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ABSTRACT 

Spectra from 1.7 - 3.3 11m acquired at the NASA Kuipe1' Ai1'borne 

Obse1'vato1'Y include 2 of Saturn's near-lR atmospheric transmission windows that 

are at least partially obscured by telluric H20 and CO2 absorptions at ground-based 

telescopes. This entire spectral region was fitted to a model that included gaseous 

absorption by H2 , CfLt, NH3, and PH3 and the effects of multiple scattering by 

haze. The objectives were to determine accurate elemental abundance ratios (e.g., 

C/H, P /H, etc) and to characterize the size, distribution, and composition of the 

haze particles in Saturn's atmosphere. The results for C/H and P /H are 8.5 x 10-4 

and 4.3 x 10-7 , respectively. No evidence of gaseous NH3 was found. The upper 

limit to the NH3 mixing ratio at Saturn's radiative-convective boundary is ~ 10-9 • 

Ammonia is decidedly undersaturated at atmospheric pressures lower than ~ 1 bal'. 

The upper limit to gaseous NH3 at 3 11m is extremely low compared to detected 

amounts derived from observations at visible, mid-lR, and microwave wavelengths. 

These differences can be reconciled on the basis of different mechanisms for spectral 

line formation in these disparate spectral regions. A search for solid phase NH3 was 

also negative. From thermochemical arguments it has been widely assumed that 

NH3 ice crystals comprise the upper clouds on Saturn, although no incontrovertible 

spectroscopic proof has ever been presented. Strong bands of solid NH3 at 3 l.lm 

therefore offer an important test of this assumption. Saturn's observed spectrum 

was placed on an absolute reflectivity scale which then could be compared with syn

thesized spectra of candidate haze particles. The calculations demonstrated that 

the reflectances of pure, polydisperse NH3 ice crystals with effective radii ranging 

from 0.1 to 2.25 11m are not compatible with Saturn's 3 J.lm spectrum. A reasonable 
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fit to Saturn's continuum spectrum can only be achieved by using bright, micron

sized scattering haze particles mixed-in with H2, CH4 , and PH3 in Saturn's middle 

and upper troposphere. This research was supported by NASA grant NAG2-206 

and GSRP grant NGT-50782. 
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CHAPTER 1 

INTRODUCTION 

"The beasts have been mistreated, I'll tell you, it's the only way we'll get this road 
completed." (from "Destination", The Church, 1988) 

"There are as many models of the atmosphere of Saturn as there are people who 
are modelling the atmosphere of Saturn." (H.P. Larson, ca. 1990) 

Objectives 

Most of what we know about the composition and structure of Saturn's 

atmosphere comes from remote spectroscopic studies. The results presented in this 

thesis were obtained from an analysis of part of Saturn's infrared (IR) spectrum. 

Specifically, I modelled the 1.7 to 3.3 /-Lm wavelength region which is defined pri

marily by gaseous absorptions due to I-h and CH-t (see Figure 1.1). Within that 

broad bandwidth, there are 2 transmission windows in Saturn's spectrum, centered 

at 2 and 3 /-Lm, each of which provides a different diagnostic opportunity. Sun

light penetrates to different depths in the 2 windows. Furthermore, different trace 

constituents have bands coincident with one or another of these windows. I made 

good use of the 2-fold span in wavelength to set severe constraints on the vertical 

distribution of the haze particles, and to make new determinations of elemental 

abundances of C, N, P, F', S, etc. This work represents the first time a comprehen-

sive, self-consistent model has been created for Saturn across this entire spectral 

region. I employed the technique of spectrum synthesis in order to match as closely 

as possible a calculated spectrum with the observations. This approach is based 

on an atmospheric model which incorporates both absorption and scattering by 

gaseous and condensed constituents of Saturn's atmosphere. Previous studies often 
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were conducted in narrower bandwidths, they lacked essential laboratory measure

ments, or they did not include the effects of scattering by aerosols. I have improved 

on past investigations by fully including the variations in absorption by g'ases as a 

function of pressure and temperature, by employing the most up-to-date spectral 

line parameters wherever they are available, by placing the Saturn observations on 

an absolute intensity scale, and by treating as accurately as possible the effects of 

multiple scattering. My research has addressed the following questions: 

• Why isn't NI-h vapor seen at A =3 urn ? 

• What limits photon penetration between A- 1.7 - 3.3 urn ? 

• What is the composition of the tropospheric haze? 

• What are the elemental abundances of C,N,P,F,S ... ? 

• What is the IR optical depth of the tropospheric haze and 

what is its vertical distribution? 

Answers to most of these questions were obtained from the systematic mod

elling used in this work (see Chapter 6). One major objective of this work was to 

determine the distribution and chemical composition of Saturn's tropospheric haze. 

A synthetic spectrum (see Chapter 4, Figure 4.14) in excellent agreement with 

the observed continuum spectrum of Saturn has been generated using the 2 prime 

gaseous absorbers, H2 and CH4, uniformly mixed with consp.rvatively scattering 

aerosols. The other main focus has been the determination of the gas composition 

in Saturn (see Chapter 5). The spectral line optical depths for the main molecular 

species H2 , CH4, PH3, and NH3 were calculated. Retrievals of the abundances of 

the first 3 gases were possible through a simultaneous fitting of their near-IR ab

sorptions. For NH3, a stringent upper limit was deduced. 
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Historical Perspective 

The work I have done in this dissertation should ultimately be placed in 

a broader, historical context. The study of planetary atmospheres is an interdis

ciplinary endeavor attracting the attention of meteorologists, physicists, and as

tronomers alike. One of the main underpinnings in our efforts to understand the 

complicated chemical and physical processes occurring there is IR astronomical 

spectroscopy. Ground-based, airborne, and space-based attempts at remote sensing 

of molecular species are fruitful, particularly for Jupiter and Saturn. For example, 

before 1970 only H2, CH4, and NI-h had been positively identified in Jupiter's at

mosphere, but by 1990 the inventory of known species exceeded a dozen. Much 

slower progress has been made for Saturn where studies lag at least a decade be

hind comparable efforts for Jupiter. Nonetheless, technology improvements, better 

laboratory measurements, and more realistic atmospheric models mean that new 

opportunities for IR spectral analysis now exist for Saturn. 

Observations from ground-based telescopes must be conducted through 

windows in Earth's atmosphere defined by I-hO and CO2 (d. Figure 1.1, lower 

panel). The giant planets have been observed extensively in those spectral regions 

where planetary and telluric windows coincide (e.g., 1.1, 1.3, 1.6, 5, and 10 j.lm), 

but there is an important exception at 2.7 urn where telluric absorption obscures 

the planetary window. The difficulties of making spectral measurements in the 

3 j.lm "transition" region, particularly using only ground-based instruments, were 

reported in Larson (1980). Telluric absorptions, including two strong H20 vapor 

bands (the 111 and V3 fundamentals at 3657 and 3756 cm- l
, respectively), two very 

strong CO2 bands (3613 and 3714 cm- 1), and the V3 fundamental of CH4 (3019 

cm- l ), severely obscure key regions in the spectra of Jupiter and Saturn. To min

imize the effects of these 3 terrestrial gases, a high-altitude observing facility is 
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required. NASA's Kuiper Airborne Observatory (KAO) has served in such a capac

ity for nearly the past 2 decades. Its missions are conducted at an altitude of 12.4 

km. The KAO does not fly high enough to eliminate the effects of telluric CO2 and 

CH4. The residual telluric H20 abundance is reduced by a factor of nearly 103 (to 

~ 10 /-Lm of water), thus opening much of the 2.7 /-Lm region in spectra of Jupiter 

and Saturn to Earth-based study. The residual absorption by telluric CO2 and CH4 

are also reduced, but not by so large a factor because these gases are well-mixed up 

into the stratosphere. 

Figure 1.2, adapted from Larson (1980), reveals the marked improvements 

in recording IR spectra of Jupiter and Saturn from the KAO. Comparison of the 

top and bottom panels of Figure 1.2 reveals basic differences between Jupiter and 

Saturn. The different shape of the two planets' spectra from about 3100 to 3600 

cm- 1 is especially striking. The higher reflected solar flu.'C level across this part of 

the spectrum is due to the lack of any appreciable NH3 (either as vapor or as cloud 

particles) in Saturn's upper troposphere. A few studies conducted since 1975 have 

strongly suggested that NI-h is severely depleted in Saturn's upper troposphere. 

One of the primary goals of this dissertation is to critically examine this condition 

using high resolution KAO spectra. I will discuss in Chapters 4 and 5 the implica

tions of the absence of both solid and gaseous NH3 at 3 /-Lm on Saturn. 

Past studies at 3 /-Lm aimed at trace species' detection on Saturn are cer

tainly more scarce than they are for Jupiter. Larson et al. (1980) made laboratory 

transmittance measurements for PH3 and NH3 in order to make direct comparisons 

to spectra of Saturn secured from the ground and from the KAO. No attempt was 

made by these investigators to fully calibrate the high-altitude spectrum on an ab

solute intensity scale, nor did they purport to include any treatment of scattering in 

their study. Their aim was merely to look for evidence (at comparable resolutions 
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Figure 1.2. IR observations of Saturn and Jupiter with ground-based and airborne 
(KAO) instruments; (After Larson, 1980). 
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of laboratory and KAO spectra) of the presence of certain species. PH3 distinctly 

reveals itself. From simple inspection, the strong Q-branch at 3422 cm- 1 as well 

as weaker features at 3304 and 3215 cm -1 are recognizable. When the very strong 

signature of the III band of NH3 near 3340 cm -1 was sought, careful comparison of 

the laboratory spectrum to the observations provided no evidence for NH3 gas on 

Saturn at 3 /-lm. A similar kind of search for C2H6 (ethane) at 3 l.lm on Saturn was 

made by Bjoraker et al. (1981). Most of the absorption in the 3200 - 3300 cm- 1 

region of Saturn's spectrum was attributed by them to C2H6 • 

The only prior study of the near-IR spectrum of Saturn which had any sem

blance of systematically modelling that planet's atmosphere was done by Martin 

(1975). It is chiefly of historical interest today. The KAO had not yet become fully 

operational. Access to accurate spectroscopic database information was limited and 

Martin's analysis was severely hampered by his inability to prepare sufficiently long 

path lengths of Cf!4 in the laboratory in order to model the substantial absorp

tions across the 3000 - 6000 cm- 1 region by this important gas. Furthermore, his 

synthetic spectrum was generated, like so many others of the time were, from the 

Reflecting-Layer Model (RLM) perspective. Martin did try to take into account 

the effects of scattering on the line shapes of the H2 fundamental band. Unfortu

nately, no earnest effort was made to determine the absorption coefficients for the 

H2 as a function of temperature. In Martin's behalf, it is to be noted that ab initio 

quantum mechanical calculations were not available and any experimentally ori

ented determinations of the H2 collision-induced absorption were restricted to 2 or 

3 temperatures. The dilemma Martin had in not being able to arrive at absorption 

coefficients accurate for each of the various atmospheric levels being probed is one 

that has persisted to the present day. Knowledge of the absorption coefficients of 

a host of species is often limited to pressures and temperatures not relevant to the 
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existing planetary conditions. Considering the state-of-the art some two decades 

ago, the work of Martin is quite laudable for its rather broad wavelength coverage 

and for the fact that its observational spectrum is calibrated. 

The analysis I have undertaken in this work is explicitly restricted to Sat

urn. However, since the thrust of much of planetary science research is toward 

comparative planetology, it is important to see exactly how Jupiter and Saturn, for 

example, are alike; and how they are different. Inventories of observed molecular 

abundances and the elemental abundance ratios derived from them are in Atreya 

(1986) and Encrenaz et al. (1990). Their tables highlight some of the similarities 

and differences between Jupiter and Saturn, and reveal the disparate wavelength 

regions (from UV to microwave) in which different molecular species' detection have 

been made. In developing my dissertation I have acquired an abiding appreciation 

for how important it is to study planetary atmospheres in as many different spec

tral regions as possible. Only in achieving the full range of spectral coverage can 

reconciliations be made among various atmospheric models. 

Besides the obvious differences in mass and distance from the sun (Saturn 

being approximately 0.3 as massive as Jupiter and about twice as far from the sun), 

the two premier giant planets have comparable percentagp. amounts of H2. The 

mole fraction of H2 (i.e, the number of H2 molecules relative to the total number 

of molecules in the atmosphere) on Saturn is approximately 0.94±0.02, whereas for 

Jupiter it is about 0.88±0.04. It typically is assumed that the mole fraction of H2 

found in either Jupiter or Saturn is the same as that comprising the solar atmo

sphere. That notion is expressly challenged however by Pollack and Bodenheimer 

(1989) who cite credible theoretical and observational arguments for suspecting that 

departures from solar elemental abundances may be quite likely. They conjecture 
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that since the giant planets most probably formed from both the gas and solid ma

terial present in the primitive solar nebula, and since the H2 and He were present 

only in the gas component, there is therefore no a priori reason for believing that 

the other elements need be present in solar proportions. Table 1.1 (adapted from 

the review by Pollack and Bodenheimer, 1989) summarizes recent determinations of 

elemental abundance ratios. Saturn is apparently richer in C and P than is Jupiter, 

but both planets have suprasolar C /H and P /H ratios. It is intriguing that both 

Uranus and Neptune have C/H ratios at least 20 times greater than solar. Table 

1.1 also indicates differences in the He abundance in Jupiter and Saturn. The He/H 

ratio has profound significance in cosmology and stellar evolution. Since the He/H 

ratio reported for both planets is distinctly subsolar, it supports the belief that (1) 

either there were inhomogeneities in the primitive solar nebula at the time of for

mation of the outer planets or (2) processes occurring deep inside these planets over 

geologic time have caused much of the primordial He to segregrate in their cores. 

Gautier and Owen (1989) summarize our current understanding of the interiors and 

evolution of the giant planets. Hydrogen is expected to turn into a metal at pres

sures of 3 mega-bars (Mbar). If temperatures are low enough, helium may become 

immiscible in metallic hydrogen. Then helium droplets would form and migrate 

towards the center of the planet, thereby explaining its depletion in the outer en

velopes of Jupiter and Saturn. Furthermore, because Saturn is smaller than Jupiter, 

its internal energy is lost sooner than in Jupiter, implying that the differentiation 

of helium begins earlier in Saturn. Hence Saturn's atmospheric helium abundance 

would be lower than its counterpart, in agreement with the observations. 



Table 1.1. (After Pollack and Bodenheimer, 1989) 

Composition of the Atmospheres of the Giant Planets 

Element Abundance· References 

Jupiter Saturn Uranus Neptune 

C 2.3 :!: 0.2 5.1 :!: 2.3 3S:!: IS 40 :!: 20 Courtin et aI. 1984 
Lindal et aI. 1987 
Orton et aI. 1987b 

pb 1.4 :!: 0.4 2.8 :!: 1.6 Courtin et aI. 1984 
0 0.02c Bjoraker et al. 1986 
N 2 3:!:1 de Pater and Massie 

1985 
He 0.65 :!: 0.15 0.2 :!: 0.15 I :!: 0.15 Conrath et aI. 1987 

·Abundances are given as the ratio of the abundance of a given clement to that of hydrogen 
relative to this ratio for the Sun; thus. a value of 1 is equivalent to the solar ratio. 

"These abundances arc lower bounds. based on the abundance of PH,; sec text. 
CValue applies to the 2 to 6 bar region. 
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The determination of elemental abundance ratios for the planets depends 

critically on the reliability of the results derived from astronomical spectroscopic 

measurements of gas and cloud composition. The near and mid-IR, especially, 

contain overtone, combination, and fundamental bands. If there is a coincidence 

between the terrestrial and planetary spectral windows, circumstances are especially 

favorable for the detection of molecular species which lie at rather deep levels. The 

detection and determination of the vertical distribution of water vapor in Jupiter's 

atmosphere was aided greatly by such a circumstance. Using KAO high resolution 

data and Voyager IRIS information, Bjoraker et al (1986a) were able to probe the 

1 - 6 bar region. They retrieved a mole fraction of H20 (at the 2 - 4 bar level) 

equal to 4.0±1.0 xl0- 6 • Their result is an O/H ratio a few hundred times smaller 

than the solar ratio. Those workers made use of the 5 /-lm window. At shorter 

wavelengths neal' 3 /-lm, studies of Jupiter have not yielded nearly as many positive 

results as the 5 {tm work has. For example, Larson et al. (1984) conducted an 

exhaustive search for H2S. None was found despite the existence of a fairly strong 

band near 2.7 /.tm in the laboratory comparison spectrum. There is still much that 

remains to be done to interpret Jupiter's 3 /-lm spectrum. What is desirable, in fact, 

is a comprehensive scattering model, developed along the lines I have followed for 

Saturn. Only then can a direct, fully reliable comparison be made between the 2 

planets in the near-IR. 

Before I proceed to present the results of my analysis for Saturn, let me 

describe in the next 2 chapters some of the diverse data I have used in this project, 

as well as the analytic tools I employed in order to successfully generate a synthetic 

spectrum. 
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CHAPTER 2 

SOURCES OF THE DATA 

The Observations 

"Eight miles high, and when you touch down ... " (from "Eight Miles High", The 
Byrds, 1966) . 

The KAO Saturn data alluded to in Chapter 1 constitute a special resource. 

The particular observations I am analyzing were acquired in March, 1978 with a 

Fourier transform spectrometer (FTS) used at the 90 cm airborne telescope. Sat

urn was observed on the nights of March 21, 23, and 27. An observation of the 

Moon was made on the night of March 21 primarily for the purpose of removing 

telluric absorptions from Saturn's spectrum. Figures 2.1 and 2.2 show the spectrum 

of Saturn's full disk (plus rings) and the lunar spectrum. To model meaningfully 

the atmosphere of Saturn, the IR spectral flux must be converted to an absolute 

reflectivity. A natural choice for this scale is geometric albedo (Ayeom), which is 

defined as the ratio of observed planetary brightness at zero phase angle to the 

brightness of a perfectly diffusing disk (Lambert surface) having the same angular 

size as Saturn's full disk. The ratio SATURN/MOON was formed. The Moon's 

thermal emission, corresponding to a lunar "target" mare blackbody temperature 

of approximately 345 K, and the lunar soil's enhanced reflectance in the 2 to 3 /-Lm 

region were then removed. Finally, contamination of the Saturn spectrum by inter-

fering ring light had to be eliminated. Complete details of the procedure I followed 

to calibrate the KAO spectra are given in Appendix A. Figures 2.3 and 2.4 in this 

chapter illustrate the fully calibrated spectra of Saturn at low and high resolution, 

respectively. The main contributions to propagation of random uncertainties in the 
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calibration procedures will be from: (1) r.m.s. noise in the FTS measurements, 

(2) uncertainty in the multiplicative factor used in conjunction with removing the 

lunar mare near-IR reflectance and thermal brightness, and (3) the residual error in 

knowing the spectral reflectance of Saturn's rings. The signal-to-noise ratio for the 

low resolution spectrum is about 350. So the r.m.s. noise is negligible at 15 cm- 1 

resolution. For the high-resolution spectrum, a "3-o-"value for the r.m.s. noise is 

approximately ±0.03 in geometric albedo. From the scaled refectance of lunar maria 

basalt with its associated error (± ~ 0.01) shown in Clark (1979), along with the 

Saturn ring reflectance uncertainty of about ± 0.004 found in Clark and McCord 

(1980), a full error-bar of 0.02 is assigned to the final, low-resolution geometric 

albedo spectrum in the 2 J-lm spectral region. An error-bar about twice as large has 

been estimated for the 3 J-lm region. Figure 2.5 shows there is a significant change in 

Saturn's calibrated spectrum longward of about 2.5 J-lm as a function of what lunar 

brightness temperature is selected in performing the calibration. If the "unknown" 

target mare's blackbody temperature were as high as 365 K, then the geometric 

albedo at A= 3.1 J-lm given on the low resolution plot would be approximately 0.40. 

Here the intensity of the backscattered radiation is due solely to scattering produced 

by small particles, since ,.\ = 3.1 J-lm straddles the strong absorption by the lJ3 band 

of CH4 on the long wavelength side, and weaker bands of PH3 absorbing on the 

short wavelength side. Geometric albedo is defined in such a way that its maximum 

value is 2/3 if the scattering material acts in a perfect Lambertian way. If the 

target mare in actuality was at a temperature as low as T = 345 K , then the 

corresponding albedo is ~ 0.30. As I discuss in Appendix A, I have relied on an 

independent calibration made by Witteborn et al. (1979) in order to establish with 

some certainty what geometric albedo to adopt in the 3 J-lm region. They obtained 

~ 0.30. Only by adopting their value can I remove the lunar thermal emission. 
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Theoretical and Laboratory Information 

Ideally one would like to have the entire set of quantum assignments, line 

strengths, lower state energies, and collision half-widths for all lines in the perti

nent vibration-rotation bands for each molecule to be modelled. I have relied on the 

GEISA databank (Husson et al. 1982) for several CHt! bands in the vicinity of the 

V3 fundamental which is centered at 3019 cm- I . Theoretical data regarding CHt! for 

much of the spectrum from about 3800 - 6000 cm- I either does not exist or is not 

readily available. For this broad spectral region I resorted to laboratory-derived de

terminations of CHt! absorptions via a method called ESFT. I will describe the ESFT 

procedure in Chapter 5 and Appendix C. Transitions for possible trace constituents 

such as H20, HF, and HCN are also available in the GEISA atlas. Unfortunately, 

no information for H2, NH3, and PH3, the 3 species of prime importance to my 

studies, are in conventional spectral line atlases. Lines of various bands of Nth and 

PH3 do appear in the GEISA or AFGL compilations, but not at 3 {Lm. There are 

no tabulations at any wavelength for H2 for very good reason: it does not possess 

a permanent dipole moment due to its symmetry. Hence it does not exhibit a pure 

rotation or vibration-rotation spectrum. The H2 fundamental band in the 1.9 - 2.6 

{Lm region, because of collision-induced absorption, can be detected at high enough 

pressures however. Most of the opacity in Saturn's troposphere from 2.0 - 2.5 {Lm 

is produced in this way. 

The data involving gaseous NH3 has originally come from experimental 

work done by Stout (1974). His study included useful quantum mechanical terms 

which I extracted. From that information I could calculate the individual line 



30 

strengths. It then was straightforward to put the relevant NH3 spectroscopic pa

rameters in a "GEISA-compatible" format for use with a spectrum synthesis pro

gram. The details of the procedure to generate a synthetic spectrum for NH3 vapor 

are given in Chapter 5 and Appendix D. Besides acquiring the pertinent data for 

gaseous NH3, I also obtained refractive index information for pure NH3 ice from 

tabluations given by Martonchik et al. (1984) and Sill et al. (1980). 

The data I employed for PH3 were experimentally derived. Laboratory 

measurements of the spectral transmittance through cold (T = 197 K) PH3 gas 

were made at The University of Arizona's Lunar and Planetary Laboratory (LPL) 

by Bjoraker (ca. 1983). 



CHAPTER 3 

CONSTRUCTION OF THE MODEL 

Atmospheric Structure 
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To make use of the spectroscopic data alluded to in the previous chapter, 

a systematic plan must be developed which will lead to the generation of synthetic 

spectra. The first task is to specify a self-consistent pressure-temperature profile 

(p-T profile) of Saturn's atmosphere. Knowing the thermal structure of a planetary 

atmosphere is vital to any intended modelling efforts. Having a reliable p-T profile 

permits the strengths and shapes of spectral lines of the various gaseous constituents 

to be determined, as well as the locations of clouds as a function of altitude. The 

p-T profile derived from the Voyager 2 Radio Science investigations (Courtin et al. 

1984) has been implemented in its entirety in all of my analyses. It is reproduced 

in Figure 3.1. The uncertainty of the retrieved profile is somewhat difficult to 

assess. Tyler et al. (1982) reported that the error is ±6K at the 1.2 bar level. A 

troubling point is that profiles retrieved by inverting Voyager IRIS data do not agree 

with the radio occultation profile. That disagreement is only evident for Saturn's 

southern hemisphere (Conrath et al. 1989). A look at Figure 3.1 reveals some 

basic facts about the atmosphere of Saturn. Heat from the deep interior is carried 

convectively upward to probably the 5 bar level producing a slightly superadiabatic 

lapse rate at that pressure (and at higher pressures). From about 1 to 5 bars the 

lapse rate is nearly adiabatic; in other words ~; ;::::j Dic;;(. At the tropopause, located 

at about 80 mb, a temperature minimum is reached (T = 85 K). At altitudes above 

this, throughout the stratosphere, radiative transport governs the structure of the 

atmospheric temperature profile. 



10-1'r---r--.... r---r--r--r-----,----, 

1 

'100' 120 140 160 200 
Temperature [K] 

Figure 3.1. Saturn's thermal structure based on the Voyager 2 Radio Science inves
tigation ($olid line) compared with the profile retrieved through inversion of 200-600 
em-I· radiances (da8hed line)j (After Courtin et al, 1984). 
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Heating occurs primarily because of absorption of solar IR radiation in sev

eral CH4 bands, the strongest of which are the 1)3 band at 3019 cm- 1 and combina

tion bands from 4200 - 4400 cm -1. Some type of UV -absorbing aerosol, frequently 

called Danielson dust, is also present in the stratosphere, offering an additional 

source of heating in this region. 

As a prelude to synthesizing the spectrum of Saturn, I created a computer 

program which provides a first-order estimate of likely mixing ratios for some of the 

condensible gaseous species I am trying to identify spectroscopically. The assumed 

atmospheric temperature structure permits the direct calculation of saturation va

por pressures for each constituent at each pressure level in the atmosphere. Satu

ration vapor pressure is a strong function of temperature. It is the partial pressure 

an individual gas will exert when it co-exists in equilibrium over a plane surface of 

its own liquid or solid. At the quite low temperatures prevailing throughout the 

outer planets' tropospheres, any vapor should be in equilibrium over its associated 

sotid substance. 

Saturation vapor pressures for NH3 and H20 were calculated for a restricted 

range of temperatures from expressions given by Atreya (1986). Saturation mix

ing ratio is related to saturation vapor pressure through the equation of state (i.e., 

through the ideal gas law). We have 

(3.1) 

Then, with the recognition that the mole fraction of the species at saturation is 

given by: 

(3.2) 
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the saturation mixing ratio, or the fraction of a given constituent's number density 

relative to the H2 number density, becomes: 

fi 
(Xi)sut = -f ' 

112 
(3.3) 

where f H2 is the mole fraction of H2. The adopted value on Saturn used throughout 

this work is f1I2 = 0.94. 

Spectrum Synthesis 

I have adapted two FORTRAN programs, SPECSYN and PHOTCLD, 

which essentially work in tandem with each other. The output from SPECSYN 

forms part of the input to PHOTCLD. The former program has much of the same 

capability and uses several similar algorithms as the direct integration transmit

tance model of Kunde and Maguire (1974) mentioned earlier. The "architecture" of 

PHOTCLD is based on the formulation of light scattering in planetary atmospheres 

developed in the seminal paper by Hansen and Travis (1974). Both programs were 

created by Tomasko and Doose (ca. 1985). 

Description of SPECSYN 

In its unmodified form, SPECSYN computes the spectral transmittance 

through a column containing a single absorbing gas having a homogeneous distri

bution over a specified path-length. A real atmosphere has more than one kind of 

gaseous species, each one exerting its own partial pressure, which itself is a function 

of altitude. Therefore, a means must be found for accurately calculating the spectral 

transmittance through a gas having a variable concentration in the atmosphere. A 
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common practice is to adopt some kind of "scaling approximation" which will faith

fully represent the transmission through a variable atmospheric path in terms of the 

transmission through a path at constant temperature and pressure. The so-called 

H-C-G approximation (it was proposed independently by van de Hulst, Curtis, and 

Godson) accomplishes that task. The idea is to sub-divide the atmosphere into thin 

enough layers, so that a scaled optical path (us) is defined. If the absorber amount 

is taken as a constant throughout the layer, then the effective pressure (Ps) of the 

layer is simply the average pressure of the layer. Consequently, I changed SPECSYN 

only to the extent of having it repeatedly compute spectral transmittances through 

suitably chosen atmospheric layers having some known Us and Ps. SPECSYN thus 

returns values of Tv = exp(-2Tv) for a given set of pre-determined frequencies for 

an arbitrary number of layers. The quasi-monochromatic line optical depths (T,l) 

for a given gaseous species are conveniently supplied to PHOTCLD. The output 

from SPECSYN can be used quite readily for making direct comparisons of the 

Saturn spectrum to Reflecting Layer Model (RLM) predictions. The RLM philoso

phy merely presumes the two-way transmittance through "clean" gas lying atop a 

perfectly diffusing thick cloud. 

SPECSYN provides the line optical depths for the calculation of geometric 

albedo(Ageom ). For perfectly Lambertian reflection it is given by: 

Ageom = (2/3)(R)exp( -2Tv). (3.4) 

In this expression, the optical depth (T,l) is a dimensionless quantity equal to the 

product of an absorption coefficient (kv) and some commensurately dimensioned 

optical path. The isotropic reflectivity is denoted by R. Implicit in the operation of 

SPECSYN is that the Tv value it calculates is strictly an absorption optical depth. 
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In other words, scattering by the background gases in Saturn's atmosphere is not 

included in the line optical depths. For the IR radiation being modelled here, any 

molecular (i.e., Rayleigh) scattering is completely negligible anyway. 

The main input to SPECSYN is a set of molecular parameters which per-

mits calculation of k'lo As alluded to in Chapter 2, the GEISA and AFGL databases 

provide the necessary information for most species of interest. The program uses 

conventional formulations of spectral line strengths and shapes. The line strength 

(or intensity, S) is 

(3.5) 

where the integral is evaluated only over the actual width of the individual line. 

Moreover, it is common to express kv in terms of S itself and a "line shape" function, 

i.e., 

kv = Sf(v - /)0). (3.6) 

A spectral line can not be infinitely narrow. Even an isolated, unper

turbed atom or molecule will have finite lifetimes of its energy states. Due to the 

Uncertainty Principle, transitions between levels result in a finite spread in the 

corresponding energies. For lines formed in planetary atmospheres, however, this 

resultant natural line width is negligibly small. The determination of line profiles in 

planetary atmospheres is made by considering the combined effects of Lorentz (or 

collisional) broadening and Doppler broadening. It can be shown from kinetic the

ory that the line profile for collisional broadening follows the Poisson distribution. 

So 
aL 

h(v - vo) = 7l"[(v - vo)2 + ail (3.7) 
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is the Lorentz shape factor. The collision half-width at STP condition, Q:L, is shown 

to be: 
2 2kT 1 1 t 

Q:L = ~O" nd-( - + -)]2, 
7r m mi 

(3.8) 

where 0" is the optical collision diameter, ni is the number density of the itlt species 

of the perturbing, background gas, mi is the molecular mass of the perturber, and 

m is the mass of an absorbing molecule. Typical values at STP conditions for Q:L 

range from 0.05 - 0.10 cm- I for most lines. As it is defined in SPECSYN, Q:L is the 

half-width of the line expressed in wavenumbers (cm- I ), measured across the line 

at half the total intensity of the line. The important point to emphasize is that Q:L 

is proportional to the atmospheric pressure. There is an approximately square-root 

dependence upon temperature of the gas; however, the details depend on the exact 

nature of the collisions involved and are uncertain for many species. 

The other important contributor to spectral line shape is Doppler broad

ening. Doppler shifts from random molecular motions will in fact set the minimum 

breadth of a line in the absence of any collisional effects. Hence, Doppler broad

ening completely controls the shape of the line for absorptions produced in the 

stratosphere, for example, where pressures are low. 

The Doppler profile is obtained from the Maxwell distribution of molecular 

velocities by suitably substituting the relative velocity 

v - Vo 
v = (--)c. 

/10 
(3.9) 

The resultant shape factor is: 

1 (v- VO)2 
fD(v- vo) = --~ exp( -[ j), 

Q:D7r2 Q:D 
(3.10) 
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where the Doppler width is 

(3.11) 

It is defined as the half-width to e-1 of the maximum of the profile. A comparison 

of the Lorentz and Doppler line profiles is presented in Figure 3.2. The significant 

thing to observe in the figure is how slowly the absorption falls off in the wings of the 

Lorentz profile compared to the behavior in the wings of the Doppler line. SPEC

SYN numerically combines the foregoing line shapes to obtain the Voigt profile. It 

is expressed as: 

!V(II-IIO) = jdV(aL)[(V - Vo - VIIO)2 + alrl( mkT)texp(-mv2/2kT). (3.12) 
7r c 27r • 

A few other SPECSYN input parameters insure that the summation of 

absorptions for the real case of overlapping lines is treated correctly. The magnitude 

of kv for normal vibration-rotation transitions can change drastically over an interval 

in wavenumber as small as 0.1" cm- 1 or less. Because of this highly non-linear 

nature of molecular absorptions, the values of kv across a spectral line must be 

obtained on a fine enough frequency scale. SPECSYN specifies a quantity dnucalc 

as the wavenumber interval over which the optical depth of the line is computed. 

The value of this quantity must not be greater than about 0.05 cm-I, which is 

comparable to the half-width at half maximum (HWHM) of an individual line for a 

typical species. The absorption in the far wings of a line is accounted for by setting 

a parameter called wing = 600 cm- I . Once the beginning and ending wavenumbers 

(IIi and II f) are specified for the desired portion of the synthetic spectrum to be 

modelled, a convolution with an instrumental response function is carried out over 

a large enough wavenumber interval (vi,vf) to assure sufficient accuracy. The only 
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3 3 
v - Vo a:-

Figure 3.2. Doppler and Lorentz line shapes for the same intensities and widths; 
(After Goody and Yung, 1989). 
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other SPECSYN input is a short list of atmospheric structure-related variables. I 

have used the p-T profile referred to at the start of this chapter to subdivide the 

Saturn model atmosphere into a set of 50 mb thick layers for use in a consistent 

fashion by SPECSYN and subsequently by PHOTCLD. 

Extinction of Light by Aerosols 

"The problem always seems to be we're picking up the pieces on the ricochet." (from 
"Jigsaw", Marillion, 1984) 

Because the effects of extinction of light in a mUltiple scattering environ

ment are so critical to all of the modelling I perform in this work, and because the 

physical principles of radiative transfer are infrequently treated in ordinary text

books, it is important for me to present a brief tutorial on the subject. 

Practically the only measured quantity I can use directly to constrain the 

size of Saturn's haze particles is the geometric albedo. The main objective of this 

dissertation is the achievement of a credible fit of a synthetic spectrum to the cali

brated KAO observations. To be believable, the modelled spectrum must embody a 

self-consistent set of parameters involving the optical depth and the vertical distri

bution of optical depth. Geometric albedo is acutely governed by those quantities. 

Implicitly involved in controlling the albedo is the particle size. A primary goal 

then is to constrain the size of the haze particles. 

Why is the size of an aerosol particle or cloud drop so important? To prop-

erly answer that question one must examine the details of the rigorous mathematical 

physics governing the scattering and absorption of electromagnetic energy by small 

particles. Two meticulously written books on the subject are Light Scattering by 
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Small Particles by Van de Hulst (1957) and Absorption and Scattering of Light by 

Small Particles, written by Bohren and Huffman (1983). At first glance, the former 

work can seem quite formidable. However, beyond giving the complete derivations 

of the equations for extinction by aerosols, it offers some valuable insight (as does 

Bohren and Huffman's work) into the phenomenology of extinction. 

Extinction is the sum of absorption and scattering. The intensity of a beam 

of radiation is thereby reduced as it traverses a material medium. If the medium 

contains only gas molecules, and the optical path is not too great, scattering will 

be very minimal for wavelengths in the near-IR or longer. Molecular scattering is 

only significant in the UV and short-wavelength part of the visible spectrum. So, 

for a "gas-only" atmospheric layer, the extinction of IR radiation is due only to 

absorption. As soon as particulate matter is added, scattering and absorption by 

the particles themselves can attenuate the radiation. Chemical composition of the 

aerosol will determine whether a particle absorbs or doesn't. Size and composition 

determine how strong the absorption will be. 

The imaginary part of the refractive index (ni) of a particle gives the 

amount of absorption. Explicitly we can write 

k = 47rni 
A ' 

(3.13) 

where k is the absorption coefficient per unit path length. The complex index of 

refraction is typically written as 

(3.14) 

where the real part (nr) is related to the phase of the incident electromagnetic wave. 

For very small absorbing particles, absorption will always dominate over scattering. 
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Even if particles do not absorb light, they will scatter it. In this context 

the size of the particle is very important. The quantity called the size parameter 

is crucial to understanding the various effects of extinction produced by scattering. 

The size parameter is the relative size of the particle with respect to the wavelength 

of the light. It is often expressed as 

21fa 
x=T' (3.15) 

where a is the radius of the particle. Wavelength and particle radius together govern 

the distribution of phase of the incident wave across the particle. In fact, 2; will be 

recognized as the coefficient of the wave propagation vector from electromagnetic 

theory. 

If a «A the extinction of light through molecular or Rayleigh scattering is 

of a form: 

(3.16) 

with V being the particulate volume. Rayleigh scattering also describes the inter

action between a half-millimeter raindrop and a 30 GHz radar signal. Scattering 

is independent of wavelength at the other extreme, when a »A. Geometric optics 

applies in that case. The scattering of visible light by a raindrop, for example, can 

be described perfectly well by using ray tracing methods. When a ~A, Mie theory 

applies. As long as the particles are spherical, the Mie treatment gives the exact 

solution for the intensity and angular distribution of the scattered waves. If de

partures from true sphericity are not too great, Mie calculations should yieid fairly 

good approximations. The physics of the interaction of the electromagnetic waves 

with a particle is extremely complicated and it is not easy to acquire a conceptual 
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feeling of how a sphere of given size and optical properties absorbs and scatters 

light. 

Extinction (and its variation) is commonly represented by a dimensionless 

extinction efficiency, Q ext! given as the ratio of the extinction cross section (Cext ) 

to the geometric cross-sectional area of the particle (G). Thus we write 

(3.17) 

with G = 7ra2 for a sphere. The cross-section for extinction is the sum of a scattering 

and an absorption cross-section. Even if we restrict our attention to completely non

absorbing particles, or conservative scatterers, there is not generally any simple 

proportionality between Cext (or Csea in this case) and G. Only in the situation 

where geometric optics is valid (Le., only when a »'x) can we easily write a relation 

between the two; in that instance Qext = 2. Twice the incident light is removed 

from a beam by a particle which is much larger than the wavelength. This so-called 

extinction paradox is explained by Babinet's principle. An amount of light equal to 

that screened directly by the particle is diffracted along the edges of the sphere out 

of the line-of-sight to the detector. A plot of Q ext vs. the size parameter clearly 

indicates the asymptotic value of Qext = 2 (cf. Figure 3.3). When a = ,X (and hence 

x ~ 6.3) the effect of scattering can be most pronounced. Q sea is sometimes largest 

here. Fine structure superimposed on the basic ripple pattern will be smoothed out 

if a population of particles is being treated. Furthermore, if the concentration of 

particles follows a power law distribution with respect to radius of the form 

(3.18) 
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then the extinction will have the same wavelength dependence regardless of the 

actual functional form of the Qext(x) curve. To show this, we simply write: 

(3.19) 

with kext equaling the attenuation per unit path length. If a transformation of 

variables is made so that integration is carried out with respect to the size parameter 

(Le., substitute x = 2~r and dx = 2; dr), the result is 

(3.20) 

Empirical determinations yield a value 1) ~ 3 for a terrestrial continental aerosol. 

Therefore, extinction produced by the predominant particle population found in the 

lower terrestrial atmosphere, those of sizes in the range 0.1 /Lm .:S a .:S 1.0 /Lm, varies 

inversely with the wavelength. Though not as strong a wavelength dependence as 

Rayleigh scattering has, the general "bluishness" of hazes is attributable to this A-I 

behavior. 

Another important aspect of scattered electromagnetic radiation is its in-

tensity variation as a function of scattering angle (8), explicitly defined as the 

angle formed between the incident ray and the scattered ray. The phase function is 

defined as 
1 dCsea 

p= -----, 
Csea dO. 

(3.21) 

where a familiar quantity in atomic physics, the differential cross-section, d~W' 

is the energy scattered per unit time into a unit solid angle about a direction n. 
Depending upon the normalization factor adopted, the integration of p over all solid 

angles yields the single scattering albedo, expressed either as Wo or ~ 



46 

Once again the size parameter is of paramount importance in determining 

the angular pattern of the scattered light. As the size parameter increases, more 

light is scattered in the forward direction. Figure 3.4 shows what happens to the 

scattered intensity diagram, or, "polar plot" as one proceeds through the domain 

of Mie particles. Quite noticeable is the narrowing of the forward lobe as large size 

parameters are attained. A readily discernible example of such pronounced forward 

scattering in our own atmosphere is the solar aureole. Often in the presence of 

ordinary dust in the planetary boundary layer (PBL), a ring of yellowish light is 

seen around the sun. The angular extent of this annulus is small, being at most 

approximately 2° in diameter, even on the dustiest of days. The solar aureole is a 

result of the scattering of visible light by aerosols of rather large size, with a radius 

somewhere between 1 and 2 /-Lm. 

Interestingly enough, rings around the sun of much larger angular extent 

are visible during special occasions, especially in the aftermath of volcanic eruptions. 

Indeed, during much of the time devoted to preparation of this thesis, we have been 

in the midst of just such an episode. A high-altitude stratospheric aerosol produced 

as a result of Mt. Pinatubo's phenomenal eruption in June, 1991 has given rise to 

pronounced apparitions of Bishop's ring. This ring, in sharp contrast to the solar 

aureole, is between 30° - 40° in diameter. Its inner half usually appears silvery

blue, while the outer half is a sort of pale reddish brown. A recent summary of 

some of the main attributes of the extinction of sunlight by volcanic aerosols can 

be found in an article by Kerola and Timmermann (1992). We were able to derive 

a fairly good estimate of the radii of these H2S04 aerosols by running a Mie code 

using the known refractive index for a 75 percent solution of H20 + H2S04. These 

stratospheric particles are rather small. They had a radius of approximately 0.35 

/-Lm in early 1992. Of course, that radius will increase over time due to coagulation. 
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The significantly smaller size of the Mt. Pinatubo droplets compared to the dust 

permeating the PBL is added proof of how the scattering pattern widens consider

ably for smaller values of the size parameter. 

The preceding discussion provides a tangible example of how the phase 

function affects the scattering of light. In the context of Saturn, there is a way 

to constrain the phase function of its tropospheric particles. An exhaustive study 

was completed by Tomasko and Doose (1984) using red and blue channel Pioneer 

11 photometry and polarimetry data. Observations of the multiply scattered light 

at a wide range of phase angles allowed those authors to parameterize the phase 

function of Saturn's haze in terms of a double Henyey- Greenstein (H-G) function. 

It has the form: 

p(e) = f P(gb e) + (1 - f)P(g2, e), (3.22) 

where 

P(g, e) = (1- g2)(1 + g2 _ 2gcose)-3/2 (3.23) 

explicitly. The asymmetry parameter g is the average value of cose. In the double 

H - G function, gl governs the extent of the forward scattering, while g2, which is 

intrinsically negative, controls the back-scattering. The quantity f is the fractional 

amount scattered in the forward hemisphere. The modelling done by Karkoschka 

(1990) made use of the same type of phase function that Tomasko and Doose 

adopted. Both studies yield comparable results. Karkoschka secured a best fit 

to bands of CH4 and NH3 in the visible using f = al + 0.3, gl = 0.7, and g2 = -0.3, 

where al is a quantity varying with Saturnian latitude. Its value lies in the range 

0.25 - 0.45. 
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Description of PHOTCLD 

While SPECSYN calculates absorption optical depths for the molecular 

constituents in a laboratory cell or a planet's atmosphere, it does not say anything 

about the scattering of sunlight by small particles mixed-in with these molecules 

of gas. It was not designed to treat the very difficult mathematical problem of 

radiative transfer through a cloudy atmosphere. Fortunately I have had at my dis

posal another computer program, PHOTCLD, which does compute the total optical 

depth, or extinction, resulting from the combined effects of absorption by the gases 

and scattering plus absorption by aerosols. 

The starting point for any discussion of the attenuation of light is the ra

diative transfer equation (RTE), which, as originally formulated by Chandrasekhar 

(1950), reads: 
dJ 

/.L d7 = J - J. (3.24) 

The RTE presented here in its most general form, describes beautifully the change in 

the intensity of diffuse radiation upon its passage through matter having an optical 

depth 7. In the RTE, the term J is known as the source function. Strictly speaking 

it includes thermal emission produced per unit optical depth of material, as well 

as radiation impinging on the parcel from every direction which is scattered into 

our line of sight. For my purposes of modelling the near-IR spectrum of Saturn, 

thermal emission is negligible. So, the source function can be characterized in terms 

of scattered intensity only. In this case J can be expressed as a double integral over 

the elevation (() ,0') and azimuth (¢>,¢>') angles. We have: 

1 1271" 171" " '" '" J = - J(O ,¢> )p(O, () ,¢> ,¢> )sin(() ,d() )d¢> . 
471" 0 0 

(3.25) 
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The phase function p( 8) can be defined by way of its normalization. In order not to 

clutter this discussion with burdensome functional arguments, let me re-introduce 

the scattering angle 8. Again, it is the angle between the incident and scattered 

rays. We have then: 

J p(8)dD. = Woo (3.26) 

A perfectly valid alternative normalization frequently encountered in the literature 

is 

J Wo 
p(8)dD. = 47r' (3.27) 

in which case the factor 4; in the expression for J would be removed. The element 

of solid angle is 

dD.' = sin( f)' )df)' d¢' . (3.28) 

The dependence of p is only upon the scattering angle. The phase function is the 

fraction (per unit solid angle) of the radiation incident on a particle that is scattered 

in a given direction. Upon integratingp(8) over all possible solid angles (i.e., over 47r 

steradians), the total fraction of light scattered by the particle, or single scattering 

albedo of the particle Wo , is determined. An alternate way to evaluate the single 

scattering albedo is by recognizing it to be the ratio of the scattering optical depth 

to the extinction optical depth, i.e, 

Tsca 
Wo=-· 

Text 
(3.29) 

PHOTCLD uses the technique of doubling-adding (D-A) in order to com

pute the net intensity of the reflected sunlight from a planet's atmosphere. The 
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D-A method is based on the construction of reflection (R) and transmission (T) 

functions to describe the transfer of radiation out the top and through the bottom 

of an arbitrary layer of optical thickness 71. The mathematical form of Rand T 

is a geometric series. Figure 3.5, adapted from Liou (1980) explicitly shows the 

resultant intensities due to multiple scattering within layer 1 and adjacent layer 2. 

If 72 = 71, the numerical procedure is known as doubling. If an infinitesimal layer 

is chosen at the outset, the scattering within finite, homogeneous layers can quickly 

be accounted for. 

PHOTCLD is a desirable program partly because it permits great flexi

bility in how the scattering-related input parameters are specified. If a suitable 

parameterization of the particle phase function can be made, the geometric albedo 

can be found. Alternatively, if an assumption of spherical particles is made, the 

geometric albedo is computed based on specification of the column number density 

of Mie particles and their associated optical constants. Further discussion of the 

program's input parameters will appear in the next chapter. 
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radiative transfer problem; (After Liou, 1980). 
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CHAPTER 4 

THE PHYSICAL METEOROLOGY OF 
SATURN'S HAZE 

Constraints on Saturn's Haze 
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In addition to determining particle size, it is desirable to constrain the 

chemical composition of Saturn's aerosols. However, the problem of positively iden-

tifying the composition of the haze is not amenable to a quick solution. No direct 

spectroscopic signature of the haze is seen. Any discussion of haze chemical com

position must be oriented toward an examination of the photochemical products 

formed from gases like CR:! and PH3 • The last section of this chapter will be de

voted to a critical examination of some of these photolysis products. Before turning 

attention to that, however, it is important to discuss the constraints that can be 

placed on the haze simply by modelling the geometric albedo spectrum throughout 

the region 3000 - 6000 cm -1. 

In spanning a factor of 2 in wavelength, a distinct advantage is gained over 

many other studies which might examine only 1 01' 2 absorption features. Fur

thermore, as Tomasko et al. (1984) have pointed out, inferred mixing ratios from 

RLM atmospheres using weak and strong lines will not in general be correct be

cause scattering affects them differently. Only by synthesizing an entire region of 

the spectrum can a high-level of confidence be achieved. A good approach is to 

conduct a "sensitivity" study, i.e., to selectively vary such parameters as the CH4 

mixing ratio (XCH4)' the haze particle radius (a), and column number density of 

particles (N Mie), in hope of obtaining a set of physically reasonable values which 

would constitute a model of Saturn's troposphere. 
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Overview of Saturn's Near -IR Spectrum 

As Figure 4.1 shows, Saturn's near-IR spectrum from 3000 - 6000 cm- I is 

characterized by prominent windows centered at about 3225 and 3545 em-I. These 

highly transmissive spectral regions straddle the strong absorption in the 1/3 CRt 

band, centered at 3018 cm- I, and some weak PH3 bands lying mainly in the region 

3300 - 3600 cm -1. Additional weak features of C2H6 (ethane) are interspersed in 

the region 3200 - 3300 cm-I. No spectral line information for C2H6 was available at 

3/-tm. From about 3550 - 3750 cm- I Saturn's atmospheric gases are non-absorbing. 

Molecular hydrogen and CRt both absorb from about 3800 to 4800 cm -1. Strong 

overtone and combination bands of CH4, whose origins are at 4223, 4340, and 4540 

cm- I add to the H2 fundamental to totally darken the planet from 4100 to 4600 

cm-I. Near 4750 cm- I Saturn's albedo is again zero owing mainly to the Q(1) 

component of I-h CIA. There is negligible CH4 opacity from approximately 4800 -

4950 cm -1. In the region 4800 - 5000 cm -1 there is a nearly constant-slope con

tinuum produced by the increasingly transmissive H2. The remaining portion to 

be modelled, from 5000 - 6000 cm- I is shaped by several CH4 bands of varying 

strengths. A moderately strong CH4 feature is at 5200 cm- I with a measureably 

weaker one adjacent to it at 5300 cm-I. Strong CH4 bands lie at 5400, 5600, and 

about 5850 cm-I. By 5400 cm- I the H2 continuum has recovered fully. 
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Geometric Albedo Sensitivity Study 

"You sit there and ask me to tell you the story so far. This is the story so far!" 
(from "Slainte Mhath", Marillion, 1987) 

The preceding overview of Saturn's near-IR spectrum has not taken into ac

count the role of haze particles in modifying the reflected intensity from the planet. 

The attempt to duplicate Saturn's spectrum by executing PHOTCLD must begin 

with some plan for determining a "baseline" set of values to be used by the pro-

gram. Such a strategy must include the aerosol properties as well as the gaseous 

absorption. A complete description of the calculation of the spectral line optical 

depths for the gases will be given in Chapter 5. The 3000 - 3250 cm -1 region was 

processed with SPECSYN using the GEISA spectral line parameters for CH4. The 

ESFT technique (to be described in Chapter 5 and Appendix C) has been employed 

to model CH4 absorption from about 3785 - 5985 cm -1. For H2, as discussed also 

in Chapter 5 (and Appendix B), the optical depths for the entire H2 CIA spectrum 

have been computed using code furnished by Borysow (1992). 

Once the multi-layer optical depths of the H2 and CH4 lines have been 

properly specified, the parameters which quantify haze and cloud extinction need 

to be determined. It would be most satisfying to state unequivocally what the com-

position, size, shape, and vertical distribution of Saturn's tropospheric aerosols are. 

Unfortunately there is great difficulty in ascertaining, by remote sensing techniques 

alone, the true nature of the haze particles. As West et al. (1986) perceptively 

remark, it is not easy to disentangle the effects of vertical distribution of particles 

and individual particle properties. What was alluded to in Chapter 3 concerning 

the dependence of geometric albedo on the haze optical depth must now be dealt 

with directly as I proceed to give my rationale for choosing the parameters that I 
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do. The sensitivity study I have conducted has aided in the selection of a good-fit 

spectrum which simultaneously agrees closely with the observations and is not dis

cordant with results derived from other work at other wavelengths. In the course 

of reviewing and refining the cloud modelling I have done, I became aware that 

a number of characteristics of Saturn's atmosphere could be uniquely determined 

(or constrained) solely from analysis of the 3000 - 6000 cm- I spectrum at my dis

posal, without unduly drawing upon assumptions coming out of other studies at 

other wavelengths. One very important result is the unambiguous placement of the 

upper tropospheric haze. I am able to establish the haze vertical distribution by 

carefully and systematically examining a small portion of the spectrum centered at 

4900 cm- I where H2 is the only gaseous absorber. 

Three frequencies were selected where the only gaseous absorber is rh. I 

chose 111 = 4785, 112 = 4885, and 113 = 4955 cm -1. The geometric albedo (Agcom) 

as a function of total optical depth of the haze for each of the 3 frequencies was 

computed. The next step was to compare the model albedo to the observed value 

given by the calibrated Saturn spectrum (Ageom[KAO]). The haze was truncated 

at various pressure levels (Pcutof f) to see if there is sensitivity to the deeper atmo

sphere. The foregoing steps were performed for the cases in which the haze starts 

at: (a) p = 0 (b) 50 mb (c) 100 mb (d) and 125 mb (d. Figures 4.2-4.7). The results 

from the previous step were plotted as Ageom vs. Pcutof f to see if agreement could 

be obtained for all 3 frequencies; i.e., to see whether a unique Tlwze(total) could be 

found which will simultaneously fit all 3 observed albedos (d. Figures 4.8-4.11). 

There are 2 immediate conclusions I reached from this analysis. (1) The 

best-fit pressure is 104 mb for the start of the haze (d. Figure 4.12). The total haze 

optical depth to 1550 mb is 13.6. (2) The spectral region of "H2-only" absorption 
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is sensitive to the upper part of the haze from the tropopause to the radiative

convective boundary near 400 mb. Levels deeper than that are not probed by /I~ 

4900 cm -1 photons. 

With the total optical depth of the haze now fixed, a determination of the 

single-scattering albedo of Saturn's tropospheric haze particles (at deeper levels) 

can be made. To accomplish that task I chose a single frequency in the 3 pm 

continuum where there is a reliable calibration of the spectrum. I selected /1 = 3545 

cm -1. There are negligible H2 , CH4, PH3, or NH3 absorptions in that part of the 

spectrum. Then, using the adopted haze structure from the "I-h - only" study, I 

ran PHOTCLD for various values of the imaginary refractive index of the particles 

(ni). A plot of Ageom vs. ni was made to see what value of aerosol absorption is 

required to match the observed albedo Ageom(KAO) ~ 0.34. The results are ni ~ 

0.0016, or a single scattering albedo (wo) equal to 0.988. Very similar results were 

obtained when specification was made of a commensurate column number density 

(N Mie) yielding a total optical depth of 13.6. Five different combinations of N Mie 

for corresponding particle effective radii (a= 1.0, 1.5, 2.5, 3.0 and 5.0 pm) were 

tried. Figure 4.13 indicates the approximate particle absorption as a function of 

particle size needed to fit the Saturn spectrum in the 2.7 pm continuum. 

There are a few other important properties of Saturn's troposphere which 

can be characterized exclusively by modelling the 3000 - 6000 cm- 1 spectrum. 

Related to the determination I have just made of the single scattering albedo of the 

haze particles in the 3 pm region is the question of whether those particles can be 

composed of pure, solid NH3. I will answer that question in the next section of this 

chapter. In Chapter 5, one of the other remaining issues, namely, the determination 

of abundances and upper limits for important gaseous species will be addressed. In 

the retrieval of mixing ratios of CH4 and PH3, as well as the establishment of an 
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upper limit to NH3 vapor, a consistent haze structure derived from the "H2-only" 

study was used throughout. With absorption by these gases and H2 accounted for, 

and the extinction by the aerosols treated as completely possible, it is now possible 

to present a best-fit synthetic spectrum to compare with the low-resolution Saturn 

observations (cf. Figure 4.14). 

In addition to the retrieval of elemental abundance ratios, what also emerges 

from a successful synthesis of Saturn's near-IR spectrum is a model of the planet's 

tropospheric haze structure. Culminating from the simultaneous fitting of gaseous 

absorptions (primarily caused by H2 and CH4, acting alone or together) that span 

in strength from strong to very weak, a portrait of Saturn's atmosphere begins to 

take shape. Using the results from a "photon penetration-depth" study performed 

midway through this project, along with reference to the best-fit spectrum, a corre

lation can be made between the optical depth of Mie particles placed in the haze at 

various altitudes, and the penetration depth associated with strong, medium, weak, 

and very weak absorptions (cf. Figure 4.15). It should be mentioned that the final 

fit I decide to present here is not completely unique. Other size particles greater 

than about 1 flm could have been used. Built into the modelling is a specification 

of particle size variance, so that in any case I am not stipUlating only that size. If 

one looks at an extinction efficiency curve as a function of effective mean radius 

of the aerosol (Figure 3.3), it can be seen that the maximal optical depth for the 

haze at 3 flm can be produced with a= 2.5 lim aerosols using the least number of 

particles of that average radius. Furthermore, from arguments relating to my CH4 

mixing ratio determination (cf. Chapter 5), it looks as though 2.5 flm particles 

would provide the best fit simultaneously at 3995 and 5375 cm- 1, where the CH4 

absorption coefficient values are most trusted. 

It might be more appropriate, given the uncertainty in knowing the actual 
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size or sizes of the tropospheric haze' aerosols to specify likely values of the haze 

optical depth (e.g., at A = 2.0 11m) as a function of atmospheric pressure. Figure 

4.15 shows the haze vertical distribution in terms of layer optical depth (per 50 mb) 

at A = 2.0 11m. 

The Search for Solid Ammonia 

The long-standing presumption has always been that the visible clouds of 

the 2 premier giant planets are made of soliel ammonia particles. Through the 

process of convection, the NH3 particles in the main cloud would be transported 

upward to fill in an extended hazy region throughout the mid<.lle and upper tro

posphere; so the conventional wisdom has it! The belief that Jupiter and Saturn's 

tropospheric haze material is solid NH3 is quite natural. Holding such a tenet is 

understandable if for no other reason than the sheer thermochemistry involved. 

The discussion in Chapter 1 of the detection of NH3 vapor, especially from 

studies in the visible and microwave regions, serves as a reminder of its plentiful 

supply in Jupiter anel Saturn. The observations of Saturn by Karkoschka (1990) of 

equivalent widths of NH3 gas using the 6450 A band lead to a mixing ratio XNH3 ~ 

1.2 X 10-3. This value is essentially the saturation value at a temperature close to 

165 K. The corresponding level in Saturn's atmosphere is approximately 1700 mb. 

NH3 is frozen at temperatures below 195 K. So, a cloud containing NH3 ice parti

cles should exist there. Other investigators have placed the NH3 cloud higher in the 

atmosphere, at perhaps the 1 bar level. The original thermochemical arguments in 

favor of NH3 condensation in the outer planets were offered by Lewis (1969), who 

essentially assumed a solar value of N 2 and H2 • 

The existence of clouds comprised of solid NH3 on both Jupiter anel Saturn 
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is not in dispute. But what is needed now is a delineation of how high in the atmo

sphere the NH3 particles get. As other investigators have astutely commented (e.g. 

Tomasko et al.,1984), a detailed characterization of the vertical distribution of gases 

and aerosols in planetary atmospheres will require intercomparison of results and 

insights achieved by working in different spectral regions. From my perspective, the 

3 I1:m window is of crucial importance in helping to construct an accurate picture 

of Saturn's upper troposphere. I am fortunate to have at my disposal very high 

quality airborne IR observations of Saturn's full disk on the one hand, and a nearly 

complete set of spectroscopic parameters to be used in conjunction with SPECSYN 

and PHOTCLD on the other. For the first time Saturn's 3 /Lm spectral region can 

be analyzed in a comprehensive fashion, employing the most current data available. 

With that in mind, it should be possible to say whether or not the upper portion of 

Saturn's troposphere contains pure NH3 ice. Because of the very cold temperatures 

pervading Saturn's visible atmosphere, virtually all of the NH3 would be condensed 

into micrometer or sub-micrometer sized droplets. So, the search begins for signs 

of the solid phase of NI-h in Saturn's 3 /Lm spectrum. 

The real and imaginary parts of the index of refraction covering the 3000 

- 6000 cm -1 region for pure NH3 ice were obtained from the tabulations of Mar

tonchik et al. (1984) and Sill et al. (1980). The NH3 particles are assumed spherical 

so that calculations of the scattered intensity is done in an exact fashion by applying 

Mie theory. There is always a lingering concern when making an assumption about 

particle shape. There is not yet a completely quantitatively accurate approach to 

handling scattering by irregular-shaped particles. Empirical parameters describing 

how irregular particles deviate from strictly Mie behavior were used by Orton et 

al. (1982) in an attempt to fit the laboratory results in the visible of Holmes et 

al. (1980) and Holmes (1981) for NH3 particles. Orton et al. (1982) used the 



76 

semi-empirical irregular particle theory of Pollack and Cuzzi (1980) to derive their 

scattering parameters. A miminal difference was found in the outgoing thermal 

radiance using Mie theory compared to the semi-empirical theory when the single 

scattering albedo is low (e.g. wo< 0.80). Whether there would be little discrepancy 

between the two approaches for the case of near-IR radiation impinging upon nearly 

conservative scatterers (i.e., Wo~ 1.0) is an open question. 

Another concern is the validity of the refractive index values. The ones 

being used here were derived through a Kramers-Kronig dispersion analysis per

formed on the data of Sill et al. (1980) by Martonchik et al. (1984). It must be 

kept in mind that the reflection spectra of Sill et al. were produced by illumination 

of thin-film frosts of NH3 deposited on various substrates. In that regard the optical 

constants, nr and ni, which are, respectively, the real and imaginary parts of the re

fractive index, pertain, as they correctly should, to the bulk solid. An atmospheric 

aerosol population contained in a haze or cloud, however, might not have the same 

extinction characteristics as the bulk material. Ideally, laboratory measurements of 

the scattered intensity as a function of wavelength for cryogenically nucleated cloud 

particles are desirable to help eliminate the uncertainty in the optical constants. 

Summaries of 2 such experiments wherein pure NH3 ice crystals were grown in a 

cloud chamber are to be found in Holmes (1981) and Pope (1991). Both studies 

include photomicrographs which indicate clearly the non-sphericity of the particles 

at relevant planetary temperatures in the range 140 - 160 K. Both studies were 

restricted to the "isible region of the spectrum. Pope's findings suggest that Mie 

theory describes well the scattering properties of NH3 crystals having radii of about 

0.5 11m. 

As a precursor to PHOTCLD, I ran a suitable Mie code to calculate the ex

tinction cross-sections in visible light for a given particle size. The visible region was 
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chosen for this preparatory exercise because I have adopted the work of Karkoschka 

(1990) as a baseline haze and cloud model for my studies. The optical depth of the 

haze is restricted to 10 < rvis < 30 from his spectroscopic observations at >.~ 0.675 

/-lm. With the formula r = Nmic' (J', where (J' is the particle extinction cross-section, 

the column number density Nmic of IvIie particles throughout the extended haze is 

obtained. PHOTCLD was run using a uniformly distributed haze stretching from 

50 to 1600 mb with a semi-infinite cloud immediately below. A layer of NH3 vapor 

with a mixing ratio of 1.0 x 10-[) was inserted into the simulation to represent a 

possible oversaturated condition. Figure 4.16 demonstrates how difficult it is to rec

oncile the KAO observations with results from the multiple scattering analysis using 

a pure NH3 composition for the haze particles. The complete mismatch between 

the observed and modelled spectrum from 3000- 3800 cm- 1 is in no way removed by 

choosing different particle radii nor by eliminating the NH3 vapor absorption from 

the synthesis. Thus my work implies that Saturn's mid-upper troposphe7'ic haze is 

not solid NB3 . That conclusion is the heart of my thesis. Not seeing solid NH3 at 

3/-lm certainly strengthens the conclusions I reach in the next chapter regarding the 

very stringent upper limit on the vapor phase NH3 in the upper troposphere. 

The statement that condensed NB3, at least not in its pure form, does not 

comprise Saturn's haze is a direct commentary on the nature of the spectral line 

forming mechanisms in the near-IR. Any probing of layers much deeper than 1.2 

bar, therefore is not possible at 3/-lm. If the deeper NB3 cloud somewhere between 

1.4 - 2.2 bars is present on Saturn, as we firmly believe it is, then we must come 

to terms with possible dynamical processes or chemical reactions which prevent the 

NH3 ice to be convected much higher than 1.2 bar. Figure 4.17 shows that we might 

be able to marginally tolerate the presence of pure NH3 ice particles as high as that 

level, with no significant inconsistency evident, at least not to any degree greater 
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than that set by the uncertainty in establishing the level of the 3 /-tm continuum. 

Proceeding on the presumption that Saturn's upper cloud is made of NH3 

ice particles, I again performed the modelling of the entire spectrum using the actual 

NH3 ice optical constants. In the 3300 - 3600 cm -1 region, the indices of refraction 

were interpolated over the high resolution frequency grid of the laboratory PH3 gas 

data. In order to corroborate the conclusion that NH3 ice crystals do not comprise 

Saturn's tropospheric haze, a new, refined analysis targeting a single, key frequency 

at 3 /-tm was made, supplementing the more preliminary results given in Figures 4.16 

and 4.17. The new approach makes use of a frequency where a best-fit PH3 synthesis 

has been performed (1) = 3302.9907 em-I). The solid NH3 optical constants at that 

frequency were interpolated. The best-fit haze structure was adopted, with non

NH3 haze (Le., "ni = 0.0019 particles") residing above various levels and pure NH3 

ice particles below that. A plot was made of Ageom vs. the pressure level deeper 

than which the NH3 haze resides. The aim is to obtain sufficient brightness to match 

Ageom(I(AO) = 0.28 (cf. Figure 4.18). The conclusion is that the top of the NH3 

ice cloud doesn't extend above ~ 1200 mb level for a "lower-bound" Ageom(KAO) 

= 0.26. 

The assertion that there is no solid NH3 in Saturn's tropospheric haze 

requires a high level of confidence in the validity of the data, especially the optical 

constant ni as a function of wavelength. All but one of the measurements of the 

refractive index of NH3 ice consistently show a strong absorption feature, the 1)3 

band, located at approximately 3380 em-I. The only investigation to my knowledge 

that does not show the V3 band near 3380 cm- I is the work of Slobodkin et al. 

(1978). That experiment continues to be controversial to this day. 

Depending on the temperature of formation of the solid NH3, different 

phases can result. For any of the temperatures relevant to Jovian cloud conditions, 
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some type of polycrystalline phase of NH3 is to be expected. At temperatures lower 

than about 40 K an amorphous phase is produced. A paper by Palmer et al. (1983) 

gives a set of transmittance spectra of pure NH3 films and NH3 - N2 mixtures. The 

pure NH3 spectrum recorded at 20 K clearly shows the strong feature at 3380 cm -1. 

Though the spectra taken with NH3 -N2 mixtures is not pertinent to Saturn's at

mospheric composition, they show that upon warming from 20 K to 59 K, the /13 

feature is still located near 3380 cm- 1 even though presumably a transition from 

amorphous to crystalline phase has taken place. The work of Palmer et al. (1983) 

is in agreement with that of Sill et al. (1980). 

The question of shifts in frequency in an aerosol extinction spectrum due 

to phase changes is quite legitimate. Very recent work by Dunder et al. (1993) 

on hydrazine (N2H4 ) aerosols does show a small shift (~4 cm- 1 ) in the resonant 

frequency when comparing an amorphous aerosol at 200 K with an amorphous, 

thin-film bulk solid at 80 K. It is curious to note that in these pioneering aerosol 

IR spectra studies, an amorphous form results at high temperature, whereas in the 

traditional "bulk sample" experiments, low temperature deposition normally gives 

rise to amorphous solids. Dunder et al. (1993) report hydrogen stretch frequencies 

at /I = 3182 and 3330 cm- 1 for N2H4 aerosols at 200 K compared with the cryo

deposited amorphous bulk sample values of 3178 and 3322 cm -1, respectively. For 

N2H4 aerosols produced at 110 K, they have vibrational assignments at 3175 and 

3315 cm- 1 compared to a thin-film deposited crystal with hydrogen stretch frequen

cies at 3200 and 3310 cm- 1, respectively. There would be no reason to believe that 

similar kinds of measurements on pure NH3 aerosols would show frequency shifts 

appreciably larger than for the N2H4. 

In light of the modest frequency shifts seen in the above-mentioned research, 

a disconcerting aspect of the 1978 study by Slobodkin et al., is its claim that the 
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V3 band can be shifted by some 3000 A if the NH3 crystals are formed rapidly at 

a temperature of about 150 K. It is truly difficult to envisage how such a large 

frequency shift is possible. The lone work of Slobodkin notwithstanding, the values 

of the inferred optical constants derived for my work should be accurate, and are 

certainly a far more believable input to PHOTCLD than those of an unrepeatable 

15 year-old experiment. 

Photochemical Haze Candidate Materials 

The modelling of Saturn's near-IR spectrum summarized earlier in this 

chapter underscores 2 main points: (1) valuable information to help constrain the 

size and vertical distribution of the upper tropospheric haze particles comes sim

ply by matching as best as possible the geometric albedo across the entire spectral 

range of interest for different values of gaseous absorption and certain assumptions 

regarding the scattering properties of Mie particles, (2) no positive identification of 

the haze chemical composition can be made from the analysis undertaken here or 

in any other wavelength region. 

Although unambiguous identification of Saturn's (or any of the other giant 

planets) haze particle composition remains elusive, continued chemical laboratory 

research aimed at characterizing the scattering properties of aerosols promises to 

ameliorate the situation. It was pointed out in the section of this chapter concerning 

solid NH3 that there might well be differences in the spectrum exhibited by a bulk 

material condensed on a thin substrate compared with that produced by a cloud 

of individual particles. It would be very helpful if more multi-disciplinary research 

were being carried out in order to understand those differences. Some encouraging 
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news in that regard comes essentially within the last 3 years by a group in the De

partment of Chemistry at the University of North Carolina (UNC). Measurements 

of scattered light from neat N2Htj (hydrazine) and C2H2 (acetylene) aerosols at sim

ulated Jovian temperatures has been done. Reports of this group's findings have 

been given by Dunder and Miller (1990) for C2H2 and by Dunder et al. (1993) for 

N2Htj. The UNC group has intentions to do the same kind of study for solid P2H4 

(crystalline diphosphine) aerosols as well (Clapp, 1992). They are also beginning to 

look at the diffusion of NH3 vapor to N2H4 nuclei to see what difference there might 

be between a mixed aerosol compared with a pure substance. Further discussion 

of the UNC group's findings will be given at the end of this chapter as each haze 

candidate compound is treated in more detail. 

To understand why polyacetylenes, N2H4, and P 2H4 are the favored candi

date haze materials, an examination of hydrocarbon, NH3, and PH3 photochemistry 

must be made. A distinction should be made between the stratospheric and tropo

spheric haze. It has been indicated in the previous section that the 3 /-lm radiation 

probes down to about 1.2 bar in Saturn, definitely well into the mid-troposphere. 

The particles are probably at least 1.5 /-lm in radius. In the stratosphere, evidence 

obtained from UV studies confirm the existence of smaller particles, probably with 

radii between 0.2 and 0.5 /-lm. Spectrophotometry conducted neal' 0.264 /-lm reveals 

strong absorption associated with a haze layer of O.l/-lm mean radius particles con

centrated between 30 and 70 mb in Saturnian mid-latitudes (West et al. 1983). 

Are the smaller particles which comprise the stratospheric haze made of the same 

material as those in the troposphere? Certainly the cloud microphysical processes 

of coagulation and sedimentation would not argue against it. Of course the produc

tion rate of the so-called cloud condensation nuclei (CCN) as a function of altitude 

must first be worked out. It is not my intention to belabor the details of the myriad 
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photochemical reactions which produce the aerosols. The interested reader is re

ferred to complete reviews of the pertinent photochemistry in the works by Levine 

(1985) and Atreya (1986). 

Photochemistry of CH4 in Saturn's stratosphere is responsible for the pro

duction of C2H2 (acetylene). From observations at 13.7 /-Lm, Court in et al. (1984) 

report a mole fraction for C2I-h of 3.0±1.1 x 10-6 in the northern hemisphere of 

Saturn. Further photolysis by solar UV and subsequent photochemistry can pro

duce C4I-h (diacetylene). Recent numerical modelling by Romani (1990) has shown 

that possibly C2I-h and more probably C4H2 condense near Saturn's tropopause to 

form their respective ices. These CH4 photolysis by-products would be produced in 

the gas phase at warmer temperatures (~ 1.40 K) high in the stratosphere. With 

improved knowledge of saturation vapor pressures of polyacetylenes, especially at 

low temperatures, the likelihood that C4I-h is the source of Saturn's stratospheric 

haze might be even better. 

The photolysis of NH3 and PH3 in the atmospheres of Jupiter and Saturn 

takes place at slightly lower altitudes than the photodissociation of CH4, which 

requires wavelengths less than or equal to 0.145 /-Lm. For A:S0.160 /-Lm, NH3 is pho

tolyzed, while PH3 undergoes photolysis for wavelengths in the range 0.160 - 0.235 

/-Lm. The photochemical reactions for NH3 and PH3 are analogous to each other, 

and are relatively simple. The potentially quite interesting intermediate products 

of formation in the respective cycles are N2H4 and P2H4. A complete review of the 

photochemical processes, cloud microphysics, and influence of vertical dynamics as 

it pertains primarily to Jupiter, and secondarily to Saturn has been given by West et 

al. (1986). Good insight concerning N2H4 and P 2H4 production rates is gained by 

studying that review. It is to be expected that the more likely of the 2 photochem

ically generated haze materials on Saturn would be P2H4, simply because there is 
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virtually no NH3 in the upper reaches of its troposphere from which to form N2H~. 

The reader should be reminded that the belief in the presence of N2H~ on .Jupiter 

and P2H~ on Saturn is circumstantial, and is inferred from still somewhat uncertain 

photochemical pathways. No direct spectroscopic sign of the existence of these ma

terials in the outer planets' atmosphereres has been founclat any wavelength. Since 

the thrust of my work has been spectroscopic, the remainder of this chapter will 

be devoted to some detailed discussion of the IR spectra of C2H2, N2H~, and P2H4. 

Acetylene 

The work of Dunder and Miller (1990) represents the advent of a much

needed technique for producing and spectroscopically characterizing cryogenic 

aerosols. In their initial set of experiments to produce clouds of small particles 

of interest in planetary atmospheres research, these workers have managed to grow 

C2H2 aerosol particles of various sizes in a low temperature diffusion chamber. 

When comparison is made to Mie calculations, the observed spectra do not exhibit 

certain features which Mie theory predicts. Dunder and Miller used such discrepan

cies between theory and observations to gain insight into the nature of the crystalline 

structure of the particles produced in their experiments. They conclude that the 

aerosols nucleated in their work are in the high temperature cubic phase of the solid. 

The phase transition distinguishing the 2 solid state crystalline structures of C2I-b 

occurs at T=133 K. Obviously, any sought-after Saturn troposphere C2H2 particles 

would be most likely in the low-temperature (~ 90 K) orthorhombic phase. Dunder 

and Miller infer approximately a 7.5 cm- 1 shift between their observed spectra and 

those associated with the low temperature phase. The important point here is not 

that there is a shift between the 2 phases, but that its magnitude is not very large 
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compared to the full extent of the solid-phase absorption features. That fact casts 

additional doubt upon the validity of the work of Slobodkin et al. (1978) regarding 

the frequencies of the 3 11m NH3 ice absorptions. 

Regardless which C2H2 aerosol spectrum (orthorhombic or high tempera

ture cubic) might be preferred for use in comparison to the near-IR observations of 

Saturn I have used in my work, I am reasonably sure that neither one would agree 

with the calibrated KAO spectrum. The disagreement is rather apparent merely 

by inspection of Figure 4.19, which I have adapted from Dunder and Miller (1990). 

It shows the strong absorption near 3220 cm- 1 associated with the C-H stretching 

mode (/13)' But the KAO Saturn spectrum shows only the rapid recovery in trans

mission at the edge of the /13 CH4 band at that frequency. 

Hydrazine 

Giguere and Liu (1952), as they did for gaseous N2H4, were the first to 

report complete spectral data for the condensed phases ofN2H4. Durig et al. (1974) 

have summarized the numerous studies of all 3 phases of N 2H<1 that have been 

made since mid-century. Hydrazine has received more attention from molecular 

spectroscopists than most other so-called X2 Y <1 molecules. However, even though 

bulk N2H<1 has been the subject of study for such a long period of time, there is still 

uncertainty about its crystalline structure and vibrational assignment due to the 

fact that N2H4 is hard to crystallize in the bulle. To circumvent such experimental 

difficulties, the aerosol studies being undertaken by the UNC chemists are again 

timely and very welcome. 

Dunder et al (1993), as they did 2 years earlier for C2H2, took Fourier 

Transform Infrared (FTIR) spectra of cryogenic, neat hydrazine aerosols. These 
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Figure 4.19. Infrared spectra obtained under conditions which give rise to high 
supersaturations and thus to the production of acetylene aerosols; (After Dunder 
and Miller, 1990). 
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suspended particles were nucleated homogeneously. They observed the growth of 

highly crystalline particles at the lowest temperature of their experiment, namely, 

T = 110 K. The altitude regimes in Saturn's troposphere where possible N2H4 

production would occur would be only about 10 K colder than the laboratory con

ditions. These workers also found the IR spectra were progressively narrower at 

the lower temperatures. They saw previously unobserved details in the N-H stretch 

vibrational structure of the crystals. An adaptation of the T= 110 K spectrum from 

Dunder et al. (1993) is presented in Figure 4.20. By inspection, as was done for the 

C2H2 spectrum, it can be seen that the strong absorptions centered at 3175 and 

about 3300 cm- 1 representing the N2H4 hydrogen stretch modes, evidently rule out 

this substance as a candidate for Saturn's haze. The calibrated KAO spectrum is 

simply too bright at those frequencies, and in fact exhibits a rise in brightness at 

those wavenumbers. 

Diphosphine 

Another of the X2 Y4 molecules, P2H4 is unfortunately not nearly as well 

studied spectroscopically as N2H4. That is not surprising since P 2H4 is an extremely 

unstable compound. One of the first measurements of the IR spectrum of P 2H4 

was taken by Nixon (1956). He states: "Heat, light, and contact with impurities 

of various sorts cause decomposition, in which the products are PI-h and a yellow 

solid with an empirical formula approximately P 2H." More recently than Nixon's 

work, the IR spectrum of P 2H4 was recorded by Odom et al. (1975). Jerry Odom of 

Durig's group at Department of Chemistry, University of South Carolina informed 

me in 1992, however, that no record exists of their P2H4 spectrum shortward of >.~ 

4/-Lm. In fact, based on an exhaustive literature search I conducted during Summer, 
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1992, the only description of any solid-phase P2H4 absorption features near 3 11m 

appears in a paper by Franldss (1968). He lists very weak features at 3314 and 3331 

cm- I • These are combinations of the doublet at 1052 cm- I with the P-H stretch 

modes at 2271 and 2292 cm- I . Based on the scarce spectral information available 

for this compound, there does not appear to be any a priori evidence ruling out 

its possible presence in Saturn's troposphere. But, until definitive transmission 

measurements of the kind being done by the UNC chemists are made for P 2H,1, 

arguments in favor of diphosphine being a leading candidate for Saturn's haze will 

remain circumstantial. 
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CHAPTER 5 

DETERMINATION OF GASEOUS ABUNDANCES 

"They are like comparing apples and oranges." (M.G. Tomasko, ca. 1992, con
cerning the differences between reflecting layer models and scattering models of 
planetary atmospheres) 

Introduction 

One of the main goals of this dissertation is to make new determinations 

of molecular abundances in the atmosphere of Saturn. As a result of the use of 

an improved p-T profile, better observational data than was hitherto available, 

more sophisticated spectrum synthesis programs, and more up-to-date spectral line 

parameters, inferences I draw regarding gas abundances should, in many instances, 

be more accurate than those obtained in previous investigations. Although I proceed 

in this chapter to quote RLM-derived abundances, all of the modelling I have done 

in this dissertation has employed the full radiative transfer equation with multiple 

scattering. 

A common practice among planetary atmospheres specialists is to express 

the quantity of a gaseous absorber as an optical path (u). It is the amount of 

absorber in an atmospheric column with 1 cm 2 cross section lying above a specified 

reference level. Quite typically u is reported in units of cm-amagats, m-amagats, 

or km-amagats. An amagat is the ratio of the number density of a given species to 

the number density at STP conditions. So, we can write, 

ni 
(5.1) Pi(am) = -, 

no 

with 

Po 
no = kTo' (5.2) 
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The sUbscript "i" refers to an arbitrary chemical species lying at some atmospheric 

pressure and temperature P and T. The subscript "0" refers to STP conditions (i.e., 

Po = 1 atm. and To = 273 K). 

It is useful to derive the relationship between optical path of the absorber 

(Ui), mole fraction of the absorber (fi), and the atmospheric pressure p. The number 

density of molecules at STP (no) is a special quantity called Loschmidt's Number. 

The value of no is 2.687x 1019 molecules cm-3• By definition then: 

Ui = -'!:"dz. 100 n' 

z no 

By means of the hydrostatic equation, namely: 

dp - = -PO, 
dz 

(5.3) 

(5.4) 

where P is the mass density of the atmospheric mix of gases at STP, a substitution 

can be made to give: 

l
p n dp 

Ui = (fi-)-, 
Po no PO 

(5.5) 

where fi is the mole fraction of the absorber. But since 

p=nrn, (5.6) 

where m is the mean mass of a molecule, and since the ideal gas law gives 

Po = nokTo, (5.7) 

we get: 

l
p kTo 

Ui = fi(-)dp. 
Po porno 

(5.8) 
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With the recognition that Po = 1 atm and that the STP scale height is 

kTo 
Ho = -, (5.9) 

rng 

yields: 

r 
Ui = Ho Jo fidp. (5.10) 

Finally, for a uniformly distributed species such as CH4 or H2 , the formula for 

gauging the optical path is very simply related to atmospheric pressure as: 

(5.11) 

It is important to keep in mind the difference between mole fraction (fi), 

found in the expression for optical path, and the mixing ratio (Xi) used explicitly, 

for example, by SPECSYN. The mixing ratio of a particular species is the amount of 

the absorber present in the atmosphere relative to the amount of hydrogen, whereas 

the mole fraction is the absorber amount relative to the total gaseous component 

in the atmosphere. Mole fraction is actually a better quantity to use than mixing 

ratio in the sense that it is a more direct indication of the abundance of a gas in a 

planet's atmosphere. 

A key quantity used in the determination of molecular abundances is the 

scale-height of the planet's atmosphere. It appears in the equation above as Ho, 

where its value is a constant for a fixed latitude on the planet. If the atmosphere 

is isothermal, the scale-height represents the altitude over which the the total at

mospheric pressure will change by a factor of "e". Since the irradiance detected by 

the FTS aboard the KAO is a full-disk average, a value of Ho appropriate for the 

latitude corresponding to the average air-mass is required. That corresponds to a 

latitude of about 50°. The average scale height I derived is Ho = 92 km. I have 
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systematically adopted that value in all relevant calculations throughout my work. 

In order to assign a meaningful value for column abundance, some knowl

edge of the pressure level of formation of the absorption must be obtained. Perhaps 

the problem plaguing me most in this research has been the unequivocal assessment 

of how deeply the near-IR photons penetrate. Establishing this so-called "pene

tration depth" is crucial in determining elemental abundance ratios. A number of 

effects can occur to make it difficult to ascertain where that level is. Even in the 

absence of scattering, the mere variation of the gas absorption coefficient with fre

quency is so dramatic that very closely-spaced spectral lines can be probing very 

different atmospheric levels. When the amount of absorption (often unknown) by 

haze and cloud particles is considered, along with the ever-present scattering by 

those particles, the situation becomes rapidly complicated. 

The remainder of this chapter will focus on making comparisons of results 

I obtain in this work with other previous gas abundance determinations. Accurate 

computation of the absorption coefficients as a function of frequency, pressure, and 

temperature for the active species shaping Saturn's 3 11m spectrum (Le., k,) values 

for H2, CH4 , NH3 , and PH3 ) are therefore needed. As discussed briefly in Chapter 

2, the source of the absorption coefficient data was different for each of these species. 

A more detailed examination of the origin of these data will now follow. 

Molecular Hydrogen 

Of all the infrared-absorbing gases in the atmospheres of the giant planets, 

H2 is arguably the most important, if for no other reason than its sheer abundance. 

Because H2 is the primary gas composing the atmospheres of these planets, and 

since it provides significant opacity in the near and far IR, the overall level and 
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shape of the continuum in those wavelength regions, and hence fundamental ther

mal balance is controlled in large measure by this dominant species. 

A homonuclear molecule like H2, N2, or O2 has no permanent dipole 

moment; hence none of them exhibits any electric dipole transitions. But at 

high enough pressure and long path length, dipole absorption has been observed 

(Chisholm and Welsh, 1954). This absorption is the result of short-time collisional 

interaction between molecules. To a first approximation the colliding molecules 

can be construed as a giant pseudo-diatomic molecule which has a kinetic energy 

equal to the translation of the center of mass of the system plus the rotation of 

the individual molecules about their common center of mass (Houghton and Smith, 

1966). The induction of a dipole moment can result from collisions between 2 

molecules (e.g., H2 - H2, H2 - N2), or from collisions of a molecule and an atom 

(H2 - He), or even between dissimilar atoms such as He - Ar. For the giant planets, 

the collision-induced absorption (CIA) is almost entirely the result of H2 - H2 and 

H2 - He interactions. The prominent features in planetary atmospheres for H2 are 

at the pure rotation J = O~2 and 1~3 transitions located at 354 cm- 1 and 587 

cm -1. These frequencies correspond to far infrared wavelengths of 28 f..lm and 17 

f..lm. Moreover, it is to be noted that the effects of the H2 opacity for Saturnian 

or Jovian conditions can be quite substantial even in the middle infrared near 5 

f..lIn as well as the "near-microwave" region to as long as 300 f..lm. Collision-induced 

features are quite wide (typically a few hundred cm -1) because of the very short 

duration of the interactions. The width of a spectral line is inversely related to the 

collision lifetime by virtue of the Uncertainty Principle. 

The spectral region being targeted in my study contains the fundamental 

band of H2 which spans the region from approximately 3900 - 5500 cm- 1. Figure 
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4.14 in the last chapter shows an overlay of the Saturn H2 CIA for the best-fit syn

thesis. The I-h fundamental is associated with a transition from the ground state to 

the first excited vibrational state. Symbolically this is given as v = 0 ~ VI = 1. It 

is produced by intermolecular interactions in the same way that purely rotational 

lines in the far-IR arise. Figure 5.1 depicts the energy levels and transitions associ

ated with this important fundamental band. It has 3 major components at relevant 

planetary atmosphere temperatures: (a) Q transitions involving no change in the 

rotational quantum number J (i.e., AJ = 0). These occur neal' 4200 cm- I ; (b) S 

transitions with AJ = +2; these arise from the H2 molecules being in the so-called 

ortho or para states. Situated at about 4500 cm- I , the S(O) line is produced by 

parahydrogen (J=O molecules). At 4750 cm- I , the S(l) line is due to orthohydro

gen (J =1 molecules). The relative strengths of the 3 components are determined 

by the temperature and ortho-para ratio. At and above room temperature, several 

levels of each species are significantly populated. The or tho-para ratio equals the 

ratio of the nuclear statistical weights, or 3. When this condition obtains, the gas 

is called normal hydrogen. If normal hydrogen is cooled significantly below room 

temperature, the ortho-para ratio gradually changes because of the conversion be

tween the 2 states, aided by collisions with paramagnetic catalysts. 

In order to model the 2.0 - 2.5 J.Lm spectral region of Saturn, knowledge of 

the absorption coefficients in the H2 fundamental band is required. Recently a par

ticularly useful and quite accurate numerical method has become available for this 

purpose. Ab initio quantum mechanical calculations of the absorption produced by 

H2 - H2 collisons for arbitrary temperatures have been made by Borysow (1991). 

She has also refined some slightly earlier computations of hers giving the H2 - He 

enhancement (Borysow, 1992). A fully reliable treatment of the H2 CIA from initial 
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Figure 5.1. Energy levels and transitions associated with the H2 Fundamental band. 
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principles has been urgently needed. During Summer, 1991 when my dissertation 

research began in earnest, the lack of any easily applied, accurate formulation for 

the H2 fundamental became all too obvious to me. Out of sheer expedience, I cre

ated a computer program after a lengthy exercise of fitting analytic line profiles to 

experimental curves. The approach I followed is summarized in the work of Reddy 

(1985) and Reddy and Chang (1973). A full discussion of the details of the pro

cedure I followed to derive absorption coefficients for H2 - H2 as well as H2 - He 

collisions is given in Appendix B. Also founel there are comparisons of my results 

with those of Borysow. I was able to scale the relative intensities at the centers 

of the Q and S lines well enough to obtain good agreement with the Reddy et al 

(1985) curves for the H2 - l-b collisions at the experimental temperatures 77, 196, 

and 298 K. It was more difficult to achieve the same close match to the H2 - He 

curves of Reddy and Chang (1973) because of the very compressed scale of the plot 

as it appears in their paper. 

Even if the experimentally-generated curves which I tried to replicate are 

compared directly with the models of Borysow (1991 and 1992), significant devia

tions from the ab initio calculations are apparent. The disagreement is evident even 

at the reference temperatures. There is satisfactory agreement only at the centers 

of the lines and only then at the reference temperatures. At any temperatures far 

away from those actually used in the fitting procedure, inaccurate coefficients re

sult. The model of Goorvitch et al (1981) suffers in that respect. The discordance 

is quite large at the the lowest temperature (T = 100 K) used in the comparison. 

The approach of Borysow is likely to be the most accurate for use in mod

elling planetary atmospheres for one simple reason: it uses parameters for the line 

shapes computed from the quantum mechanical rotation - vibration (RV) spectral 
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moments. These spectral moments are calculated over the entire range of temper

atures. Therefore the correct modellineshapes are used to get accurate absorption 

coefficients over a wide frequency interval as a function of temperature. Conse

quently I employ the coefficients of Borysow in all instances in my analysis. The 

most recent versions of Borysow's FORTRAN code have been made available to me. 

Two separate programs are used for the H2 - H2 CIA and for the helium enhance

ment. These codes were run successively at each of the 20 Saturn model atmosphere 

temperatures. The binary absorption coefficients, All (cm- 1 amagat-2 ), are calcu

lated at 10 cm- 1 intervals over the frequency range 3000 - 6000 cm- l . 

From a manipulation of the hydrostatic equation, an expression for the 

differential H2 CIA optical depths is: 

dT = HoG(v, T)pdp, (5.13) 

where 

(5.14) 

In these expressions, Ho is the atmospheric scale height at STP (cm), T is the 

average temperature of a given atmospheric layer (OK), fll2 is the mole fraction 

of molecular hydrogen, file the mole fraction of helium, and p is the atmospheric 

pressure at a given level (atm). 

Upon integrating over T, the model atmosphere layer optical depths are obtained. 

These are given simply as: 

1
,evdi+l 

~T == Tlayer = dT 
leveli l

Pi+1 

ex Pi pdp. (5.15) 

It is interesting to note that the effect of the helium enhancement in Saturn's 

H2 CIA spectrum is minimal. Figures 5.2, 5.3, and 5.4 show the H2 optical depths 
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as a function of frequency for representative layers. A nominal value fH2 = 0.94 was 

used in the calculation. The mole fraction of helium was taken to be fHe = 0.055. It 

is evident in all 3 of these figures that there is only a very slight helium enhancement 

in the one main spectral region (IJ~ 4750 cm- 1) where no other species except H2 

is absorbing. This location in the spectrum, in principle, is where discrimination 

between H2 and He could be made, permitting an actual estimation of the helium 

abundance in the atmosphere of Saturn. The increase in the layer optical depths 

because of the H2 - He collisions is a few tenths and a few hundredths at 4160 and 

4500 cm- 1, respectively. However, in these spectral regions CH4 provides consider

able opacity along with the H2 CIA such that the planet is completely dark there. 

Thus no discrimination of the helium content of Saturn's troposphere appears pos

sible from application of near-IR methods. 

Methane 

Of all the important volatiles in the atmospheres of the outer planets; CH4 

must be the most thoroughly studied. In contrast to the problems attendent with 

NH3 abundance determinations, the inference of CH4 abundances for Jupiter and 

Saturn is not plagued by concern over its condensibility. CH4 remains in a gaseous 

phase at all levels of Saturn's atmosphere. It should be well-mixed too, at least to 

the 50 mb level in the stratosphere. Studies using different spectral bands should 

in principle yield similar results. Previous investigators which made use only of 

the RLM or an incomplete scattering procedure often found that the weaker bands 

give CH4 optical paths which are higher than those obtained from strong bands. If 

the full radiative transfer approach is taken, the disagreement between weak versus 

strong line retrievals disappears. 
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Many investigators have employed the 31)3 band of CH4 located at A = 1.1 

/-Lm. Its attractiveness for modelling lies in the fact that it has a relatively simple 

structure. Therefore line parameters are probably more accurately known than for 

other bands. Moreover, the 31)3 band is not over-saturated for typical Jovian con

ditions. 

In the near-IR, strong absorptions by CH4 shape the 3 /-Lm window. Like 

O2, N2, or H2, CH4 is another molecule which has no electric dipole moment. 

The reason is the perfect tetrahedral symmetry of the molecule in the vibrational 

ground state. There are 2 triply-degenerate vibrations (Herzberg, 1945). One of 

these states (')3) is when all 4 hydrogen atoms move synchronously in one direction 

with respect to the carbon atom while the entire molecule rotates. The other triply 

degenerate state gives rise to the 1)4 band located in the thermal-IR at I) = 1306 

em-I. In this case the hydrogen atoms undergo anti-symmetric oscillations. Figure 

5.5, adapted from Schanda (1986) depicts the vibration-rotation modes for 1)3 and 

V4. The integrated intensity of the V3 band centered at 3018.9 cm- I is 1.024x 1024 

cm molecule- I at STP conditions (Goody and Yung, 1989). The combined absorp

tion of the P, Q, and R branches of the V3 band along with several other nearby 

bands serve to virtually "blacken" Saturn from about 2900 - 3150 cm- I . There is 

a fairly steep rise back up to full transmittance by approximately 3250 cm -1. 

The GEISA atlas includes all of the CH4 spectral lines needed to model 

the spectrum from 3000 - 3250 cm -1 It should be kept in mind, however, that the 

detected irradiance from about 3000 - 3100 cm- I is so low that no meaningful esti

mate can be made there. This portion of Saturn's spectrum is completely saturated. 

To infer a CH4 abundance near 3 /-Lm, then, it would be wiser to focus upon the 

"shoulder" region from approximately 3100 - 3200 cm- I . Realistically though, even 

here, because of the steep slope of the spectrum, some uncertainty in knowing the 
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Figure 5.5. Vibration-Rotation modes for (a) V3 and (b) V4 bands of CH4 ; (After 
Schanda). 
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average pressure level of formation of the spectral lines remains. Certainly' a nar

rower spectral interval can be chosen, say at 3200 - 3225 cm- 1 where the CH4 

absorption has decreased substantially enough that the limitation to the photon 

penetration is set almost wholly by haze layers or some thicker cloud deck. From 

the experiment I performed using PHOTCLD (see Chapter 4), whereby I succes

sively added equal haze layers from Saturn's tropopause downward, I was able to 

estimate the line formation level at 11 = 3240 cm- I . The spectral line forming level 

at 11= 3240 cm- 1 is close to 1200 mb. 

As suspect as its assumptions are, the RLM approach has been employed 

frequently in the retrieval of CH4 abundances. Results of these studies are sum

marized in Table 5.1 adapted from Prinn et a1.(1984). Conspicuously absent from 

the table are any studies of CH4 on Saturn at 3 /-Lm. The reason is simple. There 

has been only one prior systematic analysis of the 3 /-Lm spectrum of Saturn. It was 

done by Martin (1975). He was not able to obtain sufficiently long path lengths of 

CH4 to produce any measurable laboratory absorptions to match the Saturn spec

trum. My work thus provides an additional datum for the Saturnian CH4 inventory 

in a heretofore unexplored wavelength region. For the interval 3200 - 3225 cm-I, 

the synthetic CH4 spectrum I generate here is in good agreement with the low

resolution calibrated KAO Saturn observations for a mixing ratio XCH4 ~ 0.002. 

That result is in accord with many of the values quoted in Table 5.1. 

The short wavelength side of the 3 /-Lm window is fraught with its own 

problems in deducing a CH4 abundance. There is only a rather narrow spectral 

region from 11 = 3770 - 3800 cm- 1 where there is simultaneously a non-zero ob

served geometric albedo and no competing influences from other gaseous absorbers, 

principally H2. From 3800 - 6000 cm- 1, Saturn's absorptions are entirely from a 

combination of H2 and CH4. One real problem I had in trying to model the latter 
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portion of the spectrum is the traditional lack of any theoretical spectral line data 

for CH4 there. The gap that exists across this region in the GEISA or HITRAN 

database is understandable; there are so many spectral lines here. Furthermore, the 

CH4 spectrum is so complex that the quantum assignments have been extraordi

narily difficult to make. Some progress has been made most recently by L.R. Brown 

(1992) at JPL. Some of her line assignments for the 2.6 JLm CH4 band have been 

incorporated in the newest HITRAN '92 listing, which became available in Spring, 

1993. However, I did not need to await the availability of the theoretical parameters. 

In 1989, one year before officially beginning my dissertation project, I calculated 

CH4 absorption coefficients across the 1.1 - 2.6 JLm region directly patterned after 

algorithms developed by Asano and Uchiyama (1987). Their work is an extension 

of a technique known as exponential-sum fitting of transmittances (ESFT). The in

terested reader is referred to a summary of the extended ESFT methodology given 

in Appendix C. A description of the basic strategy for modelling CH4 absorptions 

using the ESFT approach, including an assessment of the quality of fit against the 

actual NASA-Ames laboratory data for certain spectral bands is given in Giver et 

al. (1989). It is important for me to emphasize that the ESFT technique I have 

applied to Saturn's CH4 absorptions is only tenable because of the availability of 

the laboratory data. 

The essential idea behind ESFT is the transformation from transmittance 

as a function of frequency to transmittance vs. column abundance. Since there 

is no correlation between absorption coefficient kv and frequency, the variation of 

k,) with 1/ can be several orders of magnitude within a spectral interval as small 

as 0.01 em-I. ESFT is a procedure which systematically arranges an arbitrary 

number of absorption coefficients in an ordered set, wherein the first coefficient 

corresponds to a portion of the spectral band having the smallest absorption, and 
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the last one corresponds to the fraction of the band having the largest absorp-

tion. Once these "effective k's" are accurately determined in a least-squares sense, 

a quasi-monochromatic transmittance is given by: 

N 

T ""' -k·u ESFT = ~wie I. 

i=l 

The summation is carried out for N pre-selected weights (Wi). 

In the work of Giver et al (1989), the emphasis was on the comparison of 

TEsFT directly with Giver's original laboratory measurements. The comparison 

demonstrates convincingly the viability of the ESFT technique over a wide range of 

pressures and over a sizeable wavelength region which includes several CRt bands 

of vastly varying strengths. The spectral data which I have used is from Giver 

(1989). As explained fully in Appendix C, it consists of only 2 parameters, kv and 

Yv, for each frequency where transmittance measurements were made. The absorp-

tion coefficient, kv, as well as the pressure parameter, Yv, were determined at 10 

cm- 1 intervals. I use the ESFT-generated ki values, which are calculated directly 

for each of the 19 "CH4-filled" layers in the Saturn model atmosphere. These ki 

values are interpolated for the troposphere layer temperatures. The NASA AMES 

laboratory data was taken at 112, 188, and 295 K. Next, the expression for the 

CH4 optical path (i.e, for UCH4) is used in conjunction with the basic expression 

for spectral transmittance, Tv = e- r ", to get the layer optical depths. 

It is a straightforward next step, provided the pressure level of line forma

tion has been gauged, to make determinations of column abundance for a given 

CH4 mixing ratio. Comparison can now be made directly with other RLM esti

mates (cf. Table 5.1). Targeting v = 3785 cm- 1 and taking 0.02 as the error-bar 

for Ageom(KAO), I obtain the following results for integration to 500 mb. A CH4 
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mixing ratio value of 1.1 x 10-3 produces good agreement with Ageom{KAO)~ 0.20. 

The upper ancllower limits are XC/{4 = 1.5xl0-3 and 8.0xlO-4 corresponding to 

the albedo bounds 0.19 and 0.21, respectively. 

The foregoing retrieval of the column abundance of CH4 via the RLM ap

proach serves to maintain some link with tradition. I report my determinations of 

the RLM-derived CH4 mixing ratios partially to appease those readers who either 

feel strongly about the sanctity of the RLM philosophy, or might merely want to be 

able to compare directly my results with others found in Table 5.1. Some investiga

tors (Encrenaz and Combes, 1982) hold firm convictions that, given the judicious 

choice of spectral lines, the RLM results will accurately mimic the real extinction 

processes occurring in a scattering atmosphere. That may be the case. The validity 

of the PHOTCLD modelling I have done in this dissertation, however, does not 

depend on whether a few correctly selected absorptions can be found. 

I can now proceed to extract the CH4 abundance, along with its atten

dent uncertainty, using my multiple scattering approach. Two frequencies (5375 

and 5395 cm -1) were selected in the 2 Itm region not too far from the location 

where the "H2-only" analysis was undertaken in order to minimize any wavelength

dependent effects of scattering. Another important criterion for selecting these 

particular wavenumbers was their relative freedom from pressure and temperature 

effects when extrapolation of the CH4 ESFT optical depths for the top-most layers 

of the model was made. PHOTCLD was executed for these 2 frequencies using 3 

nominal CH4 mixing ratios, XCH4 = 0.001, 0.002, and 0.003. Different values of 

particle sizes and particle absorption were also included to try to determine if there 

is any reasonable "tradeoff" between the CH4 abundance and the aerosol absorp

tion. It was found that "near-conservative" scatterers (ni~ 0) are required to fit 

both frequencies with the same value of XCH4' The results indicate XCH4 ~ 0.0017 is 
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in good agreement with the nominal observed geometric albedo values of 0.065 and 

0.040 for the 2 target lines. All 5 of the selected particle radii (a = 1.0, 1.5, 2.5, 3.0, 

and 5.0) yield a comparable value of XCJI4' To try to achieve some discrimination of 

probable aerosol size, a frequency on the "other side" of the spectrum, specifically 

at 3995 cm- 1, was selected. The same criteria described for the 211m-region lines 

were applied to this wavenumber. Here, as was true for 5395 cm- 1, pressure and 

temperature effects on K,) are minimal. When a comparison is made of the model 

geometric albedo as a function of CH4 mixing ratio for the different particle sizes, 

there appears to be the best match at 3995 and 5375 cm- 1 for a = 2.5 11m. That is 

to say, if the same percentage uncertainty in the calibrated spectrum brightness is 

applied at 3995 and 5375 cm- 1, the use of the 2.5 11m particles leads to a retrieval 

of a consistent CH4 mixing ratio. 

Despite having a method (the ESFT technique) for generating a set of ab

sorption coefficients in a spectral region where theoretical line strengths of CH4 

are not well-known, my application of ESFT for Saturnian CH4 has some remnant 

uncertainties inherent in it. Because of an inability to confidently extrapolate the 

CH4 absorption coefficients to temperatures much lower than 112 K (the lowest 

temperature in the NASA Ames Laboratory dataset), the CH4 opacity, especially 

for the strongest features is probably not accurately assessed. In addition, due to 

the difficulty in ascertaining the true sizes of the tropospheric aerosols, an intrinsic 

uncertainty remains in the good-fit XCJI4 value I obtain here. However, the magni

tude of the error-bars assessed in my studies is appreciably reduced compared with 

quotations of CH4 abundances found in previous works (see Table 5.1 and Chapter 

6, Table 6.1). In Table 5.1, the retrieval is explicitly given as a likely range of the 

C /H ratio, whereas in Chapter 6 it is presented in terms of mixing ratio per se. The 
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value I have obtained is, like those of past investigations, decidedly greater than the 

solar value. My result is approximately 2.4 times the solar C/H ratio. 

The search for Ammonia Vapor 

"For we shall seek, we shall find, Ammonia Avenue." (from "Ammonia Avenue", 
The Alan Parson Project, 1983) 

The presence of gaseous NH3 in the atmospheres of Jupiter and Saturn has 

been well established from observations at visible, thermal lR, and microwave wave-

lengths. Jupiter's NH3 gas mixing ratio is found to be above the solar value, and it 

is significantly greater than values reported for Saturn's troposphere. Furthermore, 

determinations of the amount of NH3 in the vapor phase on Saturn have led to a 

lingering controversy. Studies in different wavelength regimes have yielded drasti

cally disparate results. Mixing ratios derived from both the visible and microwave 

studies are several orders of magnitude greater than those obtained from work done 

at 3 I-Lm for example. Each of the discordant estimates of gaseous NH3 abundances 

for Saturn nevertheless can be correct. The reconciliation of the different NH3 

abundance retrievals is intimately tied to the properties of Saturn's tropospheric 

haze which was discussed fully in Chapter 4. 

There have been only 2 previous serious studies of NH3 in Saturn's 3 I-Lm 

region, initially by Martin (1975) and then by Larson et al. (1980). Each of those 

efforts relied exclusively on laboratory data for comparison to observations. My 

work here marks the first time theoretical line strengths for the NH3 3 I-Lm funda

mental band have been used to accurately assess Saturn's gaseous NH3 absorption 

at 3 I-Lm. 

Experimental IR absorption spectroscopy was employed by Stout (1974) 
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to study gaseous NH3 in the 2.7 to 3.2 pm region. The Stout effort was aimed 

at extending the knowledge of centrifugal distortional coefficients which comprise 

the vibration-rotation energy states (so called term values) of NI-Ia. It was to my 

great advantage that Stout's study was oriented toward elucidation of molecular 

structure. Conveniently included in his thesis were tabulations of the required ro

tational constants and the lower state energies to permit calculation of individual 

line strengths. The NH3 molecule is a symmetric rotor. It has a pyramidal shape. 

There are 4 normal modes of vibration. Two of these modes contribute to the 3 

pm absorption. The VI mode is a parallel vibration which produces a change in the 

electric dipole moment parallel to the axis of symmetry of the molecule. Another 

normal mode is the V3 vibration, which is a perpendicular mode where the change in 

the electric dipole moment is essentially perpendicular to the symmetry axis. The 

only other band making an appreciable contribution to the 3 pm NH3 spectrum is 

a hybrid band, designated 2114, which has both a parallel and perpendicular band 

structure. Stout, in his complete discussion of the quantum mechanical selection 

rules applicable for each of the 3 bands, indicates that the parallel and perpendicu

lar parts of the 2V4 band can be treated separately from one another. I will give in 

Appendix D the detailed "recipe" for computing the intensities of lines in the 2V4 

band, by ;means of formulae provided in Stout (1974)used to calculate the 111 and 

113 intensities. 

There has been one other spectrum synthesis, albeit somewhat crude, 

wherein the parameters of Stout were used to compute the NH3 3 pm absorption. 

The study by Drossart and Encrenaz (1983) employed, like I have, the information 

from Stout's thesis for the 3 bands mentioned above. Drossart and Encrenaz were 

attempting to make a very low-resolution comparison to observations of Jupiter by 

Bjoraker et al.(1981). A summary of the strengths of the 3 bands is given in Table II 
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of Drossart and Encrenaz's paper. They report an intensity of 20, 13, and 14 cm-2 

atm- 1, respectively, for Ill, v3, and 2114. Confirmation of these values is provided, 

at least in part, by reference to experimental measurements by France and Williams 

(1966), who state that the combined strengths of the 3 bands is 47±3 cm-2 atm- I 

at T = 26 C. The work of Drossart and Encerenaz included spectral lines of NH3 

for frequencies greater than 3300 cm- I , whereas, as a matter of completeness I have 

computed the intensities for all lines included in Stout's Table 1. 

Once I cross-correlated the transition codes from Stout's complete spectral 

line listing with his tabulation of lower energy states, I then relied on his formulae 

for computing the intensities of the lines in each of the 3 bands. With knowledge 

then of lower energy states and STP spectral line intensities, along with Lorentz 

half-widths of the lines, a "GEISA-compatible" formatted dataset to be input to 

SPECSYN could be prepared. A description of the computation of the NH3 line 

strengths and GEISA formatting procedure as well as a listing of the final input 

NH3 dataset for SPECSYN is presented in Appendix D. 

In order to establish a "consistency check" and to reassure myself (and the 

reader) that the transcription of the spectral line parameters was done correctly, and 

that indeed the line positions and strengths given by Stout are fundamentally valid, 

I conducted a simulation using SPECSYN to compare my NH3 synthesis to a labo

ratory spectrum of NH3. Larson (1979) measured the transmittance of NH3 vapor 

at STP conditions. A 26 cm long absorption cell(tube) containing NH3 at a partial 

pressure of 0.7 cm Hg was filled with H2 to sufficiently broaden the spectral lines 

to a total pressure of 1 atm. The resolution of the spectrometer was 0.279 cm- I . A 

record of the laboratory NH3 absorption superimposed upon a ground-based spec

trum of Saturn is given in Figure 5.6. A stellar comparison spectrum is also shown 

on the same scale. I ran SPECSYN then for the same specified conditions. Figure 
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5.7 shows good agreement with the laboratory data. Both the width and resonant 

frequencies of the lines in the /)1 band centered near 3335 cm- 1 match. 

The NH3 line optical depths computed at 0.489 cm- 1 resolution (to match 

the high-resolution KAO spectrum) are calculated for 26 layers of saturated NI-h 

vapor situated from 100 mb down to 1.4 bar. Saturation mixing ratios were com

puted using an expression found in Atreya (1986) for NI-h vapor over NH3 ice. 

Table 5.2 gives the Saturn p-T profile and the corresponding values of the satura

tion mixing ratio of NIh at the specified levels down to 1 bar. These parameters are 

used by SPECSYN for calculation of the NH3 vapor spectral line optical depths. A 

PHOTCLD-generated comparison spectrum was then constructed using the best-fit 

haze distribution detailed in Chapter 4. I proceeded to determine how high in the 

troposphere a near-saturation value ~f the gaseous NH3 could be tolerated so not to 

exceed a realistic detection threshold of 30-, where O-~ 0.01 is the estimated r.m.s. 

noise level for the high-resolution KAO calibrated spectrum. A frequency was se

lected very near the center of the /)1 band of gaseous NH3 at /) = 3333.63892 cm- 1 

where there is negligible blending with any adjacent PI-h lines. A saturated amount 

of NH3 vapor extending to varous pressure levels was put into the model; XN H3 = 0 

at altitudes greater than those levels. Then a plot was constructed, showing Ageom 

vs. the pressure level deeper than which the saturated NH3 is situated (cf. Figure 

5.8). In order to match the high-resolution observed albedo Ageom(KAO) = 0.255, 

saturated NI-h vapor cannot reside much above the 700 mb level. Given of course 

the inexactness in calibrating the KAO Saturn spectrum, the establishment of a 

definite altitude boundary for the saturated NH3 remains difficult. In looking again 

at Figure 5.8, it can be seen that a saturated amount of NH3 gas residing as high as 

the R-C boundary would produce an absorption approximately equal to the "30-" 

noise level, i.e., would depress the spectrum to an albedo of about 0.225, easily a 
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believable brightness at the target frequency. However, even though the analysis 

here of the NH3 111 gas-phase absorption permits a saturated amount of NH3 vapor 

to be situated at high levels in Saturn's troposphere, the clear-cut lack of evidence 

(cf. Chapter 4) for any solid-phase NH3 at high altitudes, in my judgment, favors 

a mixing ratio for NH3 that would be decidedly subsaturated for pressures lower 

than about 1 bar. 
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TABLE 5.2 

NH3 Saturation Mixing Ratios vs. Temperature 

p{bars) T{ K) 

0.150 89.0 0.198830E-10 

0.200 91.0 0.396383E-10 

0.250 92.0 0.508617E-10 

0.300 94.0 0.105745E-09 

0.350 95.0 0.141064E-09 

0.400 98.5 0.540000E-09 

0.450 104.0 0.331170E-08 

0.500 108.0 0.171383E-07 

0.550 114.0 0.765426E-07 

0.600 117.0 0.196809E-06 

0.650 119.0 0.318404E-06 

0.700 121.0 0.508511E-06 

0.750 124.0 0.103489E-05 

0.800 126.0 0.159681E-05 

0.850 129.0 0.308191E-05 

0.900 131.0 0.461064E-05 

0.950 134.0 0.847872E-05 

1.000 140.0 0.277979E-04 
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Phosphine 

PH3 (phosphine) is a highly toxic gas which is life threatening to anyone 

exposed to about a 500 ppm concentration of it for an hour or so. Its abundance 

in the atmosphere of Saturn is thought to be approximately 500 times lower than 

that. 

The first unambiguous detection of PH3 in Saturn's atmosphere came, iron

ically, in the 3 11m region where spectral line data is virtually non-existent. Larson et 

al. (1980) confirmed its presence by comparing room temperature laboratory spec

tra to high-resolution KAO observations. In addition to having access to the data at 

298 K, I have acquired similar laboratory transmittance measurements made at an 

average temperature of 197 K. These low temperature spectra were used to generate 

a first-order fit in the 3300 - 3450 cm- 1 spectral region. An interpolation of the 

derived PH3 absorption coefficients over pressure has been possible since PH3 lab

oratory spectra had been acquired over a sizeable range of partial pressures. Next, 

the line optical depths were calculated directly from the high-resolution transmit

tance measurements. I purposely waited until near the end of the analytic phases of 

this project to complete the processing of the fully contiguous synthetic spectrum 

including the absorption by the PH3. The reason for delaying the PH3 analysis 

is that I have used laboratory data instead of SPECSYN to get the line optical 

depths. The measured absorption coefficients are changing rapidly as a function of 

frequency. Therefore it is necessary to use the high-resolution PH3 optical depths 

in each execution of PHOTCLD. It is quite "cpu-intensive" to cover the region 3300 

- 3600 cm- 1 for even a single PHOTCLD run. 

A homogeneous PH3 distribution was chosen. None of the gas was put at 

altitudes higher than the 50 mb level. The integration was performed as deep as 

the 1 bar level. A best-fit PH3 mole fraction is jPlIa = 0.808 xlO-6 Figure 5.9 is 
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a display of the high-resolution synthesis. The retrieved mole fraction of PH3 is 

equivalent to a mixing ratio, XPII3 ~ 0.86x 10-6 • My result, which is 90 percent of 

the solar P /H ratio, compares quite closely with a mixing ratio value, 0.9x 10-6 , 

obtained by Larson et al (1980). It should be emphasized that the determination of 

the PH3 mixing ratio made here is only approximate. Because the data originates 

from laboratory measurements made at temperatures higher than those of Saturn's 

troposphere, the individual lines strengths will not in general be correct. Never

theless, the results I obtain for PH3 are based on valid modelling procedures which 

permit me to complete my near-term goal of displaying a fully contiguous synthetic 

spectrum that has included absorption by all of the chief known species detected at 

311m. 

Search for other trace gases 

When a critical inspection is made of the spectral features appearing in 

either the 1978 KAO high-resolution Saturn 3 11m data which I have relied on in 

my cloud modelling studies here, or in ground-based Saturn observations, it is evi

dent that, although many of them can be attributed to PH3 , there are several true 

absorptions which are still unassigned to any known species. It is with the intent 

of trying to correlate portions of the high-resolution Saturn spectrum with any 

plausible, historically sought-after species, that the following summary for N2H4 

(hydrazine) and HF (hydrogen fluoride) is given. 

N2H4 Vapor 

From arguments based entirely on our knowledge of the photochemistry 

and condensation processes prevailing in the upper tropospheres of Jupiter and 
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Saturn, it has been proposed that N2H4 in solid form should exist on those planets, 

especially on Jupiter. I summarized at the end of Chapter 4 some of the relevant 

spectroscopic information pertinent to the condensed phases of N2 H4 • The absorp

tions produced by small ice crystals or droplets of arbitrary chemical identity are 

of course much broader and smoother than those produced by their gaseous coun

terparts. The unidentified, relatively narrow features lying approximately at 3280, 

3314, 3331, and 3351 cm- 1 in the high-resolution calibrated KAO 1978 spectrum 

of Saturn therefore prompts an intensive search for the possible signature of N2H4 

vapor. 

There is an unfortunate dilemma that must be confronted in attempting 

to make a positive identification of any new trace species in the outer planets' at

mospheres. Very rarely does the chemical literature contain consistent, sufficiently 

resolved spectroscopic information to permit unambiguous correlation with obser

vational data. In regard to N2H4 vapor the problem becomes immediately evident. 

As pointed out by Tanaka et al. (1983), part of the probem in getting agreement 

between different investigators for the line assignments for N2H4 lies in not being 

able to easily distinguish in-phase and out-of-phase normal mode vibrations of hy

drazine's 2 equivalent NI-h groups. In searching the literature on N2H4 , I found 

the most-often cited reference is to the work of Giguere and Liu (1952), who gave 

a nearly complete set of vibration-rotation assignments across the infrared. These 

investigators in fact summarized the line assignments determined even earlier yet, 

made primarily by various Russian and German groups. Probably the strongest 

feature is a line at 3350 cm- 1 due to the VB mode. Giguere and Liu's assignment 

of that feature agrees with a recent analysis made by Tipton et al. (1989), who 

made use of ab initio calculations as well as experimental measurements to try to 

eliminate some of the uncertainty surrounding the early studies. The line at 3350 
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cm-1 does lie suspiciously close to an undeniably real feature appearing at 3351 

cm-1 in the high-resolution KAO spectrum, which has not been assigned to any 

known species. Similarly, the close proximity of the KAO feature at 3314.5 cm- 1 

with a Vg N2H.j vapor-phase line at 3314 cm- 1 is intriguing. The association of 2 

isolated spectral lines does not constitute proof of the existence of gaseous N2I-Lj 

in Saturn's troposphere. But, what if the 2 features mentioned actually were pro

duced by N2H.j gas? It thus should be possible to set some kind of upper limit to 

the quantity of N2H4 gas which could be present in its upper troposphere. 

From the tabulation at /1 = 3350 cm- I of the absorption coefficient, a 

(cm- 1 - atm- 1), determined by way of experiment by Giguere and Liu (1952), 

combined with an estimation of the KAO Saturn albedo at that frequency, subjec

tively adjusted for the level of the local continuum in the high-resolution spectrum, 

a determination of the optical path can be made. We write: 

Ageam = (2/3)RT1
2

, 

where Ageam is the geometric albedo and TI is the one-way spectral transmittance. 

Substituting my estimation Ageam~ 0.25, and the cloud reflectivity R~ 0.4, yields 

TI = 0.968. Now, from the definition of transmittance: 

-inTI = aUN2II4' 

we obtain u ~ 0.1195 em-am for a =0.27. For a presumed level of line formation 

in the heart of the 3 /-Lm region given by p ~ 0.7 atm, the resultant mole fraction 

upper limit for N2H4 would be fN2II4 ~ 1.85 X 10-8 • 
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Like PH3 , hydrofluoric acid (HF) is another highly toxic substance. Unlike 

PH3 , however, its presence in the atmospheres of the giant planets has not. been 

established. HF is thermally stable and is strongly associated because of hydrogen 

bonding. Therefore, a spectroscopic search for it in the jovian planets is warranted. 

The prime target-area in the near-IR spectrum of Saturn to look for HF 

would be near 2.65 Mm, where there are 3 strong lines belonging to the P-branch 

of the 1-0 HF fundamental. The upper panel of Figure 5.10 clearly indicates what 

intensity those synthesized HF features would have if the gas were present in a 

proportion equal to the solar abundance of fluorine. For that simulation, spectral 

line parameters from the GEISA atlas (except for the half-widths, which were ex

tracted from Gerget et al. 1962) were employed with SPECSYN and PHOTCLD to 

generate a synthetic spectrum representative of a well-mixed, 20-layer distribution 

of HF (with XllF =1.5x 10-7). Inspection of Figure 5.10 immediately eliminates 

the P(5) line at 3741 and the P(3) line at 3833 cm- 1 as good candidates for the 

establishment of a meaningful upper limit. The former line is too weak, while the 

latter feature, though quite strong, resides in a spectral region where CH4 absorp

tion in Saturn would make identification of the 3833 cm-1 HF line impossible. So, 

the P(4) absorption at 3788 cm- 1 should definitely be the focus of any effort to 

search for HF. 

In looking closely at Figure 5.10, it is quite obvious that the KAO Saturn 

spectrum does not evince any sign of HF at 3788 cm- 1 or elsewhere in the near-IR. 

To assign an upper limit then for the HF abundance, in contrast to doing so for 

N2H4 where there was a tentative match to a distinct KAO feature, reference must 

be made to the "r.m.s.-noise" level. The value of the r.m.s. noise should essen

tially be constant for the entire KAO Saturn spectrum. It has been estimated to be 
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about 2 percent (for a 20" detectability threshold). Therefore the PHOTCLD HF 

simulation was done until a mixing ratio was found which yielded an absorption 

at 3788 cm- 1 of about 0.02. The bottom panel of Figure 5.10 also shows the HF 

upper limit to be approximately XIIF~ 7xl0-9 • That means the maximum amount 

of fluorine present in the portion of Saturn's atmosphere probed in my studies is 

substantially less (by a factor of about 11) than that expected in an atmosphere of 

solar composition. 
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CHAPTER 6 

SUMMARY 

"The long and winding road, that leads to your door ... " (from "The Long and 
Winding Road", The Beatles, 1970) 

Answers to Key Questions 

I had a distinct advantage in the spectral analyses I performed in this work 

because the observed spectrum of Saturn spanned a factor of 2 in wavelength (1. 7 -

3.3/.lm). The availability of multiple CH4 bands of different strengths, for example, 

allowed me to determine the spectral line forming regions more realistically as a 

function of wavelength for the analysis of other species. In addition, wavelength de

pendencies in the scattering model I used were constrained much more stringently 

than would have been the case with "monochromatic" observations. The excellent 

fit of my synthetic spectrum to Saturn's broadband continuum spectrum supports 

the following answers to the questions posed at the outset of this dissertation. 

Why isn't NH3 vapor seen at >. = 3 urn ? As a result of the effects of extinction 

by Saturn's haze, 3 /.lm solar radiation simply doesn't penetrate deeply enough to 

sample a detectable quantity of gaseous NH3 . The work here marks the first time 

theoretical line strengths for the NH3 3 /.lm fundamental band have been used to 

accurately assess Saturn's gaseous NH3 absorption at 3 /.lm. 

What limits photon penetration between>. = 1.7 - 3.3 urn ? Methane and H2 , 

which are well-mixed with conservatively scattering haze particles, provide the bulk 

of the extinction. To determine what size particles and how many of them might 
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be required at different altitudes in the extended haze, it was necessary to ascer

tain the spectral line-forming level at several potentially diagnostic locations in the 

spectrum. 

What is the composition of the upper tropospheric haze? I can definitely state 

that the particles are not pure NH3 ice. If an NH3 haze extends much above the 700 

mb level, it becomes incompatible with the observed spectrum of Saturn. If the NI-h 

haze resided as high as the R-C boundary, there is a total mismatch between the 

model and the calibrated KAO spectrum. Furthermore, it was shown in Chapter 4 

that the altitude of spectral line formation for /) ~ 5000 cm- 1 is near Saturn's R-C 

boundary. If NIh ice particles comprised the planet's haze at altitudes as high as 

300 mb, not only would there be an obvious mismatch at 3 /-lm, there would also be 

a disruption to the fit in the 2 /-lm window due to the strong spectroscopic signature 

of another band of solid NH3 (see Figure 4.17). I examined other plausible haze 

materials which have diagnostic spectral features coincident with Saturn's 2 and 

3 /-lm windows. No positive identification of the composition of the tropospheric 

particles could be made. In particular, N2H4 (hydrazine) and C2H2 (acetylene) 

aerosols can both be ruled out because their strong absorptions near 3 /-lm are not 

seen in Saturn's spectrum. 

What are the elemental abundances of C,N,P,F,S ... ? I summarize in Table 6.1 the 

determination of the gas composition of Saturn's middle and upper troposphere. In 

the case of H2, the result is given as column abundance (UH2 ), whereas the mixing 

ratio (X) relative to H2 is reported for the other species. The upper limit for NH3 

is cited for an altitude near the R-C boundary. 
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Table 6.1 

GAS COMPOSITION 

Known Species 

• U1l2 = 25.6 ~6:~ km-am 

• XC1l4 = 2.0± 0.5 x 10-3 

• XP1l3 = 0.86xlO-6 

Upper Limits 

.XN1l3 ~ 1.0x10-9 

.XN2114 ~ 1.8x10-B 

• XllF ~ 7.0xlO-9 

Other Investigations 

25 ~~o (Martin, 1975) 

4.0± 2.0 x 10-3 (Buriez and de Bergh, 1981) 

0.9 x10-6 (Larson, et al., 1980) 

5.0xlO-9 (Fink et al.,1983) 

no previous study 

no previous study 

PROPERTIES OF SATURN'S TROPOSPHERIC HAZE 

Total Scattering Optical Depth to 1550 mb 

.1'haze>':::! 13.6 (at 2.0 /-Lm) 

>.:::! 19.4 (at 2.8 /-Lm) 

Aerosol Characteristics 

• radius>.:::! 2.5 /-Lm 

• ni >.:::! 0.002 (at 3 /-Lm) 

= 0 (at 2 and 2.5 /-Lm) 

8.5 ~ 1'vis ~ 12.5 (Karkoschka, 1990) 

~ 1.5 /-Lm (Karkoschka and Tomasko, 1993) 

no previous study 

no previous study 
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What is the IR optical depth of the haze and what is its vertical distribution? 

The right-hand panel of Figure 4.15 indicates the extinction per 50 mb layer for 

the adopted model. The best-fit to Saturn's spectrum in Figure 4.14 uses this dis

tribution. Notice how well the scattering model matches the observations across 

the entire bandwidth. The key parameters in my model were systematically varied 

around their best-fit values to determine their influence on the albedo. The bottom

half of Table 6.1 is a brief summary of some of the important results obtained in 

this work regarding Saturn's haze particle properties. 

Discussion 

The methodology adopted in my work concerning Saturn can be put to 

immediate use by investigators who are actively involved at this time planning for 

the arrival of the Galileo spacecraft at Jupiter in a couple of years. Likewise the 

work here should benefit those who await the launch of Cassini in about 3 years. 

It should also be of value for those who have been analyzing Voyager and airborne 

data regarding Uranus or Neptune. Surely improvements are possible in the ac

curacy of some of the numerical methods I employed in performing interpolations 

of various quantities. Also as newer data regarding spectroscopic parameters and 

the optical constants and scattering properties of aerosols become available tighter 

constraints on the haze properties and better fitting synthetic spectra will result. 

Nevertheless, until those advances become reality, I am quite satisfied with my abil

ity to reproduce the 1.7 - 3.3 f.Lm spectrum of Saturn. From that effort has come 

an independent determination, to be compared 01' contrasted with other results at 

other wavelengths, of the abundances of H2, CH4, and PR3, as well as a stringent 

upper limit to the amount of NH3 vapor present in Saturn's upper troposphere. 
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I conclude this dissertation with a simple cartoon (see Figure 6.1). The pic

ture of Saturn's atmosphere which I have constructed has implications for processes 

which produce and distribute the haze particles. Tomasko and Doose (1985) spec

ulated about the possibility of a photochemical genesis of the aerosols in the upper 

levels of Saturn's troposphere, with subsequent mixing to deeper levels. Emerging 

from my efforts here are some fairly compelling lines of evidence in support of that 

view. My model indicates a preponderance of the larger-than micron size aerosols 

at altitudes above the R-C boundary. Photolysis of PH3 is certainly occurring at 

those levels. Particles of P 2H4 , e.g., could then coalesce and grow, thereby slowly 

falling out to deeper levels. Such a readily envisioned scheme of sedimentation of 

particles from above, supercedes the notion that the convective uplift of solid NH3 

fills the region from about 400-1400 mb with an extended haze of pure ammonia 

ice particles. Quite admittedly, my focus in this dissertation has not been to un

dertake a detailed analysis of cloud microphysical, photochemical, 01' large-scale 

dynamical mechanisms which bear heavily on questions of size, distribution, and 

composition of Saturn's tropospheric aerosols. Those issues are necessarily left as 

exciting prospects for future work aimed at further constraining the properties of 

Saturn's atmosphere. 
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Clean Gas 

Figure 6.1. Cartoon of Saturn's Troposphere 
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APPENDIX A 

CALIBRATION OF THE KAO SPECTRA 

"Rise to claim Saturn, ring and sky." (from "Workshop of Telescopes", Blue Oyster 
Cult, 1973) 

Since the objective of this dissertation is to model the troposphere of Saturn 

by analyzing only the reflected solar IR radiation from the planet, it is extremely 

important to carefully remove from the original airborne observations any vestiges 

of IR flux which do not represent IR sunlight scattered or absorbed within Sat-

urn's atmosphere. Much of what I am investigating concerning the nature of small 

particles comprising the upper tropospheric haze of Saturn depends critically upon 

a complete and accurate calibration of the KAO observations. Nearly everything 

pertinent to the transfer of radiation through cloudy atmospheres is reduced to 

quantities which are related to scattered intensities or ratios thereof. 

The observational datasets I have adopted for my work had been initially 

processed through a set of computer programs whereby the interferometric inten

sities as measured by the FTS are converted to an actual spectrum. These "raw" 

spectra are appropriately scaled to yield relative power valules which are less than 

or equal to unity. The original interferogram conversion program was designed 

specifically to function on an HP-1000 computer. For ease of making a variety of 

comparative plots, I found it very advantageous to simply transfer the necessary 

spectra from the HP machine to the Lunar and Planetary Laboratory's SUN 4 sys

tem which I increasingly gravitated toward as this work progressed. 

The main files I transferred were 2 digitized spectra of Saturn as well as 

2 comparison spectra of the moon. The planetary spectra are averages of spectra 

taken over the course of 3 nights of observations in 1978 on March 21, 23, and 27. 
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The moon was observed on March 21 only. The low-resolution planetary spectrum 

was recorded at a spectral resolution of 15.22 cm -1, while the high-resolution Sat

urn spectrum was generated at 0.489 cm- 1 resolution. The number of points in the 

low-resolution lunar reference spectrum is the same as the low-resolution spectrum 

of Saturn, whereas the high-resolution spectrum of the moon had twice as many 

points as its planetary counterpart. The low and high resolution comparison spec

tra of the moon were taken by the same spectrometer (FTS) at a comparable air 

mass as the spectra secured for Saturn. 

The first step in the calibration procedure is to simply divide, point-by

point, the moon's spectrum into Saturn's. This ratio SATURN/MOON in itself 

eliminates any telluric absorptions along with the instrumental response of the FTS. 

In the final calibrated spectrum, it appears that telluric CH4 and rhO absorptions 

have been removed quite nicely, whereas the shong telluric CO2 absorption cen

tered at about v = 3650 cm- 1 persists. Part of the problem in trying to remove the 

CO2 signature lies in the arithmetic process of ratioing 2 intensity measurements 

each involving very small numbers having a large uncertainty. 

Next the lunar thermal emission component of the ratioed spectrum must 

be removed. What is calculated is a factor, designated SF, which is the ratio of the 

moon's spectral flu..x density which is due to reflected IR sunlight divided by the 

total lunar IR flux density. Hence, we have 

SF()") = (Fr)moon()..) , 
(Fr)moon()..) + (FT)moon()..) 

(A.l) 

where 

(A.2) 
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with r(A) being the spectral reflectance of the lunar soil. The remaining factor on 

the right-hand side of equation A.2 is the solar blackbody flux density properly 

diluted by the inverse square law for the distance d= 1 A.V. A solar photosphere 

temperature of 5780 K was adopted for the evaluation of the term (FBB)s1Ln' The 

reflectivity of the targeted lunar mare as a function of wavelength is taken to be 

r(A) = a. . M(A), where a = 0.10 is a nominal isotropic albedo of typical lunar 

maria. The quantity M(A) is a multiplicative factor found in Clark (1979). It 

is a measure of the degree to which the lunar surface enhances the reflection of 

near-IR light above and beyond what a spectrally non-selective reflector would do. 

Extrapolation of M(A) to wavelengths longward of the 2.5 11m terminus of the 

Clark (1979) measurements was necessary. From 2.5 to about 4.0 Itm, a variety 

of lunar surface materials exhibit an essentially flat spectral reflectivity. I reached 

that conclusion after reviewing the work of Salisbury and Walter (1989), who took 

spectra of terrestrial igneous rocks; such samples are similar in character to the 

lunar regolith. 

In equation A.l, the moon's thermal emission is denoted by (FT)moon(A). 

Explicitly (FT )moon = 7T Bv, where 

2 3 !,el' -1 Bv = 2hc v (expkl moon - 1) (A.3) 

is the Planck expression for blackbody spectral intensity given in terms of wavenum

ber v. The difficulty in establishing a true value for (FT )moon lies in not being able 

to ever know with certainty the brightness temperature T moon' The inferred lu-

nar brightness temperature will be a strong function of the solar zenith angle. By 

reference to the American Ephemeris and Nautical Almanac (1978), the sun's se

lenographic co-longitude at the time of observation of the moon (::::: 3h 30m V.T., 
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22 March 1978) was estimated to be about 50°. This is the angle from the east 

limb, measured positively to the west that fixes the longitudinal direction to the 

sun. "West" is defined as the direction pointing to the left as an observer on the 

ground views the moon. 

The 2 most probable targets would have been Mare Crisium or Mare Fe

cunditatis. There is no way to know which of the 2 it might have been because no 

records concerning this matter were kept. Although less likely because of a con-

straint of aiming a reference "post" on the FTS at the sky background, either Mare 

Tranquilitatis or Mare Serenitatis could conceivably have been used. In any case, 

given the surmised "target mare" coordinates, it is a straightforward procedure to 

express the lunar brightness temperature for an arbitrary location on the moon 

in terms of the brightness temperature derived for conditions of normally incident 

sunlight. We can write: 

rT1 _ rT1 1/4(A) 1/4,1, 
.Lmoon - .LnormalCOS ua cos ,/" (A.4) 

where .6.a = asun - amare is the difference in the co-longitudes of sun and tar-

get mare. The angle cp is the selenographic latitude of the mare. From radiative 

equilibrium considerations, we have: 

r4 _ 80 (1 - Ab) 
normal - EO' ' (A.5) 

where E~ 0.9 is the emissivity of the lunar surface, and Ab~ 0.1 is the bolometric 

albedo of the target mare. The quantity O' is the Stefan-Boltzmann constant. So 

~ 1370 watts m~2 is the solar constant. Substitution of these quantities yields 

Tnormal = 394](. Then with Tmoon calculable in principle, the factor SF(;\) would 
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be determined. Now the corrections for eliminating the moon's thermal emission 

and its intrinsic color can be applied. The ratio 

Q(;\) = ( SATURN) . ( M(;\) ) 
lvIOON SF(;\) 

(A.6) 

is now formed. The maximum value of Q(;\) is then divided into each Q(;\) com

prising the given spectrum. The result is a new ratio spectrum which is normalized 

to unity. 

One exercise still remains to be completed in order to achieve a correct cal-

ibration of the KAO full-disk observations of Saturn. When the Spring 1978 KAO 

spectra were taken, the plane of the rings was tilted approximately 10.7 degrees to 

the direction of the incident solar rays. To get the net albedo of Saturn's full disk, 

then, some amount of flux due to interfering ring light must be subtracted from the 

new ratio spectrum. The quantity Rdngs(;\) is the spectral reflectance of Saturn's 

rings. It has been determined from the observations of Clark and McCord (1980). 

The spectrum of the rings closely resembles that for water ice. When it was found 

that even photocopy enlargements of the figure from Clark and McCord (1980) were 

not of sufficient resolution to achieve a trustworthy calibration of the KAO spec

trum in certain places (e.g. near 4000, 5000, and 5200 cm -1), I resorted to much 

higher resolution tracings of the spectrum of water ice furnished by Larson (1992). 

These are the original curves which were compressed into the figures appearing in 

the work of Fink and Larson (1975). 

I have prepared a "look-up" table consisting of about 60 values of scaled 

spectral reflectance versus wavelength using the high-resolution H20 ice spectral 

tracings. In conjunction then with a cubic-spline interpolation subroutine, the net 

geometric albedo for the fully calibrated KAO low and high resolution spectra was 
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obtained. A slightly negative constant slope baseline initially resulted across the 

3000 - 6000 cm- 1 upon subtraction of the ring light. So, it was necessary to compen

sate for this by adding in an amount (at each frequency) to restore the spectrum to 

a zero flux (actually albedo) level. When this "zero flux" adjustment was made, my 

calibration of the low-resolution KAO geometric albedo spectrum is in close agree

ment with the results of Fink and Larson (1979), whose work spanned the visible 

and the near-IR to 2.5 /Lm. Indeed at 2.5 /Lm exactly, (or 1)= 4000 em -1) I arrive at 

a geometric albedo of approximately 0.06 whereas Fink and Larson get about 0.04 

there. At 5000 cm- I my low-resolution spectrum has Agcom';::;, 0.13 while Fink and 

Larson get about 0.14. Further corroboration of the reliability of the calibration I 

made comes by comparison to Witteborn et al. (1981) .. From spectra taken aboard 

the KAO, these investigators derive the same geometric albedo at 5000 cm- I as 

I do. Somewhat weaker absorption occurs in a nearby region of the spectrum at 

about 5300 cm- 1 , where their calibration shows Agcom';::;, 0.185, while mine is about 

0.205. 

In concluding this discussion of the calibration of the 1978 KAO Saturn 

observations, it in incumbent upon me to re-visit the issue of the moon's brightness 

temperature. Since there is just no way whatsoever to know which mare region 

served as the target for the 1978 KAO lunar reference spectrum, it is senseless to 

speculate any further about it. The only way for me to eliminate such uncertainty is 

through reliance, once again, upon the calibration made by Witteborn et al (1979). 

In a spectral region where there is an ample signal and where the magnitude of 

the lunar emission most affects the calibration (and thus affects my intended mod

elling critically), these workers get a geometric albedo very close to 0.30 at 11';::;, 3225 

em-I. That value is the same as that obtained by inspecting the curve of Prinn et 

al. (1984). If I therefore try to match, as I must, Ageom = 0.30 at v';::;, 3225 em-I, 
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I obtain for the relevant lunar brightness temperature a value between 345 and 350 

K. It is quite ironic that I have had to go through the process of calibrating the 

KAO spectrum first in order to find out just where the FTS was pointing during 

the KAO's Spring-time flight more than 16 years ago. The discoveries made in the 

course of doing science are indeed often unpredicted and unexpected! 

I conclude this appendix by presenting Table A.l, which is a summary of 

the estimated random uncertainties involved in calibrating the Saturn spectrum, as 

well as approximate r.m.s. noise values in both the high and low resolution datasets. 



TABLE A.l 

Assessment of Random Errors and R.M.S. Noise 
in The Calibrated KAO Saturn Spectrum 
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"1-0"" Random Error (in percent) in removing: Spectral Region 

2 urn 3 urn 

(1) Lunar Thermal Emission null effect ±2 

(2) Lunar Soil Color ± 0.3 ± 1 

(3) Saturn Ring Light ± 0.025 ~ 0.025 

"3-0"" Random Error )Total) 
(Expressed as t:J.Agcom ± 0.01 ± 0.02 

"3-0"" RM.S. Noise High-Res. Low-Res. 

(Expressed as t:J.Agcom) ± 0.03 ± 0.005 
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The earliest identification of collision-induced absorption (CIA) by molec

ular hydrogen in its fundamental band was made by Welsh et al (1949). The 

transition producing the H2 fundamental involves a change from the ground state 

to the first excited vibrational state ( v = 0 -) v' = 1). The band extends from 

approximately 3900 - 5500 cm- 1 in the near-IR. 

In the 4 decades since the first observation of H2 CIA, many theoretical and 

experimental investigations have been made in an effort to accurately characterize 

the CIA spectra of pure H2 and H2 + inert gas mixtures. But, as Bouanich et al. 

(1990) perceptively point-out, there has been a total lack of published information 

giving the CIA as a function of temperature and wavenumber. Some of the impetus 

for my inquiries into H2 CIA has been to devise at least a first-order approximation 

to the absorption coefficients for H2 - H2 and H2 - He collisions. Interpolation. over 

Saturnian temperatures ranging from about 85 - 140 K ultimately is required in 

order for me to achieve my spectrum synthesis objectives. 

Methodology 

(1) H2 - H2 

Reddy (1985) gives a parameterization of the absorption coefficient a v in 

terms of an adjustable relative intensity a~m at the molecular resonant frequency 

and an associated line profile. Starting with the definition of the absorption coeffi

cient per unit path length 

(B.1) 
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where L is the experimental path length in cm, and 10(11} and 1(11} are the incident 

and transmitted intensities, respectively, 1 have estimated values of l0910 ~/:l at 

each of 3 average molecular frequencies, for the 3 reference temperatures used in 

the work of Reddy et al. (1977). The graphically inferred values of the logarithm 

of the absorption can ultimately be converted to the dimensionless absorption co-

efficient a~m' 

All of the relevant quantities appearing in Reddy's formulation of the prob

lem are defined as follows: a(ll) = a~) is a dimensionless absorption coefficient, 

where explicitly 

-() ~ ~ °Wn(Av) 
a v = L.J 1 + (_ hcflv) , 

m,n exp kT 
(B.2) 

with the generalized induction mechanism symbolized by "n". The induction meclla

nism can either be overlap(ov), quadrupolar(q), 01' hexadecapolar(h). The subscript 

"m" represents a specific transition arising from a given mechanism. The other 

terms in formula B.2 are: ~ 0, which is twice the maximum absorption coeffi

cient at Ilm (cm- 1), Wn(~ll), the intracollisionalline shape function for induction 

mechanism "n" where All = II - vm, and the Boltzmann factor appearing in the 

denominator. 

In the modelling being done here, only 2 types of induction mechanisms are 

being considered: overlap and quadrupole. 

(for overlap) 

(B.3) 

with 

(B.4) 
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being the intracollisional shape function (Levine and Birnbaum, 1967). Here /(2 is 

the modified Bessel function of the 2nd kind, and Dd is the intracollisional HWHM. 

The intercollisionalline form is given explicitly as 

D(f~ll) = 1-1'[1 + (~:)2rI, (B.5) 

where Dc = -2 1 is the intercollisional HWHM. Typically I' is taken to be approxi-
71" CTc 

mately unity. 

(for guadrupolar) 

(B.6) 

with Dq being the quadrupolar HWHM. 

Since a component analysis is not being undertaken here, only the net 

contribution by the overlap forces centered at 4155.2 cm-1 and the sum of the 

quadrupolar components (which are comprised of single and double transitions) 

centered at 4155.2, 4507.6, and 4727.7 cm- 1, respectively, are considered. The last 

2 frequencies are averages of the individual molecular frequencies given by Watan

abe and Welsh (1967). The calculation of /(2e~V) used in the expression for the 

intracollisional shape function Wav 0, was done via a polynomial interpolation wi thin 

a table of modified Bessel functions found in Abramowitz and Stegun (1970). The 

collision half widths, Dc,Dd, and Dq exhibit a linear variation with temperature. The 

adopted values of these quantities for the experimental temperatures is given in 

Table B.1. 
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(2) H2 - He 

In addition to modelling the CIA spectra produced by H2 - H2 binary 

interactions, there is a need to include the effects of H2 - He collisions as well. I 

wrote a subroutine based directly on the measurements of the H2 - He enhancement 

by Reddy and Chang (1973). The analytic formalism is identical to that employed 

in the previous section on the H2 - H2 modelling. The enhancement absorption 

coefficient per unit path length is given by 

1 h(I)) 
a en (I)) = L ln / 2(1))' (B.7) 

where 11(1)) is the spectral intensity due solely to H2 in the absorption cell, and 

I2(v) is the transmitted intensity of the binary H2 - He mixture. 

In order to replicate Figure 1 of Reddy and Chang (1973), a line profile 

consisting of only an overlap component for the Q-branch was constructed. That 

should be a valid approach since the polarizability of helium is low, and hence the 

quadrupolar contribution to the absorption by I-h - He collisions is weak. In any 

case there was no way to infer a separate relative intensity ag. For the other 2 fre

quencies, 4507.6 and 4727.7 cm- 1, corresponding to S(O) and S(l), the line profile 

is due only to quadrupolar contributions whose relative intensities at those frequen-

cies were difficult to determine accurately. The collision half-widths for H2 - He are 

listed in Table B.1. A constant value for the quadrupolar half-width Oq = 85 cm- 1 

used by Mactaggart and Welsh (1973) was adopted here in my work. 

Discussion 

the relative intensities of the various overlap and quadrupolar contributions 

were adjusted until there was a suitable match of the values of laglQ IJl,~l vs. 1) (in 
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the case of H2 - H2) against those of Reddy et al. (1977), and similarly, in the 

case of H2 - He, agreement of [0910 ~~~:~~ vs. 1) compared with Reddy and Chang 

(1973). Such comparisons were done successively for all three temperatures. Next, 

comparisons were made of the binary absorption coefficients for H2 - H2 generated 

in my work with those of Borysow (1990). These binary coefficients are designated 

as Av in units of cm- 1 amagat-2. Figures B.1 through B.3 show clearly that agree

ment between the experimentally-based modelling I have done and the quantum 

mechanically based modelling of Borysow is satisfactory only in the cores of the 

lines. Corresponding binary absorption coefficients for the H2 - He enhancement 

are compared, once more, to those derived by Borysow (1992). Figures B.4 through 

B.6 show the much greater discrepancy that exists when a comparison is made 

between my experimentally-based modelling of the helium enhancement and the 

results obtained by Borysow for the H2 - He collisions. 
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Table B.1 

Collision Half-widths (em-I) for H2 CIA Modelling 

Experimental Temperatures (K) 
77.0 196.0 298.0 

Oq (quadrupolar) 

~H2 - H2~ 53.0 86.0 107.0 
H2 - He 85.0 85.0 85.0 

Od (intraeollisional) 
192.0 211.0 248.0 ~H2 - H2~ 

H2 - He 150.0 175.0 195.0 

Oc (intereollisional) 

~H2 - H2~ 0.095 0.138 0.166 
H2 - He 4.6 5.0 3.6 
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APPENDIX C 

SUMMARY OF THE ESFT TECHNIQUE: 
ITS APPLICATION TO CH4 ABSORPTION 

IN SATURN FOR THE A = 1.7 - 2.6 /lm SPECTRAL REGION 

The "exponential-sum-fitting of transmittances" (ESFT) technique has 

been in general use for some time as a numerical means for evaluating absorp

tion coefficients for a variety of molecular species. The ESFT method is especially 

attractive for use in the determination of effective absorption coefficients for gases 

in planetary atmospheres where the multiple scattering of light by haze and cloud 

aerosols is important. A host of "band-model" formulations for calculating the 

transmittance of sunlight through layers of "clean" gas abound. Such parameter

ization of line strength and line spacing for complex absorption bands like those 

exhibited by CH4 and H2 0 is quite satisfactory for traditional reflecting-layer mod

els (RLM) of planetary atmospheres. But as soon as small particles are envisaged to 

be mixed-in with the gaseous constituents, band-model representations of spectral 

line optical depths arc rendered intractable for use in scattering models. 

The underlying rationale for adopting the ESFT approach is as follows: be-

cause there is no correlation whatsoever between the magnitude of the absorption 

coefficient and the frequency of the radiation, a transformation can be made from 

k(lJ) to k(u), i.e., the absorption coefficient as a function of frequency can be recast 

as an "effective" absorption coefficient, kef f' which is a function of the optical path 

u. The transmittance is: 

T(u) = (~v)-l J exp( -kvu)dv. (C.1) 

The ESFT methodology is not too dissimilar from an approach known as the "k

distribution". As Goody and Yung (1989) point out, it is sufficient to know what 
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fraction f(k)dk of the frequency domain v can be represented by absorption coeffi

cients between k and k + dk. No importance is attached to the location in frequency 

space of a given value of k. An expression entirely equivalent to equation C.1 is: 

T(u) = .I f(k)exp( -ku)dk, (C.2) 

where f(k)dk is the k-distribution function. It is readily recognizable that f(k) is 

the inverse Laplace transform of T(u). 

The ESFT approach circumvents the necessity of evaluating the inverse 

Laplace transform. ESFT is inherently a numerical analysis problem, and as such 

it is intrinsically ill-conditioned. The specific set of algorithms that I have used to 

determine the effective CR.t k's, has originated with Asano and Uchiyama (1987). 

They have extended the traditional ESFT technique to incorporate an iterative 

non-linear least squares fitting of an ordered set of the effective k's. The work 

of Asano and Uchiyama represents an improvement in a real, practical sense over 

many previous implementations of the ESFT technique. Their approach relies on 

the preselection of a set of weights, Wi, such that 

(C.3) 

These weights can be quite accurately determined once a preferred quadrature 

scheme is adopted. The heart of the Asano and Uchiyama ESFT procedure is 

the successive correction of the lq's for the set of fixed Wi'S. The virture of this 

extended ESFT technique is its ability to find a best-fitting set of ki'S for a wide 

range of absorber amounts, u, which might not necessarily be equally spaced. 

The particular adaptation of the foregoing ESFT model used in this dis

sertation has been summarized by Tomasko et al. (1989) and and by Giver et al. 
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(1990). I perfected the FORTRAN code, called MALSTACK, throughout 1989. It 

was developed in conjunction with M.G. Tomasko for modelling CH4 absorptions 

in Titan's near-IR and visible spectrum. MALSTACK was structured in a fashion 

to permit direct assessment of the standard deviation of the transmittances com

puted via ESFT versus those obtained from wide-band laboratory measurements 

of transmittances made at NASA Ames Research Center. The Ames laboratory 

data has been generated sporadically by L.P. Giver since 1978. Best-fit values for 

a monochromatic absorption coefficient, k", and a pressure coefficient, y", were 

obtained by Giver from comparison of his experimental data to that given in the 

Malkmus randmom-band model. The transmittance in the Malkmus model is: 

TM = exp( -27rY"p([ k"u + 1j1/2 - 1)). 
7rY"P 

(C.4) 

The pressure parameter, Yll' is the ratio of the line width at 1 atmosphere to the 

mean line spacing. It has units of atm- I. The atmospheric pressure is p (in atm). 

The Ames measurements were made at 3 temperatures: T= 112 K, 188 K, and 295 

K. A representative sample of the absorption coefficients as a function of wavenum

ber is shown in Figure C.l. The full Ames dataset extends from about 3770 cm -1 to 

close to 9000 cm- I. The spectral transmittances are recorded at every 10 cm- I. In 

my Saturn modelling, I performed the exponential-sum fitting on spectral intervals 

50 em -1 wide, spanning the region 3785 - 5995 em-I. I restricted my efforts to 

include only the low and mid-temperature Ames datasets. I used a linear extrapo

lation of the ki's over temperature. For most of the CH4 bands, the effective levels 

probed in Saturn's troposphere are slightly colder than about 100 K. As a test of 

the validity of my linear extrapolation of the two lowest temperature datasets, I 
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compared the results to an expression employed by M. Lemmon (1992). His tem

perature variation of the ESFT-generated k's was an of an exponential form. No 

difference between the linear and exponential extrapolations was evident in the cal-

culated ki values. 

As a matter of computational ease and accuracy, MALSTACK was designed 

to use 8-point Gaussian quadrature for the determination of the weights. The most 

important final output of the program is a set of 8 best-fit ESFT !c's. These "equiv-

alent" absorption coefficients are arranged so that they are in ascending order (i.e, 

ki < k2 < k3 , etc). 8 ki values are generated for each spectral interval (~1) = 
50 em-I), and for each atmospheric pressure p. The atmospheric model of Saturn 

used by PHOTCLD has 19 layers of non-zero absorption by CH4. For each spec

tral interval, T M (ud is computed using equal spacing in the logarithm of absorber 

amount. The initial guess for the absorption coefficient is given by: 

k
.(O) _ _ lnTi 
t - • 

Ui 
(C.5) 

60 values of Ui were calculated. The interested reader is referred directly to Asano 

and Uchiyama (1987) for the details of the minimization conditions actually used 

in the least squares fitting as well as the way in which the corrected absorption 

coefficient was found at each iteration. Two conditions of convergence involve either 

iterating at most 100 times or ending the iterations when the relative r.m.s. error 

is less than 0.2 percent. Convergence is often quite rapid, taking typically less than 

a couple dozen iterations for most spectral bands, and for most pressures. Figures 

C.2 and C.3 give a representative plot for 3 different pressures of the T(u) values. 

The curves represent the "ESFT-ing" for a 50 em-I-wide strip centered at 1) = 5375 

em-I. That frequency, because of its independence of any significant temperature 
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effects, is the same as the one used to establish the CH4 mixing ratio. The 2 figures 

are fits to the T= 112 K and 188 K Ames data, respectively. It is interesting to 

note that in the limit of the Saturnian CH4 column abundance per 50 mb layer 

(about 20 m-am), there is not a significant pressure effect for either the low or 

mid-temperature dataset. 
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CALCULATION OF SPECTRAL LINE STRENGTHS FOR 
THE "h/3, and 2114 BANDS OF 

GASEOUS AMMONIA 
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In order to calculate the NH3 spectral line intensities for the 3 /-lm region 

using the information found in Stout (1974), I initially had to decipher the tran

sition code and correlate it with a separate table giving the associated energy of 

the lower state. The transition code is of a form "FLssREGL(J,K)", for exam

ple, where the first letter (FL) is either "a" or "s", indicating an asymmetric or 

symmetric state. The superscript (SS) will be either a "P" or "R". If there is no 

superscript, it means ~K = O. The next descriptor is a regular letter (REGL). 

This will be either "P", "Q", or "R". Finally, the rotational quantum numbers (J 

and K) are the total angular momentum value (J), and the component of .J taken 

along the axis of symmetry (K). Given the value of J and K and whether the state 

is symmetric or antisymmetric, I referred to Stout's Table 2 to find the associated 

lower state energy (in cm-1). There were 1004 distinct transitions which yielded 

915 different spectral lines. The appropriate formulae for calculating the strengths 

(at STP) of each spectral line are given by Stout. These are presented separately 

for the parallel (Ill) and perpendicular (113) band structures. For the 2114 vibration, 

which is a hybrid band, I use either the 111 or 113 formula for intensity, depending 

whether it is the parallel or perpendicular part of the 2114 band which is responsible 

for the transition. 
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