch a" Ihl! Gnfrith "111/. dirt~ w.ller II:C modcl. arc nOI 
apph..:ablc h.' Tilan's lr.lilin~ hcml!!opherc. \\hi..:h b darker. 
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Note added in proof: Certain statements in the text are based on a circulated preprint of 

the Coustenis et al. (1994) work. In recent conversations, the authors have indicated that 

they expect to make significant modifications to their absolute calibration based on further 

analysis. 

October 1994 Hubble Space Telescope images of Titan's surface at 0.94 J.1m presented 

by Smith et al. (1994, Bull. Amer. Astron. Soc. 26, 1181) show a bright feature centered 

near 120°, in rough agreement with the results shown here. 
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ABSTRACT 

Recent observations demonstrate that near-infrared spectroscopy can probe Titan's 

surface through its haze. In a five week period during September and October 1993 we 

observed Titan's methane windows at 1.1, 1.3, 1.6, and 2 J.lm. At 1.1 and 1.3 J.lm, 

observations were consistent with observations in 1992 at the same phases reported by 

Lemmon et al. (1993). Our new observations indicate that Titan was brighter near eastern 

elongation than near western elongation by 23 ± 2% at 1.6 Jlm and 32 ± 3% at 2 J.1Ill. With 

almost daily observations at 2 J.lm during one orbit, we observed Titan to be dark near 

western elongation, to brighten as it approached eastern elongation, and to darken as it 

returned to western elongation. We determine that the observed light-curve is due to 

surface albedo variations and Titan's rotational period is 15.950 ± 0.025 days. By 

considering the work of other observers we constrain the rotational period to be 15.949 ± 

0.006 days; this constraint is consistent with synchronous rotation. Models of Titan's 

surface reflectivity are inconsistent with the presence of a strong 2 J.1Ill water ice absorption 

feature and do not require the presence of any surface absorption features; however, we 

cannot rule out models of the surface as dirty water ice or silicates that have been suggested 

by others. 
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1. Introduction. 

Titan's surface, previously thought to be hidden, is observable from Earth in the near

infrared (Lemmon et al. 1993, Griffith 1993). This provides an important constraint for 

atmospheric models, allows us a first look at the surface of a mysterious world, and 

suggests that interesting features can be identified in advance of the Cassini/Huygens 

encounter with Titan. 

The haze in Titan's stratosphere, of photochemical origin, is optically thick in visible 

light. The Pioneer 11 and Voyager 1 and 2 cameras imaged only the haze on Titan because 

none could image at wavelengths near or larger than 1 JlII1. Based on the spacecraft results 

and observations of Titan's geometric albedo, models of the haze have suggested that the 

haze becomes optically thin at wavelengths near Illm and the surface is visible in the near

infrared (West and Smith 1991, Griffith et al. 1991, Toon et al. 1992). Although the haze 

dominates Titan's outward appearance, it is only part of a planetary scale photochemical 

cycle. Methane diffuses upward from the troposphere and in the stratosphere is 

photochemically changed into hydrogen, ethane, and heavier hydrocarbons. Hydrogen 

escapes Titan's atmosphere; the hydrocarbons are transported downward by gaseous 

diffusion and by falling when they condense into liquids and solids. The time scale for the 

dissociation of methane and the escape of the resulting hydrogen is much shorter than the 

lifetime of the solar system, so there must be a source for the atmospheric methane as well 

as a sink for the ethane and other hydrocarbons on the surface (Lunine et al. 1983). While 

we see methane in Titan's atmosphere, we do not see where the methane originates or 

where the aerosols and other products of 4.6 billion years of organic chemistry go. 

Lunine et al. (1983) have suggested the presence of an ethane-methane ocean that serves 

as a source for the methane and a sink for the ethane. The ocean was presumed to be 

global, due to tidal constraints (Sagan and Dermott 1982). Such oceans must have a depth 
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of at least 500 m (Sears 1994). Titan is a strong backscatterer of radar and is also a good 

emitter at 3 cm wavelengths, however, and these properties are inconsistent with 

hydrocarbon oceans (Muhleman et al. 1990, 1992, Grossman and Muhleman 1992). 

Lunine (1993) suggested that oceans might suspend aggregates of solid hydrocarbons near 

the surface and so have the observed radiometric properties. Griffith et al. (1991) 

suggested a dirty water ice model for the surface of Titan based on models of Titan's 

geometric albedo in the near-infrared (as measured by Fink and Larson 1979). Based on 

new values for the geometric albedo, Coustenis et al. (1994) preferred to model the surface 

as silicates and rule out water ice as a major component. 

Cruikshank and Morgan (1979) first reported variability in broad band infrared 

photometry of Titan. Noll and Knacke (1993) have shown that the Cruikshank and 

Morgan observations are consistent with an assumption that any variation is synchronous 

with Titan's orbit about Saturn, as the albedo of Titan's leading hemisphere is 

systematically higher than that of its trailing hemisphere. In 1991 photometry, Noll and 

Knacke did not find evidence for variation in albedo with orbital position over the eastern 

half of Titan's orbit; they did not observe Titan's trailing hemisphere. 

Lemmon and Karkoschka (1992) first reported spectroscopic detection of variability in 

Titan's near-infrared spectrum. Table I lists the wavelengths of the methane windows, 

spectral regions with low methane absorption. Those findings are detailed in our previous 

paper, Lemmon et al. (1993), where we presented spectra of the 0.94, 1.1, and 1.3 Ilm 

methane windows for 5-6 nights each. We found that the shape inside methane bands did 

not change frOT!} night to night, but that the brightness of the methane windows relative to 

the brightness of the adjacent methane bands did vary. The leading hemisphere was 

brighter than the trailing hemisphere by 8 ± 5%, 14 ± 3%, and 22 ± 3% in the 0.94, 1.1, 

and 1.31lm methane windows, respectively. We suggested that the variability was due to 

albedo variations on Titan's surface. 
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Griffith (1993) confinned variability in Titan's albedo, reporting a pair of observations of 

each of the 1.1, 1.3, and 1.6 ~m windows made in 1989 and a pair of observations of the 

2 ~m window made in 1990. In these four windows, respectively, Griffith observed the 

leading hemisphere to be brighter than the trailing hemisphere by 12 ± 4%, 20 ± 10%, 20± 

10%, and 12 ± 4% and concluded that the year-to-year persistence of the bright leading 

hemisphere indicated that there was indeed a bright surface feature on the leading 

hemisphere. Coustenis et al. (1994) reported that Titan's albedo was higher at both 

conjunctions than at western elongation in the 1-2 ~ methane windows in August 1993. 

Each of the spectrally resolved data sets covers only a minor part of Titan's orbit around 

Saturn. Combining spectra by different observers for complete coverage has not proven 

fruitful. Although spectra within each data set are well calibrated in a relative sense, and 

the shapes of the different observed light-curves seem to be consistent, the data sets have 

large uncertainties in absolute calibration and it is difficult to make precise comparisons. 

In order to constrain Titan's light-curve, we observed Titan over the course of two orbits 

in 1993, including almost daily coverage during one complete orbit. We extended our 

wavelength coverage to the 1.6 and 2 ~ windows. Some of the new observations were at 

the same wavelengths and orbital phases as our 1992 observations, and we used the same 

comparison star and calibration scheme. Finally, we calibrated our spectra between 0.87 

and 1.32 ~ on an absolute geometric albedo scale. 

2. Observations. 

2.1. 1.4--2.4 pm observations 

We observed Titan with the Steward Observatory Catalina 1.54 m telescope and the 

Steward Observatory Kitt Peak 2.3 m telescope on several nights in September and October 

1993 (Table II) using FRANKENSpec, a 256 x 256 NICMOS infrared array detector 
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sensitive to 1.4--2.4 J.1m wavelengths. Titan moved past western elongation during our 

observations of early September and, one orbit later, moved from just past western 

elongation through eastern elongation to just before western elongation in the main part of 

our observations. We used the low resolution grating for a resolution of A//!i'A. == 700 and 

standard Hand K filters as order separating filters. The slit width projects to 

approximately 2 arc-sec, which was typically too small to transmit 100% of Titan's light, 

so the observations provide only the spectral shape and not the absolute flux. Each 

observation comprised about six integrations each of Titan and SAO 164769 (a GO star) at 

similar ainnasses and within a span of several minutes. Consecutive integrations with the 

object on a different part of the slit allowed for accurate sky subtraction. 

Figure 1 shows 1.6 and 2 J.1m spectra of the Titan's leading and trailing hemispheres at 

original resoiution and the ratio of the two spectra smoothed to reduce noise. Titan's 

albedo varies greatly with wavelength in the region where the ratio spectrum is flat. The 

1.6 J.1m spectrum has only small telluric absorptions and most of them are near the short 

wavelength end of the displayed range. There is a strong telluric C02 band at 2.00-2.03 

J.1m and a weaker one at 2.05-2.08 J.1m. We do not use these wavelength regions in 

deriving the light-curve. Data above 2.3 J.1m are noisy because of the strong methane 

absorption on Titan. The telluric blackbody emission also becomes large compared to the 

Titan flux at long wavelengths, which are not considered in our nonnalization and light

curve analysis. 

In order to detennine Titan's light-curve, we use a relative calibration of the observations, 

as we do not have absolute flux infonnation from the FRANKEN Spec. Titan's spectrum 

changes shape as Titan rotates (Lemmon et al. 1993, Griffith 1993), but the spectral 

changes occur only in the methane windows; the spectral shapes of methane bands remain 

constant although albedo varies with wavelength by an order of magnitude within the 

bands. This is a clear indication that Titan's upper atmosphere, probed by the methane 
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bands, remains constant on time scales of weeks. This observational result is entirely 

consistent with theoretical expectations. Time scales for changes in Titan's haze in the 

upper atmosphere range from years to centuries. Some sample model calculations 

confirmed that changing parameters in models of Titan's upper atmosphere caused a 

changing spectral shape within the methane bands, which is not observed. The process 

responsible for the observed variation must be low in the atmosphere or on the surface. 

Thus we follow the method we used in Lemmon et al. (1993) and scale all spectra to 

constant geometric albedos in the methane bands. With the spectra calibrated in this 

fashion, we compare the spectra in the methane windows to determine the light-curve. 

We expect the spectrum of the comparison star to be close to solar since its spectral type 

is GO V. Thus, our ratio spectra, Titan/star, displayed in Fig. 1, show the geometric 

albedo within a scaling constant. Note that comparisons of spectra for each window are 

completely independent of the spectrum of our comparison star since all our observations 

use the same star. 

Relative scaling of the spectra in flux and wavelength was done by a least squares 

method. We compared spectra of each observation in the methane bands from 1.62-1.74 

Jlm (85 pixels) and 2.13-2.22 Jlm (50 pixels). In these bands, typical signal/noise was 

15-25 in each pixel. In both cases, we estimate statistical uncertainty of the mean to be 

less than 1 %. Telluric OH lines throughout the spectra provided the wavelength scale. 

To measure variability in methane window brightness, we averaged the albedos in the 

normalized spectra from 1.575-1.595 J.1m and 2.02-2.05 J.1m, and compared the value 

for each observation to that for 6 September 1993 (Titan's trailing hemisphere). The 

methane windows have signaVnoise in excess of 50 outside a C02 band. We averaged 

about 20 pixels to reduce statistical uncertainty of the mean to much less than 1 %. In Fig. 

2 we show the methane window brightness as a function of longitude of central meridian 

(LCM), which is 0° at superior conjunction and increases with time thereafter. The light-
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curves at 1.6 and 2 IJ.Ill appear to be in phase, with all the darkening occurring in about four 

nights around inferior conjunction (180°) and about half of the brightening occurring just 

before superior conjunction and half just before eastern elongation. 

Our error bars reflect both the statistical uncertainty and our estimates of uncertainty due 

to systematic errors. Systematic errors may come from airmass mismatches, from the flux 

scaling of each observation, and possibly from other unknown sources. At 1.6 Jlm we 

estimate errors due to mismatches of airmass to be much less than 1 %. At 2 Jlm, where 

there is a strong C02 band partially overlying the methane window, they are no more than 

about 1.5% in the worst cases, and typically much smaller. The albedo scaling of the 

observations is sensitive to errors in the relative wavelength calibration of the spectra. This 

calibration is accurate to within instrumental resolution near 1.65 and 2.15 Jlm. 

Uncertainties in the measurement of window albedo due to wavelength calibration are less 

than 1 %. Night to night variations in seeing and tracking affect the total flux that reaches 

the instrument, but not the spectral shape. Because the dark current is well subtracted, 

these variations introduce negligible error in the detennination of the spectra. Accounting 

for statistical uncertainty and systematic errors, we estimate that the relative albedos are 

typically accurate to within 2% at 1.61J.Ill and to within 3% at 2 Jlm. 

2.2. 1.0---1.3 J.Lm observations 

We also observed Titan with the Germanium Spectrograph on four nights at the Multiple 

Mirror Telescope (Table II). During these four nights, Titan went from eastern elongation 

to near inferior conjunction. The Ge Spectrograph uses a 2 x 32 array detector sensitive to 

wavelengths from 0.85-1.55 Jlm. We had a resolution of 'A/ll'A == 200 in the low 

resolution mode. We used the sky subtract mode each night, so the observations are the 

differences of about 20 alternating integrations on object and sky. Observations of a 

methane window typically comprised two overlapping spectra (individual spectra span 0.10 
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J.l.m) that together show the methane window and methane bands on either side. 

Overlapping spectra were scaled in the region of overlap, and nonnalized within methane 

bands to the spectra recorded 18 July 1992 for comparison with the data presented by 

Lemmon et al. (1993). 

All of our 1992 and 1993 observations at 0.87-1.32 J.I.ffi wavelengths used the 

comparison star SAO 164338, observed at similar ainnasses to correct for atmospheric 

extinction. Independent photometry of this star done by us at the European Southern 

Observatory yielded a magnitude of V = 7.45±O.03. In the 0.4-1.0 J.l.m region, we 

compared the spectrum of this star with the spectrum of HD 105590, which is a solar 

analog star (Hardorp 1982). Aside from a few Fraunhofer lines, the ratio of both spectra 

corresponds within 1 % accuracy to a 150 K higher temperature of our comparison star than 

the temperature of HD 105590 and the Sun. We assumed that this temperature 

measurement also applies in the 1.0-1.32 J.I.m region, which means a variation of the flux 

ratio SAO 164338/Sun of only 1 % between 1.0 and 1.32 J.l.m For deriving geometric 

albedos we used a solar magnitude of V = -26.74, Titan's surface radius of 2575 km, and 

Titan's heliocentric and geocentric distances appropriate to the time of the observations. 

We estimate the accuracy of the flux ratios Titan/star and star/Sun at 3% and 4% 

respectively, yielding an uncertainty in our geometric albedo scale of 5%. In Table ill, we 

report the average of the albedos of the leading and trailing hemispheres as a function of 

wavelength, as well as the amplitude of the variation (leading hemisphere relative to trailing 

hemisphere, in percentage). Note that our absolute calibration is based on a calibrated 

spectrum of our comparison star. 

Geometric albedos refer to a phase angle of 0°, while our observations were done at 

phase angles between 1.7° and 4.4° and our calibrated albedos refer to a phase angle of 3°. 

We have not done any corrections due to different phase angles since the dependence of 

Titan's albedo on phase angle is not known, and is certainly a function of wavelength. We 
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estimate that consideration of the phase law may increase our light-curve amplitudes by 

-1 % and increase our geometric albedos by -3%, assuming that Titan's surface is similar 

to those of the Galilean satellites and accounting for atmospheric effects on Titan. 

Figure 3 shows leading and trailing hemisphere spectra of the 1.1 and 1.3 J.11l1 windows. 

The spectra of Titan near eastern and western elongations from Lemmon et al. (1993) are 

rescaled to absolute albedos and shown for comparison. The spectra shown as solid lines 

are averages of spectra from one and two days after eastern elongation (2 and 3 October 

1993). These are nearly identical to the spectra from one day after eastern elongation in 

September 1992. 

In order to show temporal variations, we measure the albedos in the 1.1 and 1.3 Ilm 

windows at 0.01 J.11l1 wide pass bands centered at 1.078 and 1.2851lm for each observation 

day. The light-curves are displayed in Fig. 4. There is some indication that the peak 

brightness has decreased from 1992 to 1993, but we do not consider it to be significant. 

As Titan approached inferior conjunction, the brightness began to drop off. This 

observation is consistent with the 1992 observations and the 1.6 and 2 Ilm observations 

done concurrently. 

3. Discussion 

3.1. Periodicity and light-curve origin 

Our data suggest a synchronously rotating surface feature. Due to the proximity of Titan 

to Saturn it was theoretically expected that Titan is synchronously rotating or possibly that 

its rotational period is up to 0.13 days shorter than its orbital period (Sears et al. 1993). 

Previous observations seemed to confirm this, as Titan's leading hemisphere has been 

bright relative to its trailing hemisphere in observations made during several years (Griffith 

1993). This situation is remarkably similar to theoretical expectations and observations of 

Mercury's rotation, which until 1965 appeared to be synchronous with its orbit but was not 
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(see Chapman 1988). Is our interpretation of observations again biased by our theoretical 

expectations? We have investigated reports of given error bars on Titan's rotational period 

and found that the same mistake has been repeated. Quite different rotation rates can also 

match the observations taken through 1992. Our 1993 data resolve the ambiguity. We 

observed a relatively dark Titan near three consecutive western elongations; between the 

last two, we observed Titan to increase in brightness as it moved east and to decrease again 

as it returned west. The almost daily observations 25 September-6 October 1993 clearly 

show that the albedo varies on the time scale of an orbit and indicate a rotational period 

between 11 and 30 days. Considering the observations of 5, 6, and 9 September gives a 

rotational period of 16.0 ± 0.6 days. At 1.1 and 1.3 Ilm, we observed Titan to be 

relatively bright near eastern elongation, and to darken with time thereafter. Considering 

our observations of September 1992, which show the same pattern, narrows the range to 

15.950 ± 0.025 days, and we cannot better constrain Titan's orbital period with only our 

own data. In Lemmon et ai. (1993) we showed that the 1975 observations of Titan's 

leading hemisphere by Fink and Larson (1979) had a spectral shape consistent with our 

observations of Titan's leading hemisphere and inconsistent with our observations of 

Titan's trailing hemisphere. Considering this datum, the period becomes 15.949 ± 0.006 

days. The albedos at 0.941lm measured by Neff et al. (1984) and Karkoschka (1994) are 

consistent with our observed light-curve and the measured rotational period. Note the 

orbital period of 15.945 days is within our narrow uncertainty. The rotational period of 

15.911 days suggested by Muhleman et al. (1992) is not consistent with our constraint. 

Our spectral information can constrain the altitude of the observed variations. In Fig. 5, 

for each wavelength we plot the albedo of the leading hemisphere against that of the trailing 

hemisphere using the spectra of Figs. 1 and 3. Albedo is almost completely anti-correlated 

with methane absorption coefficient: for high methane absorption, only aerosols in the high 

atmosphere are probed, for low methane absorption, more aerosols (and eventually the 
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surface) are probed. For each window, there are clearly two regimes. In the low albedo 

regime the brightness of one hemisphere is equal to that of the other. In the high albedo 

regime, there is a linear relation between the albedos of the leading and trailing hemisphere, 

but they are not proportional to each other. The transition region marks the point where we 

begin to get a signal from the surface. To the right of this transition region, we more and 

more probe the variability of the surface. Note that the transition region moves to the left 

(to lower albedos) with longer wavelengths, as expected for a haze that thins toward longer 

wavelengths. 

It is unlikely that weather related phenomena such as clouds or larger storm systems near 

the surface would have variability with the same period as Titan's orbit, so we conclude 

that the light-curves originate from surface features. As we suggested in Lemmon et al. 

(1993), the features could be related to albedo, topography, or local climate. We are 

dubious that such surface related cloud formations as orographic clouds (caused by 

topography) or lake effect clouds exist on such a scale as to cause a 32% variation in 

Titan's light-curve. Thus, we strongly believe the feature we have observed is a solid 

surface albedo feature. 

32. Geometric albedo calibration 

Our derived albedos are very different from the albedos of Fink and Larson (1979) and 

thus from our previous albedos of Lemmon et al. (1993), which were scaled to the albedos 

of Fink and Larson (1979). Part of this difference, 33%, is due to the differently assumed 

radius of Titan, which was not known in 1979. After correcting our 1992 albedo spectrum 

for Titan's surface radius, our absolutely calibrated spectrum is still different: 8% brighter 

at 1.0 /lm falling to 9% darker at 1.3 /lm. The leading hemisphere albedo is 0.287 rather 

than 0.214 at 1.08 /lm and 0.253 rather than 0.209 at 1.28/lm. This difference must be a 

large change in the albedo slope since the observations of Fink and Larson (1979) or a 
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calibration error. Lockwood et al. (1986) found a 6% variability of Titan's albedo in the 

yellow with a period of about 15 years. Since our observations were separated from those 

of Fink and Larson (1979) by approximately 15 years we expect the contribution of the 

temporal variability to be small. Our albedos agree quite well with those of Neff et al. 

(1984), Lockwood et al. (1993), and Karkoschka (1994). We suspect a calibration error 

of Fink and Larson (1979). 

Our albedos agree with those of Coustenis et al. (1994) near 1.1 11m, but they measure 

the 1.3 11m window albedo to be 1.16±O.04 times the brightness of the 1.1 11m window 

and we find it to be 0.85±O.06 times the brightness of the 1.1 11m window (albedos are 

those measured nearest 255°, and uncertainties are I-sigma). We find that the magnitude of 

the discrepancy between the two data sets appears to be linear with wavelength throughout 

the 1.06-1.32 11m spectrum. Fig. 1 in Griffith (1993) shows the 1.3 J.1m window to be 

0.71±O.05 times the brightness of the 1.1 J.1m window. These discrepancies are large, but 

linear with wavelength. A possible explanation may be an incorrectly assumed spectral 

slope of the comparison star in some data sets. We have measured the spectrum of our 

calibration star in the 0.5-1.0 11m region as well as taking the stellar and Titan data at 

virtually the same time and airmass. We expect that our comparison star and the Sun also 

have a similar spectrum in the 1.0--1.3 11m region. We are not certain how other 

observers have calibrated their spectra. We suggest that the actual uncertainty in absolute 

calibration may be much larger than the stated formal uncertainties. Note that the light

curves do not depend on the uncertain absolute calibration. 

3.3. Surface models 

The magnitude of the observed variability of Titan's albedo increases with wavelength: 

the leading hemisphere is brighter than the trailing hemisphere by 8%, 12%, 21%, 23%. 

and 32% at 0.94, 1.1, 1.3, 1.6, and 211m respectively. This observation is not surprising 
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in the context of atmospheric models that indicate that atmospheric scattering decreases 

sharply with increasing wavelength (Le., the scatterers are small compared to the 

wavelength). In the investigation of the surface variations that cause the observed 

variability, some simple considerations are perhaps more enlightening than detailed models. 

Titan's 0.94, 1.1, and 1.3 J.1m light-curves are sufficiently pronounced that we can 

determine that the surface is visible at wavelengths near 1 J.1m. The 1.6 J.Lm light-curve is 

not more pronounced than the 1.3 J.1m light-curve, but the light-curve at 2 J.1m is 

significantly more pronounced than at the shorter wavelengths. This suggests that the 

albedo difference between the two hemispheres must be greater at 2 J.1m than at 1.3 and 1.6 

J.1m. This would not be expected if the bright component were exposed water ice, which 

has a strong absorption band at 2 J.1m, yet is very bright at 1.3 J.1m (e.g., Fig. 1 in Clark 

1980 and Fig. 2 in Clark and Lucey 1984). We do not rule out dirty water ice as the bright 

component of Titan's surface if the water absorption feature is masked by some other 

component. Laboratory data shows that water ice intimately mixed with a very dark 

substance may have insignificant 1.6 and 2 J.Lm absorptions while maintaining the property 

that the material brightens with increasing water ice content (Fig. 2 from Clark and Lucey 

1984); this is confirmed by surface models (Will Grundy, personal communication). 

In principle, one can correct for atmospheric effects and derive a surface spectrum from 

absolutely calibrated albedo data. We use a Titan atmospheric model derived at the 

University of Arizona (Lemmon 1994) to correct for atmospheric effects. This model 

includes aerosol microphysics, scattering by irregular aerosols, scattering in the 

troposphere, and methane absorption. It was fit to a data set including high phase angle 

photometry (Rages et al. 1983), medium phase angle polarimetry (Tomasko and Smith 

1982); and ground based geometric albedo measurements (Neff et al. 1984, Courtin et al. 

1991). The haze model fits the geometric albedo in methane bands from 1.0-1.3 J.1m (this· 

work) and from 1.3-2.2 J.1m (Fink and Larson 1979) to within 20%, although it was not 
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tuned to do so. To correct for methane absorption, we use coefficients measured for low 

temperatures at 0.94 Ilm (Karkoschka and Tomasko 1992) and 2.03 Ilm (Larry Giver, 

personal communication), and we use room temperature coefficients of 0.05, 0.05, and 

0.07 (km-am)-l at 1.08,1.28, and 1.58 Ilm (Larry Giver, personal communication). The 

latter are presumed to be very uncertain when applied to the long path lengths and low 

temperatures of Titan's atmosphere. We used the model to determine surface spectra from 

Titan's window albedo spectrum (as reported in this paper for the 1.1 and 1.3 Ilm 

windows and by Coustenis et al. (1994) for the 1.6 and 2 J.1m windows) and ratio spectra, 

as measured by us. We determine globaUy averaged surface albedos to be approximately 

0.4,0.4, and 0.3 at 0.94, 1.1, and 1.3 Ilm respectively. The albedo difference between 

the two hemispheres is near 0.1 at all three wavelengths, and is not strongly sensitive to 

absolute calibration. At 1.6 Ilm the dark and bright hemispheres have albedos of 0.3 and 

0.4; the albedo difference is 0.1 and is not strongly sensitive to absolute calibration. At 2 

Ilm the average albedo is 0.5; if the absolute calibration is incorrect, the average albedo 

could be as low as 0.1, but we determine that the albedo difference is always 0.2. There 

cannot be an absorption feature at 2 Ilm in the spectrum of the bright component, unless 

there is a much stronger feature in the dark component and the calibration at 2 Ilm is 

significantly too bright. Thus, variation of the haze's optical properties with wavelength 

alone do not seem to explain the wavelength dependence of the ratio spectrum. 

Coustenis et al. (1994) reported the results of a detailed quantitative analysis and 

suggested that the spectral shape of the surface resembles that of anhydrous silicates, and 

our models of their data set generate similar results. Nevertheless, the calibration of the 

window albedos is very uncertain, the contribution from lower atmospheric clouds is 

poorly constrained, and the amount of methane absorption in the window region is not well 

known for long path lengths and low temperatures, so we consider their and our model 

surface spectra a possibility, but not a determination. We are not convinced of their 
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conclusion regarding Titan's surface composition and fonnation given the uncertainty of 

the data. 

3.4. Spatial distribution 

The amount of spatial information available from our data is necessarily limited, as Titan 

is a point source to us. In Lemmon et al. (1993), based on observations of Titan as it 

moved east to west, we suggested a dark hemisphere/bright hemisphere model as the 

simplest spatial model that could fit the data. The 2 JlIIllight-curve is not sinusoidal and 

therefore is not consistent with such a simple model. We note that this conclusion relies 

very heavily upon one datum, that for 2 October 1993. The other 24 points of the light

curves (at all wavelengths) presented in this study, as well as those presented. in Lemmon et 

al. (1993), are consistent with a sinusoidal variation. A somewhat non-sinusoidal variation 

is no less plausible than a sinusoidal one, however, so we presume the observed variation 

to be accurate. We developed a 2-spot model to fit the observed variations in brightness 

without regard for the uncertain absolute calibration (Fig. 6). The 2-spot model is non

unique, and is not intended to be a map of Titan, but it may illustrate some general 

characteristics of Titan's surface. 

We assume there is a unifonn (arbitrary) background reflectivity and two spots of 

arbitrary reflectivity centered on the equator. The reflectivity, size, and location of each 

spot are allowed to vary independently, but the spots are presumed to be bright spots (the 

light-curve could be well modeled with dark spots instead). We do not attempt to find a 

"best fit" model due to the inherent lack of uniqueness. The model shown has a dark 

background (reflectivity 0.06), and the two spots have radii of 500 (about 2250 kIn, nearly 

Titan's radius), the albedos are 0.18 and 0.28 at 100 and 1200 longitude respectively. A 

very similar model is produced by assuming the albedo of the spots is 0.3 and the 

background albedo is 0.1; in this case the radii of the spots is derived to be 300 and 500. 



168 

The model suggests that Titan's light-curve seems to be dominated by two bright regions, 

the brighter near 120° longitude and the other near tOO longitude. The light-curve is most 

sensitive to the near-equatorial region, and we have no infonnation about the brightness of 

the polar regions. 

Images of Titan taken with the Wide FieldIPlanetary Camera on the Hubble Space 

Telescope at 0.94 Jlm (Smith and Lemmon 1993) and in the testing of a ground-based 

adaptive optics system at 2 Jlm (Saint-Pe et al. 1993) have also shown features. The HST 

image of the 0.94 Jlm window, taken at a longitude of 315°, clearly showed two small 

bright features in the north temperate latitudes and a larger bright feature on the eastern 

limb. This is part of the brighter, leading hemisphere or the smaller spot in the 2-spot 

model coming into view. A radar-bright feature was observed by Muhleman et al. (1990, 

1992) at orbital longitudes near 120°. It may be a coincidence that this longitude is 

approximately the brightest part of Titan's near-infrared light-curve, and therefore the 

location of the brightest (or biggest) of the spots. 

35. Comparison to other near-infrared light-curves 

Griffith (1993) and Coustenis et al. (1994) each reported observations of Titan's albedo 

variations. Because of uncertain absolute calibration we scale their light-curve data to our 

data by the least squares method. There is a significant uncertainty in this method, but it is 

the most practical method for comparing observations of relative albedos by different 

observers in different years. We have compared our spectra at western elongations to those 

of Coustenis et al. (1994) and verified that the spectral shape in each window is the same as 

that which we observe after we remove a spectral slope difference between the two data 

sets. Their western elongation spectra at all wavelengths were taken on 6 August 1993,31 

days before our western elongation spectra at 1.6 and 2 Jlm and 13 months after our 

western elongation spectra at 1.1 and 1.3 Jlm. Their observations and ours of the 1.6 and 
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2 Ilm windows are shown together in Fig. 7. 

All the data from this work, Lemmon et al. (1993), Griffith (1993), and Coustenis et al. 

(1994) are shown as a function of longitude (assuming synchronous rotation) in Fig. 8. 

The observations of Griffith (1993) in 1989 at 1.1, 1.3, and 1.6 J.1ffi agree with our own 

within stated uncertainties. Her 1990 observations at 2 Ilm are significantly different from 

ours at virtually the same phases. The observations of Coustenis et al. (1994) are generally 

consistent with our observations at the same phases except that the noise seems larger than 

would be expected for the combination of our error bars and theirs (typically about 2%). 

Given the additional uncertainty in comparing our data to theirs, the difference may not be 

significant. Their light-curve (Fig. 13 in Coustenis et al. 1994), however, indicates that the 

cause of the discrepancies is that they observe Titan's 1.6 and 2 Ilm light-curve to be 

significantly out of phase (at times the 1.6 J.1ffi window is -10% brighter, at times the 2 J.1ffi 

window is -10% brighter), yet we observed that it is in phase for all the methane windows. 

We note that the apparent noise in methane bands of their Figs. 9 and 10 is comparable in 

magnitude to their observed variations, and that determination of window albedos from 

spectra in their Figs. 4-7 depends sensitively upon the choice of wavelength due to the 

noise; we suggest that the 2-3% uncertainties of albedo ratios stated in Coustenis et al. 

(1994) may be underestimates of the real uncertainties. H the light-curves are out of phase 

they must still be caused by surface features as cloud features would not cause the light

curves to be out of phase. 

4. Conclusions. 

We significantly expanded the spectral and temporal coverage of our spectroscopic 

observations of Titan in the near-infrared. We constrained the period of Titan's 

spectroscopic variability to 15.949±O.OO6 days Titan's orbital period of 15.945 days is 

within the 0.04% uncertainty. With this rotation period, our new obseryations are 
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consistent with our previous ones (Lemmon et al. 1993). All observations indicate that the 

origin of the variability is Titan's surface and that we observe Titan rotating. 

Contrary to the results of Coustenis et al. (1994), our observations indicate that Titan's 

light-curve is in phase at all observed wavelengths. Thus there is no need to invoke 

multiple surface regions all with very different spectral characteristics. A brighter and 

darker surface component can fully explain our observations. 

In general, our observations are consistent with a simple light-curve with a bright 

hemisphere centered near 80° longitude and a dark hemisphere centered near 260° 

longitude. On the other hand, data near 80° longitude indicates that there may be features 

on the leading hemisphere and that the brightest parts are near 120° and 10° longitude with 

the former feature being brighter or more extended than the latter. The former feature is 

visible at approximately the same orbital location as a radar bright spot (Muhleman et al. 

1990, 1992), and the latter may be visible on an HST image reported by Smith and 

Lemmon (1993). 

We established absolute geometric albedos shortward of 1.3 /..Lm. They allow us to 

determine the surface spectrum on both hemispheres. Globally averaged surface albedos 

are approximately 0.4, 0.4, and 0.3 at 0.94, 1.1, and 1.3 /..Lm respectively. The albedo 

difference between the leading and trailing hemispheres is near 0.1 at all three wavelengths. 

At 1.6 and 2 /..Lm, the average albedo cannot be determined without absolute calibration, but 

the albedo difference between the two hemispheres is about 0.1 and 0.2 respectively. As 

the albedo difference is largest at 2 /..Lm, we do not detect the 2 /..Lm water ice absorption 

band in the bright component of the surface. Our absolute albedos disagree with those of 

Fink and Larson (1979), Griffith (1993), and Coustenis et al. (1994), however, and these 

three determinations also all disagree with each other. Therefore, we prefer to wait with 

fIrm conclusions about Titan's surface spectrum, and thereby its composition and origin, 

until its geometric albedo is known more reliably. By comparing our relative albedos with 
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those by Griffith (1993) and Coustenis et al. (1994) we find that their observations agree 

with our light-curves. 

The five methane windows from 0.94 to 2 J.UIl show an increasing amplitude of the light

curve with wavelength (8 to 32%). Within each methane window we find the amplitude of 

the light-curve and the average albedo are strongly correlated. Each methane window has a 

cut-off albedo where the amplitude reaches zero. Windows at longer wavelengths show a 

variability over wider parts of the window. These observations are all completely 

consistent with our understanding that the visibility of the surface is limited by methane 

absorption and by the haze optical depth, which decreases with increasing wavelength. 

The correlation between albedo and amplitUdes gives important information about Titan's 

atmosphere. These data may yield useful constraints on future atmospheric models once a 

reliable absolute calibration is established. 
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TABLE II: Log of 1993 observations 

Note: SO 1.54 m is the Steward Observatory Catalina Site 1.54 m telescope; SO 2.3 m is 

the Steward Observatory Kitt Peak 2.3 m telescope; and MMT is the Multiple Mirror 

Telescope. LCM is the longitude of the central meridian, or the sub-Earth point. The 

number in parenthesis after average ainnass is the typical mismatch between Titan and the 

star. Window albedos are reported relative to those measured near greatest western 

elongation (GWE) on 6 Sept. 1993 for the 1.6 and 2 J.1m windows, and on 18 July 1992 

(255° longitude) for the 1.1 and 1.3 J.1m windows. 

Date Telescope! LCM Phase Average Window albedo 

Instrument angle airmass 1.1 !lrn 1.3 !lrn 1.6 !lrn 2.0 !lrn 

5 Sept SO 1.54 rn FSpec 234° 1.7° 2.1 (0.03) 

6 Sept SO 1.54 rn FSpec 253° 1.8° 1.5 (0.00) 

9 Sept SO 1.54 rn FSpec 31~ 2.1° 

25 Sept. SO 2.3 rn FSpec 321° 3.50 

26 Sept. SO 2.3 rn FSpec 3450 3.60 

1.7 (0.03) 

1.6 (0.02) 

1.4 (0.02) 

27 Sept. SO 2.3 rn FSpec go 3.70 1.6 (0.03) 

29 Sept. SO 2.3 rn 

1 Oct. MMT 

SO 2.3 rn 

2 Oct. MMT 

FSpec 53° 

GeSpec 98° 

FSpec ~ 

GeSpec lWO 

SO 2.3 rn FSpec 121° 

3 Oct. 

4 Oct. 

6 Oct. 

MMT 

SO 2.3 rn 

MMT 

SO 2.3 rn 

GeSpec 143° 

FSpec 142° 

GeSpec 168° 

FSpec 2100 

1.4 (0.03) 

1.5 (0.05) 1.080 

1.5 (0.02) 

1.5 (0.04) l.l06 

1.5 (0.03) 

1.6 (0.01) 1.110 

1.5 (0.01) 

1.9 (0.2) 

1.5 (0.01) 

l.l82 

1.183 

l.l72 

1.106 

0.951 

1.000 1.000 

1.031 1.032 

1.071 1.101 

1.101 1.159 

1.214 

1.169 

l.l72 

1.303 

1.231 1.296 

1.206 1.246 

0.999 1.035 
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Table m: Albedo of Titan 

The observed albedo at 3° phase angle, detennined using a 
radius of 2575 km, at greatest western elongation as a 
function of wavelength (A), together with the percentage 
variation between the albedo at greatest eastern elongation 
and that at greatest western elongation. 

A (llm) Albedo Var. A (J,Lm) Albedo Var. 

0.87 0.162 2 1.10 0.132 1 

0.88 0.128 0 1.11 0.112 

0.89 0.092 -1 1.12 0.075 

0.90 0.116 0 1.13 0.055 
nn1 0.165 1 1.14 0.054 V.7~ 

0.92 0.200 2 1.15 0.038 

0.93 0.249 3 1.16 0.030 0 

0.94 0.254 8 1.17 0.038 0 

0.95 0.207 4 1.18 0.047 0 

0.96 0.162 1 1.19 0.053 0 

0.97 0.124 0 1.20 0.068 -1 

0.98 0.112 0 1.21 0.089 0 

0.99 0.095 0 1.22 0.101 1 

1.00 0.097 0 1.23 0.096 0 

1.01 0.093 0 1.24 0.108 2 

1.02 0.111 0 1.25 0.129 4 

1.03 0.132 0 1.26 0.141 8 

1.04 0.162 1 1.27 0.166 16 

1.05 0.198 5 1.28 0.209 21 

1.06 0.225 9 1.29 0.205 20 

1.07 0.247 12 1.30 0.137 10 

1.08 0.256 12 1.31 0.085 1 

1.09 0.198 7 1.32 0.066 2 
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FIG. 1. Titan's leading and trailing hemisphere spectra. (a) In the 1.6 J.1In spectrum, the 

methane window is approximately 1.53-1.61 Ilm The heavy solid line represents an 

average of observations taken near three consecutive western elongations, at longitudes of 

253°, 319°, 321°, and 210°. The dashed line represents an average of spectra taken near 

eastern elongation, at longitudes of 97°, 121°, and 142°. Both are shown at original 

resolution. The ratio of Titan/SAO 164769 (a solar type star) is used as a surrogate for 

albedo. At the top of the figure, the ratio of the two Titan spectra is shown after being 

convolved with a 21-pixel (0.03 Ilm) wide boxcar function. The spectra are identical in 

the methane bands except for the noise. (b) The 2 Ilm window is similarly shown. The 

trailing hemisphere spectra includes in the average a spectrum taken at a longitude of 

234°. 

FIG. 2. Observed light-curves at 1.6 Ilm (a) and 2 Ilm (b). The albedo scale is 

normalized to unity at 253°. The squares and circles show observations of two successive 

orbits (see Table II). The error bars are 2-sigma uncertainty. The tick marks (22.5°) 

represent one day. Note the different albedo scales. 

FIG. 3. Titan 0.9-1.3 Ilm spectra from eastern (upper dashed line) and western (lower 

dashed line) elongations in 1992 and from eastern elongation in 1993 (solid lines). The 

1992 data are from Lemmon et al. (1993) and are re-calibrated as described in the text. 

The 1993 data (the average of data from 2 and 3 October) are normalized to the 1992 data 

in the methane bands. The albedo scale refers to a phase angle of 3°. 

FIG. 4. Titan's light-curves at 1.1 (a) and 1.3 Ilm (b). The 1993 data are shown as solid 

circles and the 1992 data are shown as open circles. The albedo scale is normalized to 
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unity at 255°, where the geometric albedo is 0.259 in the 1.1 J.lm window and 0.216 in the 

1.3 J.lm window. 

FIG. 5. Titan's albedo variations in the 1.1, 1.3 (a), 1.6 (b), and 2 J.lm (c) windows. For 

each wavelength in the spectra from Figs. 1 and 3, we plot the albedo of the leading 

hemisphere against that of the trailing hemisphere (filled circles). For each plot, a line of 

slope unity passing through the origin is appropriate for the regime in which methane 

absorption is so strong that surface variations are not seen. For each methane window, a 

best fit line is also shown. In (a), the line to the right corresponds to the 1.1 J.lm window; 

that to the left corresponds to the 1.3 J.lm window and the albedo scale is calibrated. In 

(b) and (c), the scale was derived by comparison with the albedos of Coustenis et el. 

(1994) and is very uncertain. 

FIG. 6. 2-spot model of Titan's 2 J.lm light-curve. Bright spots are placed at the vertical 

arrows and Titan's light-curve is calculated using the Lemmon (1994) model as described 

in the text. The model is non-unique, and no attempt was made to optimize it. 

FIG. 7. Titan's albedo from early August through early October at 1.6 (a) and 2 (b) J.l.IIl. 

Observations by Coustenis et al. (1994, open circles) and by us (filled circles) are 

compared with a sinusoida1light-curve with a period of 15.949 days. The time scale 

given is Julian Date. 

FIG. 8. Titan's light-curve as observed by various observers for the windows at 1.1, 1.3, 

1.6, and 2 J.lm (a, b, c, and d, respectively). Our observations are shown as fllied circles, 

and data from Lemmon et al. (1993, LKT), Griffith (1993), and Coustenis et al. (1994, 

CLMM) are shown for comparison. The dashed lines are versions of the 2-spot model, 
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which has been normalized for each wavelength. The Griffith and Coustenis et al. data 

sets were placed on the same relative scale as our data by comparison with the model of 

the light-curve as described in section 3.5. At 1.3 and 1.6 Jlm, data from Griffith are 

partially hidden by our data. 
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