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ABSTRACT 

The spacecraft Voyager 2 UVS occultation experiments 

measured the ultraviolet absorption properties of the upper 

atmosphere of Saturn. In the extreme-ultraviolet wavelength 

region from 1300 A to 1700 A, CH4 , C2H2 , C2H4 , C2H6 and C4H2 are 

the major absorbers in the Saturnian upper atmosphere. In 

this dissertation, using the linear constrained matrix method, 

the saturnian stellar EUV occultation data has been inverted. 

This results in, for the first time, the number density 

distributions of the 5 major hydrocarbons over an altitude 

range from 1030 km to 630 km. The synthetic transmission 

curves based on these inverted distributions exhibit excellent 

agreement with the observed transmission curves in all usable 

wavelength channels. 

There are two maj or findings in the saturnian upper 

atmosphere from the inverted hydrocarbon profiles: 

(1) The number densities of CH4 and C2H6 are comparable. 

It is even likely that there is more C2H6 than CH4 in Saturn's 

upper atmosphere between 1000 km and 800 km. 

(2) C2H4 , rather than C2H2 , is the 3rd most abundant 

hydrocarbon. From 1000 km down to 600 km, the number density 

of C2H4 is greater than the number density of C2H2 • 

These two findings are generally in conflict with the 

expectations from photochemical models for the atmospheres of 

the giant planets. 
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INTRODUCTION 
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On August 25, 1981, the spacecraft Voyager 2 encountered 

one of the giant planets, saturn. During this encounter eleven 

scientific instruments aboard Voyager 2 undertook a variety of 

experimental observations. Among these were the saturnian 

ultraviolet occultation experiments, which produced a great 

amount of data with the potential to furnish unprecedented 

information about the upper atmosphere of Saturn. Since then, 

intensive studies have been conducted based on these occul

tation data, resulting in many published scientific papers 

that significantly deepen and enhance our understanding and 

knowledge about the atmosphere of this giant planet. The work 

done in this dissertation may be considered as the latest 

effort in this series. 

There were two kinds of atmospheric occultation experi

ments conducted by the Voyager 2 mission during the saturnian 

encounter: radio occultation conducted at radio frequencies 

and optical occultation conducted at extreme-ultraviolet wave

lengths. Those two occultation experiments have different 

emphases. Radio occultations basically explore the ionosphere 

and the neutral atmosphere at a pressure range of from 1 rob 

to 1 bi the ultraviolet occultation experiments, on the other 

hand, probe the sparse upper atmosphere around 'the 1-J.'b 

level. In the extreme-ultraviolet wavelength region almost all 
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atmospheric species, including atomic and molecular hydrogen 

and hydrocarbons, have large photoabsorptive cross-sections 

(on the order of 10-17 - 10-18 cmz per atom or molecule) due to 

photoionization and photodissociation. This feature causes 

significant attenuation to the ultraviolet radiation travel-

ling through the upper parts of the planetary atmosphere, 

making ultraviolet occultation a powerful technique for study

ing the upper atmosphere around and above the J'b pressure 

levels. However, the same feature also excludes its applica-

tion to the middle and lower atmosphere because, for these 

levels, attenuation is too large to allow any measurable 

amount of ultraviolet light to penetrate the atmosphere along 

the line of sight and arrive at the recording instrument. In 

this dissertation, only ul traviolet occultation data are 

explored, since our goal is to retrieve neutral gaseous 

hydrocarbons which are trace constituents in the saturnian 

atmosphere and which have no absorption spectra at radio 

frequencies. 

Saturn, like the other giant planet, Jupiter, has a 

hydrogen-dominated atmosphere. Over 99% by volume of the 

saturnian atmosphere is molecular hydrogen, Hz, atomic 

hydrogen, H, and helium, He. , (About 6% in volume of the 

saturnian atmosphere is He, but extreme-ultraviolet light 

between 1000 A and 1700 A does not have interaction with it. 

Hence, we entirely overlook the presence of helium in the 

occultation data analysis). Hydrocarbons, such as methane, 
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CH4 , and ethane, C2Hs , are present only as trace species. 

However, surprisingly enough, methane was discovered in the 

atmosphere of saturn as many as 30 years earlier than hydro

gen. In the early 1930's, wildt first positively identified 

methane, CH4 (Wildt, 1932). In contrast, people were not 

aware of the presence of molecular hydrogen H2 in the Satur

nian atmosphere until 1962 (Munch and Spinrad, 1962), even 

though H2 is the absolutely dominant constituent. since the 

1970 I s, other heavier gaseous hydrocarbons have been gradually 

recognized by ground-based and earth-orbiting satellite obser

vations through infrared spectroscopy. The infrared instrument 

aboard Voyager 2 (IRIS) further confirmed and discovered those 

hydrocarbons present in Saturn's atmosphere. Infrared spec

troscopy, which is most effectively able to sense the middle 

and lower atmosphere in the pressure range of one to one 

hundred rob, can identify hydrocarbons and other atmospheric 

consti tuents, but it can not retrieve their distributions 

without the help of an adequate atmospheric model. In this 

sense the ultraviolet OCCUltation experiment is superior, for 

its data offers the possibility for recovering the vertical 

profiles of diff9rent atmospheric constituents in the upper 

parts of the atmosphere without the help of models. 

The kno~V'ledge about hydrocarbons and their distributions 

in the saturnian atmosphere is of primary significance because 

hydrocarbons are important solar energy absorbers in the 

ultraviolet wavelength region and important energy emitters in 
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the infrared region. In this way, hydrocarbons play crucial 

roles in terms of energy balance and thermal structure in 

Saturn's atmosphere. Hydrocarbons are "greenhouselO agents in 

the saturnian atmosphere, just as carbon dioxide, C021 and 

ozone, 03 , are in the Earth's atmosphere. Although hydrocar

bons inferred from ultraviolet occultation are confined to the 

upper parts of the atmosphere only, they are constructive and 

useful to the other parts of the atmosphere, since the upper 

parts must exhibit close interactions with the lower parts of 

the atmosphere through chemical, physical and dynamical pro

cesses. Those hydrocarbon distributions in the upper atmo

sphere derived from experimental studies, such as the present 

one, can also serve as guidance and constraints to help estab

lish an appropriate photochemical model for the entire satur

nian atmosphere. 

Because of the significance of hydrocarbons in the Satur

nian atmosphere (of course, not only in Saturn's, but in other 

hydrocarbon-rich planetary atmospheres as well), they have 

received considerable attention from planetary scientists. 

The primary goal of the ultraviolet occultation experiments 

was to discover the composition and structure of the upper 

atmospheres of Saturn and other planets during each encounter. 

Molecular and atomic hydrogen profiles have been successfully 

recovered based on the analysis of occultation data (Sandel et 

al., 1982b; Festou and Atreya, 1982; smith et al., 1983), but 

for hydrocarbons, the situation is far from satisfactory. 
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smith et ale (1983) gave a very rough estimate for methane at 

altitudes of around 1000 km; and Festou et ale (1982) found a 

methane number density only at an altitude of 966 km. These 

are almost all that we know about the hydrocarbons in the 

upper atmosphere of Saturn today. Thus it appears qui te 

evident that ultraviolet occultation data have not yet 

contributed significantly to our knowledge of the distribu

tions of hydrocarbons in Saturn's upper atmosphere. 

There is also little detailed knowledge about hydrocar

bons in Jupiter's upper atmosphere (Festou et al., 1981). 

However, for the atmospheres of Jupiter and Titan (Titan is 

the largest satellite of Saturn), there were few well-known 

photochemical models available (Strobel, 1974; Atreya and 

Donahue, 1976; Gladstone, 1983; Yung and Strobel, 1980; Yung 

and Allen, 1984, have been frequently referred to). The 

situation for Saturn's atmosphere seems somewhat different. 

In spite of the popularly held viewpoint, which states that 

Saturn and Jupiter have qualitatively similar atmospheres, 

updated photochemical models derived specifically for the 

saturnian atmosphere are not yet available. strobel did have 

a simplified photochemical model many years ago for Saturn's 

atmosphere (strobel 1978), but it was before the Voyager 

Saturn encounter, and it was heavily dependent upon the models 

of eddy coefficients in Saturn's atmosphere. 

The analysis of planetary occultation data traditionally 

uses two different approaches: one is the forward method, 



18 

model fitting: one is the backward method, mathematical 

inversion. The Hz and H results derived from the Saturnian 

ultraviolet occultations (Smith et al., 1983: Festou et al., 

1982) were examples of the model fitting method. Model 

fitting is actually a "trial and adjust" process. It is most 

useful if the occultation data are consistent with the phys

ical models. For hydrogen, it works fine because Hz and Hare 

the dominant species in the saturnian atmosphere: therefore 

their vertical distributions are easier to model. This makes 

their retrievals relatively straightforward when done by the 

model fitting technique. For retrieving hydrocarbons, on the 

other hand, the problem is more complex in that we have to 

deal with several hydrocarbons simultaneously. Among these, 

methane is the so-called parent species, and the others are 

the daughter species, the products of photochemistry and 

thermochemistry from CH4 • These hydrocarbons have absorption 

cross-sections with nearly the same order of magnitude 

somewhere in the extreme-ultraviolet wavelength region, but 

each of these has different source and sink reactions, and 

therefore each has a different unknown vertical distribution. 

Simply stated, there are too many adjustable parameters to be 

properly controlled by the model fitting method. This might 

in part explain why, thus far, we still lack results for 

hydrocarbons from occultation experiments. 

To circumvent ~he difficulties the model fitting method 

has faced, we apply a mathematical inversion technique to 
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retrieve these hydrocarbons. In the 1960's and early 1970's, 

there were many papers applying numerical inversion methods to 
. 

earth-orbiting satellite occultation data to recover vertical 

number density profiles in the earth atmosphere. only a few 

(one or two) atmospheric constituents, which had characteris

tic absorption cross-sections dominant in different wavelength 

regions, were considered in those earlier inversion problems. 

In addition, these early attempts still required some pre-set 

atmospheric models to help obtain final results (Roble and 

Hays, 1972). The inversion method used in this dissertation 

differs from those earlier numerical ones. It is a linear 

matrix inversion method, for which the basic concepts can be 

attributed to Twomey (1963, 1965). The outstanding feature of 

this matrix methcd is its nearly model-independent nature.' By 

applying this nevI approach and using ultraviolet occultation 

data almost exclusively, we have for the first time extracted 

the vertical profiles of 5 major hydrocarbons (methane, CH41 

acetylene, CzHz, ethylene, CzH4 , ethane, CzHs and diacetylene, 

C4Hz) over an altitude range of -400 km in the saturnian upper 

atmosphere. The results show good agreement with the occulta

tion data at all available wavelength channels.' Since no 
( 

specific models are involved, these inversion results may be 

considered objective. 

As pointed out above, unlike Jupiter and Titan, in 

Saturn's upper atmosphere, there are no well-established 

or reliable hydrocarbon profiles available either from 



20 

occultation data analysis or from theoretical photochemistry 

analysis (theoretical models). This situation imposes diffi

culties in comparisons of our results with those of others. 

The common understanding is that the atmospheres of the two 

giant planets, saturn and Jupiter, are qualitatively similar 

in terms of physics and chemist~-y (strobel 1983). This simi

larity may enable us to compare our inversion results pre

sented in this dissertation with the general features from the 

theoretical photochemical models specifically constructed for 

the Jovian atmosphere. Comparisons show that our inversion 

resul ts have certain agreements and discrepancies with the 

general conclusions from the photochemical models of Jupiter 

(or the giant planets). In the theoretical models there are 

not only quite a few parameters which can be adjusted and are 

not known for sure (among many of them are eddy diffusion 

coefficients and the chemical reaction rates of hydrocarbons, 

for instance), but a,lso there are some more or less subjective 

assumptions. Photochemical models are being revised and 

updated from time to time, particularly once new observation 

data become available. At the present time, we do not know 

how to eliminate or reduce the discrepancies. It is hoped 

that before long a theoretical phot?chemical model specifi

cally devoted to the entire saturnian atmosphere might be 

developed, which would help interpret the results presented 

here. 
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CHAPTER II 

OCCULTATION INSTRUMENTATION AND DATA ACQUISITION 

The saturnian occultation experiments were carried out by 

the ultraviolet spectrometer (UVS) aboard Voyager 2 on August 

25 and 26, 1981, during the Voyager 2 encounter with Saturn. 

Like other scientific observations performed during the 

Voyager mission, these saturnian occultation experiments were 

highly successful, since they recorded unprecedented detailed 

data for studies of the saturnian upper atmosphere. 

The Voyager project, which is one of the most ambitious 

and successful planetary exploratory missions ever made, 

consisted of two identical spacecrafts: Voyager 1 and Voy-
I 

ager 2. The reasons for flying two identical spacecraft were 

to offer greater reliability and, more important, to provide 

two different trajectories so that visiting different planets 

and satellites became possible. 

Originally the major scientific objectives for the Voy

ager 2 mission were to explore the two giant planets, Jupiter 

and Saturn, and some of their satellites, but practical 

implementation proved that the achievements of the Voyager 2 

mission went beyond the original goals. Spacecraft Voyager 2 

(Fig. 2-1) was launched on August 20, 19770 Almost two years , 

later, on July 9, 1979, Voyager 2 first visited Jupiter. Then 

through the assistance of Jupiter's gravitational pull, its 

trajectory was redirected toward Saturn. When it arrived at 
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Saturn, again with the help of the saturnian gravitational 

attraction, Voyager 2 was re-directed toward Uranus. By 

January 30, 1986, it arrived at Uranus. Finally, this space

craft ended its planetary exploration with the Neptune 

encounter on August 26, 1989. Then Voyager 2 left this bluish 

planet behind and rushed to the edge of our solar system. 

Currently Voyager 2 is continuing its endless trip through 

outer space on an orbit that will never allow its return to 

the earth and the solar system. Fig. 2-2 illustrates the tra

jectories of Voyager 2. 

Aboard Voyager 2 there are 11 scientific observation 

projects, which can be divided into 2 general categories: 

direct measurement instruments and remote sensing instruments. 

The ultraviolet spectrometer (UVS) belongs to the latter 

category. UVS is an objective grating spectrometer whose 

working wavelength range spans from -500 A (channel No.1) to 

-1700 A (channel No.128) in 128 contiguous channels (Broadfoot 

et al., 1977). Fig. 2-3 shows a UVS photograph with the cover 

removed, and Fig. 2-4 illustrates its mechanical and optical 

concepts. UVS has two observation ports. The airglow port is 

primarily used to observe the weak emissions from the planet's 

upper atmosphere, but, during stellar occultation experi

ments,it is also used to receive occultated light because of 

the weakness of the incoming stellar flux. The occultation 

port is, on the other hand, used for solar occultations only. 

The entrance aperture for the airglow port is about 19 times 
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larger than the one for the occultation port. 

The optical system of this spectrometer is open to outer 

space, for the shortest wavelength transmitted by any solid 

material is around 1050 A, while UVS is intended to work at 

the wavelengths down to -500 A. The collimator confines the 

airglow port to 0.1° FWHM in the grating dispersion direction, 

but it is the detector in the concave grating's image plane 

that limits the field of view in its cross-dispersion direc

tion to -0.86°. The occultation port has a 0.25° FWHM in the 

dispersion direction and the same FWHM as the airglow port in 

the other direction. In order to avoid solar occultation port 

interference with the airglow port, the occultation port is 

offset from the airglow port by 20°. The grating is a 

platinum replica with a radius of 400.1 mID and a ruling of 

540 lines/mm. Its dispersion rate is found to be 93 A per mID. 

If an extended uniform monochromatic source fills the field

of-view of the airglow port, UVS would produce a triangle 

intensity distribution with a spectral half-width of 33 A. 

But if a single-~lTavelength point source is in the field-of

view, its image occupies on.y one anode (the detector consists 

of a 128-linear anode array) equivalent to a spectral half

width of -9.2 A. 

The detector assembly of the UVS (Fig. 2-5) consists of 

three parts: a MgF2 window in the front, a dual microchannel 

plate in the middle, and a self-scanned anode array in the 

back. Incoming photons, dispersed by the grating, hit the 
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microchannel plate (MCP) electron multiplier and produce 

photoelectrons. Then the 128-element linear self-scanned 

anode array collects the output electrons from the MCP. Every 

element in this anode array is independently and simulta

neously charged by the electrons released from the MCP. This 

128-element anode array has a physical size of 3 rom x 13 mm. 

The rectangular active area of the MCP was specially designed 

to match the collecting area of the anode array right behind 

it. The MCP's sensitivity varies with the incident photon 

energies, i.e., hv. For wavelengths longer than 1250 A, its 

quantum efficiencies are very low. To overcome this drawback, 

an additional window filter is constructed. That is, a semi

transparent MgFz plate is placed in the right front of the MCP 

electron multiplier, and a CuI photocathode was deposited on 

this circular MgFz filter plate. This MgFz plate has a 

rectangular window on it. with such custom design the 

spectral area from -1250 A through 1700 A is covered with the 

MgFz filter-photocathode and the spectral area from 500 A 

to-1250 A remains uncovered. In this configuration, dispersed 

photons come to the surface of MCP, producing photoelectrons, 

either direc.tly from the grating (between 500 A and -1250 l\) 

or indirectly through the filter plate and CuI photocathode 

(between -1250 A and 1700 A). The dual MCP has an amplifi

cation of -1 million times through the cascaded microchannel 

plates. Photoelectrons released from the MCP then fallon the 

self-scanned anode array and are stored on it as electronic 
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charges. The locations of the stored charge on the 128-ele

ment anode array linearly correspond to the spectral wave

length of the incident photons, and the amount of charge on 

each element anode proportionally represents the flux of 

incident photons at a particular wavelength. In this pattern, 

therefore, at any given moment, the charge distribution on the 

linear anode array completely determines the spectrum of the 

light transmitted by the atmosphere. Once the charges have 

accumulated along the array, a scanning circuit discharges 

each anode element into a charge sensitive amplifier. After 

analog-to-digital conversion, the digital signals are trans

mi tted back to the earth through a high -gain microwave antenna 

aboard Voyager 2 (see Fig. 2-2) and the telecommunication 

link. We call these signals raw occultation data. When the 

UVS is in its occultation mode, its integration time and 

spacecraft velocity determine the spatial (altitude) resolut

ion of occultations; whereas the physical sizes of radiant 

sources determine the spectral resolution of occultations. In 

these cases, the UVS spectral readout time is 0.3 sec, and the 

line of sight or the tangential ray from the radiant source 

(the Sun or star) descended toward or rose from the planet at 

a speed of -10 km/sec. Therefore potential altitude resolu

tion is equal to 10 km/sec x 0.3 sec.= -3 km. This is just 

what happened in the stellar occul tation. In the solar 

occultation experiment, however, the spatial resolution is 

much degraded. The Sun is not a point source; the solar disk 
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had a projection of -150 Jan across on the saturnian atmosphere 

when viewed by Voyager 2 during its occultation. That means 

the sampling altitude would be 150 Jan, rather than 3 Jan, which 

is a few times greater than the atmospheric scale height in 

the saturnian homosphere. Hence, deconvolution methods may be 

required if any finer profile extraction is sought. Spectral 

resolution for the stellar occultation is better also than 

that for the solar occultation, because a star is virtually a 

point radiant source, whereas the Sun is an extended source. 

As a result, in the solar occultation (using the occultation 

port), the spectral resolution is -45 A; and in the stellar 

occultation (airglow port), the spectral resolution reduces to 

-28 A. 

The saturnian solar occultation experiment occurred 

between 4:00 and 4:08 Universal Time (UT) on Aug. 27, 1981; 

the exit stellar occultation occurred between 23:43 and 23:50 

on Aug. 26, 1981. The source star in the stellar occultation 

was the bright s-Scopii (S-sco), and the Sun, of course, was 

the source in the solar occultation. During the solar occul

tation, Voyager 2 was 165,000 km away from Saturn, and the 

line of sight crossed the Saturnian limb at the Saturnian 

latitude of 29.5 0 North; in the stellar case, the spacecraft 

was 286,000 Jan from Saturn, and the line of sight was at a 

latitude of 3.8 0 North. Fig. 2-6 illustrates the geometry of 

the solar and stellar occultations. 

While the stellar exit occultation was occurring, the 
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UVS recorded the gradually increasing emergent intensity 

(radiance), I, as the spacecraft left Saturn's shadow. Beside 

I, the UVS also recorded the unattenuated source (star) 

intensity (radiance), la, when Voyager 2 was far above the 

atmosphere. The ratio of attenuated intensity, I, to unatten

uated intensity, la, is defined as the transmission, T. Note 

that here I, la, and T are all functions of wavelength, ~. 

For the occultation data analysis only, the transmission, T, 

is utilized; the absolute values of I and Io are not impor

tant. As a consequence, the instrument's absolute calibra

tions become less critical for occultation purposes. 

The raw data of I and la, however, are not yet in a shape 

ready for direct utilization. They must go through several 

elaborate corrections before occultation data analysis can 

begin (Smith et al., 1983). In particular, the following four 

major corrections must be made to the data: 

First, corrections must be made for the limit cycle 

motion. The spacecraft is in a continuous moving status, yet 

the platform where the UVS and other instruments are mounted 

is also in periodic motion during the occultation periods. 

The UVS entrance slit function is not flat, but a triangular 

shape. If the source is not located at the center of the UVS 

field of view, the output signal strength and spectrum would 

be altered from those when the source is exactly located at 

the center. Both solar and stellar occultation outputs show 

variations due to the effect of limit cycle motion. Hence, 
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before calculating the transmission, T, the limit cycle motion 

effects must be removed from the raw data, I and Io. Fortu

nately, the Voyager 2' s attitude control motions with time are 

well known; hence, the limit cycle motion corrections could be 

done with satisfactory accuracy. 

Second, corrections must be made for the instrument 

internal scattering and non-linearity. For solar occulta

tions, because of the strength of the solar flux and particu

larly the hydrogen IY-a line, these corrections are necessary 

and complicated. In stellar occultations, since the sources 

are much weaker, these corrections should be more accurate 

than those for solar occultations. 

Third, corrections must be made for the bac]cground dark 

noise. Like other photo-electronic devices, the UVS detector 

has dark noise. Since stellar occultation spectra contain no 

spectral components shorter than 912 A (the limit of hydrogen 

Lyman series), all spectral components below 912 A are con

sidered as dark background noise. Therefore, removing the 

flat dark count n~ise turns out to be quite straightforward in 

the stellar case. But for solar occultations, the situation 

becomes more complicated. 

Fourth, corrections must be made for the fixed pattern 

noise. The electric power for running the instruments and the 

spacecraft comes from a radioisotope thermoelectric generator 

aboard Voyager 2. This generator contributes a certain elec

trical interference, called fixed pattern noise, to the UVS. 
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However, this fixed pattern noise had been measured and 

studied in the laboratory using the same instrumentation. 

Accordingly, it could be removed from the raw data satis

factorily. 
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CHAPTER III 

PRINCIPLES AND FORMULATION OF PLANETARY OCCULTATIONS 

3.1 Introduction 

Occultation has long been recognized as a powerful tech

nique for studies of planetary systems, including planetary 

atmospheres. The discovery of the Uranian rings was probably 

the most dramatic achievement of occultation observations. 

However, in contrast to its data analysis, the principles 

behind OCCUltation experiments and their formulation are not 

complex. Physically, atmospheric OCCUltation is a process of 

radiant energy transfer in the atmosphere. Therefore, the 

equation of radiative transfer should be the most precise 

description of the process, although, for each individual 

OCCUltation experiment, a complete equation of radiative 

transfer is almost never required. Atmospheric OCCUltations 

may, indeed, be thought of as simpler applications of radia

tive transfer theory. From this point of view, OCCUltation 

equations will be derived in this chapter for later data 

analysis uses. 

As mentioned earlier, hydrocarbons are the only trace 

species in the hydrogen-dominated Saturnian atmosphere, and 

both hydrocarbons and hydrogen have large absorption cross 

sections somewhere in the EUV regions covered by the UVS. Then 

the question is whether or not it is possible, in principle, 

to retrieve these trace species from the hydrogen-dominated 
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atmosphere, based on the noisy Voyager occultation data. The 

answer is yes, because the EUV absorption spectra of atomic 

and molecular H differ from those of hydrocarbons. In particu

lar, from 1200 A to 1700 A, atomic and molecular hydrogen have 

only very weak scattering cross sections (Rayleigh scatter

ing) , which can be neglected when compared with the absorption 

cross sections of hydrocarbons in the same spectral regions, 

even if hydrogen number densities are much greater than those 

of the hydrocarbons. Hence, this wavelength interval actually 

acts as a spectral window. It is in this spectral window that 

the retrieval of hydrocarbon profiles in the saturnian upper 

atmosphere from the OCCUltation data becomes a real possibil

ity (Broadfoot et al., 1977). 

Here one thing needs to be clarified. When discussing 

occultation, another term, 

confused with OCCUltation. 

'eclipse,' often comes up and is 

The two involve similar yet dis-

tinguishable situations. In the saturnian occultation, it is 

Saturn's atmosphere or limb that dims or blocks the source 

light from being observed; while in, for example, a lunar 

eclipse, the Moon itself disappears because a second body 

(Earth) prevents the Sun's light from reaching it. This kind 

of definition was set by Elliot (1979). But there are still 

some ambiguities when one speaks of "saturnian stellar occul

tation". When people say saturnian stellar (or solar) 

occultation, what it actually implies is that Saturn's 

atmosphere dims or blocks the star (or sun) light from being 
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observed. 

3.2. Radiant Sources for Planetary Occultations 

All occultation experiments need adequate light (radia

tion) sources. Different sources have different characteris

tics, which, in turn, themselves influence experiments. The 

Sun and some bright stars are convenient occultation sources. 

The principal advantages for using the Sun as a source are 

twofold. First, the Sun is the brightest star in the sky: 

hence, solar occultation data show substantially better 

signal-to-noise ratio. This characteristic makes information 

retrieval less troublesome. Second, because of the relatively 

very short distance between the Sun and the observer, the 

solar spectrum down to very short wavelengths is transmitted 

to the space-based observer without measurable attenuation. 

For instance, in planetary solar occultation experiments, 

there is no lack of radiation between the hydrogen Lyman

series limit of 912 A and the UVS lower wavelength limit of 

500 A. This spectral feature is valuable for the retrieval of 

atomic hydrogen distributions in the planetary upper atmo

spheres because it makes OCCUltation data between 850 A and 

912 A available. The major disadvantage of using the solar 

source is due to its extended proj ection onto a planetary 

atmosphere. For example, the size of the solar disk projec

tion onto the saturnian atmosphere occupied a few atmospheric 

scale heights when viewed from Voyager 2. Such a big projec-
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tion may wash out the finer atmospheric structure, yielding 

resul ts with poorer vertical resolution. Moreover, in shorter 

wavelength regions, the brightness of the solar disk is not 

uniformly distributed, causing additional problems in data 

reduction. 

In contrast to the solar source, the primary advantage 

for stellar sources lies in their angular size: they virtually 

are point sources. As a consequence, stellar occultation 

provides maximum spatial resolution capability. Stellar 

sources also have two maj or disadvantages. First, the stellar 

flux when it reaches the observer is much weaker than that 

from the Sun. As a result, the data are generally consider

ably noisier, making information retrieval more difficult. 

Second, because there is an enormous distance between a star 

and an observer, interstellar media totally attenuate all 

radiation with wavelengths shorter than 912 A. Hence, in 

stellar occultation experiments, spectral data below 912 A 

become inaccessible. 

The radiant source used in the Voyager 2 saturnian 

stellar occultation was a bright (BO type) star ~-scopii (~

sco) • Its radiant spectrum recorded by the UVS on board 

Voyager 2 is shown in Fig. 3-1. Note the wavelength region 

beyond -1250 A, where intensities drop rapidly. This is not 

a real feature belonging to the source, rather it is a mani

festation of the instrument's very low quantum efficiency in 

this wavelength region. The deep dip around 1216 A (atomic 
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hydrogen Ly-~ line) is caused by strong interstellar medium 

(atomic hydrogen) absorption and scattering. It is the same 

interstellar medium that makes any stellar radiation shorter 

than 912 A completely depleted before arriving at the space-

craft. In reference to Fig. 3-1, this feature is clearly 

presented. 

3.3. Geometry of Planetary Occultations 

The geometry of planetary occultation is fairly straight-

forward. As light from a radiant source enters and goes 

through the atmosphere under study, it undergoes scattering, 

absorption and refraction. When the radiation eventually 

emerges from the atmosphere, the intensity has been attenu

ated, and the emergent direction may be deviated from the 

entering direction as well. For the time being, this kind of 

direction deviation, i. e., refraction, will be ignored, and we 

will consider all lines of propagation to be straight lines. 

Then Fig. 3-2 depicts the geometry for planetary occultation 

experiments. 

As usual, we assume the planetary atmosphere is spher

ically symmetric. This assumption, of course, is not really 

true, but will suffice due to much stronger variations in the 

radial direction. The atmosphere is divided into N equally 

thick shells or layers (in the saturnian stellar occultation, 

the thickness of each shell equals 3.2 1an) , with the top shell 

labeled 1 and bottom shell labeled N. The i-th shell has a 
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radius of r i , and the N-th shell has a radius of r N• The 

radius of the planet is set to be Rp' Therefore r i - Rp = zi' 

the altitude of the i-th shell. Hence, there are one-to-one 

relationships between the radius,ri , and the altitude 

(height), zi' For a solid terrestrial planet, like Earth, Rp 

is well defined wi°t:hout ambiguity. But for a non-solid planet, 

like Saturn, one of the conventions is to set the radius of 

the 1-bar atmospheric pressure level above its equator as the 

planet radius, Rp. Hence all altitudes in the Saturnian 

atmosphere are with respect to this 1-bar pressure level, 

which was found to be 60,246 Jon at the equator. In the 

saturnian stellar occultation, the line of sight crossed the 

atmosphere at a latitude of 3. SO N., very close to the 

equator. Thus we adopt 60,246 Jon as Saturn's radius through 

all the data analysis. All atmospheres do not occupy a 

definite upper boundary. The choice of the top boundary, the 

1st shell, seems somewhat arbitrary. We define shell 1 as 

such a shell above which any remaining atmosphere has negli

gible effects on the problem under consideration. 

The line of sight in occultation experiments is the line 

that connects the spacecraft and a radiant source. As the 

spacecraft progressively descends toward the planet, the line 

of sight moves into the deeper and deeper atmosphere and the 

emerging light intensity becomes dimmer and dimmer, until 

merging into background noise. This is what happens in the 

entrance occultation experiments. For the exit occultation 
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experiments, the whole process is just reversed. The light 

pathle\ngth, AjBj (Fig. 3-2), along the line of sight, r j , is 

characterized by its tangential altitude, Zj (or r i ). By 

definition, tangential altitude, z, is the lowest altitude the 

line of sight can reach when it traverses the atmosphere. 

In Fig. 3-2, the column (total) pathlength, li' of AjBj 

and the element pathlength, IiI' in each shell along AiBj are 

readily computed. At every occultation event, the tangential 

radius, rj (or altitude Zj)' of the line of sight, r i , is 

determined by Voyager 2 flight control and can be tabulated. 

Knowing r i of the i-th line of sight, the total pathlength, ljl 

is equal to 

li = fdl 2 JI~ 2 
= - Ii (3-la) 

r,1 

where 

d(JI 2 I dI dl 2 = - Ii = (3-1b) Jr 2 
- Ii 

For numerical calculation, eq.(3-la) may be written as 

where 

i 

li = 2 L lij 
j"l 

lij = JI 1-1 - Ii - VI] - Ii 

( 3-2a) 

(3-2b) 
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111 in the above equation represents the element of pathlength 

in the j-th shell along the i-th line of sight r" j ~ i 

(Fig. 3-2). 

3.4. Physics and Formulation of Planetary Occultations 

occul tat ion experiments could be performed at radio 

frequencies, at visible frequencies or at ultraviolet frequen-

cies outside of the earth I s atmosphere. While all these 

frequencies are important for probing planetary atmospheres, 

they have diverse applications since the physics behind them 

is different. 

In all occultation experiments, one observes a transmit-

ted intensity changing as the line of sight steadily moves 

toward (entrance occul tat,ion) or from ( exit occultation) the 

planet. This intensity change with occultation event ·time or 

equivalently tangential altitude generates the so-called 

occul tation light curve. If I01 and I1 (r) stand for the 

entering (unoccultated) and emerging (occultated) intensities 

of starlight traversing the atmosphere along the line of sight 

r with a tangential radius of r (Fig. 3-2), from the princi

ples of radiative transfer we have (smith and Hunten, 1990) 

I,. (r) = IO,. E,. (r) e-~l(r) + J J,. ('t~) e-~~ d'ti 
r 

(3-3) 

where 't1 (r) is the column (total) optical depth at wave

length 1 along the line of sight r, J 1 is the source function, 
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and 1",. is the partial optical depth from point P (see 

Fig. 3-2) to the observer/instrument along r. Since all 

equations are solved at a given wavelength, A, the A subscript 

will be dropped in the following text for the sake of simplic

ity, wherever its omission does not cause confusion. 

Actually eq. (3-3) differs slightly from the conventional 

equation of radiative transfer by the function, E,.(r), 

describing the refraction diminution. The conventional 

transfer equation usually neglects refraction. Atmospheric 

number density always varies with radius; therefore, the 

atmospheric refractive index shows a certain gradient in the 

radial direction. It is this index gradient that causes the 

propagation direction to deviate from a straight line. The 

bigger the radial index gradient, the larger the deviation. 

As a consequence, the emerging light from the atmosphere 

suffers more deviation when the line of sight gets into the 

deeper atmosphere. More deviation leads to larger reduction of 

intensities (Baum and Code, 1953). To account for this 

intensi ty reduction by differential refraction, the refraction 

diminution function, E(r), must be introduced into eq.(3-3). 

As a matter of fact, many earlier optical occult~tion experi

ments were based upon the principle of refraction diminution 

(Hays et al., 1968a). Actually refraction diminution occurs 

in any atmospheric occultations, but with varying relative 

significance. 

Eq.(3-3) completely explains the physics of all occulta-
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tion measurements. It states there are three factors that 

result in light intensity variations: (1) atmospheric extinc

tion (absorption and scattering) represented by the transmis

sion e- t ; (2) refraction diminution represented by E(r); and 

(3) emission and multiple-scattering into the beam represented 

by the source function J(r). These 3 factors play varying 

roles in different kinds of occultation experiments. Probably 

one factor dominates eq.(3-3) in any particular occultation 

experiment. For instance, for EUV occultation, ultraviolet 

absorption by certain atmospheric species dominates, while for 

optical occultation measurements conducted by Hays et ale 

(1968a), differential refraction of the bulk atmosphere 

dominated. Particularly if a large distance between Earth 

observer and planet is involved in planetary occultations, it 

can be shown that the differential refraction effect exceeds 

the effect of Rayleigh scattering by a factor as high as 105 

(Fabry, 1929; Baum et al., 1953). These three factors should, 

therefore, be individually evaluated to establish a proper 

formula for the ultraviolet absorptive occultation experi

ments. 

For the extreme-ultraviolet occultations conducted in the 

Saturn ian tenuous upper atmosphere, obviously the source 

function term J(r) can be entirely left out from eq.(3-3) even 

if the temperature may reach several hundred degrees Kelvin. 

But the other two terms, namely transmission e- t , and refrac

tion diminution E, need to be further studied. 
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Fig. 3-3 schematically demonstrates the effects of dif-

ferential refraction. Here D is the distance between the 

center of the planet and the observer/instrument, and 0(r) 

represents the total bending (deviation) angle of a light ray, 

whose closest approach to the planet center is r. Before 

entering the atmosphere, the separation of two adj acent 

light rays, I\ and r 21 is Ar. Upon their arrival at the 

observer/instrument, this separation becomes Ay, with Ay > Ar. 

When the spacecraft is moving toward the planet along line 

00 " rays r 1 and r 2 both pass deeper and deeper into the 

atmosphere with an unvarying separation of Ar at the radiant 

source side, but AY=Y2-Yl becomes progressively larger due to 

the increasingly larger refraction. The ratio of I(r) to Io 

thus equals the ratio of Ar to Ay, and this is just the 

refraction diminution E(r) by definition: 

E(x) = I(r) = ax 
Io ay (3-4) 

From eg. (3-4) and the geometry in Fig. 3-3, E (r) can be 

related to the variation of total bending angle e (r) wi th 

radius r through the equation: 

1 = E(x) 
= l+D I de I 

dx 
(3-5) 

If we assume the atmosphere is isothermal with a scale height 

H, 9(r) may be expressed as follows (Chamberlain et aI, 1987): 
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6 (x) = ....!L r [" (x') -1] dr' = -.!L [ (" (x') -1) 121tXIH] 
dr

' 
Jr dr

' 

= - [" (x) -1] ~ 2~X (3-6) 

where ~(r) is the atmospheric refractive index at radius r. 

A second differentiation gives 

Therefore, 

1 
E(x) = 

d 6 (x) =_ a (x) 
dx H 

Io =: 1 + D de (x) 
I(x) dx 

= 1 + D ~ 21tx [" (x) -1] 
H H 

(3-7) 

This equation shows that the diminution due to differential 

refraction mainly depends upon the ratio of D to H. Note that 

the assumption about an isothermal atmosphere, of course, is 

not in general valid. But in Saturn's upper atmosphere, from 

0.01 ~b (-1050 km) to 10 ~b (-600 km), temperature does not 

seem to undergo large changes (Festou and Atreya, 1982). 

Thus, for the purpose of order of magnitude estimates here, 

eqs. (3-6) and (3-7) are adequate. 

In many early earth-based planetary optical occultation 

experiments (e.g., Wasserman et al., 1973; French et al., 

1978), the transmission factor e- t was entirely neglected, with 

the assumption that the differential refraction effect of E (r) 
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was solely responsible for intensity reduction in eq. (3-3). 

For Voyager 2 EUV occultations, the situation is different. 

Typically D/H is about 104 for Voyager-based planetary 

occultations with D-105 km; and D/H is about 107 for earth

based planetary occultations with D-108-109 km. We may use 

eqs.(3-6) and (3-7) to make a numerical estimate of E(r) for 

Voyager 2 saturnian EUV occultations. Assuming r = 61,046 lan, 

which corresponds to an altitude z of 800 km and a pressure 

level of about l-llb, at around 800 km, the Saturn atmosphere's 

scale height H is of the order of -50 km. At this pressure 

level, the molecular hydrogen, H2 , has a refractivity (~-1) of 

about 3X10·10 around 1500 A (Dalgarno et al., 1971). Plugging 

these values into eq.(3-6) yields a total bending angle e (at 

800 km) equal to 2. 6X10·8 radian. And eq. (3-7) gives E (at 800 

km) equal to 0.9997. We may conclude, therefore, that in the 

EUV occul tations conducted on Voyager 2, the refraction 

diminution E is so close to one that for practical applica

tions this effect can be disregarded completely. 

After neglecting source function J and setting the 

refraction diminution E to 1, the only term remaining in the 

Voyager planetary EUV occultations is the transmission term, 

e·~. Eq. (3-3) is then simplified to: 

(3-8) 

or equivalently, 



T(x) = I(x) = e-T(r) 

IO 
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(3-9) 

The total optical depth ~ in the above equation is now 

made up of 2 components: 

~ (x) =~abs (x) +~sca (x) (3-10) 

where ~ abs and ~ sea represent optical depths due to absorption 

by hydrocarbons and Rayleigh (molecular) scattering by mole

cular hydrogen, respectively (the Rayleigh scattering from 

atomic hydrogen is negligible). The Rayleigh scattering cross 

section of Hz molecules is of the order of 1x10-Z4 cmz per 

molecule at 1300 A (Ford et al., 1973), while the absorption 

cross sections for methane and ethane are about 2X10-17 cm-z 

per molecule in the same wavelength region. At an altitude of 

900 km in Saturn's atmosphere, the Hz number density is less 

than 1013 cm-3 (Atreya et al., 1986), so that the Hz scatter

ing optical depth approximately equals 10-11/cm or 10-6/km 

However the saturnian EUV occultation 

data show that the optical depths at 900 kIn and below, in all 

wavelength intervals used in the analysis, are at least of the 

order of 10-4/km (see Chapter 5, Fig. 5-1). Hence, in the 

upper atmosphere of Saturn, the ratio of ~seal'tabs is less than 

0.01. Therefore, we may assume that in the EUV wavelengths, 

absorption is the sole mechanism responsible for extinction in 

the Saturnian upper atmosphere. That is, 't(r) equals 'tabs(r). 

Thus the equation which governs the Voyager 2 Saturnian EUV 

absorptive occultation experiments becomes 
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Here ~ denotes the column (total) optical depth. Argument r 

(instead of r) in the above equation indicates that T and ~ 

are along the line of sight r. In reference to Fig. 3-2, 

however, we may express T (r) and ~ (r) as the product and 

summation of the element components T(ljj) and 1: (ljj) : 

i 

T(r i) = [II T(lij) ] 2 (3-12a) 
j-1 

(3-12b) 

where T(lij) and 1: (lij) denote the transmission and optical 

depth due to the pathlength ljj' respectively. Consequently 

for a pathlength ljj' it follows that 

(3-13) 

In eq. (3-13), the dependencies of T and 1: upon wavelengths are 

explicitly displayed by the subscripts l. 

However, eq.(3-13) can be held only for monochromatic 

cases or for those cases in which optical depth 1: is indepen

dent of lo For the EUV saturnian occultations, all measure

ments '\l7ere carried out with some finite spectral width, and 1: 

varies with lo Therefore, instead of monochromatic transmis-

sion, the transmission function T,:U, (ljj) should be employed 

(Liou, 1980): 



where 

TAl (11j) = ~ r exp (-'t') dl 
All.l 

= :E ~l')..m exp (-'t' m (11j ) ) 
m 
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(3-14 ) 

In the above expressions, Alm represents the m-th sUb-wave

length division of the wavelength internal Al, and 

5 

't' m (1 1j) = :E a lan n k (I j) 11j -
k-l 

Or, if the unit length optical depth 't'm(rj ) at radius rj is 

utilized, we have 

5 

't'm (I j ) = :E alan n k (I j ) (3-15) 
k-l 

because 't'm(lij) ='t'm(r j ) -liP where 0km and nk (rj ) are the EUV 

absorption cross-sections for the kth hydrocarbon in Alm and 

-the kth hydrocarbon number densities at radius rjl respective

ly. Subscript m means the m-th sub-wavelength division. The 

spectral width of Alm should be adequately selected to ensure 

that okm keeps essentially unchanged within Alm• Combining 

eq. (3-14) ~o1ith eq. (3-15) and noting 't'Al. (lij) =-Ln[TAl. (lij)] yield 

=Ln{LA')..m x 
m fl.').. 

exp [ - :E a.lan n k (I j) ]}
k 

(3-16) 
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In order to retrieve 5 hydrocarbon number densities nlc we 

need 5 eq.(3-16)'s, each for a specific wavelength interval 

Al, to form a set of simultaneous equations. 't41' akin' Al, lij 

and Alm in eq.(3-16) are all the known parameters either from 

the occultation observations and geometric relations or from 

laboratory measurements, whereas 5 nlc's are the unknown roots. 

Unfortunately what we have is a set of non-linear 

simUltaneous equations because eq. (3-16) is non-linear. There 

are no sound and general methods for solving more than one 

non-linear simUltaneous equations. Iteration must be utilized 

for the root finding. The success for the iteration conver

gence crucially depends upon a good set of first guess for the 

solutions 0 While eq. (3-16) behaves non-linearly, we may 

notice that it is not strongly non-linear, because the 

hydrocarbon absorption cross-sections in the 1300 A - 1600 A 

region do not present sharp line structure. Basically they 

are continuum absorption spectra. This is particularly true 

for CH4 and C2H6 (see Fig. 4-1). As a first order approxima

tion, assume a mean cross-section for each hydrocarbon in each 

wavelength interval Al. Thus eq.(3-16) reduces to 

5 

't..:u (r j)] = -:E a kl3..1 n k (I j) • (3-17) 
k-l 

Eq.(3-17) is now a linear one. It is not difficult to obtain 

nk from it, as long as the solution stability has been taken 

care of in advance. The solutions of nk (k=l, 2, 3, 4 and 5) 

from eq.(3-17) will be served as the first-guess for solving 
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the non-linear eq.(3-16). 

After defining a unit length optical depth 't (rj ) at 

radius r j , eq.(3-12b) may be rewritten as follows: 

(3-18) 

for Ln[T(ri ) ]=-~(ri). 

Eqs. (3-18) and (3-16) are the equations for the Saturnian 

absorptive OCCUltation data analysis. Using these equations 

with a matrix inversion approach, the vertical profiles of 

five hydrocarbons are retrieved from the Saturnian EUV exit 

stellar OCCUltation data. 



4.1. Introduction 

CHAPTER IV 

OCCULTATION DATA ANALYSIS 
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Occul tation experiments for detecting and quantifying 

trace gaseous constituents in planetary atmospheres (including 

that of Earth) have a long history. Pannekoek was the first 

person who utilized stellar occultation data to retrieve the 

composition and structure of planetary atmospheres (Pannekoek, 

1903) • Early occul tation observations were conducted by 

ground-based stations and restricted to visible (optical) 

wavelengths, since the Earth's atmosphere blocks almost all 

ultraviolet light from reaching the ground. This, in turn, 

narrowed occultation applications largely to studies such as 

refractive index profiles, temperature profiles and bulk 

atmospheric number densities. Later in the 1960's, with the 

advent of earth-orbiting satellites and advanced photo

electronic technology, ultraviolet occultations, both solar 

and stellar, became available, which then proceeded to produce 

a series of important results about Earth , Jupiter and 

Saturn's atmospheres. Hays and Roble carried out the first 

successful Earth stellar ultraviolet occultation experiments, 

obtaining distributions of ozone, atomic oxygen and molecular 

oxygen in the upper terrestrial atmosphere (Hays and Roble, 

1968a; Hays and Roble, 1968b; Hays et al., 1972b; Russell, 

1972). with the advent of spacecraft in the 1970's, occul-
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tation observations again received a renewed emphasis. The 

Voyager missions were vivid examples. The EUV spectrometer 

occultation experiments, along with other scientific observa

tions conducted by Voyager 1 and 2, have produced significant 

advances in understanding of the outer planetary atmospheres . 

. Traditionally two different methods model fitting 

(forward method) and numerical inversion (backward method) -

are employed in occultation data analyses. Model fitting 

methods have been used with the Voyager EUV occultation data 

to infer major constituents in atmospheres such as Jupiter, 

Saturn, Uranus, and Saturn's satellite Titan (smith et al., 

1982, 1983; Festou et al., 1982; Bishop et al., 1990), but 

could not systematically recover the profiles of major trace 

species (hydrocarbons) in their upper atmospheres. This is 

primarily because the model fitting methods are most useful if 

occultation data are consistent with physical models, and this 

is just not the case for the hydrocarbons. Numerical inver

sion methods in the 70's, on the other hand, were essentially 

designed to seek a numerical solution for the Abel integral 

equation, which mathematically represents the occultation 

process. 

As discussed in Chapter 3, all occultation processes may 

be described by the general equation of radiative transfer. 

For an absorptive occultation, as the one being considered in 

this dissertation, the transmission T along the line of sight 

r is given by: 
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(4-1) 

where Io and I (ro) are the unattenuated and attenuated radiant 

source intensities, OJ and Nj are the absorption cross-section 

of the ith species and the column number density of the ith 

species along the line of sight r, respectively, and ro repre

sents the tangential radius of the line of sight r. Again, we 

note that eq. (4-1) applies at a certain wavelength 1. 

Refer to Fig. 3-2. If a spherically stratified atmo-

sphere is assumed, then for the ith atmospheric species its 

column number density along r is given by: 

Nj (Ia) = J nj (I) dl (I) 
r 

or substituting eq. (3-16) for dl(r), we have 

(4-2) 

where ro has the same meaning as in eq. (4-1), nj is the number 

densi ty of the i th species at radius r •. As a matte of fact the 

above equation illustrates the definition of column number 

density, Nj (ro>: the total number of molecules of the ith 

species in a cylindrical volume with unit cross-section and 

along the line of sight r. Eq. (4-2) is the so-called Abel 

integral equation. The Abel equation can be directly and 

precisely inverted for the number density nj(r) (Roble et aI, 

1972): 
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(4-3) 

If i = 1 in eqs. (4-1) and (4-3), or equivalently only 

a single species is responsible for the total atmospheric 

absorption, then combining eqs. (4-1) and (4-3) directly 

yields number density profiles of n f (r) • However, when it 

comes to retrieval of hydrocarbons in the outer planets' atmo

spheres, the situation is complicated. 

The first problem is: If i > 1 how one can obtain the i th 

species' column number density Nj (r) from eq. (4-1) ? The 

transmission T(r) = I(r)/Io is relevant to all absorptive 

gaseous constituents. Generally eq. (4-1) alone is not 

sufficient to single out a particular Nj (r) from all other 

N j (r) 's, unless this i th species has certain unique spectral 

features that make this singling out possible. This is what 

occurs when using the Abel equation to obtain 03' 0z or Hz 

distributions in the Earth's atmosphere from the OCCUltation 

data. For example, between 100 km and 250 km in the Earth's 

atmosphere, molecular oxygen, 0z' density can be recovered by 

using OCCUltation data in the Schumann-Runge band around 1450 

A. At this wavelength range, 0z is the only absorber so that 

getting the 0z's column density Noz(r) from transmission data 

T(r) is realizable. The ozone density in the mesosphere could 

also be obtained by inversion using spectral occultation data 

T(r) in the Hartly continuum around 2500 A, for 03 is the only 
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major absorber there (Hays et al., 1968b). Molecular hydro-

gen, H2 , 

verted. 

in the Earth's thermosphere may similarly be in

One may use 1108.1.28 A in the Lyman-Wener band 

because at this wavelength the absorption cross-section of 02 

is minimum, and therefore H2 plays a major role in producing 

the occultation light curve (Atreya, 1.981). 

A second problem is that solutions of the Abel integral 

equation are sensitive to small random noise in the data (Hays 

and Roble, 1.972a). To compensate for this noise-sensitive 

character, in. some cases certain approximate atmospheric 

models are still needed to help finally solve eq. (4-3) (Roble 

et al., 1972a, 1972b). In the Earth's atmosphere, construct

ing approximate atmospheric models for 02 and 03 does not 

impose real difficulties since some of these distributions are 

well known in the lower parts of the Earth's atmosphere. 

For Saturn's atmosphere, the overall situation is much 

different from that of the Earth. We can not employ the Abel 

equation to recover hydrocarbons in the saturnian upper 

atmosphere. First, all major hydrocarbons have similar orders 

of magnitude of absorption cross-sections within the 1200 A -

1.700 A spectral region. Fig. 4-1 illustrates these spectral 

features. All of these hydrocarbons have a cross-section of 

_10.17 cm2jmolecule. Even in the wavelength region longer than 

1500 A, three absorptive spectra (C2H2, C2H4 and C4H2) remain 

overlapped. Secondly, the signal-to-noise ratio of Saturn's 

stellar OCCUltation data are very poor. Thirdly, we are 
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trying to invert not one or two, but 5 trace constituents 

simul taneously from Saturn's stellar EUV occultation data. 

These three factors convinced us that instead of using the 

traditional numerical analysis methods, it was necessary to 

seek other inversion techniques. 

Fortunately analysis techniques for Saturn's occultation 

experiments, as well as for other inversion problems, do exist 

in the form of linear matrix inversions. Twomey (1963, 1965) 

first obtained stable yet meaningful solutions for atmospheric 

inversion problems by introducing smoothing constraints and 

applying the Lagrangian multiplier method. In this disserta

tion, we adopt Twomey's concepts by bringing in constraints to 

stabilize the inverted solutions; then through a new approach, 

we derive a more general fo'rmulation for the category of 

linear inversion problems. By making use of this general 

formula, 5 hydrocarbons in the saturnian upper atmosphere have 

been successfully retrieved from the Voyager 2 saturnian 

stellar EUV exit occultation data. 

To initiate the occultation data analysis process, first 

we have to decide what hydrocarbons could and should be 

retrieved from the EUV stellar occultation data. Second, 

based on the singular-value-decomposition (SVD) method, an 

optimum wavelength combination, which consists of 5 wavelength 

intervals, is selected to produce a stable set of inversion 

results. Third, use an optimum filtering theory to improve 

the quality of the IIraw" occultation transmission data (light 
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curves). Then after these three preparations, the occultation 

data analysis is composed of two steps: (~) through applying 

a mathematical inversion method, solve eq. (3-18) in each of 

the 5 wavelength intervals for the unit length optical depth 

profiles, ~l(z); (2) based on -the inverted ~l(r) from step (1), 

solve the non-linear eq. (3-16) for the hydrocarbon number 

densi ty profiles, nlc (z). We shall discuss these procedures in 

the following sections. 

One more point about the data analysis needs to be 

addressed here. As mentioned in Chapter 1, Voyager 2 conducted 

both solar and stellar occultations for Saturn's atmosphere 

during the saturnian encounter. Although solar occultation 

has better signal-to-noise ratio (statistics) than stellar 

occultation, the saturnian stellar occultation had less 

internal scattering problems, had no signal saturation (non

linearity) problem, and had better altitude resolution. In 

addition, as discussed earlier, for hydrocarbon profiles we do 

not use ultraviolet wavelength shorter than ~200 A. The lack 

of spectral information for wavelengths shorter than 912 A in 

the stellar occultation data does not affect our inversion 

goals. These considerations explain why for Saturn we make 

use of only stellar occultation data in the analysis. 

4.2. Selection of Hydrocarbons and Wavelength Intervals 

4.2.1. Selections of the hydrocarbons to be retrieved 

Saturn's atmosphere is a hydrogen-rich atmosphere. Molec-
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ular and atomic hydrogen absolutely dominate the saturnian 

atmosphere. But small amounts of Nitrogen (N), Phosphorus 

(P), Sulphur (S) and Carbon (C) also co-exist in the atmo-

sphere. Through complex photochemical and thermochemical 

reactions a variety of gaseous hydrocarbons and other com

pounds of the above elements are produced and compose the 

atmospheric volume of less than 1%. Saturn has a tropopause 

around 90 rob where the temperature drops to -85°K. This low 

temperature constitutes a cold trap that forces the gaseous 

compounds of nitrogen, phosphorus and sulphur to be condensed, 

thereby excluding the presence of N, P and S compounds leaving 

only H2 , H and hydrocarbons in the saturnian upper atmosphere. 

(We ignore helium, He, for reasons discussed in Chapter 1). 

Furthermore, as discussed in chapter 2, the wavelength region 

from 1200 A to 1700 A serves as a spectral retrieval region 

for hydrocarbons because in this spectral region molecular and 

atomic hydrogen possess only very small scattering cross

sections (of the order of 10.24 cm2 to 10.25 cm2) compared to the 

photoabsorption cross-sections of hydrocarbons (of the order 

of 10.16 cm2 to 10.17 cm2). These two features, the cold trap 

and the spectral absorption cross-sections, together make the 

retrievals of hydrocarbons in the saturnian upper atmosphere 

possible. 

Although only hydrocarbons as the trace species exist in 

the saturnian upper atmosphere, there are a number of hydro

carbons there. Some of them have been positively identified 
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by IR observation; many of them have been predicted by giant 

planets' photochemical models. Obviously it is impossible to 

retrieve all these predicted hydrocarbons from the EUV occul

tation data; only several major ones may have chances to be 

recovered. 

Methane, CH4 , is the most abundant hydrocarbon in the 

saturnian atmosphere (Trafton, 1973; Court in et al.,1984). 

Ethane, C2H6 , ethylene, C2H4 , and acetylene, C2H2 , were also 

observationally detected and known as the major hydrocarbons 

in Saturn's atmosphere (Tokunaga et al., 1975, 1980a, 1980b; 

Moos et al., 1979; Hanel et al., 1981; Court in et al., 1982; 

Noll et al., 1986). These 4 hydrocarbons all have larger 

absorption cross-sections in the spectral region of 1200 A -

1700 A. They are the major contributors to the EUV occulta

tion extinction. On the other hand, the theoretical studies 

had similar conclusions. So far, we have several photo

chemical models for Jupiter (for instance, Strobel, 1974; Yung 

and Strobel, 1980; Gladstone, 1983). The Gladstone Jupiter 

model (Gladstone, 1983) is thought of as the most up-to-date 

model, which indicates that CH4 , C2H6 and C2H2 are the most 

abundant hydrocarbons followed by smaller amounts of C2H4 and 

C4H2 in the atmosphere of Jupiter. According to Strobel's 

viewpoint (Strobel 1983), the Gladstone's results should also 

be qualitatively applicable to Saturn's atmosphere, where the 

major differences from the Jupiter's atmosphere would be lower 

temperature and more vigorous vertical mixing (Atreya 1982; 
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Sandel et al., 1982a). 

Al though it has been predicted by the photochemical 

models, diacetylene, C4Hz, hasn't yet been observed up to now. 

However, in laboratories, a mixture of CH4 and NH3 (this 

chemical compound exits in the saturnian lower atmosphere) in 

an excess of Hz under sparks did produce CzH6 , C4Hz, and other 

H-C-N compounds as the most abundant molecules (Sagen and 

Miller, 1960). Thus even though C4Hz has not yet been posi

tively identified, we still place it in the retrieval list. 

According to these considerations, therefore, we set our 

inversion goal to five major hydrocarbons in the upper 

atmosphere of Saturn, namely, CH4 , C2Hz, C2H4 , CzH6 and C4Hz• 

4.2.2. Selection of proper wavelength intervals 

The EUV spectrometer aboard the spacecraft Voyager 2 has 

a wavelength coverage from 500 A to 1700 A through 128 con

tiguous spectral channels. For the stellar OCCUltation data, 

because of interstellar media absorption, radiation shorter 

than 912 A (the Lyman series limit of atomic hydrogen H) is 

completely attenuated. Between 912 A and 1215 A (the wavelen

gth of hydrogen's Ly-a line) atmospheric extinction caused by 

Hz and H is larger than or comparable with the extinction 

caused by hydrocarbons, so this spectral region must be 

excluded for the hydrocarbon retrieval. Hence the workable 

wavelengths for the hydrocarbon retrieval are limited to the 

spectral region from -1215 A (channel 77) to -1700 A (channel 
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128). Since the EUV occultation data in some spectral channels 

do not appear to be as good as in others, the usable wave

length region is further narrowed. Taking into account all of 

these factors, the usable wavelength range for our purposes 

spans from 1328 A (channel 89) to 1652 A (channel 124). 

As discussed earlier [see eq. (3-16)], the second step of 

the occultation data analysis is to solve 

for the vertical profiles of 5 hydrocarbons, nk(r). It means 

we need 5 eq. (3-16)'s to form a closed non-linear simulta

neous system of equations, one for one wavelength interval. 

The only way to solve non-linear simultaneous system turns out 

to be the numerical iteration method (Ortega and Rheinboldt, 

1970) with a set of good first guess solutions. Thus we have 

first to solve the linear eq. (3-17)'s to provide 5 good first 

guess solutions for eq. (3-16). 

These 5 eq. (3-17) 's make up a closed simultaneous 

system. In reference to eq. (3-17), the kernel (coefficient) 

matrix of this closed system consists of the mean hydro car-

bons' EUV absorption cross-sections, i.e., 0lk. k=1, 2, 3, 4 

and 5, representing 5 hydrocarbons: A=A1' AZ' A3 , A4 and AS 

represent 5 wavelength intervals. ~l(rj)'s in eq. (3-17) are 

the known parameters from solving eq. (3-18). In finding the 

solutions from eq. (3-17), the key point is the solution 
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And whether the guess solutions of nk (r) are 

stable or not substantially depends upon this cross-section 

kernel matrix. If the kernel matrix is ill-posed, the solu

tion will be unstable and unacceptable, or vice versa. 0lk's 

are functions of wavelength intervals. Therefore, through 

properly choosing the 5 wavelength intervals I we can help 

assure a well-behaved solution set. 

The best way to judge the "health" of the matrix is 

through the singular-value-decomposition (SVD) analysis. From 

spectral channel 89 to 124 (wavelength range from 1328 A to 

1652 A), each time we arbitrarily pick up 5 wavelength 

intervals, each such wavelength interval possesses a spectral 

width of 27.6 A (3 consecutive channels) and there is no 

overlapping spectral channel between any two of these five 

wavelength intervals. Then group these 5 channel intervals to 

form a wavelength combination. The total number of such wave

length interval combinations amounts to over 50,000. Calcu

late and examine the singular values for each of these com

binations, (and take care of some other practical situations 

as well). In this way we singled out one wavelength combina

tion, which would enable eg. (3-17) to produce 5 stable roots 

(solutions) from the data set of ~l(rj). 

4.2.3. Results of Selections 

Here we list the results of selections. 

The 5 hydrocarbons whose vertical number density profiles 

are to be inverted are 
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Methane CH4 , acetylene CzHz, ethylene CzH4 , ethane CzH6 , 

and diacetylene C4Hz• 

The 5 wavelength intervals are 

(1) wavelength interval 1: 1328 A - 1356 A (Chs:089-091) 

(2) wavelength interval 2: 1412 A -.1439 A (Chs:098-100) 

(3) wavelength interval 3: 1440 A - 1467 A (Chs:101-103) 

(4) wavelength interval 4: 1495 A - 1523 A (Chs:107-109) 

(5) wavelength interval 5: 1541 A - 1569 A (Chs:112-114) 

Each wavelength interval has a spectral t-ridth of 29.7 A (three 

consecutive channels) • 

4.3. Occul tation Data Prereduction - Wiener optimum Filtering 

Saturn's stellar occultation data (light curves) are very 

noisy. Fig. 4-2 presents a stellar occultation (transmission) 

curve for the wavelength interval from 1541 A to 1569 A 

(channel No.107-109). In this figure, the abscissa is alti

tude z in Saturn's atmosphere (Saturn doesn't possesses a 

solid terrestrial surface, so the 0 km altitude is set to 

60,250 km, the saturnian radius at the 1-bar pressure level 

above the equator); and the ordinate is the atmospheric 

transmission T. Obviously the occultation transmission data 

are heavily contaminated by random noise. 

wi th this heavily noise-contaminated data, it seems almost 

impossible to perform any successful analysis quantitatively 

unless we have proper ways to improve the data quality sub

stantially. Fortunately there are some signal processing tech-
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niques available for use in telemetry and telecommunication 

sciences that are aimed at extracting the "true" signal from 

a noise-corrupted signal. One of them is the well-known Wiener 

optimum filtering theory. For the purpose of occultation data 

pre-reduction; we choose the Wiener optimum filtering tech

nique because it is easier to implement and generates reason

ably good results. 

The saturnian occultation data set), like those shown in 

Fig. 4-2, can be thought of as being composed of two parts: 

one is the "true signal ll So (t); and the other is the noise 

vet), so that s(t)=so(t)+v(t). By the true signal, we mean an 

ideal occultation curve (data) so(t) that would be present in 

the absence of any kind of noise and distortion. Here we 

assume that vet) is a stationary random noise and that the 

occultated light signal so(t) , which originates from stellar 

radiation, is also a stationary random process. Hence set), 

being the sum of two random processes, is a random process, 

too. Therefore, because of the random nature of the signal, 

we treat them statistically. Our goal is to statistically 

extract occultation data so'(t) from the noise contaminated 

data s (t), so that so' (t) is as close as possible to the 

.. true" occultation data so(t). The Wiener linear optimum fil

tering theory is designed for accomplishing this goal. It was 

initially developed by the late MIT professor R. Wiener in the 

1930's, and has been widely used since. For details of the 

theory and applications interested readers are referred to 
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wi~ner's boo]c (Wiener 1949), and also to Brault and White 

(1971), Oppenheim (1975), and Mohanty (1986). (Brault and 

Whi te' s paper was particularly dedicated to fill the gap 

between astronomers and electrical engineers regarding the 

applications of the Wiener theory.) 

Fig. 4-3 shows a block diagram of Saturn's occultation 

experiments and instrumentation. Instrumentation I covering 

all opto-electronics is aboard the Voyager 2. Through a 

microwave link the occultation data are sent back to the input 

of instrumentation II on the Earth. The occultation signal, 

so(t) enters the input port of instrumentation I, and a noise 

contaminated signal s(t)=so(t)+v(t) presents at the output 

port of instrumentation II on the Earth. Generally random 

noise, v(t), is independent of occultation signal, so(t). It 

may be noted that the occultation event time t and the tan

gential altitude z of the line of sight are interchangeable, 

since z is a function of t. 

By definition, when x(t)=s(t)=so(t)+v(t) is the input, 

the Wiener optimum filter is supposed to provide an output 

yet) = so'(t), which would be the optimum estimate of the true 

signal so(t). Here the optimum estimate means that so' (t) is 

the closest approximation of so(t) in the least-square sense. 

In other words, if we set an error e(t)=so' (t)-so(t), under the 

condition that the input set) is a stationary random process, 

the Wiener filter assures an estimate so'(t) for so(t) such 

that the mean square error < e(t) 2>=< So' (t)-so(t) 2> 
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comes to a minimum statistically, i.e., <Ie(t) 12> is as small 

as possible. 

Fig. 4-4 shows a diagram of the Wiener linear optimum 

filter. This linear filter is characterized by its impulse 

response function h(t) or equivalently by its transfer func~ 

tion H(@). For a linear system, h(t) and H(@) are related 

through the Fourier transform pair: 

H ( CA) ) = J h ( t) exp ( - i CA) t) d t 
-.. 

+00 

h(t) = fH(CA»exp(+iCA)t)dCA) 
-00 

where @ is the angular frequency. Let the input and output 

of a Wiener optimum filter be x(t)=s(t)=so(t)+v(t) and 

y(t)=so'(t), respectively. For any linear system, the output 

yet) may be expressed by a convolution of the input x(t) with 

the system impulse response function h(t): 

+00 

yet) :: !h(t--r)x(-r)d-r (4-4) 
-.. 

Therefore the design of Wiener optimum filter is equivalent to 

finding a special function h(t) or H(@) so that the following 

expression holds, 

(4-5) 

Once this h(t) or H(@) is found, the construction of the 

Wiener linear optimum filter is considered to be completed. 

substituting eq. (4-4) into eq. (4-5), we have 
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= < [!h(t--c) (so(t)+v(t»d-c-so(t)]2> 
-... 

After a series of algebraic manipulations, we have (Mohanty, 

1986): 

+CD+CO 

-2! h (1:) Rsx (1:) d1: 
-00 

where 

= auto-correlation of "true" occultation data so(t) 

Rxx(-c2--c1)= I X ('t'z+t) x(-c 1+t) dt 

= auto-correlation of noise-contaminated data set) 

= cross-correlation of "true" signal So (t) with 

noise-contaminated data set). 

To get the minimum value of <ez>, set' 

a < e 2> = 0 a h (t) 
(4-6) 

This leads to a relation known as the Wiener-Hopf equation: 
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+co 

fh(t) R",,(-r-t)dt = Rsx(-r) (4-7) 
-co 

Eg. (4-7) is in the spatial domain. We may express it in the 

frequency domain by virtue of the convolution theorem: 

(4-8) 

where P~(~) and Psx(~) are the power spectral density of the 

occultation data set) and the cross power spectral density of 

x(t) with the "trueu data so(t), respectively. From eg. (4-8) 

the transfer function of the desired Wiener linear optimum 

filter becomes 

(4-9) 

since Pxx (~) and Psx (~) are the Fourier transforms of the 

correlation functions Rxx (t) and Rsx (t), respectively, they may 

easily be computed (Press et al., 1986). Furthermore under 

the assumption that the random noise vet) is independent of 

the "true" occultation data so(t), we have Psx(~)=Pss(~)=power 

spectral density of the true occultation data so(t). So 

eg. (4-9) becomes 

If(oo) (4-10) 

H(~) in the above equation is the transfer function we are 

seeking in order to construct the Wiener linear optimum 
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filter. In practice, it is not necessary to know explicitly 

the impulse response function, h(t), since we apply the Wiener 

filter in the frequency domain only. 

After obtaining H(~), as a first step, we calculate the 

Fourier transform of the occultation light curve, T (t) • 

Second, this transform is multiplied by the transfer function 

H(~). Third, we calculate the reverse Fourier transform of 

the product in the second step. This procedure eventually 

generates an improved set of occultation data (light curves), 

which are supposed to be the best estimate of the true data 

so(t) in the least-square sense. The above scheme for imple

menting the Wiener optimum filtering mainly comes from Press 

et al. (1987). Recently Bishop et al. (1990) employed the 

same Wiener optimum filtering technique to the Voyager 2 

Uranus' EUV occultation data. The scheme they used also came 

from Press et al. and hence was much the same as what we used. 

The Wiener optimum filtered occultation curve is also 

shown in Fig. 4-2. Compared with the pre-filtered noisy data, 

the improvement is impressive. But the real value of this 

technique must be in the fact that it actually offers an 

optimal estimate of the unknown data in a statistical base, 

and does not merely eliminate the higher frequency components. 

There is a pitfall when implementing eq.' (4-10). The 

purpose for applying the Wiener optimum filter is to extract 

the best estimate of the true signal so(t) from the noise

contaminated signal s (t). While Pxx (~) is readily determined, 
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we do not know so(t), and, in turn, we can not compute its 

cross-correlation function Rsx(t) and power spectral density 

Pss (6l) • Therefore, eg. (4-l.0) can not be used to calculate 

H(6l). However, in practical applications such as the present 

stellar occultation, we often have some a priori knowledge 

about what so(t) should look like, in general. For instance, 

we have some idea as to the light curve's appearance, bounds, 

etc. Therefore we are able to generate an approximate model 

for so(t), then calculate its power spectral density Pss (6l) to 

determine H(6l). It can be shown out that Pss only has a 

second-order effect on the total estimated error <e2>. 

Because of this, even a crude estimate of Pss (6l) would still 

yield an excellent result (Press et al., l.987). 

In order to show the effects of the Wiener optimum 

filtering, Fig. 4-5 illustrates a simulated case, in which we 

know the true signal so(t) (dashed line) exactly. The Wiener 

fil tered signal so' (t) is represented by the solid line 

(Fig. 4-5b). A comparison of the signal, the observation and 

the Wiener estimate gives an indication of what could be done 

with the Wiener linear optimum filtering. This figure is 

adopted from Orfanidis' book (Orfanidis, l.988). 

For the saturnian occultations, 'tole know, in general, how 

the true OCCUltation curves may behave. For example, occulta

tion transmission curves are almost certainly monotonically 

decreasing as the line of sight immerses deeper into the atmo

sphere. They must have the bounds of l. and o. Based on these 



4 

-.. 
2 

-1 

-~ 

-l 

I 

lose 

- ~t!PlI1 ':e 0;' x(n) 
- $isnl1l x(n) 

/~"1 . .. ". 
,'. ~jw' .-;-'\ 

: I ""Y \.\:::. 
"l • r. 1\ .. ¥: 

I I 
1929 lasa 1199 

TIME S"MP!";S 

Fig. 4-5a A t--ue si~.al ~,d its obse~ved, noise-con 
t~m;~ated signal. 

1 

Q 

-1 

-2 

-~ 

I 

lSS0 

- obse:-ve::l Signll1 !:I(n) 
- $:311111 x(:\) 

I I I 

1920 19~9 19S8 

TI~ SAMPL...=S 

I 

lesa usa 

Fig. 4-5b COInpa=ison of ~e t:-ue signal ~,d its Wiener 
optimum-filte=ed signal. (Adopted f=om the 
book by O::::fanidis, O'Cti.nnl!!! Sic:::nal ?~ocess;!'IO' 
- ~~ T!'It~ocuction, 1988). 

81 



82 

limitations and using the raw data curve as a reference, we 

draw a smooth model occultation curve manually for each wave

length interval used. Next, a Fourier transform of the model 

curve is computed to produce its power spectral dens i ty P 55 ( Cal) , 

and the same Fourier transform of the contaminated data curve 

is employed to produce Pu(Cal). These two power spectral den

sities are used in eg. (4-10) to yield the required transfer 

function H(Cal). Then the raw OCCUltation data are formally 

input to the filter with the computed transfer function H(Cal). 

At the filter's output comes the improved OCCUltation data, 

which are now ready for inversion use. 

404 Mathematical Inversion Methods 

4.4.1. General Description of Inversion Problems 

In atmospheric sciences, we frequently have to deal with 

remote sensed data or indirect measurements. It is particu

larly true when observing planetary atmospheres or when space

based observations are involved. Here indirect measurements 

mean those situations where a desired function f(x) (e.g., 

atmospheric temperature profile) is to be inferred from direct 

physical measurements of some other function p (y) (e. g. , 

infrared emission from the atmosphere) when f(x) and p(y) are 

related through a kernel function A(x,y): 
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b 

!A(X,y) f(x) dx = p(Y) ( 4-11) 
a 

The kernel function A(x,y) in the above equation is known £ 

priori, and contains all the physics of the problem under 

consideration. From f(x) to p(y) through eg. (4-11) is the 

forward process; in contrast, going from the measurement p(y) 

to the desired function f(x) is called the inversion process. 

In general, the integral in eg. (4-11) normally cannot be 

evaluated, unless it is expressed in a discrete quadrature 

form. Thus eg. (4-11) may be re-written as 

b 

L A (Yi' Xj) f(xj ) Il.Xj = P (Yi) , Yi=C, ••• , d (4-12a) 
xj-a 

or simply, 

M 

:E Aij fj = Pi' 
J-1 

i=l,2, •.. ,N (4-12b) 

In eg. (4-12b) .6.Xj has been combined vTith fj. If we regard Aij 

as the (i,j)-th element of a kernel matrix A with NxM ele-

rnents, and regard fj and Pi as the j-th element of a column 

vector f with M components and the i-th element of the 

measurement (data) vector p with N components, respectively, 

then we have 

All A12 AlM 

A = I Ajjl 
A21 A22 A2M ( 4-13a) = 

ANl AN2 AM! 

and 
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f1 P1 

f2 P2 

£= p= (4-13b) 

fM P N 

After the above definitions, eg. (4-12) may be rewritten in a 

matrix notation as: 

A(i,j) f(j) = p(i) 

where i=l, 2, •.• , Nand j=l, 2, ••• , M. Or more compactly, 

A . f = P (4-14) 

In eg. (4-14), we have N measurements: p(l), p(2), ••. , 

peN), but M unknowns: f(l), f(2), ••• , f(M), where N could be 

less then, equal to or larger than M. When N>M, assuming 

these N equations are all independent, eq. (4-14) is called 

overdetermined; when N<M, it is called underdetermined. For 

the underdetermined case, eq. (4-14) always has infinite 

number of exact solutions. 

For most remote sensing applications, we have the case of 

N ~ M. If N ~ M, at first glance the solution of eq. (4-14) 

may be written immediately as: 

(1) if N = M, 

(2) if N > M, 

f = A-1 P 

f = (AT A) -1 AT p 

(4-15a) 

(4-15b) 

where A-1 and AT denote the inverse and transpose matrices of 

A, respectively. If N=M, A is a square matrix, so its inverse 
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A-' does exist provided that A is not singular; if N > M, A- 1 

does not exist, so we solve eq. (4-14) in the least-squares 

sense. Eq. (4-15b) is the standard least-squares solution for 

the overdetermined equations. Note that although for the 

overdetermined case A-' does not exist, symmetric matrix (ATA) 

does have an inverse because it is square (assuming A is not 

a singular matrix). 

When indirect atmospheric measurements are involved, how

ever, eq. (4-15) frequently fails to offer a satisfactory 

solution due to the normally nearly singular nature of A. The 

results from eq. (4~15) are almost certainly unacceptable. 

The solution vector f in eq. (4-15) displays strong oscilla

tions or other features which conflict with a priori knowl

edge. This point was well demonstrated by the earliest 

attempts to recover atmospheric temperature profiles from 

inversions based on infrared measurements. Many of them 

yielded negative absolute temperatures combined with unaccep

tably high temperatures at other altitudes. 

In many atmospheric applications, the kernel function 

A(x,y) is a slowly varying function of the arguments x and y. 

A slowly varying two-dimensional function in matrix notation 

results in two or more rows of the matrix being nearly paral

lel with each other. In other words, a high degree of inter

dependence exists among the rows of the kernel matrix, result

ing in what is called an ill-posed matrix. For ill-posed 

matrices, one or more of the singular values (or eigenvalues 
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if a square matrix, N=M) are very small, or simplY zero from 

the standpoint of digital computations, causing some elements 

of A-lor (ATA) -1 being extremely large. In the presence of the 

inevitable measurement or calculational errors, such a very 

large element of A-lor (ATA) must lead to strong instability 

in the solution vector f. For an ill-posed matrix A, the 

solution from eg. (4-15b) demonstrates even more instability 

than eg. (4-15a) for it involves the squares of already very 

large elements of A. Thus small errors in the measurements p 

(say, 0.1% or even 0.01%) could generate very large changes in 

the inverted values of f. The measurement errors are enor

mously magnified through eg. (4-15). 

However, although remote sensing measurements are subj ect 

to random errors, it is critical to understand that the insta

bility in the solution f of eg. (4-15) results from the ill

posed kernel in combination with those imperfect measurements. 

We never have perfect measurements. It is, thus, necessary to 

modify the kernel with appropriate constraints if meaningful 

results are to be obtained. Mathematical inversion methods 

have been devised for this purpose. One among such approaches 

is the linear matrix inversion method. 

For the saturnian occultation case the kernel matrix A is 

somewhat different from the kernel matrices in most inversion 

problems. Here A is a lower-triangle matrix, since Aji=O when 

j>i. Triangular matrices are not ill-posed unless one or more 

of the components A'j are equal or close to zero, but this is 
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not the present case. Although the A matrix in the present 

occultation experiments is well-posed, invoking direct 

inversion formula, f=A- 1p (cf. eq. (3-14» still produces an 

unstable, oscillatory and unacceptable result. This is 

because in the triangular matrix case direct inversion 

solution A-1p is actually a so-called onion peeling solution. 

In other words, one by one from the top shell to the bottom 

shell, we obtain solutions f1' fz' ••• , f N• Whenever measure

ment (or estimate) error is present in the top shell and noise 

is present in the measurements p, such a top-to-bottom 

inversion scheme always leads to an oscillatory and unstable 

solution (Chang and Weinreb, 1985). Saturn's occultation 

data, even after optimum filtering, still possess both the 

measurement errors and the noise. This is because the Wiener 

optimum filtered light-curve (transmission T) is not necessar

ily smooth (there are still small random changes in the 

filtered T curve). In addition, the pathlength calculations 

of Ajj of the matrix A are not very accurate either, since the 

atmosphere is never really spherically symmetric. The tri

angular matrix A in Saturn's occultation equation doesn't 

offer any mechanism to suppress and damp these random changes 

and prevent them from being progressively augmented from 

higher al ti tudes to lower al ti tudes • Additionally, the occul

tation data have some unrealistic undulations in them; the 

reasons for this are not very clear yet. (These could be 

caused by either instrumentation or pre-data reduction in 
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determining T by dividing I by I c .) The Wiener optimum filter 

has no effects on it, as they differ in nature from random 

noise. The triangular matrix A alone can neither suppress the 

random fluctuation propagation nor remove the undulations from 

the data. Thus it is still necessary to exploit mathematical 

inversion methods, which will be discussed later in this 

chapter, to assure a reasonable result. 

4.4.2. Matrix Inversion Method - Twomey I s Approach and 

Inversion Formulae 

Because the instability aris~s as a result of small 

errors in combination with a nearly singular kernel matrix A, 

one way to improve the situation is to alter the kernel some

how. This is accomplished through the addition of constraints 

on the system of equations to stabilize the solutions while 

the major features of A remain unaffected. 

This principle is rational from a practical standpoint. 

In order to allow for measurement (and other) errors, 

eg. (4-14) should actually be written as 

A f = P + e (4-16) 

where e symbolizes the measurement error vector. This concept 

is demonstrated in Fig. 4-6, where p(i)=p(x) becomes a curve 

and p(x) ± e(x) forms a shaded strip area. Any solution, fl, 

which results in a synthetic measurement (data) curve pi that 

lies within the measurement error boundaries, that is, within 

the shaded area, should be recognized as a valid solution of 

eq. (4-14). Furthermore, there are many (as a matter of fact, 



Fig. 4-6 The shaded area =eoresents the measurements 
p(x) ± e(x). Any-solution, such as fl(x), 
which "Tould result in a p I ex) in the shaded 
area, is acceptable. 
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infinite) f's such that Af'=p' will lie within the shaded 

area. All these f' are equally acceptable as solutions of 

eq.(4-14). This ambiguity or non-uniqueness can be removed 

only by attaching an additional criterion or constraint which 

unequally singles out one most desired or "best" f' from all 

others. This additional constraint, of course, should be 

consistent with the nature of each individual inversion 

problem under consideration. Generally constraints are 

derived from a priori knowledge regarding the nature of the 

expected solution. In practice, because of the fluid nature 

of atmospheres, a very general and frequently used constraint 

is smoothness, i.e., solution f should be a smooth function 

with respect to its atmospheric arguments. 

Phillips (1962) first introduced the idea of using 

smoothing constraints to stabilize the solution vector p. 

Later Twomey (1963, 1965) expanded and developed this concept. 

By adding a smoothing constraint, matrix H, and then using the 

Lagrangian undetermined multiplier method, Twomey developed 

the matrix inversion method and successfully obtained stable 

solutions for a large category of linear inversion problems. 

The Twomey formulae for the linear ill-posed matrix 

inversion problems of Af=d are as follows (Twomey, 1977): 

.f = (AT A + yH) -1 AT p (4-17) 

f = (AT A + yI) -1 (ATp + yq ) (4-18) 

where H is the smoothing constraint matrix, q represents a 

trial solution vector and I is the unit matrix. 
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For practical applications the constraint matrix H must 

be specified. For example, if the minimum sum of the second 

derivatives squared is adopted as the criterion of smoothness, 

then the H matrix becomes (Twomey, 1977): 

1 -2 1 0 0 0 0 · 0 

-2 5 -4 1 0 0 0 · 0 

1 -4 6 -4 1 0 0 · 0 

0 1 -4 6 -4 1 0 · 0 (4-19) H= 

0 0 0 . 1 -4 6 -4 1 0 0 

0 0 0 . -2 5 -4 1 0 

0 0 0 . 0 0 0 0 1 -2 1 

The y in the solution equations (4-17) and (4-18) is the 

so-called Lagrangian multiplier, and is adjustable. It is 

generally determined by trial and error until the computed 

solution yields computed measurements which differ from 

the actual measurements by the instrumental errors. This 

is equivalent to a computed solution, fl, such that IAf / - pl2 

- e2• The choice of y is not critical; its role is to control 

the degree of smoothness in the solution f. There are two 

extreme cases: (1) if y=O, i.e., no smoothing constraint, eq. 

(4-17) becomes equal to eq. (4-15b), which is the trivial 

least-squares solution and generally unacceptable; (2) if y-~, 

eq. (4-17) becomes Hf=O, which yields a straight line. In 

this way, the original inversion problems are entirely 

replaced by the imposed constraints. 

4.4.3. Matrix Inversion Method - Another Approach and a 
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General Inversion Formula 

The instability in inversion problems associated with 

measurement errors and ill-posed kernel matrices can actually 

be solved from another approach rather than the Lagrangian 

undetermined multiplier method. 

Eq. (4-14) states 

A f = P 

(NxM) (Mxl) (Nx1) 

In remote sensing measurements, we nearly always deal with 

overdetermined cases, i. e., N > M. As a result of this condi

tion, eq. (4-14) will normally not possess exact solutions, and 

we must seek approximations instead. If least-squares crite

ria are applied, the standard solutions will be f=(ATA) -1ATp • 

Because of the ill-posed nature of the kernel matrix A in many 

experimental configurations, however, direct applications of 

this solution frequently experience failure. The only way to 

circumvent this dilemma is to attach some additional equations 

to the simultaneous system of equations, eq. (4-14), which 

modify the kernel matrix A to remove its near singularities. 

Thus in order to obtain a meaningful solution from eq. (4-14), 

we construct a set of simultaneous constraint equations 

B f = q. (4-20) 

(NcxM) (Mx1) (Ncx1) 

where Band q represent an (NcxM) matrix and an (Ncx1) vector, 

respectively. Multiply eq. (4-20) by an adjustable factor of y, 

then add it to the system represented by eq. (4-14) to form a 
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new combined matrix equation which is no longer ill-posed. As 

such, we can now directly apply a least-squares solution. 

This solution for the combined set is a kind of compromise 

between eq. (4-14) and eq. (4-20), whereas the coefficient y 

controls the degree of compromise. Here the vector f is the 

same in eqs. (4-14) and (4-20), but the dimension, Ne, of B is 

not necessarily equal to N. The matrix B and vector q are 

constructed in such a way that they mathematically serve as an 

implementation of our understanding, knowledge or expectation 

about the particular inversion problem in hand. Therefore, a 

different constraint equation set of (4-20) may be chosen for 

the same problem. The justification of above scheme lies in 

the following principles: remote sensing measurements are sub

ject to errors, any solution f, which yields a set of cal

culated measurements, p, through A f, to wi thin the error 

boundaries, should be recognized as an acceptable solution. 

Therefore, once we find a solution f for the combined equa

tions, i.e., eq. (4-14) and eg. (4-20), as long as the con

straints are physically reasonable and 

1 A f - P 12 ~ e2 

holds, f should be admitted as a solution for Af = P + e. 

We now have two equations. One is the original equation 

A f = p, which is ill-posed, and the other is equation B f = q, 

which represents the imposed constraints and which is not 

ill-posed. The combination of A f = P and B f = q should be 

such that the resulting equation is not ill-posed. This is 
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achieved through proper weighting of the constraint equation 

(i.e., proper choosing of coefficient y), depending upon the 

condition of the experiment and the associated measurement 

errors. 

Before proceeding, we will adopt the following set of 

notations. Suppose if we have a (Mx1) vector r and a (Nxl) 

vector s, and we stack them together to generate a new vector 

with the size of ([M+N] x1). This new vector will be defined as 

r 1 

r 2 

I = I = 
r3 

8 1 

8 2 

with a transpose 

Also, if we have a (MxK) matrix G and a (NxK) matrix D and if 

we stack them together in the following fashion to generate a 

new matrix with the size of «M+N)xK), the new matrix will be 

defined as 

Gll G12 G13 

G21 G22 G23 

I ; I = G3l G32 G33 

Dl1 D12 D 13 

D21 D22 D 23 
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Its transpose becomes 

G11 G21 G31 Dll D21 

I ~ IT = I G ~ID ~ I = G12 G22 G32 D12 D22 

G13 G23 G33 D 13 D 23 

(Here for the sake of simplicity arbitrarily set M=K=3i N=2). 

Following this notation, we merge Af=p and Bf=q and yield 

a single matrix equation: 

where W is a weighting matrix with size of (NcxNc). It could 

be a full matrix or a diagonal matrix with different element 

values or simply a diagonal matrix with all of the same ele

ments equal to the coefficient y. (This is the case mentioned 

earlier.) Its purpose is to control the degree of compromise 

between Af=p and Bf=q. Apparently, if W = 0, eg. (4-21) 

degrades to eg. (4-14). If the elements of W become very 

large, on the other hand, eg. (4-21) would be dominated by the 

constraint equation (4-20), and the solution f would be domi

nated by the constraints, rather than by the measurements. 

ThUS, the matrix W determines the degree to which the solution 

is made up by the constraints. 

since A is an (NxM) matrix and 1'1· B is an (NcxM) matrix, 

according to the notation above the matrix I~I has the size 
W·B 

of ([N+Nc]xM), and should be well-posed. Furthermore, since 



96 

(N+Nc) >M, a least-squares solution is now ready, and the 

Lagrangian undetermined multiplier is not required. By apply

ing the solution formula (4-15b) to eg. (4-21) alone and using 

the equality of 

we obtain 

= [ A TA + B T r B r1 • [ A Tp + B T r q] (4-22 ) 

Eg. (4-22) is the general inversion formula for the 

linear matrix equation A f = P with the addition of the con-

straints Bf=g. In this formula, there are no restrictions, 

either as to the nature of the constraint matrix B and the 

resulting vector q (other than that they be consistent with 

the known physics implied by'the inversion problem) or as to 

the number of sets of equation Bf=q. For instance, if the 

vector f represents the Earth's tropospheric temperature, we 

can construct: a first equation of B1f=q1 to limit the 

temperature f to not higher than 3500 K: a second equation of 

~f=CIz to limit its values to not lower than 2500 Ki and a 

third equation of B:3f=q3 to limit the gradient of f (lapse 
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rate) to not less than -100 K/km. 

For particular applications, formula (4-22) is often sim

plified as follows: 

(1) If the weighting matrix W is diagonal, set wTw=rd, 

another diagonal matrix, then 

f = [ AT A + BT r dB] -1. [AT P + BT r d q ] (4-23) 

(2) If the diagonal el-ements of rd are all the same, 

equal to y. Then rd=yI (I is the unit matrix) and 

eq. (4-23) is reduced to 

f = [ AT A + Y BT B ] -1 • [ AT P + Y BT q] (4-24) 

(3) If B=I (I is the unit matrix), eq. (4-24) is further 

simplified as 

f = [ AT A + Y I ] -1 • [ AT P + Y q ] 

(4) If q=O but B~I, solution (4-24) becomes 

f = [AT A + Y BT B r 1• AT p 

(4-25) 

(4-26) 

We may notice that eqs.(4-26) and (4-25) are exactly the 

same as Twomey's solution equations (4-17) and (4-18) if the 

matrix BTB in eq. (4-26) is replaced by H. 

In this dissertation we make use of eq. (4-24), since the 

solutions represented by eqs.(4-25) or (4-26) are not the best 

choice for the saturnian stellar EUV occultation data analy

sis. We shall explain this point in the next section. 

4.4.4. Implementation of the Linear Matrix Inversion Method 
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with the occultation equations from Chapter 3 and matrix 

inversion formulae from this chapter, we are ready to carry 

out the saturnian occultation data analysis. As described in 

§4.1, there are two steps for this analysis: first, solve 

eg. (3-18) for the unit length optical depth profiles, 

~l(Z), from the filtered EUV occultation data; second, solve 

eg.(3-16) for hydrocarbon profiles, nk(z), from the outcome of 

the first step. Remember that, based on the 5 occultation 

light curves in the 5 specifically selected wavelength inter

vals, 5 hydrocarbon vertical profiles are to be retrieved. 

Define a data (measurement) vector d, a unit length 

optical depth vector ~ and a light pathlength matrix L so that 

and 

d={ d j }={ -~lnTj} 

~={'t(rj)} 

L = { lij } = { J r}-l - rt - J rj - rt } 

{lij} = 0, j>i. 

(4-27) 

where Tj represents the transmission data and the elements of 

L, lij' are the pathlengths of light in the j th shell along the 

ith line of sight (Fig. 3-2 and eg. (3-2b». Then eg. (3-18) 

may be expressed in the matrix notation: 

L 't = d. (4-28) 

Eg. (4-28) is identical to eg. (4-14) with different symbols. 

To solve atmospheric linear inversion problems, such as 
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eq. (4-14), Twomey's formula, eq. (4-17), and the smoothing 

matrix H of eq. (4-19) are the frequently used ones (Herman, 

1977; Chu, 1977; Pep~n, 1977). We feel, however, the matrix 

H of eq. (4-19) would not be appropriate for the hydrocarbon 

retrievals in Saturn's upper atmosphere. Eq. (4-19) is a 

straight line constraint which, in our case, tends to force 

the ~(z) profile towards a straight line. According to the 

general appearance of the occultation light curves and common 

understanding about Saturn's upper atmosphere, roughly 

speaking, the profiles of the unit length optical depth ~(z) 

should follow 2 exponential functions with 2 different scale 

heights: one for those atmospheric altitudes above the 

hydrocarbon homopause; another for those altitudes below the 

hydrocarbon homopause. This implies that the ~(z) curves are 

of a strong non-linear nature, and therefore a straight line 

constraint would not be a best choice. Thus, rather than a 

smoothness constraint for the saturnian occultation data 

inversion, we exploit the slopes of exponential functions as 

the constraints. The exponential constraints should guide the 

occultation results in a more natural way than a straight 

line. In short, the exponential is a better constraint. 

Consider a function of ~(z) varying with altitude z expo

nentially, 

(4-29) 

Its derivative is the slope, 
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( 4-30) 

or, 

A ( ) = -Az • 1: 1:. exp (_ Zi - ZO) 
1: Zi 0 h h ( 4-31) 

where i=l, 2, ••• , N. 1: 0 and Zo act as a reference (homopause) 

altitude and a reference optical depth, respectively. At 

al ti tudes higher than zo, the atmosphere has an approximate 

scale height hh; lower than zo' scale height h1 • By checking 

the occultation ~ight curves, we may get estimates of hydro

carbon homopause al ti tude Zo and scale heights hh and h1 : Zo ... 

975 km, hb - 70 km and hl ... 10 km. 
-4 At 975 km, 'to ... 10 /km • .t1z 

= 3.2 km is the thickness of each shell. Thus, all parameters 

on the right-hand side of eq. (4-31). are known. 

Eq. (4-31) is the constraint equation used in the Satur-

nian EUV occultation data analysis. Through comparing 

eq. (4-31) with the equation of B't: =q, it follows that 

1 -1 0 0 0 0 

0 1 -1 0 0 0 

B= 0 0 1 -1 0 · • . 0 (4-32) . · . . 
0 0 0 . • 0 1 -1 

and 

1 Z - Z q = { qi } = { -!J.z • 1: 0 1i exp (- i h O)} (4-33) 

Now replacing f, A and p in eq.(4-23) with 1:, Land d 
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yields 

(4-34) 

After substituting all numerical values into eq.(4-34), we 

obtain 5 ~A(Z) 's ~s functions of altitudes in each of the five 

specifically selected wavelength intervals. 

r in eq.(4-34) acts as a weighting matrix. This is a 

diagonal matrix with different diagonal elements r ii • After 

several trials, it was found that proper values of rii are on 

the order of 104
• The values of r ii are not critical and do 

not need to be accurately determined. 

Having obtained these 5 ~A(Z) IS, we substitute them into 

eq.(3-15) of Chapter 3. Hydrocarbon EUV absorption cross sec

tions, a~, are already known from laboratory measurements. So 

by directly solving eq.(3-15), we recover five hydrocarbon 

number density profiles. That is, nk(z), where k=l, 2, 3, 4 

and 5. However, as discussed in Chapter 3 these are not final 

solutions yet, but first order approximations for eq. (3-16). 

By using them as a set of initial guesses, solve the non

linear system of eq.(3-16) with the Newton-Raphson iteration 

method (Press et al., 1989) for nk's. This set of nk's from 

eq. (3-16) represents the hydrocarbon vertical profiles in 

Saturn's upper atmosphere for which we are seeking. 
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CHAPTER V 

HYDROQ~BONS IN THE SATURNIAN UPPER ATMOSPHERE - THE RESULTS 

FROM SATURN'S STELLAR EUV OCCULTATION DATA ANALYSIS 

5.1. Introduction 

Through implementing the principles, formulae and 

parameters which were discussed in Chapter 3 and 4, we have 

retrieved 5 maj or hydrocarbon vertical number density profiles 

and the uncertainties in the saturnian upper atmosphere over 

an altitude range of about 400 km (from -630 km to -1030 km). 

These five hydrocarbons are methane, CH4 , acetylene, C2H2 , 

ethylene, C2H4 , ethane, C2H6 and diacetylene, C4H2 • For CH4 , 

C2H6 and C2H41 both the upper and lower limits of their number 

densi ties are assigned; while for C2H2 and C4H2 , only the upper 

limits of their number densities are available, since the data 

quality is not good enough to set up their lower limits. 

Data used in the analysis came from the Voyager 2 

Saturnian stellar EUV exit occultation experiment conducted on 

August 26, 1981. However, they are not directly the occul

tated radiant intensities I1(z), but the occultation transmis

sion T1(=I1(z)/Io1) instead (Io1 and Il are unoccultated and 

occultated radiant source intensity, respectively). Some ten 

years ago, right after the Voyager 2 Saturn encounter, W. 

Forrester and G. Smith of the University of Arizona Lunar and 

Planetary Laboratory did most of the pre-analysis data prep

arations (including those corrections discussed in chapter 2) , 
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and transferred Il (z) and Iol into occultation transmission 

T1(Z) (light curve) for each occultation channel. This work 

has been used in many published and unpublished papers (Smith 

et al., 1983; Broadfoot et al., 1981; Festou et al., 1982). 

The inversion results in this dissertation are based on the 

same data set. 

As discussed earlier, from the Wiener-filtered occul

tation light curves, we first solved eq.(3-18) for the unit 

length optical depths in each atmospheric shell (altitude) and 

in each of the 5 selected wavelength intervals by applying the 

linear constraint matrix inversion method. Then the 5 hydro

carbon vertical profiles were recovered by solving eq.(3-16). 

In addition to these number densities, the inversion uncer

tainties were also estimated. We are going to list or plot 

these results in the following sections. 

5.2. unit Length Optical Depth ~i(z) 

Fig. 5-1 depicts the 5 unit length optical depth pro-

files, ~i (z) • ~i (z) is the optical depth per kilometer at 

altitude z in Saturn's atmosphere and in the i-th wavelength 

interval. The index i runs from 1 through 5, representing the 

five wavelength intervals used in the analysis. 

The EUV occultation light curves have different cut-off 

tangential altitudes in response to varying column absorptions 

(total absorption along the line of sight) with wavelength. 

The cut-off tangential altitude is defined as the altitude 

below which no detectable radiation is transmitted through the 
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atmosphere. '1: 1 (z), the unit length optical depth in the first 

wavelength interval (channels 89-91, 1328 A-1356 A), has the 

highest cut-off al ti tude, about 800 Jan, among the five 

curves. That is because methane, CH4 , and ethane, C2H6 , are 

the most abundant hydrocarbons in the saturnian atmosphere, 

and they are the principal absorbers in this wavelength 

interval. Below -800 Jan, the column densities of methane and 

ethane become large enough to essentially absorb all radiation 

entering the atmosphere. However, since methane is well mixed 

at 800 km and below, it implies that methane should approxi

mately follow an exponential distribution law with about the 

same scale height as the bulk atmosphere in this altitude 

region. Ethane is stable and is mixed with the bulk atmo

sphere also, once ethane is formed through photochemical and 

chemical reactions (strobel, 1974). Based on these physical 

properties, the 'l: 1 (z} curve is extrapolated from -825 Jan down 

to -630 Jan. In this way, we have managed to extend the number 

density profiles down to -630 Jan. The extrapolated segment of 

the 't 1 (z) curve is displayed in Fig. 5-2 with a dashed line. 

The results of the data analysis indicate that below 800 Jan 

different extrapolations of 't 1 (z) have only a slight effect on 

determining the number density of C2H6 and negligible effect 

on the number densities of the other 3 hydrocarbons because 

the absorption cross-section of CH4 is relatively small in the 

2nd wavelength interval and negligible in the remaining three 

wavelength intervals. 
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The optical depth curve of '1: 2 (z), which affects primarily 

the C2H6 'S distribution, has a cut-off altitude at about 

670 km. So it is also extrapolated to 630 km, but this is 

only a small segment and also has an insignificant effect on 

the number densities of C2H2 , C2H4 and C4H2 • 

5.3. Hydrocarbon vertical number density profiles 

Fig. 5-3 presents the 5 hydrocarbon number density pro

files and the uncertainties at some altitudes. Table 5-1 

numerically lists these number density profiles. 

5.4. Comparisons between synthetic light curves and occul

tation data 

Because we lack up-to-date photochemical models from 

theoretical studies and detailed numerical retrievals from 

observational data for the hydrocarbons in Saturn's upper 

atmosphere, . we are not able to systematically compare our 

inversion results with those others (some brief comparisons 

with other derived results are in the next chapter). We, 

therefore, judge the validity of our results by applying the 

results extracted from the 5 specified wavelength intervals to 

all available wavelength intervals, then check how well the 

synthetic light curves match the data. If the retrieved num

ber density profiles are accurate, they should match the 

occultation data in all wavelength intervals. The synthetic 

light curves are constructed by inputting the hydrocarbon 
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Table 5-1 

Hydrocarbon Number Densities with Altitudes in 
the saturnian Upper Atmosphere 

Altitude Hydrocarbons 
Clem) (l/C~.3) 

CH4 C2H2 C2H4 C2H6 C4H2 

1031.0 1. 657E+07 8.360E+05 3.639E+06 2.339E+07 1.363E+06 
1027.7 1.549E+07 9.057E+05 4.153E+06 2. 647E+07 1. 468E+06 
1024.4 1.450E+07 9.942E+05 4.684E+06 2.975E+07 1. 576E+06 
1021.2 1.364E+07 1.054E+06 5.268E+06 3.313E+07 1.693E+06 
1017.9 1.364E+07 1.136E+06 5.869E+06 3.610E+07 1. 824E+06 
1014.6 1.305E+07 1.222E+06 6.43·3E+06 3.983E+07 1. 949E+06 
1011.4 1.232E+07 1. 302E+06 7.110E+06 4.384E+07 2.069E+06 
1008.1 1.236E+07 1.407E+06 7.786E+06 4.739E+07 2.209E+06 
1004.8 1. 200E+07 1.489E+06 8.578E+06 5.186E+07 2.291E+06 
1001.6 1.219E+07 . 1.563E+06 9.420E+06 5.596E+07 2.394E+06 

998.3 1.160E+07 1.636E+06 1.026E+07 6.093E+07 2.477E+06 
995.0 1.167E+07 1.705E+06 1.121E+07 6.578E+07 2.534E+06 
991.8 1.267E+07 1.766:::+06 1.213E+07 7.021E+07 2.606E+06 
988.5 1. 387E+07 1. 930E+06 1. 271E+07 7.382E+07 2.826E+06 
985.2 1.552E+07 1. 995E+06 1. 359E+07 7.800E+07 2.925E+06 
982.0 1.624E+07 2.054E+06 1.452E+07 8.310E+07 2.988E+06 
978.7 1. 734E+07 2.111E+06 1.548E+07 8.823E+07 3.045E+06 
975.5 1.893E+07 2.184:::+06 1. 642E+07 9.284E+07 3.106E+06 
972.2 2.178E+07 2.187E+06 1.759E+07 9.715E+07 3.165E+06 
968.9 2.439E+07 2.264E+06 1. 883E+07 1.017E+OS 3.1S7E+06 
965.7 2.947E+07 2.272E+06 2.009E+07 1.051E+08 3.245E+06 
962.4 3.26SE+07 2.36SE+06 2.131E+07 1. 093E+OS 3.282E+06 
959.1 3.669E+07 2.451E+06 2.269E+07 1.131E+08 3.301E+06 
955.S 4.057E+07 2.501E+06 2.405E+07 1.171E+OS 3.312E+06 
952.6 4.549E+07 2.569E+06 2.542E+07 1.204E+OS 3.345E+06 
949.3 5.010E+07 2.679E+06 2. 675E+07 1.23SE+OS 3.381E+06 
946.0 5.571E+07 2.779E+06 2. 812E+07 1.266E+OS 3.411E+06 
942.S 6.087E+07 2.S53E+06 2.956E+07 1.29SE+08 3.425E+06 
939.5 6.652E+07 2.960E+06 3.097E+07 1.326E+OS 3.446E+06 
936.3 7.15SE+07 3.082E+06 3.234E+07 1. 358E+OS 3.477E+06 
933.0 7.S29E+07 3.221E+06 3.369E+07 1.377E+08 3.520E+06 
929.7 8.426E+07 3.352E+06 3.507E+07 1.400E+OS 3.547E+06 
926.5 9.057E+07 3.480E+06 3.643E+07 1.423E+OS 3.589E+06 
923.2 9.734E+07 3.616E+06 3.774E+07 1. 441E+OS 3.646E+06 
919.9 1. 036E+OS 3.768E+06 3.909E+07 1. 461E+08 3.699E+06 
916.7 1. 097E+OS 3.940E+06 4.036E+07 1.4S2E+OS 3.729E+06 
913.4 1. 157E+OS 4.134E+06 4.150E+07 1.501E+08 3.S22E+06 
910.1 1.217E+OS 4.329E+06 4.269E+07 1. 522E+08 3.S77E+06 
906.9 1.271E+08 4.534E+06 4.389E+07 1. 544E+08 3.936E+06 
903.6 1.320E+OS 4.734E+06 4.505E+07 1.571E+08 3.981E+06 
900.3 1.377E+OS 4.937E+06 4.608E+07 1.590E+08 4.090E+06 
897.0 1.417E+08 5.150E+06 4.721E+07 1. 624E+08 4.126E+06 
893.8 1. 452E+OB 5.401E+06 4.S15E+07 1. 655E+OB 4.20SE+06 
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890.5 l.470E+OS 5. 665E+06 4.903E+07 1. 691E+OS 4.2S1.E+06 
887.3 l.496:':+OS 5. 953E+06 4.994E+07 l.724E+OS 4.356E+06 
SS4.0 l.5l7E+OS 6.lS7E+06 5.067E+07 l.769E+OS 4.463E+06 
8S0.7 l.553E+OS 6.470E+06 5.l54E+07 l.802E+OS 4.533E+06 
S77.5 l.5S9E+OS .6.739E+06 5.21SE+07 l.843E+OS 4.642E+06 
S74.2 l.629E+OS 7.066E+06 5.273E+07 l.8S1E+08 4.77lE+06 
S70.9 l.653E+OS 7.7S0E+06 5.1.77E+07 1. 935E+OS 4.9SlE+06 
S67.7 l.702E+OS 8.26lE+06 5.l64E+07 l.974E+08 5.l60E+06 
S64.4 l.758E+OS 8.7S5E+06 5.l27E+07 2.011E+08 5.3S6E+06 
S6l.l 1.80SE+OS 9.3lSE+06 5.0S4E+07 2.058E+08 5.606E+06 
S57.9 l.867E+08 9.842E+06 5.032E+07 2.106E+OS 5.822E+06 
S54.6 1. 930E+OS l.043E+07 4.973E+07 2.150E+OS 6.056E+06 
851..3 1. 990E+OS l.097E+07 4.914E+07 2.204E+OS 6.2SSE+06 
848.l 2.049E+08 l.l56E+07 4.S3lE+07 2.261E+OS 6.54SE+06 
S44.S 2.1.08E+OS l.229E+07 4.755E+07 2.312E+OS 6.798E+06 
S41.5 2.l64E+08 l.307E+07 4. 666E+07 2.368E+OS 7.05SE+06 
S38.3 2.224E+OS l.3S8E+07 4.557E+07 2.~20E+08 7.362E+06 
835.0 2.295E+OS l.47lE+07 4.445E+07 2.462E+OS 7.698E+06 
831..7 2.367E+08 l.555E+07 4.336E+07 2.505E+OS . 8. 020E+06 
828.5 2.447E+08 l.640E+07 4.209E+07 2.539E+08 8.398E+06 
S25.2 2.528E+08 l.726E+07 4.092E+07 2.566E+08 8.788E+06 
S22.0 2. 621E+OS l.804E+07 4.005E+07 2.613E+OS 9.020E+06 
818.7 2.720E+08 1. 879E+07 3.924E+07 2.660E+08 9.239E+06 
815.4 2.83lE+OS l.948E+07 3.852E+07 2.709E+08 9.432E+06 
Sl2.l 2.953E+OS 2.007E+07 3.S07E+07 2.759E+08 9.556E+06 
SOS.9 3.077E+08 2.062E+07 3.771.E+07 2.813E+08 9.629E+06 
S05.6 3. 21.2E+OS 2.lllE+07 3.745E+07 2.S70E+08 9.664E+06 
S02.3 3.353E+OS 2.l45E+07 3.760E+07 2.934E+OS 9.593E+06 
799.1 3.5l5:8+0S 2.l72E+07 3.779E+07 2.992E+08 9.50SE+06 
795.S 3.677E+OS 2.l88E+07 3.83lE+07 3.061E+OS 9.325E+06 
792.5 3.857E+08 2.l94E+07 3.889E+07 3.129E+08 9.1.30E+06 
789.3 4.05lE+08 2.l87E+07 3.960E+07 3.19SE+OS 8.903E+06 
786.0 4.259E+08 2.1.77E+07 4.043E+07 3.265E+08 8.649E+06 
7S2.8 4.476E+08 2.l51E+07 4.l45E+07 3.337E+08 S.345:8+06 
779.5 4.700E+08 2.l21E+07 4.260E+07 3.414E+OS S.034E+06 
776.2 4.956E+OS 2.082E+07 4.372E+07 3.476E+OS 7.746E+06 
773.0 5.2l7E+OS 2.035:8+07 4.502E+07 3.545E+OS 7.434E+06 
769.7 5.485E+OS l.9S0E+07 4.650E+07 3.6l3E+OS 7.079E+06 
766.4 5.773E+08 l.922E+07 4.810E+07 3.683E+08 6.708E+06 
763.2 6.070E+08 l.858E+07 4.973E+07 3.749E+OS 6.336E+06 
759.9 6.386E+08 1. 791E+07 5.l66E+07 3.8l8E+08 5.S70E+06 
756.6 6.700E+08 l.7l5E+07 5.388E+07 3.892E+08 5.347E+06 
753.3 7.0l4E+08 1. 637E+07 5.620E+07 3.978E+OS 4.728E+06 
750.l 7.342E+08 l.561E+07 5.879E+07 4.062E+08 4.03lE+06 
746.S 7.707E+08 l.498E+07 6.047E+07 4.1l7E+08 
743.5 8.065E+OS l.437E+07 6.224E+07 4.l81E+08 
740.3 8.445E+OS l.379E+07 6.425E+07 4.242E+08 
737.0 8.8l5E+OS l.319E+07 6. 647E+07 4.311E+08 
733.8 9.l96E+08 l.272E+07 6.86lE+07 4.387E+08 
730.5 9.587E+OS l.226E+07 7.068E+07 4.462E+08 
727.2 9.955E+08 l.l88E+07 7.297E+07 4.552E+08 
724.0 1. 035E+09 1. 166E+07 7.508E+07 4.63lE+08 
720.7 1. 075E+09 l.l54E+07 7.705E+07 4.724E+08 
7l7.4 l.ll8E+09 l.11.2E+07 7.S85:8+07 4.809E+08 
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714.2 1.162E+09 1.079E+07 S.03SE+07 4.S99E+OS 
710.9 1.207E+09 1.049E+07 S.164E+07 4.9S5E+OS 
707.6 1.252E+09 1. 026E+07 S.272E+07 5.0S0E+OS 
704.4 1.299E+09 1.OOlE+07 S.370E+07 5.175E+OS 
701.1 1.347E+09 9.SS3E+06 S.446E+07 5.271E+OS 
697.S 1.397E+09 9.786E+06 S.50SE+07 5.360E+OS 
694.6 1.447E+09 9.705E+06 S.570E+07 5.460E+OS 
691.3 1.499E+09 9.686E+06 S.612E+07 5.545E+OS 
688.0 1. 553E+09 9.729E+06 8.637E+07 5.639E+OS 
684.S 1.60SE+09 9.786E+06 S.652E+07 5.725E+08 
681.5. 1. 665E+09 9.863E+06 8.654E+07 5.806E+08 
678.2 1.723E+09 9.920~+O6 S.668E+07 5.889E+OS 
675.0 1.7S4E+09 9.993E+06 8.667E+07 5.960E+08 
671.7 1.S47E+09 1.OO7E+07 8.660E+07 6.024E+OS 
668.4 1.912E+09 1.013E+07 8.634E+07 6.081E+OS 
665.2 1.979E+09 1.015E+07 8.630E+07 6.139E+08 
661.9 2.048E+09 1. OlOE+07 8.627E+07 6.190E+OS 
658.6 2.121E+09 9.940E+06 8.630E+07 6.239E+OS 
655.4 2.194E+09 9.7S6E+06 S.642E+07 6.2SSE+OS 
652.1 2.271E+09 9.532E+06 8.65SE+07 6.329E+OS 
64S.8 2.349E+09 9.240E+06 S.677E+07 6.374E+OS 
645.6 2.430E+09 S.918E+06 S.693E+07 6.407E+OS 
642.3 2.513E+09 S.601E+06 8.6S3E+07 6.433E+OS 
639.0 2.599E+09 S.257E+06 S.653E+07 6.456E+OS 
635.8 . 2.6S7E+09 S.030E+06· S.581E+07 6.460E+OS 
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number densities in Table 5-1 into a computer code, which was 

specifically designed by the Voyager EUV scientific team to 

simulate the entire occultation process physically and 

geometrically as well. This forward process generates the 

wavelength-dependent synthetic transmissions, T' (z), i. e., the 

synthetic light curves. If T' fits the data well over all the 

occultation wavelengths, we accept these results as likely 

solutions. If, on the other hand, the synthetic curves do not 

fit the data curves, we must reject these results. Fig. 5-4 

to Fig. 5-14 show these comparisons. As these figures indi

cate, the synthetic and real data are well matched to within 

the uncertainty limits (see next section) through all the 

available wavelength intervals (channels). In these figures, 

particularly those with greater channel numbers (longer 

wavelength channels), the transmission data display some 

sudden jumps, such as the jump around z=700 km in Fig. 5-14. 

These kinds of sudden change in transmission T are not real 

and are caused either by the instrument or by pre-data prep

arations, because the atmospheric scale height (about 60 km) 

would most likely prohibit such sudden changes in atmospheric 

properties. 

5.5. Uncertainty estimates for the inverted hydrocarbon number 

densities 

There are quite a few factors that could affect errors in 

the inversion results. For the Saturnian occultation case, 
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many of these factors cannot be evaluated quantitatively. 

Poor quality of the occultation data is the major source of 

errors. As mentioned earlier in chapter 3, the occultation 

transmissions are not the original data, but the products of 

a series of pre-analysis data preparations. Each step or 

correction in the preparations introduces additional unknown 

error into the transmission data. The hydrocarbon photo

absorption cross-sections are also subject to sizeable 

measurement errors (Hudson, 1971), which map into the uncer

tainties of the inverted number densities. Again these cross

section errors are not all known. 

Because of the above reasons, instead of calculating 

standard deviations, we estimate the inversion uncertainties 

by establishing upper and lower number density limits. This 

is accomplished by first determining two extreme light curves 

which represent the upper and lower boundaries of the measured 

data. Then if all synthetic light curves fall between their 

corresponding upper and Iml1er boundaries, they are considered 

acceptable, and the hydrocarbon number densities from which 

the synthetic curves have generated are considered acceptable. 

Otherwise the synthetic curves and the corresponding number 

density profiles are not considered possible solutions. Thus, 

we multiply the inverted hydrocarbon profiles with various 

factors (say, 0.2, 0.5, 2, 5, etc.) to form different profile 

combinations. Then these combinations are used to generate 

different sets of synthetic light curves, each set consisting 
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of 5 synthetic curves in the 5 special wavelength intervals. 

Each set of synthetic light curves is then compared with all 

five of the corresponding data curves. If, in a set of 5 syn

thetic light curves, all fall between the upper and lower 

boundary curves, the altered number density profiles are 

considered possible. If, on the other hand, there is one 

single curve among any set of 5 synthetic light curves that 

falls outside the boundary curves, these altered number 

density profiles are then considered to be incorrect. 

Figs. 5-15 and 5-16 show these tests in the 1st and 5th 

wavelength intervals, respectively. In this way we established 

the uncertainty ranges of the inverted results. For CH4 and 

CzH6 , 2.5 and 0.5 times their inverted values at 1000 km, and 

2 and 0.7 times their inverted values at 900 km are the upper 

and lower number density limits, respectively. At 800 km the 

upper and lower limits of CZH6 are 2 and 0.5 times of their 

inverted values (mainly from the comparisons in the 2nd 

wavelength interval). For CZH4 , 3 and 0.5 times at 1000 km, 

2.5 and 0.6 times at 800 lan, and 2 and 0.6 times their 

inverted values at 700 km are the upper and lower limits, 

respectively. 

For CzHz and C4Hz' only upper density limits can be estab

lished. There are no lower density limits because, even with

out either CzHz or C4Hz in the saturnian upper atmosphere, we 

could still have the synthetic light curves satisfactorily 

match the OCCUltation data, provided the other hydrocarbon 
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number densities take on their upper limit values. Figs. 5-17 

and 5-18 illustrate these situations. By examining Figs. 5-17 

and 5-18 simultaneously, we set the upper number density 

limits for CzHz and C4Hz to 3 times their inverted values at 

900 kID. At 800 km their upper limits are set to 4 times and 

3 times their inverted values, respectively. The assigned 

number density uncertainties are also sketched in Fig. 5-3 as 

the short horizontal bars at the corresponding altitudes. 
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In Saturn's atmosphere between -250 km and -950 km there 

is a so-called 'information gap,' where little has been known 

about such properties as the thermal structure, hydrocarbon 

distributions and even the major predominant constituent, H2 

(Atreya, 1986). In this regard, the inverted hydrocarbon 

vertical number density profiles in this dissertation can 

serve to partially fill this information gap in the atmosphere 

of Saturn. These inverted results have been retrieved from 

the saturnian OCCUltation data, and are independent of assump

tions such as temperature distribution, eddy diffusion coef

ficient distribution, and chemical reaction rates. Thus it is 

interesting to compare these results with those from different 

techniques. In this chapter, these comparisons are discussed 

and discrepancies will be briefly addressed. 

6.2. Comparisons of hydrocarbon number densities with other 

retrieved results 

There are some recent papers on the abundances of CH4 , 

C2H6 and C2H2 in Saturn's atmosphere derived from the infrared 

observations in conjunction with some atmospheric models 

(Courtin et al., 1984; Noll et al., 1986). However basically 

these papers give abundances in Saturn's lower atmosphere 
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(-0.1 mb level or -400 km and lower) rather than profiles. 

Our results are for the upper atmosphere, and therefore the 

resul ts in the previously mentioned papers are not very 

helpful in terms of comparisons, but they do show that the 

abundance of CH4 is greater than the abundance of C2H6 , and 

that the latter is still greater than the abundance of C2H2 • 

This is in agreement with our inversion results. 

To the best of our knowledge, only Festou and Atreya 

(1982) and smith et ale (1983) have CH4 densities in the 

Saturnian upper atmosphere at 966 Jon and from 1100 Jon to 

900 km, respectively. From Festou, the number density of CH4 

is 1.9x108 cm-3 at z=966 km; while smith's value is -2x109 cm-3 , 

one order of magnitude larger than Festou' s density. Our den

sity for CH4 at 966 km is 5x107 cm-3 (see Table 5-1). Thus the 

difference between ours and Festou's is a factor of 4. Note 

both Festou and smith considered methane, CH4 , to be the only 

hydrocarbon agent responsible for the atmospheric extinction, 

and therefore did not include ethane, CZH6 , which is also an 

important hydrocarbon in the saturnian upper atmosphere. 

According to the results in this dissertation, above -700 km 

CH4 and CZH6 have comparable number densities. 

have nearly the same absorption cross-sections in the first 

wavelength interval of 1328 A - 1356 A. If Festou's figure of 

1.9x108 cm-3 for CH4 is evenly shared by CH4 and CzH6 , his result 

for CH4 at 966 km would actually be in good agreement 'toJ'ith 

ours. (In practice retrieved number density or abundance or 
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mixing ratio discrepancies of a factor of even 4, 5 or more 

are common in planetary atmosphere studies. For example, for 

the CH4 number densi ty , there is one order of magni tude 

difference between Festou's and Smith's results, even though 

both of them employed the same Voyager 2 EUV occultation data 

and the same wavelength interval). We believe Smith's CH4 

densities are too high. The synthetic light curves using 

Smith's CH4 values do not match the data in the wavelength 

intervals of 1328 A - 1356 A (channel 89 - 91) and 1412 A -

1440 A (channel 98 - 101). 

6.3. Comparisons of hydrocarbon number densities with theoret

ical models 

Actually there are no updated photochemical models 

available for the atmosphere of Saturn since the Voyager 

Saturnian encounter in 1981, so we can not compare our 

inversion results with photochemical models. Strobel's 

photochemical model (Strobel, 1978) was the only published one 

so far, but it is a pre-encounter model (usually photochemical 

models are kept revised when new observation data become 

available). Furthermore, Strobel's model is heavily eddy

coefficient dependent. And therefore would not be very useful 

for comparison purposes. We would rather compare the main 

features of the inversion results shown in Fig. 5-3 with the 

general conclusions of the later photochemical models for the 

hydrocarbon-rich atmosphere of Jupiter. 
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There are three well-known hydrocarbon photochemical 

models for the Jovian upper and lower atmosphere (Strobel, 

1974; Yung and Strobel, 1980; Gladstone, 1983). However, 

these 3 models came from the same authors (group) and actually 

reflect the revision and evolvement of the theoretical 

photochemical studies. These authors believed that Gladstone 

(1983) (a PhD. dissertation) represents the most recent and 

up-to-date calculations of the pure hydrocarbon photochemistry 

in the atmosphere of Jupiter. strobel (1983) also suggested 

that this work could be qualitatively applicable to Saturn's 

atmosphere, too, because the major differences between the 

atmospheres of Jupiter and saturn would be Saturn's lower 

temperature and more vigorous vertical mixing (Atreya, 1982; 

Sandel et al., 1982). The general conclusion from the 

Gladstone model is that CH4 , C2H6 and C2H2 are the most abundant 

hydrocarbons followed by smaller amounts of C2H4 and C4H2 

(strobel, 1983). specifically speaking, there are two 

distinct features in the Gladstone model: 

(1) Methane, CH4 , is the dominant hydrocarbon among all 

other hydrocarbons at all al ti tudes in the atmo

sphere of the giant planets. Ethane, C2H6 , is the 

second most abundant hydrocarbon. The number den

sity ratio of CH4 to C2H6 decreases with altitude: 

the ratio is -100 at -10 rob level and -10 at -1 ~b 

level. 

(2) The acetylene, C2H2 , number density is larger than 
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all other hydrocarbons, except for CH4 and C2H6 • In 

other words, C2H2 is the third most abundant hydro

carbon in the upper and lower atmospheres of Jupi

ter. The amount of C2H4 is smaller. 

The inversion results in this dissertation also suggest 

two major features about the hydrocarbons in the Saturnian 

upper atmosphere: 

(1) From -1000 km to 700 km, CH4 and C2H6 number densi

ties are comparable with each other. However, CH4 

does not seem to be the dominant hydrocarbon in that 

altitude range. It is even possible that there is 

more C2H6 than CH4 around and above 900 km. 

(2) At least above 600 km there is more C2H4 than C2H2 • 

C2H4 , rather than C2H2 , is the third most abundant 

hydrocarbon in the upper atmosphere of Saturn. 

We know that these maj or inveI'ted results are in contrast 

to the Gladstone model. We also know that these results will 

significantly influence the outcome of calculations concerning 

the saturnian atmosphere, such as the temperature distribu

tion, reflective Lyman-~ albedo and UV reflection spectrum. 

However, the Saturn occultation data do support and justify 

our conclusions. 

The occultation light curve for channels 112-114 is 

plotted in Fig. 6-1. Curve 1 of channel 112-114 and curve 2 

of channel 107-109 are the synthetic light curves generated by 

using the inverted hydrocarbon profiles in Table 5-1. Both of 
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them match their own occultation data satisfactorily. (In 

Fig. 6-1, transmission data are for channel 112-114 only: data 

for channel 107-109 are not plotted.) The corresponding 

absorption cross-sections are also attached at the top of the 

figure. Because of their relative magnitudes, we may neglect 

the absorptions from CH4 and C2H6 in these 2 wavelength inter

vals. Considering the other three cross-sections, C2H2 has 

over two orders of magnitude drop, and the other two actually 

have small (1.3 and 2.2 times) increases in going from channel 

107-109 to channel 112-114. Therefore, if C2H2 was more abun

dant than C2H4 , as the Jupiter model required, the synthetic 

light curve for channel 112-114 (curve 1, Fig. 6-1) would be 

much higher (much larger transmission values) than the syn

thetic light curve for channel 107-109 (curve 2, Fig. 6-1). 

However occultation data do not show the required separation, 

and in fact the light curves for these two wavelength inter

vals are actually quite close. Furthermore we have intention

ally altered the number densities of C2H4 and C2H2 to observe 

the corresponding changes of the synthetic light curve of 

channel 112-114. If we set the C2H4 density = 0 and keep the 

others at their inverted values, we have curve 3 of Fig. 6-1: 

if we purposely set the C2H2 density larger than the density 

of C2H4 by roughly exchanging their number densities shown in 

Table 5-1 (i.e.,set the C2H2 number density to about 10 times 

larger than that of C2H4 ) , ~le have curve 4 of Fig. 6-1. 

Apparently neither curve 3 nor curve 4 can be thought to match 
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the occultation data. Another test is also meaningful. 

Through increasing the CzHz number density but maintaining the 

density ratio of CzHz to CzH4 equal to -10, we would have a 

synthetic light curve that well matches the data of channel 

112-114. However, if this light curve is able to well match 

the data in channel 112-114, the corresponding synthetic light 

curve in channel 107-109 will not fit the data at all. 

Fig. 6-2 demonstrates this test. In this figure, the CzHz and 

CzH4 number densities are their inverted densities multiplied 

by factors of 40 and 0.8, respectively, but the other three 

hydrocarbon densities are kept at their inverted values. In 

Fig. 6-2a (channel 112-114), there is a good match between the 

synthetic and the measured data; in Fig. 6-2b (channel 107 -

109), there is an entirely wrong match. Evidently in order to 

match the data, both in channel 107 - 109 and 112 - 114, the 

number density of CZH4 must be greater than the number density 

of CzHz• In other words, CZH4 is the third most abundant 

hydrocarbon in the upper atmosphere of Saturn. 
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