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ABSTRACT 

This work describes observations of Saturn's atmosphere In the visible and near 

Infrared (450 - 1000 nm) including four hydrogen quadrupole lines, 17 methane 

absorption bands ranging over three orders of magnitude In absorption strength, an 

ammonia absorption band. and the absolute calibrated continuum spectrum. All 

observations have complete coverage of Saturn's disk. In latitude as well as In center

to-limb pOSition. The accuracy of the data is comparable or better than previous data. 

This data set gives a quite complete description of Saturn's atmosphere In the visible 

and near Infrared at the spatial resolution of ground based observations. While the 

main data were acquired In 1988. small changes between 1986 and 1989 were deter

mined also. An atmospheric model Is given which fits all observations within esti

mated errors. It has clear gas at the top of the atmosphere, an extended haze layer 

and a reflective cloud at the bottom. Pressure levels and the haze optical depth were 

determined as a function of latitude. The single scattering albedo spectrum of the par

ticles (most likely ammonia ice crystals) Is also given for each latitude. The methane 

mixing ratio is (3.0 ± 0.6) x 10-3• the ammonia mixing ratio is (l.2 +0.8/-0.6) x 10-3 

below the ammonia condensation level. Room temperature methane absorption 

spectra do not fit the observed spectra for any cloud structure. A cold temperature 

methane absorption spectrum is determined under the assumption that methane 

band strengths are temperature invariant, but not necessarily the absorption coeffi

cients at each location across the band. It Indicates that the absorption coeffiCients 

are typically 20 - 30 per cent stronger In the center of a band and up to a factor of two 

weaker in the wings. This spectrum should be useful in the interpretation of methane 

observations of all the giant planets and Titan. 

-.,..~- .. _ -- ._-.- .......... ~ ... ' 
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Photo 1 (left): Change of Saturn between 1986 and 1989 

The three images are taken in June 1986, May 1988, and October 1989 in red 
continuum light. Most apparent difIerences are geometric effects like the shadow of 
the planet on the ring. Saturn's belt and zone structure changed only very slightly in 
this time period. (Image numbers are M 37, M127, and MI69.) 

Photo 2 (right): ArtifiCial and Real Images of Saturn 

The top image is synthetic but based on observations. The six visible regions from top 
to bottom are the very dark North Polar Region, the North Polar ZOne, the North 
Temperate Belt, the North Temperate ZOne, the darker North Equatorial Belt near the 
center, and the bright. Equatorial ZOne. Sharp boundaries between belts and zones 
are assumed but cannot· be determined from observations. The image in the center is 
taken in June 1986 with a 618 nm filter during good seeing. The bottom pictu:-e is 
taken one minute later when the seeing was very poor. (Image numbers are M 34 and 
M35.) 
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Photo 3 (left): Saturn in Continuum Light 

The three images are constructed from spectroscopy obsexvations. They show Saturn 
at three wavelengths where no molecular absorptions are present, 460 nm, 630 nm, 
and 940 nm. In the blue the planet is darker because Saturn's haze and cloud particles 
are darker in the blue as well. The limb darkening shows some subtle variations. It is 
more noticeable in the red and infrared. 

Phot. 4 (right): Saturn in Methane Absorptions 

In the weak methane absorption at 619 nm wavelength (top) the planet is darker than 
in the continuum Hght but its appearance is still similar. In a stronger methane 
absorption at 727 nm (middle) the Equatorial Zone is the brightest region on the disk 
while the rest of the planet Is quite dark. Thls is due to haze particles at higher atmo
spheric levels in the Equatorial Zone. In the strong methane absorption at 888 nm 
(bottom) the planet Is nearly black, only a few per cent of the Hght Is reflected. 

---- ......... __ .. - ---------
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Phot. 5: High Resolution Spectroscopy. 

Displayed are four spectroscopic images, each near one of the hydrogen quadrupole 
lines, taken in June 1987. The horizontal white lines separate the images. In each 
image, spatial information is vertical. Since the slit of the spectrograph was east-west 
across the planet, the bottom and top part is the ring while the broader central part is 
the disk of Saturn. Spectral information is horizontal, longer wavelengths are to the 
right. The resolution is so high that the displayed spectral regions are less than one 
nanometer wide. Vertical spectral lines are telluric water vapor absorptions. They are 
quite abundant near the 3-0 lines (top two) but almost absent near the 4-0 lines (bottom 
two). Near the center of each image is the hydrogen quadrupole line, originating in 
Saturn's atmosphere. It is redshifted on the western (upper) part of the disk and 
blueshifted on the eastern (lower) part of the disk due to Saturn's rotation. The 
strongly tilted spectral lines are solar lines. They continue in the ring with opposite 
tilt. (Image numbers are J 5, J 8, J 4, and J 1.) 
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I INTRODUCTION 

1.1 Saturn Through a Telescope 

This chapter is not meant as a serious introduction. The scientific discussion starts in 

the following chapter. 

On Saturday, the first of October in 1988, at the parking lot of the Sabino Canyon 

visitor center north-east of Tucson, more than 500 people gathered around 20 

telescopes set up for public viewing. Of course, the biggest telescopes had the longest 

waiting lines. The prominent object was Mars which was closer than for the rest of the 

century. Some telescopes were pOinted at deep-sky objects. A smaller telescope was 

pOinted at an object low in the south-west where a discussion Similar to the following 

one took place. 

A: "Have a look through my telescope I" 

B: "Oh, how neat! Is this the real object or a slide in the telescope? The rings look 

great. What are they made from?" 

A: "Trillions of pieces of ice orbiting Saturn in circular orbits in a very thin sheet. You 

are observing the ring at a special time. Just during these weeks the rings are opened 

the most. This happens only once every 15 years." 

B: ''Thank you very much 1 I am glad I came." 

C: "Is that star on the left side a satellite of Saturn?" 

A: 'Yes, it is Saturn's largest satellite Titan." 

C: ''There is a dark band on the disk near the center." 

A: "It is the North Equatorial Belt." 

------~ .. -.. _ •.... _ .. - .. "" ....... ". . . .. . .... '. ..... ... ..... . ..... -- ....... . 
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c: "Why is it darla" 

A: "Astronomers think that in this belt we are looking deeper into Saturn's 

atmosphere than in the bright zones. How deep we can see and why n is dark 

astronomers do not know. Do you also see the dark North Polar Region?" 

c: "Right at the bottom of the disla" 

A; 'Yes! Even less is known about it since it is only clearly visible for a short period of 

the Saturn-year which is 30 years long." 

c: "I am surprised that astronomers cannot explain what they probably have seen for 

hundreds of years. I thought that the Voyager spacecrafts passed by so close to Saturn 

that they resolved such basic questions about its atmosphere." 

A; 'They did solve quite a lot of problems. but not all of them. Hydrogen is by far the 

most abundant gas in its atmosphere but its absorption lines in the visible are so 

narrow that Voyager could not see them." 

c: 'We do not have instruments to see these lines?" 

A; 'We dol There is a high resolution spectrograph at the Lunar and Planetary Lab. A 

graduate student there used it on the Catalina Observatory near Mount Bigelow to do 

such observations." 

C: 'Where is Mount Bigelow?" 

A; ''Do you see the red blinking Ughts up the hm? These are the radio towers near the 

observatory. " 

C: "So what did the graduate student find out about Saturn's atmosphere?" 
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A:. "He is still reducing his data. He says, he will have the results In. a year. But you 

lmow graduate students. It always takes them longer than they think." 

D: "I listened to your discussion. Is it really useful to obseIVe through our atmosphere 

when space telescope will soon be able to do these obselVatlons much beUer?" 

A: "Space telescope does not have a high resolution spectrograph to resolve the 

hydrogen lines. Such obseIVations will remain earthbound for a while." 

E: "I like the view through your telescope, but I do not like that my tax dollars are spent 

for expensive astronomical projects. There are so many problems on earth which 

should be solved first." 

A:. "One problem is the Increasing presence of some gases In. our atmosphere, caused by 

us, humans. Understanding the processes in the atmosphere is important to deal with 

the problem." 

E: "I heard of scientists predicting a climatic catastrophe. The next day you hear that 

no serious change will happen within our life times. They just do not know." 

A: "Yes! In the past, the study of the atmospheres of other planets has helped us to 

understand our atmosphere. So it might be very useful for solving problems on earth." 

E: "May be, time will tell." 

1.2 Sclentlflc Background 

Knowledge of the optical properties and vertical and horizontal distribution of cloud 

.. and haze particles is central to understanding many atmospheric phenomena. In 

atmospheres with optically thick clouds most of the solar radiation Is absorbed or 

reflected by the clouds. Almost all remote sensing measurements of atmospheres are 
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influenced in one way or another by clouds. Most interpretations of remote sensing 

data require the knowledge of cloud distribution and properties. A complete under

standing of an atmosphere therefore has to include information regarding distri

butions of haze and clouds. 

Saturn's atmosphere has only been studied by remote sensing. No entry probe is 

planned for the near future. We know that the optically thick clouds responsible for 

absorbing and reflecting most of the solar radiation in Saturn's atmosphere occur at 

pressure levels comparable to the earth's troposphere. Since Saturn's gravity is 

essentially the same as the earth's, similar weights of gas correspond to similar 

masses. We do not know enough about the distribution of the clouds to make 

observational data on Saturn's atmosphere as valuable as it could be. For example, 

mfx1ng ratios of gases in the atmosphere are important for understanding present 

atmospheriC processes and give clues about the formation of the planet. The most 

easily observed mixing ratio on Saturn is that of methane. In the seventies 

determinations of the methane mixing ratio vaned by a factor of ten. This was not due 

to inaccurate measurements but rather to unrealistic assumptions of Saturn's cloud 

structure. Some more recent methane mixing ratios stm vary by a factor of two 

(4.2 x 10-3 byTrafton, 1985, 2.2 x 10-3 by KIllen, 1988). 

Since most observations are influenced by clouds and haze in Saturn's atmosphere, 

they can be used to infer cloud structure. This is not a straJght forward process because 

it involves many unknown parameters. The most important ones are optical depth as 

function of altitude and the particle properties as a function of wavelength (especially 

the single scattenng albedo). Each kind of observation is more sensitive to some of the 

parameters but less sensitive to others. There is no kind of observation which can 

determine all or even most parameters independently. Progress in understanding 

Saturn's atmosphere is therefore made by assuming values for most of the parameters 

and solving for the few remaining. One can determine more parameters independently 

___ ~.o_ .. _ •... _ .. _ ......... , ..•• , ....•.. _.. ,'_'_.0 ... 0. 
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if different kinds of obselVations are combined. Then consistency of the data becomes 

a problem. Combining obselVations from different years can introduce signtficant 

errors because Saturn is known to change. Also, many investigations give limited 

spatfaltnformation. When comb1n1ng different data sets, one Is often forced to neglect 

spatial variations which are present between different latitudes as well as from the 

center to the 11mb of the disk within a latitude region. This can introduce a very 

signtficant error even for only small variations in latitude. 

This work addresses the task of acquiring a data set which is sensitive to various 

atmospheric levels. By combining different kinds of obselVations into a single. 

consistent program, one has the capabil1ty to better constrain Saturn's atmosphere 

without the drawbacks of using only the limited avaUable data. This data set is not 

meant as a solution to a spectfic problem but rather as a basis for a more general 

understanding of Saturn's atmosphere, particular Its vertical cloud structure. 

1.3 Goals 

When the sCientific needs described in the last chapter are combined with 

instrumental capabfl1ties, one can define the requirements for an obselVational 

program. 

The obselVations should be sensitive to a wide range of levels in the atmosphere. A 

convenient way of probing different atmospheric levels is spectroscopy at wavelengths 

where Saturn's gases have a wide range of absorption coeffiCients. In the strongest 

absorptions no radiation penetrates very far into the atmosphere. All reflected light 

comes from high atmospheric levels. The smaller the absorption the more light is 

reflected from lower and lower levels. Wavelengths with the smallest absorption 

coeffiCients probe the deepest layers. Since methane absorption coeffiCients vary by 

-------- --------------------------------------------
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more than a factor of 1000 in the visible and near infrared. methane band 

spectroscopy is an ideal probe for the vertical cloud structure. Weak methane 

absorptions occur near 500 nm wavelength. Strong methane bands exist at 890 nm 

and 990 nm wavelength. While full spectral coverage of this region may not seem 

m:cessruy. it is essential for the modelling. 

All observations In methane absorption bands give information on cloud structure 

relative to methane abundance. Because the methane m.ix1ng ratio Is not well known. 

observations of hydrogen absorptions are necessary in order to determine the pressure 

levels at which clouds exist. At visible and near infrared wavelengths. only the 

hydrogen quadrupole lines are visible. These few lines are extremely narrow and hard 

to measure. but they are necessary for completeness. 

While strong methane absorptions are only sensitive to high atmospheric levels. there 

is no methane or hydrogen absorption which is only sensitive to lower atmospheriC 

levels. Methane and hydrogen are likely to be evenly mixed in Saturn's atmosphere. 

On the other hand. an:un0nia is expected to be strongly depleted at higher altitudes due 

to Its low vapor pressure at cold temperatures. Thus ammonia absorption is a good 

selective probe for low altitudes. There Is only one significant ammonia absorption at 

647 nm. It is very weak and difficult to measure. Observations which include this 

ammonia absorption can constrain the lower atmospheriC cloud structure much better 

than with methane and hydrogen alone. 

The determination of spatial features is made possible by taking images of Saturn's 

disk. Strong absorption bands can be measured more accurately by imaging than by 

spectroscopy. On the other hand. spectral resolution and coverage of spectroscopy 

cannot be matched by imaging. Imaging is a valuable addition to spectroscopy. 

-------------------------.. ----~ .. -.. -...... - .. -."' ... . 
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Another method for determtntng vertical atmospheric structure is the use of different 

lJght ray geometries. When observing near the limb of a planetary disk most of the 

llght is scattered in high altitudes. Near the center of the disk light penetrates to the 

deepest levels. Intensity measurements at different positions between the center and 

the limb give valuable information about the atmospheriC structure. especially when 

combined with spectroscopic information. 

Absorptions are stronger the brighter the clouds are. Bright particles allow the light to 

be scattered several times before the light is reflected back. The mean path length in 

the atmosphere is thus increased. For an interpretation of absorption data it is 

essential to know the albedo by absolute calibrated intensity obsexvations. This is 

especially important for Saturn since published absolute albedoes are inconsistent by 

a large amount (up to 30 per cent. for example. between Bergstralh et a1.. 1981. and 

Cochran and Cochran. 1981). 

Saturn's atmospheriC structure is variable with latitude. Obsexvations averaging over 

large regions are less valuable than obsexvations of particular latitude regions. A 

global understanding of Saturn's atmosphere should include all latitudes. 

Obsexvations should therefore include the whole disk of Saturn without averaging 

more spatial information than the seeing of the earth's atmosphere. 

Saturn is changing in time. For combining different kinds of obsexvations it is 

necessary that all are made within a short period of time. On the other hand. similar 

observations of different years are valuable to monitor temporal variations. An 

observing program should include all kinds of observations within a short time 

interval and some obsexvations ranging over several years. 

The value of data is a cruCial function of its accuracy. For both obsexvation and data 

reduction. accuracy should have high priority. 

--~-~ .. -.. ---.--•.. -....... ' .. "" ....................... - . 
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ObselVational data becomes more useful If it can represented in fundamental 

parameters such as geometric albedo. Results for observations having different 

scattering geometries are hard to compare with each other and with other 

investigations. 

Thus. there are ten goals for the obselVations: 

• 
• 
• 

• 
• 
• 

• 

• 

• 

• 

methane band spectroscopy from blue to near infrared 

hydrogen quadrupole line observations 

obselVation of the 647 nm ammonia band 

imaging In continuum 11ght and In methane bands 

center-to-11mb obselVations 

absolute intensity calibration 

latitudinally resolved obselVations 

simultaneous and long-term obselVations 

accuracy 

consistent representation of data. 

These ten goals are more or less realized In this work and described in the next four 

sections. Thereafter. the section on models gives a hint of applications which are not 

complete. The extension of such applications is beyond the scope of this work and is 

reselVed for following studies. 

------------------------------~~.~-.. --.-... -- ..... -....... _ ... __ .......•..... _-_ .. _ .. 
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II INSTRUMENTS 

2.1 Telescope 

All obselVations were carried out on the 164 cm Catalina Telescope near Mount 

Bigelow. The effective focal length in the Cassegrain focus is 21 m, yielding an 

aperture ratio f/13.5. The scale at the focus is IO"/mm. The telescope was designed for 

planetary work and has accurate optics. StUl, sometimes the definition seemed 

slightly better when the aperture was stopped down somewhat. Since aberrations go as 

the third and fourth power of the aperture, a slight reduction in aperture strongly 

decreases any aberrations. For obseIVations with short exposure times, the telescope 

1rJs was used to reduce the aperture to 1.3 m. 

Tracking rates in right ascension and declmation can be dialed in. This was necessary 

in some observing modes. The tracking is only good to about 2" (2 arc-seconds) with a 

period of about four minutes. Since high spatial resolution is important in this work, 

exposures longer than 30 seconds were guided by hand. 

2.2 Spectrograph 

The University of Arizona R4 Echelle Spectrograph is a heavy, highly sophisticated 

instrument. It was designed and built by Bob Brown and Don Hunten. One main 

feature is the ability to exchange the dispersing element. Thus it can be used for a 

variety of obseIVations. Another special feature is that the dispersing element can be 

rotated by a crank together with a rotation and translation of a mirror. This allows 

the echelle grating to be used at full effiCiency for every wavelength. On the other hand, 

these features require realignments every time the dispersing element is changed. 

They also mak;;; data reduction very complicated Since spectral lines are displayed 

----~- ... -.. -.-.. -"-.... -.,,.-....... -.... , .. _ .. -_ ........ _ ..... _--_ ... . 
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tilted and cUIVed. The spectrograph was used for all obseIVations except for the 
, 

observing night in 1989. Following is a description of the Ught path through the 

spectrograph. 

Before the 11ght from the telescope comes Into focus. a beamspUtter reflects about ten 

per cent of the 11ght out of the beam for gUiding purposes. Until 1985 thin glass plates 

were used for the beamsplitter. Their quality was unsatisfactory and good guiding was 

not possible. In 1986 I used a dichroic mirror. reflecting blue light and transmitting at 

longer wavelengths. It was not ideal for all obseIVIng modes. Therefore Kent Wells 

produced some pellic1es for the beamsplitter. The first ones used In 1987 were not flat. 

but his improved design In 1988 was perfect. The image reflected by the beamsplitter Is 

refocused and slightly magnified by two lens systems and reflected by a mirror to a 

gUiding eyepiece. For gUiding on Saturn. I constructed a double crosshair for gUiding 

on the sharp ring edges. Guiding tests with the telescope coordinate readouts yielded 

guiding accuracies near 0.2" standard deviation (0.7" spatial resolution). For a typical 

seeing of 3" the smear by seeing and guiding is 3.08". Thus gUiding errors were 

insignificant for most exposures. The spatial resolution of the telescope Is usually 

quite good. The spatial resolution of the spectrograph and CCD are 0.5" and 0.3" 

respectively. Since seeing is the dominant contribution to the overall spatial 

resolution. the recorded spatial resolution will be called "seeing" here knowing that it 

includes also smaller contrfbutions from gUiding. the telescope. the spectrograph. and 

theCCD. 

The Ught transmitted by the beamsplftter comes into focus at the entrance slit of the 

spectrograph. The slit is rotatable and its width adjustable between 15 and 610 

micrometers. The slit length is also adjustable but this was only used once. The slit 

jaws are reflective and tilted five degrees away from the focal plane of the telescope. so 

the light reflected from the slit jaws can be redirected by two mirrors and refocused by 

two lenses to the slit viewer. The slit viewer is used to pOSition the sift on the desired 
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part of Saturn's disk and to focus the telescope image on the slit. During CCD 

exposures the slit viewer eyepiece was replaced by a camera which recorded the slit 

position on polaroid film. 

After the light enters through the slit It encounters two filter wheels containing ten 

filters each. Most of these filters are order separating filters for the echelle grating 

which is used in 25th to 60th order. Among them are two filters for the 3-0 hydrogen 

quadrupole lines. All filters have the same thickness so that the spectrograph 

remains in focus when filters are changed. One place In each wheel contains a glass 

plate. A ghost image of 2 per cent (blue) to 5 per cent (infrared) intensity was detected. 

resulting from double reflections between the glass plates. 

The light in the spectrograph is then reflected by a flat mirror to the colIlmator. An 

optional filter can be inserted in this path. Methane band filters were inserted there. 

In 1987, a filter well centered on the strong 890 nm methane band was acquired as well 

as a filter for the 4-0 hydrogen quadrupole lines. 

The collimator is an off-axis paraboloid of 680 mm focal length. Its pOSition along its 

axis can be adjusted with a micrometer. This is necessary whenever a filter is inserted. 

Focusing is done by a small telescope which checks the light from the collimator via 

an inserted flat mirror. 

Then the light encounters the dispersing element. For high resolution spectroscopy an 

echelle grating with a resolving power of 100,000 is available. '!\vo gratings of lower 

resolution are interchangeable with the echelle. However. no grating can record the 

visible and near infrared or even half of this region in one setting angle. A grating 

with lower dispersion was ordered to cover this spectral region in one exposure. It was 

used during one night in 1986. These obseJVations turned out to be useless because of 

poor quality of the grating. Since the grating company could not make better gratings. 

a prism with a reflective coating was ordered for the 1987 observations. It gives better 

---~-- .. -.---.. - ..... -..... 
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image quaUty than the gratings. It allowed high quality low resolution spectroscopy 

and has been used by other observing groups as well. The dispersing element is rotated 

by a crank to select the desired wavelength range for the echelle and the prism. The 

dispersing element can be replaced by a flat mirror for imaging. 

The Ught is then reflected from a flat mirror onto the camera mirror. The flat mirror 

moves and rotates together with the rotation of the echelle. 

The camera mirror is identical to the collimator and also adjustable to focus the beam 

onto the fixed CCD. In this path there is a last reflection by a flat mirror, the shutter, 

and the entrance quartz plate of the CCD dewar. Detected light has undergone eight 

reflections and passed through four or five plates or filters. 

2.3 Charge-Coupled Device 

All observations used the Lunar and Planetary Lab CCD, a Texas Instruments 800 x 800 

pixel CCD with each pixel 15 J.UTI squared. After each exposure the image is read out to a 

Motorola VME 11 control computer. Between exposures the read out continues in order 

to avoid accumulation of charge. The image can be displayed on the monitor in 

different ways. Although it is only a 3-bit display, it is possible to judge image quality 

and make instantaneous corrections if necessary. The computer disk holds about 20 

image frames which must be written to tape, usually several times during a night. The 

system had the usual problems of highly sophisticated, state of the art equipment. Due 

to continuous work by Uwe Fink and his group the system was greatly improved in 

1989. 

----------------------------~-~._-_._-_._-........ "". '.'-" . -- -- .......... _-_ ..... . 
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III OBSERVATIONS 

3.1 Overview 

The principal aim of the obselVations was to collect data almost simultaneously in the 

different observing modes desCribed in the following chapters. Saturn's availability, 

its Doppler shift. and the telescope's availability constrained observations to about 

five nights each in May and June of 1986. 87. and 88. 

In 1986 the hIgh resolution spectroscopy turned out well. Other observations were 

hindered by a low quality grating and imperfect filters. In 1987. the equipment was in 

good shape but the weather was uncooperative. 1\\'0 nights were good for photometry. 

and a smaIl amount of data in other observing modes was also obtained. The 

observing run in October 1987 for determination of the solar spectrum was very 

successful due to perfect weather. Reasonably good weather in May and June of 1988 

aIlowed very good low resolution spectroscopy and imaging. High resolution 

spectroscopy of 1988 was not complete. but quite sufficient when combined with the 

1986 data. Finally. imaging during one night in October 1989 extended the temporal 

baseline from two to more than three years. 

Observing techniques were tested in two observing runs on the 61 cm telescope on 

Mount Hopkins in 1985. These obselVations are not used in this work. 

Most of the observations are sophisticated enough to require two observers at the 

telescope. More are needed for moving and setting up equipment. About half of the ' 

observing periods were shared with other programs. For example. Mercury was 

observed from noon to the early evening. then Saturn for the rest of the night. leaving 

the telescope idle for only a few hours in the morning. 

......_ •• - •..•• _-.- 'l1li'--_.". ... .• . -.-
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Table 1: Observation Summary 

Date (UT) 

1986-05-20 
21 
22 
23 
24 

1986-06-17 
18 
19 
20 
21 

1987-05-10 
11 
12 
13 
14 
15 
16 

1987-06-05 
06 
07 
08 
09 

1987-10-09 
10 
11 
12 
18 

1988-05-22 
23 
24 
25 
26 

1988-06-03 
17 
18 
19 
20 

1989-10-10 

Mode Weather 

K clear 
K few clouds 

overcast 
M cloudy 

cloudy 

cloudy 
cloudy 

K clear 
clear 

M,K clear 

overcast 
overcast 

P cloudy 
K few clouds 
K cloudy 
K,P few clouds 
R,K clear 

M,P 
J,R 

J 
J 
J 
J 
J 

P 
M 
K 
K 
M 

P 
K 

K 
K 

M 

overcast 
overcast 
clear 
few clouds 
clear 

clear 
clear 
clear 
few clouds 
clear 

clear 
cloudy 
few clouds 
cloudy 
clear 

hazy 
few clouds 
overcast 
cloudy 
cloudy 

clear 

(Mode: see Table 2) 

Comments 

good data 
good, except 7" seeing sometimes 

bad data due to clouds 
tried to take data without success 

tried to take data without success 
tried to take data without success 
good data 
tried bad grating, useless data 
good data, good seeing 

data not too good 
good for 3 hours 
good for 1-2 hours 
good data 
starting good, later CCO problem 

no data due to CCO problem 
seeing very bad 
good data 

good data 
good data 
good data 
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CCO problem at beginning, then good 
only one hour available 

good data, good seeing 
good for one hour 
seeing not too good 
only through holes in the clouds 
good data after fixing CCO problem 

useful data half of the night 
good data 

bad data, CCO problem 
too many clouds, CCO problem 

good data 

.--------------------------------~.- .. _ .... __ .- .-........ -... .•... . --. _ ......•...... _-_._ .. -- . 
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Table 2: Observations in Each Mode 

High Resolution Spectroscopy with East-West Slit (Mode J): 

Date (UT) Mode, File H2 Line H2O Objects 

1987-06-09 J 1 - 20 1 1 1 1 15 one Saturn frame each 

1987-10-09 J 21 - 40 5 5 16 Jupiter, Moon, Ganymede 
10 J 41 - 71 9 7 16 Jupiter, Moon, Io, Ganym. 
11 J 72 - 93 4 5 15 Jupiter, Moon, Io 
12 J 94 - 120 5 4 24 Jupiter, Saturn, Moon, Io 
18 J121 - 129 1 2 15 only Saturn frames 

High Resolution Spectroscopy with North-South Slit (Mode K) : 

Date (UT) 

1986-05-20 
21 

1986-06-19 
21 

1987-05-13 
14 
15 
16 

1988-05-24 
25 

1988-06-17 
19 
20 

Mode, File 

K 1 - 28 
K 29 - 65 

K 66 - 88 
K 89 - 101 

K102 - 115 
K116 - 130 
K131 - 139 
K140 - 157 

K158 - l.76 
K177 - 187 

K188 - 210 
K211 - 226 
K227 - 242 

H2 Line 

4 3 
2 2 

- 8 
4 

- 4 
- - 3 -
- 2 
o 

- 3 
- 2 

7 
- - 0 -
- 0 

13 
15 

20 
7 

15 
20 
25 
11 

14 
22 

26 
30 
36 

Slit Locations 

eastern hemisphere 
central meridian only 

very good coverage of disk 
eastern hemisphere 

2 centro merid., each limb 
centro meridian, each limb 
two locations with clouds 
useless due to warm chip 

near limb positions 
central meridian twice 

western hemisphere 
chip never cold enough 
chip warm, many clouds 

H2 Line listed in the order 3-0 S(O), 3-0 S(l), 4-0 5(0), 4-0 5(1). 
For east-west slit observations, the number of used frames 
of the planet or satellite is listed. For north-south slit 
observations, the number of used frames of Saturn's disk is 
listed. 

H20 average relative water vapor column abundance in zenith 

----~ .. -.. -.~.-... -........... -... - . ... ._- ....... -"---"~~' 
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(Table 2, cont.) 
Low Resolution Spectroscopy (Mode P): 

Date (UT) Mode, File * Conunents 

1987-05-12 P 1 - 19 0 chip not cool enough 
15 P 20 - 45 7 sky cleared very late 

1987-06-08 P 46 - 61 6 somewhat useful but bad seeing 

1988-05-22 P 62 - 125 36 good seeing, very good coverage 

1988-06-03 P126 179 16 Saturn central meridian and rings, 
7 Moon standard region MS2, 

10 16A and 16B Cygni 

* number of used frames of slit positions on disk of Saturn (except 
on 1988-06-03) 

Photometry (Mode R): 

Date (UT) Mode, File 

1987-05-16 R 1 - 50 

1987-06-09 R 51 - 101 

Imaging (Mode M) : 

Date (UT) Mode, File 

1986-05-23 M 1 - 26 

1986-06-21 M 27 - 59 

1987-06-08 M 60 - 79 

1988-05-23 M 80 - 116 
26 M117 - 158 

1989-10-10 M159 - 239 

Objects 

Saturn central meridian 2" and 6" slit, 
Vega, Zeta Ophiuchi, Ganuna Corvi, Uranus, 
Zeta Ophiuchi tracked across slit 
Saturn central meridian 2" and 6" slit, 
Vega, Zeta Ophiuchi, Beta Librae, Uranus, 
Jupiter through center of disk 

C M I Conunents 

2 2 0 too cloudy 

2 2 12 good seeing 

2 3 8 very bad seeing 

3 3 22 reasonable seeing 
3 3 30 good seeing 

2 3 28 variable seeing 

C number of useful continuum filters 
M number of useful methane band filters 
I number of used images 

---------------------------------~.- .. -..... - ... -................. - .. - ........... _._ ..... _. 
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Table 3: Observation Geometries 

Date (UT) Re De Ds Le-Ls i 

1986-05-20 9.21" 25.35° 25.46° -0.92° 0.84° 
21 9.21 25.34 25.46 -0.80 0.73 
23 9.21 25.32 25.47 -0.58 0.55 

1986-06-19 9.14 25.13 25.59 2.48 2.29 
21 9.13 25.12 25.60 2.69 2.48 

1987-05-12 9.06 26.45 26.57 -3.10 2.77 
13 9.07 26.45 26.57 -2.99 2.68 
14 9.07 26.45 26.57 -2.89 2.59 
15 9.08 26.45 26.57 -2.79 2.50 
16 9.09 26.45 26.57 -2.69 2.41 

1987-06-08 9.18 26.45 26.61 -0.10 0.18 
09 9.18 26.45 26.61 0.01 0.16 

1987-10-12 7.87 26.78 26.73 5.45 4.87 
18 7.80 26.81 26.74 5.10 4.55 

1988-05-22 9.04 26.26 26.64 -3.18 2.88 
23 9.05 26.27 26.64 -3.08 2.79 
24 9.05 26.28 26.64 -2.98 2.70 
25 9.06 26.28 26.64 -2.88 2.60 
26 9.07 26.29 26.64 -2.78 2.51 

1988-06-03 9.12 26.35 26.63 -1. 96 1. 78 
17 9.16 26.46 26.60 -0.35 0.35 
19 9.16 26.47 26.60 -0.12 0.17 
20 9.16 26.48 26.60 -0.01 0.12 

1989-10-10 8.16 26.07 24.99 6.15 5.65 

Re equatorial radius of Saturn in arc-seconds 
De tilt of Saturn's rotational axis tO~lards the earth 
Ds tilt of Saturn's rotational axis towards the sun 
Le-Ls subearth minus subsolar longitude on Saturn 
i phase angle 

Note that the tilt of Saturn's rotational axis is the same as the sub
earth or subsolar latitude if it is defined as the point on Saturn 
where the earth or sun appears straight overhead. In "The Astronomical 
Almanac" the given subearth and subsolar latitudes are defined as the 
latitude of the center of the disk seen from the earth or sun which 
are significantly different due to Saturn's oblateness. (All latitudes 
are planetographic.) 
The given phase angles here are different by up to 0.6 degrees from 
the phase angles given in "The Astronomical Almanac". I wrote a memo 
to the Almanac office about this discrepancy. I got a confirmation of 
the error. I was promised that it would be corrected in the future, 
starting with "The Astronomical Almanac 1989". 

---------------------------------~------,-.,-,---, ... ,-, ..... -' •... _-, ,--- --- ... -.. ------....... 
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Standard cnlibration frames not mentioned further in this section include bias 

frames with the shutter closed. exposures of incandescent light shining at the dome, 

and exposures of a Thorium-Argon lamp for spectral calibration. 

3.2 mgh Resolution Spectroscopy 

The aim of these observations was to map the absorption in each of the four hydrogen 

quadrupole lines 3-0 S(O) at 827.493 nm, 3-0 S(l) at 815.289 nm, 4-0 S(O) at 643.678 nm, 

and 4-0 S(l) at 636.952 nm wavelength. The 3-0 lines are stronger than the 4-0 lines 

and therefore probe higher in Saturn's atmosphere. The ratio between the S(O) and S(l) 

lines gives important clues about the state of the hydrogen. The ratio varies with 

temperature as long as the gas has enough time to equUibrate. The interpretation will 

be cUscussed when considering models in chapter 6.9. 

The quality of observations is different for the four lines. The 3-0 lines are stronger 

than the 4-0 lines. On the other hand, very intensive water vapor absorption lines 

near the 3-0 lines make their measurement difficult. The 4-0 lines are almost free 

from telluriC interferences. Also, faint solar lines are superposed on the 3-0 lines, but 

not on the 4-0 lines. Methane absorption interferes with the 3-0 S(l) line, while 

ammonia absorption is present near the 4-0 S(O) line. While telluric and solar 

absorptions can be eliminated in a careful data reduction, methane and ammonia 

absorptions originating within Saturn's atmosphere can be only accounted for with 

the help of laboratory data. Ammonia absorptions near the 4-0 S(O) line were 

published by Giver et a1. (1975), but high resolution methane absorption spectra near 

the 3-0 S(l) line are not available. Observations of four hydrogen quadrupole lines are 

redundant if vertical atmospheric information is fully extracted from methane 

absorption observations. Considering these different possible unaVOidable errors, 

some amount of redundancy is quite important for the reliabUity of results. 
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The hydrogen quadrupole lines are so narrow that it is not possible to measure their 

shapes, but only their equivalent widths. Equivalent width is the absorption relative 

to the continuum, Integrated in wavelength across the whole line. The impossibility of 

measuring the shape is not Just instrumental in nature but is due to the seeing in 

ground based observations which smears the line profile due to Doppler shifts caused 

by Saturn's rotation. The equivalent widths of the four hydrogen quadrupole lines are 

0.001 - 0.005 nrn on Saturn. High resolution spectroscopy is needed to measure such 

small equivalent widths. The echelle grating of the spectrograph gives the required 

resolution. It is operated between 28th and 37th order for hydrogen quadrupole lines. 

The spectrograph resolution varies with wavelength, but the relative resolution or re

solving power 'AI ll'A ('A = wavelength) is practically constant. In the limit of a very nar

row spectrograph slit, the best resolving power is near 100,000. The use of a slit of fi

nite width further limits the spectrograph resolution. The slit width used (32 - 43 /lm) 

limits the resolving power to 100,000 - 120,000. Adding both numbers in the proper 

way gives a resolving power of 75,000 for the system. This is confirmed by measure

ments for each Thorium-Argon exposure with values ranging from 60,000 to 85,000, 

corresponding to a spectral resolution near 0.01 nrn. The chOice of slit width is a com

promise between spectral resolution and the amount of transmitted light. A narrower 

slit (32 J.Lm) was used for for 3-0 lines because steep water vapor absorption make reso

lution important. A wider slit (43 /lm) for the 4-0 lines Increased the signal to noise 

ratio which is the primary factor limiting their accuracy. 

Every night, great care was taken to focus the spectrograph for optimal resolution. 

Since the light beams at the echelle are 730 away from the normal, small physical 

translations or distortions cause magnified changes of the wavefront and in the 

poslUon and quality of the image. The resolution is also dependent on the slit 

rotation. The optimal slit rotation was chosen from theoretical calculations and 

some tests. 

------------------------------~-.--- .. -.---- .... -.... --..•. '" 
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The dispersion varies with wavelength and grating order, but the relative dispersion is 

always close to 1/300,000 (wavelength interval per pixel = wavelength/3oo,000). A 

Doppler shift of 1 kIn/s causes a shift of one pixel. 

Doppler shifts of planetary and reflected solar lines are caused by different motions. 

The changing distance to Saturn results in rates that change by up to 30 lon/s on an 

annual time scale. Saturn's equatorial speed is 10 lon/s whUe the inner rings rotate at 

20 lon/so Smal1 additional shifts are caused by the changing distance between Saturn 

and the sun and by the earth's rotation. Solar lines shift in and out of the hydrogen 

absorptions from Saturn's eastern limb to Its western limb but are practicaUy 

constant in time. The relative posftions of teUuric and planetary hydrogen 

absorptions also vary with time. In the early part of each yearly observation period of 

Saturn, the 3-0 llnes hide behind strong te]]uric absorptions. The 3~0 S(O) line moves 

into a weaker water vapor absorption on Saturn's western 11mb before its eastern )fmb 

is free from the strong absorption. 

The spatial mapping of hydrogen absorption was done by observations with a north

south aHgned slit, paral1el to Saturn's central meridian. Spatial information for most 

of the latitudes is thus contained in each image frame. Several slit positions from the 

east to west on Saturn's disk gave the second spatial dimension, mostly containing 

center-to-limb information. Some repetitions are necessary in order to look for 

longitudinal variations. 

Because of the variable water vapor content in our atmosphere Simultaneous cali

bration exposures are needed from objects without Significant hydrogen absorption. 

The moon and Saturn's ring are suitable. The ring was exposed in the beginning and 

end of an observing sequence and also between disk exposures. Exposures of the moon 

with better signal to noise were added when the moon was in the sky. Since these 
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calibration exposures are necessary for each of the hydrogen quadrupole llnes 

separately, most of the nfghts were restricted to just one of the four lines. 

The intensity and shape of the telluriC lines in the comparison spectra of the moon 

and ring can only be measured once these spectra have been cleaned of solar lines. The 

accurate lmowledge of solar lines 15 also necessruy for spectra of Saturn's disk because 

solar lines are superposed on the hydrogen quadrupole lines in some areas of the disk. 

Solar lines are listed in catalogs but the data are not accurate enough for our needs. 

The determination of faint solar lines through our atmosphere containing 

absorptions 100 times stronger is not an easy task. Therefore, a whole observing run 

in October 1987 was devoted to this task alone. The principal idea was to use the 

Doppler shift of Jupiter's rotation for the separation of telluric and solar lines. An 

east-west slit along Jupiter's Equatorial Zone gives Doppler shift variations of 50 

lan/s for solar lines. On the frames the solar lines appear tilted and can be easily 

distinguished from planetary and telluric absorptions (see Phot. 5 for similar 

exposures on Saturn). Since telluric absorptions are less than 50 pixels wide, all solar 

lines become clearly visible on some section along the slit. The Galilean satellites 

move with speeds similar to Jupiter's rotation. Some exposures of 10, Ganymed\! and 

our moon were taken for comparison. The observing conditions were optimal. The air 

was dry. Jupiter was high in the sky. It was near its perihelion opposition with Its 

greatest possible diameter of 50" and maximum brightness. The weather was clear. 

These observations were very successful. 

3.3 Low Resolution Spectroscopy 

The aim of these observations was to map the absorption of all methane bands in the 

visible and near infrared over Saturn's disk. The spectral resolution required is much 

less than in high resolution spectroscopy. The observations are therefore less 

---~.- •. _ ..•. __ .- . ..t .•. -.. 
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difficult. However, the amount of data is greater since it is a three dimensional array: 

latitude, center-to-limb pOSition, and wavelength. This does not yet Include possible 

longitudinal and temporal variations which have to be detennlned Independently. 

The first attempt with a low resolution grating was unsuccessful as described earlier. 

All observations thereafter were done with a prism recording the complete sensitivity 

range of the CCD chip of 450 - 1000 run. Pushing counts could extend the range by 50 

run on either side, but the little extra infonnation does not justify the special effort. 

For the grating the dispersion In wavelength per pixel is constant. For the prism it 

varies by a factor of six in the wavelength range conSidered. but the dispersion in 

frequency per pixel is almost constant. This is a nice feature since the width of most 

methane bands are comparable in frequency but quite different in wavelength. 

Due to the large amount of available light a narrow slit was used allowing maximum 

spectral resolution. The resolving power of original spectra decreases from 500 to 200 

at 450 run and 1000 run, respectively. In order to Increase the signal-to-noise ratio 

towards the blue, the resolution was somewhat decreased. Reduced spectra have a 

constant relative dispersion of 1/500 and a nearly constant resolving power of 240 In 

the blue and 200 in the near infrared, corresponding to 1 - 5 nm resolution. One pixel 

corresponds to 600 pixels of high resolution spectroscopy or to a Doppler shift of 

600 kIn/ s. Doppler shifts can be neglected here. 

The observing technique was similar to the technique of high resolution spectroscopy. 

using a north-south slit on different pOSitions on the disk and on the ring for 

calibration. Due to short exposure times a complete sequence with a 2" slit spacing on 

the disk took less than an hour. The ring spectra contain all necessary Information 

about solar and telluriC lines. Since the observations should provide not only 

absorption data but also absolute albedo measurements they required completely clear 

-------- -------------------------
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sky. An exception was the last low resolution spectroscopy nfght which was hazy and 

thus only used for relative intensity measurements. 

Using Saturn's ring as a comparison source removes all problems due to change In tel· 

luric absorptions with time and with airmass. On the other hand, It then Is necessruy 

to lmow the ring spectrum accurately. The photometry described In the next chapter 

provides intensity calibration but at a much lower resolution. Therefore, one night of 

low resolution spectroscopy was devoted to relative Intensity calibration of the ring 

spectrum at the required resolution. The comparison object was a standard region on 

the moon (Mare Serenetatls 2) where relative photometry Is published by McCord et a1. 

(1972). The solar type stars 16Aand 16B Cygnf were selected as close analogs to the sun. 

High resolution spectroscopy records such a narrow wavelength ran~e that differential 

atmospheric refraction Is not Important. On the other hand, wavelengths of 450 nm 

and 1000 run are typically displaced by 1 - 2", quite Significant on Saturn's small disk. 

When interpreting the frames one has to be aware that they are not real spectra Since 

the red light comes from another part of the disk than the blue light. Of course, this 

needs to be considered In the data reduction process. The whole spectrograph was 

rotated once every 10 minutes In order to keep the slit vertical In the sky only for 

observations of 16A and 16B Cygnf. These spectra are not significantly Influenced by 

atmospheriC dispersion. 

3.4 Photometry 

The principal aim of the observations was to determine an absolute Intensity 

comparison between Saturn and standard stars with published spectral fluxes. If only 

a few spectral bands were required this could be achieved by using filters with different 

bandpasses. For the required wavelength coverage of 450 - 1000 nm. the use of the 
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prism is more time efficient because the whole spectrum is recorded in each exposure. 

The resolving power of these obselVations is of the order of 3D, much lower than for the 

low resolution spectroscopy obselVations. These obselVations could be also caUed 

very low resolution spectrophotometry. (In another context the same resolution might 

be called high resolution.) 

In principle, one exposure on Saturn and one on the comparison star can be suffiCient. 

In this data set, the redundancy is very high. Six comparison objects were chosen: 

Vega (Alpha Lyrae) , Zeta Ophiuchi, Beta Librae (Zubeneschemali), Gamma Corvi 

(Gienah), Jupiter, and Uranus. The star Zeta Ophiuchi was primarily used for its 

smooth spectrum containing few absorption lines. Vega, Beta Librae, and Gamma 

Corvi have spectral fluxes published by Johnson (1980). The center of Jupiter and the 

whole disk of Uranus have published albedoes and selVed as solar system checks for 

the calibration done with the stars. 1\vo independent data sets were taken on two 

nights in 1987. Saturn's phase angle was zero and three degrees respectively. Thus, 

they bracket almost all obselVations in phase angle. Another set planned for 1988 was 

not taken due to weather conditions. 

Exposures of stars should contain all of the stellar light. Some tests and spatial 

profiles showed that most of the light is transmitted through the slit at its maximum 

width of 6", but a few per cent may be lost. In order to include this light, two additional 

exposures were taken for each star, offset by 6" to both sides of the slit. For Saturn, the 

best slit orientation is a north-south slit along the central meridian since there are no 

significant intenSity variations in the perpendicular direction, as long as one is close 

to the central meridian. Seeing, atmospheric dIspersIon, and Imperfect centering on 

the central meridIan have only small effects on the total light entering the slit. 

The choice of the slit width for Saturn is important for three reasons. First, the 

spectral resolution of the stellar spectra is determined by seeIng while the spectral 

..... -~ .... -.~ '-"'- .• -.- "- ',. . ... 
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resolution for Saturn 1& detenntned by the slit width. In order to match resolution, the 

slit width should be close to the seeing. Second, the slit width must be known and it 

must be possible to set it consistently for each Saturn exposure. Third, diffraction by a 

too narrow slit prevents all the light entering the slit from being received by the 

collimator mirror. 

Saturn spectra were recorded with a slit width of 2". The first condition is reasonably 

well met since the seeing was somewhat near 2" as shown by stellar spatial profiles 

along the slit. Of course, the stellar profiles are different from the almost rectangular 

s11t profile for Saturn which needs to be conSidered in the interpretation of these 

spectra. For the comparison of resolution between rectangular and seeing profiles one 

needs a consistent definition of resolution. It is given in chapter 4.11. The second 

condition is also met since slit widths of 2" and up can be reproducibly set by the slit 

width micrometer. Third, the light loss by narrow-slit diffraction is only Significant 

for slit widths smaller than 2". For the far narrower slit used for high and low 

resolution spectroscopy this does not cause calibration problems since the sIft width 

micrometer is not touched during an observing session. Some Saturn exposures with a 

6" slit gave the expected count ratio and thus confirmed that light loss from diffraction 

was not Significant. 

The spectrograph slit width as a function of micrometer setting was measured by Nick 

Schneider with a laser. Some tests with the slit imaged on the CCD gave consistent 

results. In order to have an independent check of the slit width some exposures of zeta 

Ophiuchi were also made by letting it drift across the slit with a specifiC tracking rate 

causing counts to be proportional to the slit width. These observations were noisy, but 

the average was consistent with the other determinations of the slit width. The checks 

at all Critical levels should increase the reliabllity of the absolute calibration. 

---~ .. -.. -.... --- . ., ..... . 
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S.5 Imaging 

The princIpal aIm of the obselVations was to image Saturn at a sample of wavelengths. 

A representative sample is three continuum wavelengths (no methane absorption) and 

three wavelengths with very different methane absorption coeffiCients. The ideal 

method of imaging is direct imaging without the spectrograph which was done for the 

one-night obselVing run in 1989. Unfortunately, the spectrograph cannot be mounted 

or unmounted during an obselVing run without losing Significant obselVing time. So 

for all other obselV1ng runs, imaging had to be done through the spectrograph. This 

way one also could switch to imaging whenever the seeing seemed good enough. One 

advantage of imaging through the spectrograph Is that the slit viewer of the 

spectrograph allows immediate adjustment of the focus whenever necessary. The 

major draw-back of Imaging through the spectrograph is that the maximum slit width 

of only 6" is small compared to Saturn's 18" disk. In order to still record the whole 

planet on one exposure, an unconventional imaging method was applied. 

Charges in the CCD are moved along its columns at a speed of 29 pixels per second 

except during the time of an exposure. Saturn is moved across the slit at the same 

speed and In the same direction. The shutter Is usually closed when charges are 

transferred, but It can be opened manually. With the appropriate telescope tracking 

rates dialed in, Saturn has to cross the slit at the right place and at the right time. This 

restriction caused a few misplaced Images in 1986 but only one out of 60 in 1987/88. 

The sl1t was aligned north-south on Saturn with the motion perpendicular to it. The 

necessary speed of 4.3"/s gives a l.4 second exposure time for a 6" slit. The crossing of 

the sl1t takes ten seconds for the ring and four seconds for the disk. 

The spectrograph was focused for each filter before an obselVing sequence. It proved 

the spatial resolution of the spectrograph (0.5") to be much smaller than seeing (2 - 4"). 

An exception is the 954 nm filter of bad quality which was not used after 1986. 
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Table 4 : Filter Specifications 

Type Code A St.Dev. FWHM FWQM Conunents 
[run] [nm] [run] [run] 

Continuum: L 450 standard B filter 
G 459.1 2.2 5.1 7.2 not enough light 
K 500.9 2.2 5.1 7.2 
B 635.5 3.2 7.5 10.7 two ghost images 
H 640.7 3.1 7.3 10.3 also used for H2 obs. 
D 754.3 5.0 11. 9 16.8 
I 827.3 6.4 15.1 21.3 also used for H2 obs. 
F 951.7 4.7 11.0 15.6 bad image quality 

Methane B.: A 617.9 1.7 4.0 5.7 one ghost image 
C 725.6 1.7 4.0 5.6 
J 888.0 3.1 7.4 10.4 
E 899.0 6.4 15.0 21.2 not centered on band 

Code identification used in frame descriptions of Appendix E 

A effective wavelength, mean wavelength of transmitted light, 
peak of the fitted Gaussian, but not exactly the peak of 
the real transmission curve 

St.Dev. standard deviation of the transmission curve, standard 
deviation of the fitted Gaussian 

FWHM Full-width-Half-Maximum of the same Gaussian 

FWQM Full-Width-Quarter-Maximum of the same Gaussian 

--__ • __ .. ~·-··-··-·w ..... " ....... ,. . .. -.. _ ......... _- .... . 
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In 1987. the 901 run fllter was replaced by an 888 run for better centering on the strong 

methane band. The 635 run fllter showing two ghost images was also replaced by a 640 

run fllter. Finally, a 459 run fllter was replaced by a 501 run fllter due to increased CCO 

sensitivity. Though some fllters were exchanged, others were used from May 1986 to 

October 1989 for monitoring temporal changes on Saturn. 

3.6 What can Go Wrong 

The previous chapters might suggest that observations go more or less straight fOlWard 

as long as everything is well planned and organized. It might seem that the high 

redundancy in the observations is overdoing a good thing. Scientific papers usually 

don't Include things that would make the reader skeptical about observational results. 

Still, here they are: 

Slit positions of the first night were recorded in the logs to be on Saturn's western 

hemisphere. The photographs showed them on the east side. The adopted 

astronomical definition of Saturn's western hemisphere is its evening side pointing to 

the western hemisphere. The astronautical definition has east and west reversed. Of 

course, the telescope has to be moved westward for moving an object eastward in the 

frame. Also, moving the gUiding micrometers westward wlll result in a more easterly 

slit pOSition. The gUiding eyepiece shows a correct image of Saturn, but the slit viewer 

shows a mirror image which is rotated 180 degrees in the camera finder. The CCO 

monitor displayed a mirror image until 1988 and a correct image in 1989. Increasing 

gUiding rates moved the telescope west in 1986 but east since 1987. East and west 

guiding buttons at the telescope were labeled incorrectly until 1987 but correctly since 

1988. 

-----------------------------~ .. -.. -- .. - ... -............... . .•.. ..- ............ __ .... . 
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The developer of the polaroid film was not loaded correctly causing the loss of all 

exposures. This happened for a roll of test exposures. 

The CCD computer usually crashed several times each night. Sometimes the current 

exposure could be recovered after rebooting. The CCD tape drive did not accept some of 

the tapes during some nights. Others were accepted but some data turned out to be 

incompletely written. 

During the beginning of one night all images appeared with a superposed wavy 

structures. Other observers have also seen this. The cause is still unknown. 

One night the CCD quartz cover plate was dewed up so that no observations were 

possible. 

During one night a fuse in the CCD computer blew and could not be fixed until the next 

morning. 

Some observations turned out to be useless because the chip was too warm. This 

problem was fixed in 1988 the day after the last observing night. Other problems have 

also been eliminated Since then. 

The forest service decided to have a controlled forest fire directly west of the 

observatory during the May 1988 observing run. The dome could only be opened when 

the wind came from the east. 

The telescope control computer is supposed to slew the telescope only while pressing 

the slew button. Sometimes it deCided to slew the telescope without a command nearly 

causing serious physical damage to the equipment. 

The spectrograph is black. has very sharp edges and comers. and is not too weB 

illuminated in the dark dome. Whether or not some of the encounters of the observer's 

head with these comers caused brain damage remains to be determined. 

-------------------------------... _ .. __ ._ .. -_ ........................... - .. - .. --.... . 
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IV DATA REDUCTION 

4.1 Overview 

This section describes the data reduction process In the necessary technical detail. 

Of all CCD frames taken for this proJect, 20 per cent were not reduced due to bad 

atmospheriC or Instrumental conditions. Some 20 per cent are bias frames and thus 

do not require data reduction. All 890 remaining frames were taken through all steps 

of data reduction described In the following chapters. Most of these 890 frames 

influence the results In one way or the other. They are saved on 40 magnetic tapes 

holding up to 50 megabytes each. With such an amount of data it is not possible to 

perform data reduction Individually for each frame. Every step was done by writing a 

program flexible enough to consider variations within the data set. 

All data reduction were carried out at the Perkin-Elmer computer and at the VICOM 

image processor of the Lunar and Planetary Lab. Data were transferred by tape. Since 

the tape drives were not quite consistent in accepting data, verification processes were 

applied and assured reliability. Ideally, data reduction should be done on one image 

processor alone. This was not possible since the VICOM was down for 18 months 

during the main period of data reduction. Nick Schneider implemented a useful 

software package for data reduction on the VICOM which I improved further. 

Data verification was also performed for tapes with original images. 400 times when 

only bytes were missing they were interpolated from adjacent pixels. Seven frames 

with missing records were not used. 

Although the images and tapes cannot be part of the dissertation their format is 

described In Appendix E for further use. Each frame contains a frame description 

listed for all 890 frames in Appendix E. Frame descriptions include file number, 

--__ ~._ .. _ ... ·_··_ .. w ........... '" . -.... , ........... _ ...... . 
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problems. object and slit location. obselVation technique. observing mode. goodness 

of flatfieldlng. sky background. atmospheric transparency. estimated and measured 

seeing. airmass factor. date and time. exposure time. count level. tracking method, 

Doppler shift. atmospheric dispersion. and othe·- important information. Some of the 

information is coded for handling In computer procedures. Bias frames are not listed 

but can be inferred by the gaps in original frame numbers. 

4.2 SUt Photographs 

Simultaneous to the duration of each spectroscopic obselVation of Saturn's disk, a 

polaroid exposure recorded the slit position. Because of magnification in the optics of 

the slit viewer the image size is 10 rnrn for Saturn's rings. All these exposures were suc

cessful and their projections were measured to determine slit positions. Different 

measurements of the sUt position on Saturn -of the same sUde were consistent to 0.2". 

Such accurate documentation of the sIlt position is a great improvement over the 

standard spectroscopic method of estimating the slit pOSition at the eyepiece. Some 

off-center tests of the scale made sure that distortions in the slit viewer or in the slide 

projector were not Significant In the central area used. 

Due to dispersion of light in our atmosphere. the images of Saturn in different wave

lengths are displaced by 1 - 2". The amount of dispersion is well known (Allen, 1973) 

but the effective wavelength of the polaroid film is not. In order to decrease the wave

length offset between the blue sensitive fllm and the mostly near infrared obselVa

tions. a yellow filter was used for photographing the s11t position. The effective wave

length was then estimated from a recorded moon spectra to be near 500 nm. With 

known dispersion and geometric projections the slit position is thus known for every 

wavelength. The right amount of filtering for the wide range of exposure times from a 

few seconds to 40 minutes was achieved with cross polarized filters. 

----~ .. -- -" .. _ .. - ..... , .... . . - ....... ... 
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4.3 Bias Subtraction 

Counts in each data frame contain a bias level for zero I1ght which varies with 

position on the chip and with time. In order to subtract this from the data. bias frames 

(closed shutter) were taken every half hour and analyzed. They give a record of the chip 

performance and show noise and systematic effects. Also. frequencies and sizes of bad 

pixels caused by cosmic rays hitting the chip can be studied In bias frames In order to 

detect and remove them In data frames. A number of statistical tests yielded the 

following properties of bias frames. 

The average count fluctuates significantly. typically by 10 - 50 counts per hour. The 

count level is the same along each column. The count level of dUTerent columns shows 

a structure which is similar within an hour but varies over longer time scales. The 

same 16 columns never display consistent counts. called bad columns. 23 individual 

pixels are bad in the same sense. Detectable cosmic ray hits occur at a frequency of 

about five per minute for the whole chip. About half of them Increase the count of a 

pixel by more than 1000. Most of them are limited to one pixel or two adjacent pixels. 

About a quarter of the hits cause a cluster of 3 - 8 bad pixels (except one streak of over 

20 pixels). The standard deviation or read out noise within a column is 14.5 - 15.0 

counts (bad pixels excluded). One in 100.000 pixels deviates by more than 6 standard 

deviations as expected for a Gaussian distribution. The noise is not correlated between 

adjacent pixels nor between the same pixel on adjacent frames. More bad columns and 

bad pixels and a higher noise in some of the frames is an indication of a too high CCD 

chip temperature. Data taken during such periods are not reliable. 

The optimal bias subtraction on the basis of this analysis is: 

1) In order to consider the fluctuating count level. the two nearest bias frames before 

and after each exposure were linearly interpolated to the time of readout of the data 

frame. 
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2) Since the count level is independent on the row, all pixels (except bad pixels) in each 

column of the bias frame were averaged to a constant value. 'Ibis reduces the noise of 

the bias frame to only one count. 

3) After the subtraction the pixels of the bad columns and the other bad pixels were set 

to the count linearly interpolated from adjacent pixels. For spectroscopic frames, the 

adjacent pixels along the spatial direction were used for the interpolation since 

variations along the spatial direction are expected to be very smooth because of the 

small pixel size «0.2"). 'Ibis interp01ation works well except for the two locations on 

the CCD chip where three adjacent columns are bad. Care was taken during the 

observations that important regions are placed away from these columns. 

4.4 Photon Noise and Linearity 

Comparing exposures of the 1l1um1nated dome yielded the total noise. Considering the 

contribution of the read out noise to the total nOise, the photon noise was determined 

to be (0.81 ± 0.01) .vcount. For counts higher than 350 the photon noise dominates the 

read out noise. Almost all exposure are photon noise limited. For typical counts of 

6000 - 7000 the signal to noise ratio is 100. It can be significantly increased by 

combining pixels without sacrificing resolution because of oversampUng in the 

spatial direction. 

Comparing exposure~:. of the 1l1uminated dome with different exposure times showed 

perfect linearity between count and amount of light for count levels up to 12.000 where 

saturation starts. Maximum counts were kept below 12,000 . 
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4.5 Flatftel~ 

The sensitivity of the CCO chip varies from pixel to pixel and in a complicated way 

with wavelength. In order to record the sensitivity. about three flatflelds were taken at 

the beginning and/or end of an observing night. The standard method is pointing the 

telescope at the dome which is evenly illuminated by incandescent light. The three 

flatfields were then averaged after ignoring the highest of the three counts In each 

pixel. This gives an average flatfield free from cosmic ray hits. In principle. 

flatfieldlng simply means dividing each frame by the averaged flatfield. In practice. 

different observing modes have to be considered separately. 

Flatfielding for High Resolution Spectroscopy 

In some nights. the flatflelds of the beginning and the end of the night were not quite 

consistent. It was then investigated which of the two flatfields seemed to work better 

on the frames. 

Standard flatfieldlng would require expose Urnes of 1 - 2 hours for each flatfield. 

Many cosmic ray hits would be present. To reduce exposure times. most of the 

flatfields were taken with a Wide slit. Comparison between narrow and wide slit 

flatfields showed spectral and spatial features. The spectral features are strong water 

vapor absorption lines where the path length within the dome is long enough to cause 

significant absorption. The absorption lines in the flatfields do not cause problems 

since the planetary spectra contain so much stronger absorption at the same 

wavelengths due to the much longer pathlength through the atmosphere. 1\vo kinds of 

spatial features depend on the slit width. One is a general linear variation in Intensity 

along the slit of 10 - 30 per cent. It is probably due to not perfectly parallel slit jaws for 

the narrow slit (slit width ... 40 Jlm). It is not reproducible. but It remains constant as 

long as slit width micrometer is not touched between observations and narrow slit 

flatfields. This linear intensity variation was measured from narrow slit flatflelds 

------ -_._------------------_._ .. _-- --. 
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and then was applied to wide slit flatflelds. The second kind of spatial features are 

narrow features at a few pOSitions where the narrow slit flatflelds are a few per cent 

darker. The pOSitions are variable between observing runs. The explanation might be 

small dust particles In the slit. The wide slit flatflelds were also corrected for this 

effect. 

For most of the nights, flatflelding worked quite wellln removing all spatial features 

for a smooth region of the moon, for sky exposures, or exposures of the dome 

1l1umlnated by direct sunUght. Observations of a few nights with Inferior flatfleldlng 

were not used for final results. 

Flatfielding for Low Resolution Spectroscopy 

Flatfieldlng these observations Is a challenge. Constructive and destructive 

Interference between the back and front side of the chip causes sensitivity variations 

with wavelength. Flatfields have a wavy structure with about 100 waves across the 

whole spectrum, expected for a chip optical thickness of 35 J.U11. The optical alignment 

of the spectrograph Is so steady that the spectrum on the chip shifts by less than 

0.1 mm during a night. Nevertheless, this Is just about the wavelength of the wavy 

structure. Being off by only half of this wavelength would be twice as bad as not 

flatfieldlng at all. In order to deal with this problem during the observations. 

flatflelds would need to be taken every ten minutes which Is not very practical. 

Shifting flatfields can be done in the data reduction process but care has to be taken 

that the stationary pixel-to-pixel sensitivity variations do not get shifted. For this 

reason, flatfields were also taken with the widest possible slit. They show the pixel-to

pixel variations but not the wavy structure due to the degraded spectral resolution. 

Narrow slit flatfields were divided by wide slit flatfields to take out the pixel-to-pixel 

variations. Then the data and flatfields could be shifted for a good flatfield division. 

----~.- .. _ ... _ ... _ .. ., ....... . 
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Incandescent lamps do not emit much Ught in the blue. In order to avoid the 

flatfieldmg being noisy In the blue. some flatfields were taken with a blue filter and 

much longer exposure times. 

Flatfieldlng Photometry Observations 

Flatfieldlng these wide-slit observations does not cause problems since the wavy 

structure seen in the flatfields of low resolution spectroscopy is washed out by the 

degraded resolution. 

Flatfleldlng Images 

The flatfieldlng of direct Imaging Is straight forward whlle the flatfields for the drift

scanning technique have to be averaged all along columns. the direction of CCD 

readout. 

4.6 Cosmic Ray ruts 

A semi-automated routine was written for the removal of high counts caused by cosmic 

rays hitting the CCD chip. First. the routine selected candidates for cosmic ray hits for 

each frame. Then the region near the candidates was inspected individually. In 4000 

cases they looked similar to cosmic ray hits seen in bias frames. These pixels were 

interpolated. Since cosmic ray hits may cause clusters of bad pixels, not the adjacent 

pixels but the pixels after the adjacent ones were used for comparison and linear , 

interpolation. The direction of interpolation is the same as for the interpolation of 

bad pixels. deSCribed before. 

-----------------------------~.-.. -.".-,.-...... " ... -.,.. ... .... . - ... _ .... , .... __ ...... 
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4.7 Ghost Image and Sky Subtraction 

Careful inspection of flatfield frames revealed the presence of asymmetrically 

scattered llght which has not been noticed before by other observers using the same 

filters. The shape of the scattered light is an unsharp image. somewhat offset. The 

direction of the offset is dependent on the rotational orientation in which the filter is 

mounted. The intensity of the ghost image is 1.5 - 5 per cent from blue to near infrared 

for low resolution spectroscopy and 2 and 6 per cent for two of the imaging filters. 

These intensities are large enough to cause significant systematic errors when ignored. 

but small enough to be invisible unless enhancement techniques of the image 

processor are employed. 

The ghost image seen in low resolution spectroscopy probably comes from the two 

glass plates in the filter wheels. Unfortunately. these plates cannot be easily removed. 

For subtraction of the ghost image. the frame was smoothed. offset. and multiplied 

before subtracted. This procedure causes a secondary ghost image with an intensity of 

0.36 per cent or less which was not detectable and not very significant. At the edge of a 

frame. the ghost image subtraction cannot be perfect. This is only of concern at the 

very blue end of low resolution spectroscopy. Inconsistent features seen shortward of 

460 nm are due to this effect. 

Only a few twilight exposures needed sky subtraction. The slit includes at least 60 

pixels more than 10" away from the object. At each wavelength. the sky background in 

these pixels was averaged and then subtracted along the spatial direction. 

A small correction was applied to low resolution spectroscopy frames. The spectral 

resolution varied slightly from night to night as seen by inspection of Thorium-Argon 

lamp exposures. In order to have a consistent data set the spectra were convolved to 

adjust the resolution to a common value. 
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4.8 PIxel Interpolation and Positioning 

All data in this work are sampled in pixel wide bins. For comparison between data 

sets they often have to be interpolated between pixels. Linear interpolation is not 

appropriate since the spectra contain sharp features. A routine from Nick Schneider's 

VICOM software was adopted here for all pixel interpolations. It preserves spectral 

information to a high degree. For example. shifting a spectrum three times by a third 

of a pixel closely matches the spectrum shifted by one pixel. The routine uses ten 

pixels on each side of the interpolation interval. weighted by an exponentially 

decaying sinc-function. 

The accuracy of many results depends on the accurate localization of spectral lines. 

An existing routine for emission lfnes was not suffiCient for this work. Absorption· 

lines on a sloping continuum or overlapping lfnes had to be measured as well. A 

routine was developed for this purpose. It finds the center of Gaussian shape lfnes with 

widths of 3 - 10 pixels to an accuracy of 0.02 pixel and performs satisfactorily for more 

realfstic conditions lfke different shapes and noise. 

4.9 Spectral Rectification 

For comparison between different spectra. the spectra need to have the same 

wavelength for the same column and thus also the same dispersion. Ideally. original 

spectra should have this property. Unfortunately. the echelle spectrograph gives 

spectra very far from this property. The wavelength of each pixel is a complicated 

function of both column and row. It varies from frame to frame. and the dispersion 

varies with wavelength and with spatial position. The unique design allows 

observations with full efficiency at every wavelength unlike other spectrographs. This 

design extracts its price in a complfcated data reduction. The task of spectral 

..... - .. -.. _-,-_ ..•.. - ". _. 
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rectlftcation Is to measure the relation between column, row, and wavelength for each 

frame, and then shear, shift and disperse the frame into one with the desired property 

discussed above. Because the rectification is quite different for the echelle grating and 

for the prism, they are discussed separately. 

Rectification for Observations with the Echelle Grating 

The spectral rectification process for the echelle grating Is so complicated that only a 

handful of frames had been spectrally calibrated since the spectrograph was built. 

With several hundred frames of high resolution spectroscopy one needs a routine for 

rectification. Theoretical ray tracing suggested that a six-parameter fit should be 

appropriate: 

A.(x,y) = a + bx + cy + dx2 + exy + fy2 

(A. wavelength: x.y column and row coordinates: a,b,c,d,e,f frame constants). 

A routine for the rectification of images was written. It requires known wavelengths of 

3 - 4 lines, water absorption lines in a planetary spectrum or emission lines in a 

Thorium-Argon calibration exposure. The positioning routine described in the last 

chapter measures the position of these lines for about 100 pOSitions along each line. A 

least square fit gives the six frame parameters. The standard deviation between 

measured pOSitions and the six-parameter fit is typically 0.03 - 0.05 pixel. On the 

12 mm size chip this corresponds to an accuracy of 0.0005 mm. The relative 

wavelength accuracy is thus accurate to 0.0001 nm or almost one part in 10,000.000. 

not often achieved in astronomical observations. 

Two of the six parameters (d and e) cannot be determined well. They agree with 

theoretical calculations so that theoretical values were adopted. Three parameters 

(b. c, 1) do not seem to change significantly within a night so that the average value was 

set constant for the night. The last parameter (a) changes significantly from frame to 
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frame and was detennlned from telluric lines which were assumed to be stationary. 

The accuracy of the spectral lines corresponds to Doppler shifts of 30 - 50 m/s. Wind 

speeds In our atmosphere are usually smaller. 

All frames were then rectified. The rest wavelength of the hydrogen quadrupole lines 

was positioned at the central pixel and the dispersion was set to 1 lan/s Doppler shift 

per pixel. 

This routine has since been used to rectify also more than 1000 frames from other 

obseIVing groups. 

Rectification for Observation with the Prism 

Since spectral and spatial directions are perpendicular or almost perpendicular for 

these observations, the calibration is easier to handle compared to high resolution 

spectroscopy with the strongly tilted spectral lines. On the other hand, the variation 

In the dispersion for the prism makes it necessary to measure many spectral lines 

across the spectrum. 32 lines In the Thorium-Argon spectrum were used to fit 

measured positions to a slx-paralneter function: 

x(A.,y) = aA.-2 + bA.-1 + c + dA. + ey + fy2 

(A. wavelength; x.y column and row; a.b.c,d.e,f frame constants). 

The standard deviation of the fit is 0.06 pixel. The wavelength calibration is thus good 

to 0.1 nm in the near infrared and better in the visible, quite suffiCient for methane 

band spectroscopy. Three parameters (a, d, and 1) are constants. two parameters (b and 

e) stayed constant only within each night. The last parameter (c) was detennlned for 

each frame individually by the sharpest feature In the spectrum. the 02 absorption at 

762 nm. This band is asymmetric, very sharp on one side but rather shallow on the 

other side making it hard to measure its position conSistently at different air masses. 
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Therefore the derivative ofthe spectrum was used, shifting it by one pixel and subtract

ing it. The derivative has a well detennlned peak at the sharp side of the 02 band. 

Since flatfields show wavelength dependent structure they also have to be calibrated in 

wavelength as already mentioned. This was done by using Thorium-Argon exposures 

and by checking that the wavy structure superposes the same structure seen in raw 

planetruy frames. POSSible errors of 15 per cent decreased to less than 0.5 per cent due 

to this calibration. 

All frames were rectified to constant relative dispersion of 1/500 (wavelength inteJVal 

per pixel = wavelength/500). Investigation of rectified frames showed very satis

factory consistence of position, width, and shape of Thorium-Argon lines. In the blue, 

about 80 per cent of the light of a sharp line centered on a pixel is received by that pixel 

and 10 per cent each by the adjacent pixels. At 1000 nm the resolution is slightly 

worse, 60 per cent of the light is received by the central pixel and 20 per cent by each of 

the adjacent ones. 

Photometry obseJVations were rectified in a s1m1lar way except that the parameters e 

and f could be neglected in the equation above. The only spectral features strong 

enough for spectral calibration are the telluric 02 band the the stellar hydrogen alpha 

and beta absorption lines. Thorium-Argon spectra cannot be used due to the many 

overlapping lines within a resolution element. The spectral calibration is thus less 

reliable than for low resolution spectroscopy. 

4.10 Spatial Rectification 

Ideally, spectra of each pOSition on the slit should be completely aligned with one 

coordinate. columns or rows. Since the CCO dewar can be mounted on the 

spectrograph to only 0.20 accuracy in rotation. the spectra might appear slightly tUted. 
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Even with perfect alignment, low resolution spectra are tilted by various amounts 

during a night due to atmospheric dispersion. The tilt of small and sharp features in 

the s11t (probably dust) determined the CCO dewar rotation for each night. For low 

resolution spectroscopy the known atmospheric dispersion was added according to 

Allen (1973). 

The image scale in arc-seconds per pfxel can be calculated with several assumptions. 

To be safe, some scale measurements were done using a double star. They agreed 

within one per cent. 

It is difficult to consistently locate features on the planet, for example the limb, 

because the recorded spatial intenSity profile is very dependent on the seeing. For the 

spatial calibration, therefore, the center of light was used (the intensity weighted 

position). It can be determined without Significant noise and it is independent of 

seeing. The images were investigated to determine the north-south center of Ught for 

each slit position. The center of light is also dependent on the phase angle. By this 

method the positioning along the slit was accurate to 0.2". Together with the accuracy 

of 0.2" perpendicular to the s11t derived from slit photographs, this gives each spectrum 

an accurate location on Saturn's disk. 

With this information, all observations were rectified to the same scale on the object 

(2400 kIn/pfxel = 0.04 Saturn radii/pfxel) and the same location for the central pixel. 

The central location is the central meridian for an east-west slit and the perpendicular 

axis through the center of the disk for an north-south slit. 

For images taken by drift-scanning across Saturn, a more complicated method was 

applied to account for image motion during the ten seconds of the scan. For each east

west location the northern and southern ring edge was measured and averaged to give 

the north-south offset as a function of east-west posftion, corresponding to time 

during the slit crossing. Variations were typically 0.3 - 0.5". Image rotation, shifting, 
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and scaling was then done in sfm1lar way as for other obsexvations except that the 

scale is 1200 kIn/pixel for images. For the interpretation of images one needs to 

consider that image motion in the direction north-south is accounted for, but not in 

the direction east-west. This does not cause problems when measuring latitudes near 

the central meridian, but it can effect the measured limb darkening somewhat. 

4.11 Seeing and Resolution 

Unfortunately, there is no unique definition of seeing and resolution. The same 

spectral or spatial profile is given different values of resolution or seeing by different 

people, varying by a factor of 2 - 3, sometimes a factor of 5. In order to make values 

meaningfUl, the definition is given here which is used throughout this work. 

The instrumental profile of a spectrum can have different shapes. for example 

rectangular (from a slit), triangular (convolution of two rectangular functions). or 

Gaussian. Sometimes, resolution is defined by the Full-Width-Half-Maximum of the 

instrumental profile. This definition is not optimal since the same Full-Width-Half

Maximum causes different amount of smoothing for different shapes. For example. 

smoothing a spectrum twice with a rectangular filter gives definitely a smoother 

spectrum than smoothing it only once. Still, the Full-Width-Half-Maximum of both 

effective smoothing functions (triangular and rectangular) are the same. 

A more consistent definition of resolution adopted here is the Full-Width-Quarter

Maximum since spectra smoothed by different profiles with the same Full-Width

Quarter-Maximum are very simUar. This definition is consistent with Allen (1973). 

When the instrumental profile is smaller than the sampling intexval the Full-Width

Half-Maximum is less than two pixels. Sometimes, the resolution is called one pixel 

in the limiting case. Here, such a resolution is called two pixels and the resolution 

----~.-... --... - .. - .. -....... -.. , ' ... -........... _ ... -... -......... __ .... -- .. 
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element is called one pixel. If the samples of such a perfect instrumental profile are 

simply connected by straight lines. the Full-Width-Quarter-Maximum is l.5 - 2.5 

pixels. depending or whether the sharp spectral line falls on a pixel or between two 

pixels. So. at least in "average" this definition is consistent with the best possible 

resolution being two pixels. 

Seeing is defined as the spatial resolution caused by atmospheriC turbulence. A typical 

seeing of the observations of this work is 3". It can be called a 3" seeing disk. The same 

seeing might be called sub-arc-second seeing by other people who define seeing as the 

standard deviation which is 0.9" in this case. 

Since Saturn's belt and zone structure is of similar Size as the seeing, the contrast 

between belts and zones is diminished in the observations. One can account for this 

effect if the seeing is known for each exposure. The seeing was therefore determined 

for most of the frames (those with serious problems were excluded). In order to 

determine the seeing, the true spatial profile has to be known reasonably well. This is 

true for the southern ring edge near the planet which is foreshortened. The ring edge is 

visible with more than twice the resolution near the ring ansae. Profiles near the 

ansae and work by Thompson et al. (1981) were used to define a spatial ring profile 

given in Table 7. This profile was convolved with different seeing. The raUo of 

maximum ring intensity and maximum slope of the profile at the ring edge gives a 

characteristic size for each seeing. This ratio was measured in each frame and thus the 

seeing was Inferred. The accuracy of this method is about 0.3". 

The average recorded seeing for short exposure times is somewhat better than 3" while 

a little larger for long exposure times of high resolution spectroscopy. The best seeing 

is 2", the worst one is 8". For the results, 80 per cent of the frames were used, those with 

a seeing of better than about 3.5". 

--------------------------_. -.-. -.- .. 
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4.12 Satum's Rotation 

The width of the hydrogen quadrupole lines In a recorded spectrum is dependent on the 

intrinsic width of the absorption, the resolution of the spectrum, and the seeing. The 

latter contribution Is due to Saturn's rotation which causes Doppler shifts to vary as a 

function of position on the disk. The three contributions are of similar size. High 

resolution spectra are noisy which makes the determination of the line width 

difficult. Once the seeing is known (see last chapter) one can compare theoretical with 

measured line widths. Although the correlation is not perfect it Is consistent 

considering uncertainties in the width determination. 

In spectrally calibrated high resolution spectroscopy frames, the position of hydrogen 

quadrupole lines and reflected solar lines can be used to infer Saturn's rotational 

speed. The rotational speed was found to be latitude dependent with the equator 

rotating about 450 mls faster than the mid-latitude rotational frame. This result is 

not important when compared to Voyager measurements of much higher spatial reso

lution yielding an equatorial jet of 500 m/s. Nevertheless, it is the ffrst measurement 

of real wind speeds on Saturn. All Voyager speeds are feature speeds and not 

necessarily wind speeds. Both speeds can be quite different in the atmospheres of the 

earth and of Neptune. 

Assuming now that we know Saturn's rotational speed, we can infer the slit location 

from the Doppler shift of the hydrogen quadrupole line. This determination of the slit 

position is completely independent from the measurement of slit photographs. The 

correlation between both values is shown in Fig. 1. The standard deviation between 

both determinations is 0.02 Saturn radii or O.IS" indicating that each method is better 

thanO.IS". 

...._ .. _ .. ,.,_ ..... _,,.,., ....... - '. ..... . _.- .-... .._-_ ..... , .. 
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Fig. 1: Slit Positions of High Resolution Spectroscopy Observations 

59 

1.0 
West. 

1\vo completely independent measurements give the slit positions: slit photographs 
during the exposures and the Doppler shift of the hydrogen quadrupole line in the 
spectrum. Both measurements agree very well when considering that the seeing was 
0.3 - 0.4 Saturn radii typically. The figure also shows that the coverage of the whole 
planet is quite good, at least for both 3-0 lines. 

----~-----.,-.. -"-... ,., ... , .' ,., .... -' -- ......... __ .... _ .. 
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The aim of thfs data reduction is to get an absolute reflectivity for Saturn as a function 

of wavelength. The complete central meridian was taken as a standard for 

comparison between observations since the total amount of light in the slit on the 

central meridian is practically independent of the seeing. Therefore, all photometry 

frames were summed up spatially (for Jupiter, only the disk center was considered). 

In order to determine the atmospheric absorption spectrum for both photometry 

nights, all Saturn spectra of the same night with 210 J.lI11 = 2.1" slit width were used. At 

each wavelength, the atmospheric extinction was determined by linear regression of 

the logarithm of the counts versus airmass factor. This extinction spectrum was 

applied to all spectra to correct to the same airmass factor. 

Although all photometry frames were taken with a neutral density filter of 10 per cent 

transmission, exposure times for Vega had to be as low as 0.06 seconds. For absolute 

intenSity calibration it is important to know the shutter speed accurately. Tests made 

for this purpose indicated that the counts are not linear to the given shutter speeds but 

linear to shutter speeds increased by 0.0045 seconds. The actual exposure time for 

0.06 s frames is rather 0.0645 s. To convert count into count rates, all spectra were 

divided by the actual exposure time. Saturn and Jupiter frames were also divided by 

the slit width in arc-seconds (2.1" and 6.1" respectively). Count rates for both slit 

widths were consistent within one per cent. The two exposures offset by 6.1" (which 

contained about two per cent of the light each) were added to stellar exposures. 

Spectra obtained within each night turned out to be satisfactorily consistent, except 

for a few spectra at airmass factors over 3.3. Spectra with an airmass factor below 3.3 

were averaged for each object. 
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Flux of Objects of Photometry Observation. 
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Fig. 2: Flux of Objects of Photometry Observations 

The figure displays the flux as a function of wavelength for each object. Solid and 
dashed lines distinguish between both nights of photometry observations. The stellar 
flux is adjusted to Johnson's (1980) values. Saturn's flux is higher in June 1987 due to a 
lower phase angle. The measurements in both nights are consistent within three per 
cent (except for Uranus). Also shown is the solar spectrum by Neff et al. (1984), 
smoothed and scaled down by eleven powers of ten. The shape of the planetary spectra 
relative to the solar spectrum indicates the white color of Jupiter. the yellowish color 
of Saturn. and the greenish color of Uranus. 
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The flux calibration is based on stellar flux spectra by Johnson (1980). The solar flux 

spectrum by Neff et at (1984) is used to convert planetary fluxes into albedoes. 

Uncertainties in the adopted solar to stellar flux ratio influence all albedoes given in 

this work in the same way. The published data were smoothed to similar spectral 

resolution as the photometry spectra. All count rates were converted into flux values 

by matching the three standard stars to Johnson's values. The result is shown in 

Fig. 2. The star Zeta Ophiuchi served as a check of consistency between both nights 

and for the method of drift-scanning deSCribed in chapter 3.4. Aside from Uranus. all 

calibrations are consistent within three per cent. Jupiter's center and Uranus were 

used to compare this calibration with other publications. Albedoes of Jupiter's center 

do not constrain the calibration very well since it is variable by at least ten per cent 

even on time scales of an hour due to longitudinal variations. The albedo of Uranus 

will be discussed later. 

Calibration of Saturn's Ring 

The photometry calibration provides a standard albedo spectrum of Saturn's central 

meridian at very low spectral resolution. For absolute intensity calibration of low 

resolution spectroscopy, a standard spectrum at this higher resolution is required. 

This can be achieved using ring exposures if one assumes that the ring's albedo 

spectrum is smooth. Since there are no ring spectra available at the required 

resolution. the last low resolution spectroscopy night was devoted to determine a 

relative ring albedo spectrum. These observations include Saturn's central meridian. 

the ring. the standard region MS2 on the moon and the solar type stars 16A Cygni and 

16B Cygn1. To achieve the required spectral resolution. a narrow slit (17 Jlm = 0.17") 

was used which only can provide relative but no absolute intensity calibration. 

Spatial adding and the atmospheric extinction correction were performed in the same 

way as described above. This extinction spectrum was applied to all low resolution 
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spectroscopy frames. Water vapor absorption might have changed between the 

different nights. Since each of the limb-to-limb data sets has only small variations in 

aimIass factor, this error is more than one per cent only in exceptional cases. 

The last low resolution spectroscopy night was very hazy: intensities varied by a 

factor of three. Nevertheless, intenSity ratios between different wavelengths stayed 

consistent within two per cent. Relative calibration is all that was needed. 

After averaging all spectra for each object, one can divide the planetary spectra by the 

stellar spectra in order to get an albedo spectrum. This is valid if 16A and 16B Cygnt 

have the same spectral shape as the sun. This Is indicated by the similarity of 

published spectral types. Also, all solar lines disappear after the division. StUl. there 

is a difference in color indices U - B. B - V. and R - I according to Hoffleit and Jaschek 

(1982) and Allen (1973). Therefore. a correction by a smooth spectrum was applied 

which fits the differences in the color indices. The resulting lunar spectrum displayed 

in Fig. 3 serves as a check for the calibration. The agreement is very satisfactory. On 

the other hand, the resulting ring spectrum does not agree that well with ring albedoes 

published by Lebofsky and Fegley (1976) and Singer (1977). Since both of these 

albedoes are not consistent with each other either. the error might be in the published 

ring albedoes. The ring spectrum determined here is quite smooth as shown in Fig. 3. 

Phase Angle Correction 

The standard central meridian spectrum is slightly dependent on the phase angle of 

the observations (the angle sun - Saturn - earth). The phase law of Saturn's disk was 

taken from Lumme and Irvine (1976) to be 0.013 magnitudes per degree of phase angle. 

All observations were thus corrected to zero phase angle. Since the total correction is 

typically only 2 - 3 per cent. an error in the phase law would not cause Significant 

errors in albedoes. The phase law of the ring was observed by Lumme et al. (1983) and 

fitted here to the function 0.2 mag {i with 1 being the phase angle in degrees. 
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Spectrum of the Ring and of the Lunar Region MS2 
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Fig. 3: Spectrum of Saturn's Ring and the Lunar Region Mare Serenftatis 2 

The moon spectrum (solid line) was taken on June 3, 1988 at the same phase angle as 
the observations by McCord et aI. (1972) (circles). Both agree within two per cent. The 
rIng spectrum (solid line) can be fitted by a smooth function (dashed line). The 
devIations in the near infrared are probably not due to features in the albedo of the 
ring but rather due to errors In the calibration of that night since the same features 
appear in the spectrum of the moon. 

---------------------------~ .. -.. -.... - .•. -.......... "' .. , ... , .. -.. __ ......... __ ....... , 
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The relative intensity between disk and ring in images of this work taken at different 

phase angles was investigated and found to be consistent with both phase laws. With 

both phase laws and the knowledge of the variable contribution of ring Ught in the 

whole central meridian one can adjust the central meridian spectrum to each phase 

angle. 

Comparison between both Calibrations 

If the relative calibration of the central meridian derived from the last low resolution 

spectroscopy night is smoothed in spectral resolution and multiplied by a constant, it 

should match the spectrum derived from photometry calibration. The match is good 

to about five per cent, not as good as the match in the lunar spectra. For example, near 

the hydrogen-alpha line, the photometry calibration is three per cent lower. This 

might be due to inaccuracies in Johnson's stellar flux values which are a few per cent 

higher in this wavelength region compared to Hayes et a1. (1975) and Tueg et a1. (1977). 

Higher assumed stellar fluxes cause a decrease in derived albedoes. 

Intensity Calibration of Low Resolution Spectroscopy 

The seven limb-to-limb data sets were individually calibrated by adjusting the central 

meridian exposure(s) to the derived standard spectrum and the ring spectra to conform 

with the smooth spectrum shown in Fig. 3. Both, central meridian and ring, give quite 

consistent results. The absolute albedo on large spectral regions was adjusted by the 

central meridian spectrum while on short wavelength scales the ring spectra were 

forced to be smooth. This method allows that small scale features like methane bands 

may be variable with time. On the other hand, this method cannot determine 

temporal albedo variations for the whole planet since photometry observations were 

only done in 1987. Large temporal brightness changes of the whole planet are not 

likely while some changes in indfvfdual latitude regions occur. 
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Geometric Albedoe. of Saturn and Uranus 
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Fig. 4: Geometric Albedo Spectra of Saturn and Uranus 

Although the Uranus spectrum of this work is of very bad quality when compared with 
the Saturn spectrum (both solid lines) it still agrees reasonably well with Neff et aI. 
(1984) (dashed line). The continuum intensity is increasing towards the infrared for 
Saturn but decreasing for Uranus. The methane absorptions of both planets match 
each other in position and shape. They are about 20 Urnes stronger in the spectrum of 
Uranus. Even very small features in Saturn's spectrum like the absorption at 486 nm 
are not noise but real as suggested by the stronger features in the spectrum of Uranus. 
This indicates the high quality of the Saturn spectrum. Another quality test is the 
strong and sharp telluric oxygen band at 762 nm where many published albedo spectra 
display spikes which are not present here. The only feature in Saturn's spectrum 
which does not show up in the spectrum of Uranus is the shallow absorption at 
647 nm. It is caused by ammonia absorption while all other absorptions are due to 
methane. 

-------------------------------~.- .. -..... - ... -.................... . 
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Low Resolution Spectrum Before and After Calibration 
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Fig. 5: Low Resolution Spectrum Before and After Calibration 

This spectrum is taken with a slit position only half an arc second from Saturn's 
western limb (frame P 81). The bottom CUIVe displays solar, planetary and telluric 
absorptions. For example, the absorptions at 762 nm and 688 nm are telluric oxygen 
absorptions which vary with airmass while the H-alpha line at 654 nm and most of 
the features at shorter wavelengths have solar origin. The registered counts at both 
ends of the spectrum are very low. This is mostly due to the low sensitivity of the CCO, 
enhanced by the somewhat lower solar flux at these wavelengths. These values 
including their noise have to be boosted up for the albedo spectrum (I/F) which is the 
upper spectrum. The section of results is therefore restricted to the wavelength range 
460 - 940 nm. The albedo spectrum only contains spectral features originating in 
Saturn's atmosphere. 

-----------------------------~ .. -•.. --.-.. -.. -.-... --....•......... _ .. -......... _-_ .. - .. 
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High Resolution Spectrum B.fore and After Calibration 
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Fig. 6: High Resolution Spectrum Before and After Calibration 

827.8 

This spectrum is taken with a slit position only half an arc second from Saturn's 
western limb (frame K202) as the spectrum of Fig. 5. The exposure time is 80 Urnes as 
long as for the low resolution spectrum, but the high resolution spectrum is still 
noisier since the dispersion is different by a factor of 600. The bottom spectrum is a 
raw spectrum. The top spectrum is calibrated and only displays the absorption of the 
hydrogen quadrupole line 3-0 5(0). In the calibrated spectrum the equivalent width of 
this line can be measured without interference from other lines. The calibration is 
impossible in the center of the strongest water absorption lines where the atmosphere 
is nearly opaque. In comparison with Fig. 7, the hydrogen line is here redshifted by 
9 kIn/s, the solar spectrum by 16 kIn/s. 

....._ ... ___ •• _ .. _ ••• r •• " •• , .' 



69 

The seven limb-to-limb data sets have different quality. The first data set is not 

usable, probably bec,ause of a wann chip. The second data set is small but usable. The 

third data set has problems in the blue, probably caused by the bright tw1l1ght. The 

forth data set has bad seeing. The three data sets of 1988 are all good and very 

consistent, allowing much better caUbratlon than for the first four data sets of 1987. 

A Uranus spectrum was calibrated using the cal1bration of the seventh data set. The 

spectrum is noisy due to low counts and Uranus' ainnass was different from Saturn's 

which might cause signi1lcant errors. Nevertheless, it st111 agrees reasonably well 

with a Uranus spectrum by Neff et al. (1984) as shown in Fig. 4. These independent 

checks indicate the reliability of the intenSity calibration for the 1988 low resolution 

spectroscopy observations. 

4.14 Solar and TeUwic Lines 

High resolution spectroscopy does not require an absolute calibration since only the 

hydrogen absorptions are important there. StUl, solar and telluric absorptions in the 

spectrum have to be divided out before an equivalent width of the hydrogen quadrupole 

line can be measured. 

The telluric absorption spectrum is variable. It is measured by taking comparison 

spectra of the ring and the moon close to the time of exposure and at a similar airmass 

factor. The only problem is caused by solar lines. They move due to variable Doppler 

shifts. A simple division by a comparison spectrum without matching solar line 

Doppler shifts can easily cause errors in measured hydrogen absorption of twice the 

solar absorption. In the past, one could go around this problem since no spatially 

resolved observations of hydrogen absorptions were attempted. One only had to 

choose the location on Saturn's disk where the Doppler shift matches the Doppler shift 

---~-- .. -..... __ .- ........ _ ... . 
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of the comparison object. This work Includes the goal of measuring hydrogen absorp

tions spatially resolved. Therefore, one observing run was devoted to measure the 

solar lines. Then they could be removed from the spectrum of Saturn and of the 

comparison object. The only remaining telluric lines can thus be divided out. 

The dominant spectral features are telluric lines near the 3-0 hydrogen lines but solar 

lines near the 4-0 lines. This difference requires different methods for the determi

nation of solar lines. All telluric absorptions near the 4-0 lines are optically thin. 

Spectra of comparison objects with a Wide range of airmass factors were used to 

extrapolate to ainnass zero which is the solar spectrum. Due to the weakness of 

telluric lines this extrapolation is quite reliable. 

For the investigation near the 3-0 lines, Jupiter frames with an east-west slit were 

used. Many frames, each with high counts, were added and yielded a very high signal 

to noise ratio. Image enhancement revealed about 20 solar lines in each spectral re

gion. Each frame was diVided by an artificial solar spectrum created from pOSitions 

and equivalent widths of these lines. These values were adjusted until the division was 

perfect. The moon, 10, and Ganymede at dilTerent Doppler shifts were used to confirm 

this solar spectrum. The width of the solar lines had to be decreased for this compari

son since solar lines are slightly smeared in Jupiter's spectrum due to seeing and 

Jupiter's rotation. 

The results are given in Table 5. The wavelengths and equivalent widths determined 

are accurate to the last given digit except for wavelengths of weak lines. This is far su

perior to existing data as shown In the tables. Wavelengths of other publications differ 

Significantly. Equivalent widths were only listed for few lines. even omitting some 

strong lines. Several lines appear only in some of the publications. a few lines not at 

all. The explanation is clear. When looking directly at the sun with practically zero 

Doppler shift, some solar lines can always hide behind strong telluric absorptions. 
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Table 5; Solar Lines Near 3-0 Hydrogen Quadrupole Lines 

Mol. POSe A 1) 2) 3) 4) 5) 6) E.W. 1) 
[pm] 

5) 

Fe 
eN 
eN 
S 
eN 
? 
Fe 
Fe 
eN 

[km/s] [nm] 

-146.0 
-129.0 
-112.4 
-105.0 
-76.0 
-53.0 
-41. 4 
-35.0 
-22.6 

.891 

.981 

.004 

.086 

.891 
.938 .938 
.981 .980 
.004 .006 
.080 .080 

.890 .892 

.979 

.004 

.8 

.1 

.3 

.2 

.5 

.1 
1.1 
1.5 
1.0 

1.5 

.6 

.5 

Si,eN 
eo 

-3.8 
47.0 
57.0 
78.0 
88.2 
96.0 

814.892 
814.938 
814.983 
815.003 
815.082 
815.145 
815.177 
815.194 
815.228 
815.279 
815.417 
815.444 
815.501 
815.529 
815.550 
815.595 
815.659 

.227 

.279 

.418 

.444 

.500 

.528 

.549 

.183 .175 

.183 .193 

.225 .227 

.279 .280 

.419 .421 

.442 .446 

.500 .500 

.526 .525 

.182 .179 

.229 .226 

.278 

.419 
.4 
.1 
.2 
.2 
.2 
.2 
.3 
.2 

1.6 
.4 
.6 
.1 

eN 
eN 
eN 
? 
eN 
eN 
Fe 
eo 
Fe 
eN 
eN 
CN 
eN 
eN 
eN 
CN 
Fe 
eN 
? 
eN 
? 
Fe 
eN 
? 

POSe 

E.W. 
1) 
2)-4) 
5) 
6) 

112.4 
136.0 

-139.0 
-120.8 
-108.8 
-65.0 
-55.0 
-37.0 
-15.0 
-7.0 
31. 0 
45.0 
59.0 
62.8 
69.0 
74.0 
80.0 

117.2 
122.0 
139.0 

827.109 
827.159 
827.193 
827.313 
827.341 
827.391 
827.451 
827.474 
827.578 
827.617 
827.656 
827.666 
827.683 
827.697 
827.714 
827.816 
827.830 
827.877 

.594 .593 

.659 .659 

.530 .529 
.547 

.110 .108 .110 

.158 .165 .161 .159 .162 

.191 .193 .193 .191 .192 

.311 .312 .311 

.341 .338 .339 

.391 .391 .391 

.452 .451 .451 

.472 .473 .474 .474 .473 

.578 .576 .579 .575 .578 

.618 .616 .616 

.687 

.656 .662 

.660 .658 

.697 .698 .698 

.712 

.819 .819 .819 .817 .817 
.829 .829 

.2 

.8 
1.4 

.1 

.1 

.1 

.2 

.4 

.6 

.3 
2.5 

.6 

.4 

.3 

.1 
2.9 

.4 

.1 

1.6 

.4 

.5 
1.6 

.8 
1.0 

3.6 

wavelength, all wavelengths in this work are vacuum wavelengths, 
air wavelengths are smaller by .224 - .227 nm at 815 - 827 nm 

Doppler shift between solar and hydrogen line for superposition 
equivalent width 
this work 
Swensson et ale (1970): 2) sun, 3) laboratory, 4) theoretical 
Moore et a!. (1966) 
Pierce and Breckenridge (1973) 
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No solar line can hide in the Jupiter frames because Doppler shifts between east and 

west 11mb are greater than the widths of telluriC lines in these spectral regions. Of 

course, it must be noted that the two spectral regions cover only a very small part of the 

spectrum. Such a careful treatment would need decades of work for the whole visible 

and near infrared solar spectrum. 

The three solar lines within 20 km/s from the rest wavelength of the hydrogen 

quadrupole line directly influence hydrogen quadrupole equivalent widths by up to 15 

per cent. The published equivalent widths for these lines are Significantly different or 

not existent. Even the much stronger than expected line at 815.228 nm can influence 

measurements near the west limb of Jupiter and Saturn. Solar lines between -60 lon/s 

and +60 km/s are important for ring spectra while lines outside this region are less 

important. They provide a check for the goodness of line division in each high 

resolution spectroscopy frame. 

Before dividing Saturn disk and ring spectra by the determined solar spectrum. the 

solar spectrum was appropriately Doppler shifted and smoothed corresponding to a 

seeing of 3". In some of the ring spectra, this method did not completely remove solar 

features, probably because of the complicated convolution of seeing with ring 

pOSitions at different Doppler shifts. 

Moon and ring spectra with divided out solar lines provide a record of the change of 

telluric absorption as function of airmass and water vapor abundance. These spectra 

can be adjusted to the airmass factor of each Saturn frame in order to divide out 

telluriC absorptions. This method worked quite well for the weak telluriC absorptions 

near the 4-0 lines. 

... .. _ .. __ .. _ .... __ ..•.•. _ .. ,.. • .•.. . .0.- ._~ ...... __ ..... . 
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For the 3-0 lines a more complicated telluric line division was found to be more 

accurate. The telluric spectrum was determined by the average of three equal parts: 

the ring spectrum before the exposure, the ring spectrum after the exposure (one on the 

eastern. one on the western ring ansae), and the standard telluric spectrum as 

deSCribed before with a manually adjusted water abundance factor. The ring spectra 

give good telluric spectra except near strong solar lines while the standard telluric 

spectrum is not quite consistent in the line shape due to slightly varying spectral 

resolution. By using three spectra with small errors at different wavelengths, the 

average spectrum does not contain Significant errors any more. Fig. 6 shows that the 

solar and telluric line division worked well except in nearly saturated absorptions. 

4.15 Equivalent Width 

The standard way of measuring equivalent widths of hydrogen quadrupole lines is to 

define the continuum on both sides of the line and measure the area under the so 

defined continuum. A careful Investigation showed that this method gives equivalent 

width systematically 5 - 10 per cent too small for instrumental profiles of the echelle 

spectrograph. It could be aVOided if the continuum points are moved so far out that the 

determination becomes very noisy. 

The spectral profile of the spectrograph with the echelle grating has wide wings. Only 

85 per cent of the light is focused on a central Gaussian shape profile of four pixels 

width, varying slightly. The wings can be described by a superposition of four 

Gaussians. The percentage of light and widths are: 8% and 8 pixels, 4% and 16 pixels. 

2% and 32 pixels, and 1 % and 64 pixels. The last Gaussian has a peak Intensity of less 

than 1/1000 of the total peak intensity. Such low intensities could be measured by 

combining 700 spectra of a strong Thorium-Argon line. 

----... _ .. ~ ..... __ ._"........ ... . . ... 
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Planetary spectra have spectral lines further broadened by the Intrinsic widths and 

different amounts of seeing. This would cause further systematic errors In the 

standard method of determining equivalent widths. A routine was designed which 

determines equivalent widths on the basis of the intensity values of 25 pixels near the 

quadrupole line. It was tested by an artificially created spectrum based upon the line 

shape described above. Also, this shape was smeared by Gaussians of up to 7 kIn/s 

widths to model the line shapes of planetary spectra. The routine gives the equivalent 

width to one per cent for these test cases. 

Near the red wing of the 3-0 SU) hydrogen quadrupole line, another planetary 

absorption can be seen in Fig. 8. It is likely to be a weak methane absorption line. 

From an estimate of its strength and its pOSition it can be put into the equivalent 

width routine. When this absorption is conSidered, equivalent widths for the 3-0 S(1) 

line increase by three per cent. This correction can be done because the observations 

reveal the weak methane line. It is currently not known if there are other methane 

lines within the 3-0 S( 1) line. 

The spectrum near the 4-0 S(O) hydrogen quadrupole line contains planetary ammonia 

absorptions as shown In Fig. 9. They influence measurements for Jupiter. For Saturn 

the ammonia absorptions are nearly ten times weaker and do not cause errors greater 

than the noise in the data . 

. -----------------------------~ .. -... -- .. --.-.. -........... - .....• ~- .......... -.- .. ---. 
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Fig. 7: Spectra Near the 3-0 S(O) Hydrogen Quadrupole Line 

Fig. 7 - 10: The bottom part of each figure displays a typical spectrum of Jupiter or 
Saturn containing solar. planetary and telluric absorptions. Telluric absorptions are 
stationary. Planetary absorptions shift with the relative speed between object and 
observer. Solar absorptions shift additionally with the speed between the sun and the 
object. Doppler shifts are in the order of 10 - 50 km/s and can be read off the upper 
scale. Due to planetary rotation the Doppler shift is dependent on the position on the 
planetary disk. Since this is the first work on variations of hydrogen absorption 
across Saturn's disk the composite spectra had to be untangled to a better degree than 
lmown so far. The individual contributions are shown in the upper part of the figure 
on a ten times exaggerated scale (one tick mark = 0.02). The telluric spectrum 
corresponds to a typical airmass and water vapor abundance (airmass factor times 
water abundance equal 25 on the relative scale of Table 2). 
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Fig. 8: Spectra Near the 3-0 S( 1) Hydrogen Quadrupole Line 

(Fig. 7 - 10. cont.) 
In the spectral region of the 3-0 S(O) line (Fig. 7), the telluric water vapor absorption is 
so strong that there is no real continuum between different lines. The small solar 
features next to the hydrogen quadrupole line are also significant even if they are ten 
times weaker the the hydrogen absorption. Jupiter and Saturn do not show other real 
spectral features (the Inaccuracy near 60 km/s is due to strong telluric absorption). 

The spectral region near the 3-0 S(I) line (Fig. 8) also contains strong water lines, but 
less serious than for the 3-0 S(O) line. The main concerns here are the planetary ab
sorptions, likely to be methane absorptions. They are about twice as strong on Saturn 
than on Jupiter. One faint line is on the right wing of the hydrogen quadrupole line 
and has to be conSidered for accurate determinations of equivalent widths. It is not 
known if there Is a methane line superposed on the hydrogen line. Both kinds of ab
sorptions cannot be distinguished by obselVations, only by laboratory measurements. 
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Solar and telluric absorptions are weak near the 4-0 5(0) line (Fig. 9). In Jupiter's 
spectrum the equivalent width of this hydrogen line is difficult to measure because of 
interfering ammonia absorption lines. For Saturn it is less of a problem because the 
ammonia absorption is almost ten times weaker. The difficulty is the weakness of the 
hydrogen quadrupole line itself. Therefore, a measurement is very noisy when 
relative errors are considered. 



I ~. 
I 

>-
4J .-., 
c 
Q) 

4J 
C .... 
Q) 

> 
4J 
0 
Q) 

a:: 

1.0 4-0 

1.0 

1.0 

1.0 

0.9 

o 
-160 

S( I) H drogen 

Saturn 

Jupl ter 

Sun 

Earth 

Sun M Planet M Earth 

-100 -60 o 50 100 
, , , , , t ' , ' , , , , , , , , , , , , , , ' , , , 

636.7 636.8 636.9 637.0 637.1 637.2 
Wavelength CnmJ~ Doppler Shift Ckm/sJ 
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(Fig. 7 - 10, cont.) 
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The 4-0 S(I) line (Fig. 10) Is nearly free from interference from other lines, only some 
weak solar lines have to be considered. The Jupiter spectrum is flat aside from the 
hydrogen quadrupole line. Saturn's spectrum is noisier. In the same exposure time, 
the spectrograph receives 12 Urnes less photons from Saturn than from Jupiter. 
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4.16 Limb Darkening 

Most obseIVed limb darkening of planetary atmospheres is between no limb darken

ing and the limb darkening of a Lambert surface. At zero phase angle, the variation of 

the albedo across the planetary disk is described by I/F = 10 for no limb darkening and 

I/F = 10 Il for Lambert limb darkening where 10 is a constant and Il the cosine of the 

ray angle from the normal. Limb darkening functions between these extremes are 

deSCribed by the Minnaert Law I/F = 10 Ilk or by a linear function I/F = 11 + 12 Il, called 

here Linear Limb Darkening (k, I}. 12 are constants). Often, both approximations are 

close to realistic functions as shown for an example in Fig. 11. Theoretical calcu

lations indicate the Linear Limb Darkening is more realistic than the Minnaert Law 

as shown by Karkoschka and Tomasko (1985) for phase angles up to 12°. 

In this work the Linear Limb Darkening is adopted. Instead of II and 12, two more 

meaningful parameters are used: the geometric albedo and the half-disk albedo, 

introduced here. The geometric albedo is the albedo at phase angle zero, averaged over 

the whole disk. For the half-disk albedo, it is only averaged over the central half of the 

disk, up to a radius of half the disk's radius. The geometric albedo gives the average 

reflecting properties (effective Il = 2/3) while the half disk albedo gives reflecting 

properties for nearly normal incidence (effective Il = 14/15). 

Different latitude regions on a planet appear at different scattering geometries. 

Differences in measured intensities may be caused by real physical differences or just 

by different scattering geometries. In this work, results are given in geometric and 

half-disk albedoes which reflect physical differences only. Geometric and half-disk 

albedoes for a specific region are the two parameters of the observed limb darkening 

CUIVe. One also can imagine them as the albedoes of a sphere with the same physical 

atmosphere throughout. Table 6 gives a comparison between the parameters of both 

limb darkening laws for easy comparison with other published data . 

.,.,._ •• __ ~._ ..... _._ ••••••• , •••• _ ••• _'0 •• _ . ' •• _'~ ___ .'.""'" 
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The three proflles show the albedo as a function of position across the planetary disk 
for a phase angle of five degrees. The solid line represents a calculation for a 
homogeneous atmosphere. The dashed CUIVes are fits of the Minnaert Law and the 
Linear Limb Darkening to the theoretical proflle. All three albedo functions have the 
same geometric and half-disk albedo. The Linear Limb Darkening fit is so close to the 
theoretical CUIVe that it is hardly visible. For all of several hundred models calculated 
for the investigations of section six, the differences between the CUIVes are of similar 
magnitude. The Linear Limb Darkening usually fits somewhat better, but the 
Minnaert Law is also a very good approximation for the models conSidered. 
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Table 6: Limb Darkening Functions 

Minnaert Law: 

I/F - p(i) Io ~k-1 ~ok 

Linear Limb Darkening: 

I/F c p(i) (g + 2.5 (h-g) (1.5~1-1») ~o/~l 

Constant across the disk: 
n F incident solar flux 
p(i) phase law (i=phase angle), p(O)=l 
Io reflectivity for normal rays 
k Minnaert Law exponent 
g geometric albedo 
h half-disk albedo (average reflectivity within half of the 

disk's radius) 
variables: 
I reflected intensity 
~o cosine of angle between normal and incident ray 
~ cosine of angle between normal and reflected ray 
~1 average of ~o and~, (~o+~)/2 

Comparison between parameters: 

h/g lo/g lo/h k 

1.0 1.00 1. 00 .50 
1.1 1.12 1.02 .62 
1.2 1.24 1.03 .74 
1.3 1.37 1. 05 .87 
1.4 1. 50 1. 07 1. 00 
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Fitting observations to a two-parameter 11mb darkening model rests on the 

assumption that the model Is realistic. Most of the deviations occur near the limb. 

More than 1000 atmospheric models were investigated (those in the Iterative process 

for finding the fitting model of section six). At the relative radius of 0.9 (about 1" from 

Saturn's 11mb) most of the models deviated by less than 0.005 in I/F from the Linear 

Limb Darkening. typical deviations were 0.002, much smaller than observational 

uncertainties. On one hand, this indicates that the assumption of Linear Limb 

Darkening is very appropriate. On the other hand, it shows that the two albedoes 

contain all limb darkening information of the data. This result cannot be generalized 

to other wavelengths or other planets. For example, observations and models of 

Jupiter's limb darkening In the ultraviolet by Tomasko et al. (1986) are not quite 

consistent with a Minnaert Law or Linear Limb Darkening. 

4.17 Spatial Fitting 

Saturn's limb darkening displays significant latitudinal variations. Therefore, limb 

darkening or geometric and half-disk albedoes have to be determined separately for 

different latitudes. Unfortunately. the typical seeing of ground-based observations 

has the same scale as major belts and zones on Saturn. Nowhere on the disk does an 

observation refer to one belt or one zone alone. All data points are mixtures from 

different regions. One cannot determine 11mb darkening parameters for each latitude 

Individually but only for the whole disk simultaneously. Because of this major 

difficulty, some investigations "solve" this problem in a simple way: seeing is assumed 

to be negligible and thus Ignored. In this work, all data points for each data set and 

each wavelength are fitted simultaneously to a Saturn Intensity Model. 

In this model, Saturn's disk and the ring are divided into seven regions each with 

constant properties within each region. The model of the ring is derived by smoothing 
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Voyager results by Esposito et at. (1984) and is still better than needed. It is only used 

to account for light from the rings scattered by seeing onto the disk. 

The division of Saturn into seven latitude regions is based on an inspection of the 

images of this work. The boundary between different latitude regions could be 

determined to two degrees accuracy except for the North Temperate Belt because of its 

low contrast. Location and notation of these regions are given in Table 7. The 

notation is similar to previous publications but not identical due to changes in 

Saturn's latitudinal structure. For example, two mid-latitude belts instead of one have 

been seen in other years according to Lavega (1981), named North Temperate Belt and 

North North Temperate Belt. Images with best seeing indicate additional narrow 

regions but reliable determinations are only possible for the major broader belts and 

zones. Voyager images also show more latitudinal structure which has changed since 

1980/81. On the other hand, Voyager Images Indicate that the assumption of constant 

properties within major latitude regions and sharp boundaries between Is not an 

oversimplification. Nevertheless, all results for latitude regions should be Interpreted 

as an average over the given latitudes. 

The Saturn Intensity Model has 15 variables, namely two 11mb darkening parameters 

for each of the seven latitude regions and the ring intensity. Since the North Polar 

Region and the Southern Region are only visible near the 11mb, only their geometric 

albedo was kept as a variable while their 11mb darkening was assumed to be the 

average of the other regions. 

For each set of these 13 variables, the spatial intensity distribution can be calculated 

taking into account geometric effects like shadowing. Such artifiCial or synthetic 

Images can be smoothed for the seeing of each frame. A Gaussian was assumed for the 

shape of the seeing profile. The task of spatial fitting is finding the set of 13 variables 

which gives the best fit between smoothed synthetic Images and observations. 

----------------------.----~ .. -.. -... - ... -........... . 
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Fig. 12: The Disk of Saturn 

The figure displays the division of the disk into seven latitude regions and the division 
of the ring into seven regions. In each region physical parameters are assumed to be 
constant. The boundaries are mostly determined from images In this work (including 
Voyager information for the ring). Results given in section five are restricted to the six 
regions on the northern hemisphere. The small visible piece of a region south of the 
Equatorial Zone (SR) is not enough for a reliable measurement. 



Table 7; Saturn Intensity Model 

Saturn is divided into seven regions, with constant properties 
within each region: 

Latitude Region (latitudes are planetographic) 

900 S - 80 S SR Southern Region, mostly invisible in 1986-1989 
80 S - 12°N EZ Equatorial Zone 

12°N - 26°N NEB North Equatorial Belt 
26°N - 42°N NTZ North Temperate Zone 
42°N - 58°N NTB North Temperate Belt 
58°N - 74°N NPZ North Polar Zone 
74°N - 900 N NPR North Polar Region 

The ring is divided into seven regions, with constant properties 
within each region: 

Radius [Rs] Ring ReI. Albedo Transmission Comment 

2.27 - 2.08 A1 .55 
2.08 - 2.03 A2 .70 
2.03 - 1.95 CD .20 
1.95 - 1. 75 B1 1. 00 
1. 75 - 1.65 B2 .90 
1. 65 - 1.52 B3 .75 
1.52 - 1.30 C .15 

Assumed oblateness of Saturn: 
Assumed phase law of Saturn: 
Assumed phase law of ring: 

0 
0 
0.5 
0 
0 
0 
0.8 

0.89238 
0.013 mag x i 
0.2 m~g x ..Ji 

Cassini Division 

corresp. 1 - 0.012 i 
i = phase angle [0) 

The Linear Limb Darkening is assumed. It has two parameters for each 
region, the geometric and half-disk albedoes. For the NPR and SR, the 
ratio between both albedoes is assumed to be the same as for the 
average of the other regions. This gives 13 variables of the Saturn 
Intensity Model for each wavelength: 
geometric albedo of SR, EZ, NEB, NTZ, NTB, NPZ, NPR 
half-disk albedo of EZ, NEB, NTZ, NTB, NPZ 

albedo of ring B1. 

----_ .. __ .. _---------------------------
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Each data set contains on the order of 1000 data points. Mathematically speaking, 

spatial fitting is the least square solution of a system of 1000 equations for 13 vari

ables. Assuming the Minnaert Law for the 11mb darkening, these equations are highly 

non-linear making it a difficult task. Considering the fact that the whole procedure 

should be done for more than 1000 different data sets, it Is completely impractical. By 

assuming Linear Limb Darkening the system of equations becomes 11near and thus 

can be solved 1000 times In a few hours of computer time. (Low resolution spec

troscopy alone requires 2800 such calculations, 400 wavelengths for 7 date:! sets.) 

The standard deviation between observations and best fitting synthetic Images Is 

typically 0.015 in I/F. It is due to photon noise, systematic errors, and imperfections 

of the Saturn IntenSity Model. 

The fitting routine can be used to investigate the propagation of observational errors 

Into errors of the 13 variables. Most of the variables have similar errors except three 

variables with errors about twice as large. The half-disk albedo of the North Polar 

Zone cannot be determined well because the zone does not approach the center of the 

disk. The geometric albedo of the North Polar Region Is uncertain due to the small 

area of the region on the disk. The geometric albedo of the Southern Region Is very un

reliable because only a very small part Is free from the ring. Therefore, no results are 

given for the Southern Region. Ring albedoes are not given either. The determination 

of its albedo returns the input spectrum of the intenSity calibration. However, small 

deviations are visible. Methane absorptions appear in the ring spectrum which are 50 

times weaker than for Saturn's disk. This is an indication of imperfect removal of 

11gh.t from Saturn's disk onto the rings. Probably, long wings in the spatial profile 

cause sUghtly more 11ght to be scattered than by the assumed Gaussian profile. 

Therefore, ring 11ght on the disk is not completely subtracted either. This should cause 

methane absorption to appear 0.5 - 1 per cent weaker than they really are. Since other 

systematic errors are of similar size, this error was not corrected. 

----------------------.----~.- .. ~ ... - .. - ........ ,," ........... ~- ... ' .. _ ... "'''' 
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Fig. 13: Spatial Profile of a High Resolution Spectroscopy Frame 

The top part of the figure displays a theoretical intensity profile along the central 
meridian. The bottom part displays the equivalent width of the 3-0 S(O) hydrogen 
quadrupole line. Note that the scale is going down. The dashed line is the theoretical 
profile derived from values given in Table 11. Smoothing it by the seeing profile 
shown results in the solid curve. The measurements of frame R193 are shown as 
circles. They are very consistent with the smoothed theoretical profile. Note that the 
solid line is not just a fit to the displayed observations but derived from 17 frames of 
the same hydrogen quadrupole line. 
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Spatial Profile of Low Resolution Spectroscopy Frame 
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Fig. 14: Spatial Profile of a Low Resolution Spectroscopy Frame 

The dashed line is the theoretical albedo profile along the central meridian calculated 
with the values given in Table 10 for 550 nm wavelength. It is smoothed Into the solid 
cUlVe by the seeing profile shown. The Circles are the obselVations of frame P 76 at the 
same wavelength. The noise and the fit are satisfactory. Note that the contrast 
between belts and zones is significantly diminished by the seeing. Accurate 
consideration of the seeing is necessary to retrieve the original contrast from 
obselVations. 
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The dashed line is the theoretical albedo profile 6.5" west of the central meridian for 
726 nrn wavelength. The disk is quite dark due to methane absorption at this 
wavelength. The solid CUIve shows the same theoretical image smoothed by the shown 
seeing profile (which is not the same as one-dimensional smoothIng). The Circles 
mark the measurements of a slice through image frame M 132 at the same position. 
They match the smoothed profile quite well except in the northern part of the ring. 
The theoretical albedoes are derived from low resolution spectroscopy (Appendix e). a 
very different technique from imaging. The comparison between both methods is an 
important check on the size of systematic errors. 

-------------------------~-~-~ .. --.-.-........ -............... - . -.... -..... __ ....... . 
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4.18 Spectral Fitting 

Spatial fitting reduced high resolution spectroscopy and Imaging down to a few 

numbers. For low resolution spectroscopy, each spectrum still contains 400 

wavelengths but not 400 Independent pieces of Information about Saturn's 

atmosphere. More data reduction Is possible. 

The geometric and half-disk albedo spectra given in Appendix C were fitted to a 

function with ten adjustable parameters (see Table 8). Six parameters describe the 

continuum spectrum, three parameters the methane absorption and one parameter the 

ammonia absorption. The fits are good to a standard deviation of 0.002 indicating 

vexy good consistency (see Fig. 17). The spectra really contain ten independent pieces 

of information. Functions with eight or nine parameters were not successful. 

The ten-parameter function requires a methane and an ammonia absorption 

spectrum. They were derived by comparing the Saturn spectrum (all latitudes 

averaged) with the Uranus spectrum. When allowing the methane absorptions to be 

about 20 times stronger at Uranus than on Saturn, all spectral features match within 

the noise of the relatively noisy Uranus spectrum. There is one exception: near 

647 nm wavelength. This is consistent with the safe interpretation that all 

absorptions are methane absorptions with the exception at 647 nm where ammonia 

absorbs. Since ammonia absorption should be negligible in the spectrum of Uranus, it 

was used to define the shape of the methane absorption there while the additional 

feature defines the shape of the ammonia absorption. This method is superior to 

previous investigations of ammonia on Saturn which assumed the methane 

absorption near 647 nrn to be smooth like a continuum. This is not true since Uranus 

also shows a feature in the blue wing of the ammonia band, and a similar feature is 

seen in laboratory methane spectra. 
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Table 8: Spectra Fitting Parameters 

Var. for Geometric Albedo Spectrum for Half-Disk Albedo Spectr. 
EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

A -.537 -.627 -.543 -.577 -.602 -.809 -.265 -.417 -.337 -.36B -.3B3 
B .lB2 .lB1 .221 .21B .191 .117 .198 .201 .235 .240 .221 
C -.091 -.093 -.OB5 -.082 -.127 -.153 -.102 -.103 -.092 -.095 -.119 
D .021 .027 -.006 .002 .OOB .039 .033 .053 .009 .014 .016 
E .019 .02B .027 .006 .003 .013 .02B .044 .044 .025 -.002 
F .030 .037 .013 .006 .OOB .024 .044 .066 .022 .014 .000 

G -.078 .025 .016 .015 .020 .027 -.092 .01B .000 .000 -.010 
H -.003 .036 .000 -.020 -.032 .023 .015 .03B .000 -.012 -.033 
I -.001 .003 -.001 -.002 .003 .040 .012 .020 .010 .012 .OOB 
J .110 .200 .190 .160 .200 .510 .170 .290 .220 .270 .240 

std .002 .002 .002 .002 .002 .003 .002 .002 .002 .002 .003 

albedo .. exp{ A + B X + C x2 + D X3 + E sin(n X) + F cos(n X) } 

x ( 00 - G sin(n VOo) - H sin(n 00) - I sin(n 004) } 

x { 1 - J K } 

X, 00' and K are functions of the wavelength A: 
X(A) .. 4 - 2500 nm / A 
OO(A) .. standard Saturn methane band/continuum ratio, tabulated in 

Table 13, shown in Fig. 16 
K(A) .. standard ammonia absorption spectrum: 

I (pixel) 179 1BO 1B1 1B2 1B3 1B4 1B5 1B6 1B7 
A [nm] 641.5 642.7 644.0 645.3 646.6 647.9 649.2 650.5 651.B 
K(A) .01 .06 .13 .14 .11 .13 .11 .06 .02 

K is in relative units so that J is the equivalent width of the 
ammonia band in nanometers. Taking the band strength of 
660 cm-1 /km-am .. 2B nm/km-am by Giver et al. (1975), the ammonia 
absorption coefficient is approximately K x 2B/km-am. 

std: standard deviation of albedo between observation and fit 

----•.. _ .. -_ .. _ .. - ......... '" ....... ...-... -" ... "--'" . 
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Fig. 16: Spectrum of the Methane Band/ContJnuum Ratio of Saturn 

The soUd Une displays the methane band/continuum ratio between 450 nm and 
1000 nm wavelength. Below 615 nm it is also shown by the dashed line on a ten times 
exaggerated scale, from 0.9 at the bottom to 1.0 at the top. Even at this exaggerated 
scale it does not display noise. For example, the feature between the 509 nm and the 
543 nm methane bands is the 523 nm methane band with a central band/continuum 
ratio of 0.998. Also shown is the spectral shape of the ammonia absorption on a 
relative scale. 

-----------------------------~--.. ---.-.. --.-.-.. -... -_ ........... -. __ ............ -... __ ...... .. 
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EZ 

NEB 

NTZ 

~0.25 ~J'~--'~' __ ~ __ ~ ____ ~ ___ ~~ __ ~r---~~~ ______ ~JV~~ 

~ NTB 
<0.20 
"U 

Q) 

to.15 ".... .... ... 
Q) 
en 
~0.10 

0.05 

0.00 

~_ • ....,;o.._ 

NPZ 

450 500 550 600 650 700 750 800 850 900 950 

Wavelength CnmJ 

Fig. 17: Goodness of Fit of Low Resolution Spectra 

The figure displays the difference between observed spectra and the function given in 
Table 8. Above each latitude label is the spectrum for the geometric albedo. Half-disk 
albedoes are displayed below the latitude labels. Vertical displacements are in 
multiples of 0.05. All deviations remain close to zero for all spectra and all 
wavelengths. Deviations from zero are caused by noise and by imperfections in the 
functional fit. The figure suggests that deviations are random and cannot be improved 
by a better fitting function. The upper nine curves have standard deviations of 0.002. 
The lower two curves are somewhat nOisier. Latitudinal variations in continuum 
albedo as well as in absorptions are in the order of 0.1 and thus about 50 times greater 
than the noise. The low resolution spectra are very well suited to distinguish between 
different latitude regions. 
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4.19 Errors 

Data reduction and results are only useful together with the knowledge of errors. Some 

errors are random errors and can be reliably derived from deviations between 

observations and fits. Other errors can be estimated by artificially introducing an 

error into the observations and determining its effect on results. Some errors cannot 

be tested. They have to be estimated. 

The error estimation given in Table 9 is derived from errors for bias subtraction, 

flatfielding, sky subtraction, the ghost image, intenSity calibration including solar to 

stellar flux ratios, solar and telluric line division, interference from absorption lines 

next to hydrogen quadrupole lines, invisible long wings of profiles, equivalent width 

determination, and photon noise. The sum of all other errors is assumed to be half as 

much as the sum of the mentioned errors. All errors are standard deviations and are 

added by the root of the sum of the squares. 

___ "y __ ... __ ~~ __ ........ _ ... ~_ ••••••• e •••••• _ ••• _ ...... __ ••.• ~ __ , ••••• _ • 



Table 9: Error Estimation 

Quantity Total Error Relative E. Noise 

absolute albedo (1988) 5% 1% .3% 

albedo ratios within SOnm (1988) 2% 1% .3% 

albedo changes (1986, 88, 89) 3% 1% .5% 
(1981) 3% 2% 1% 

methane band/ «600nm) .01 .01 .002 
continuum ratio (>600nm) .02 .01 .002 

equivalent width (weak) .04nm .03nm .02nm 
of methane bands (strong) 3% 2% .5% 

equivalent width of ammonia band .04nm .03nm .02nm 

equivalent width of 
hydrogen quadrupole lines .20pm .1Spm .10pm 

Relative errors apply for comparison between different latitude 
regions or for comparison between the geometric and half-disk 
albedo. 
The noise is the consistency between different measurements. It 
only includes random errors. 
All errors are standard deviations. They are given as absolute 
or relative (in per cent) errors, whichever is applicable. 
All errors for the geometric albedo of the North Polar Region 
and for the half-disk albedo of the North Polar Zone should be 
taken twice as much! 
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V RESULTS 

5.1 Longitudinal Variation 

Great white spots have been obseIVed on Saturn once every 30 years. The last ones 

appeared in 1960. other smaller longitudinal features have appeared from time to 

t1me. Most ground-based investigations, however, do not report any longitudinal 

features. No signfficant longitudinal features were found in this work. This result is 

derived from three data sets. First, all images were visually inspected. Second, high 

and low resolution spectra of different longitudes at the central meridian were 

compared. Third, deviations between obseIVations and fits were investigated for 

longitudinal effects. 

Saturn's troposphere must be relatively homogeneous in longitude on a scale of 10,000 

km or more. Variations in longitude are more than an order of magnitude smaller 

than latitudinal variations. 

5.2 Diurnal Variation 

On the earth, clouds show a significant diurnal variation. Especially in the tropics, 

clouds are more frequent in the afternoon than in the morning. 

An observing program for detecting diurnal variations on Jupiter was carned out by 

Cunningham et al. (1988), tracking ind1v1dual longitudes from the morning to the 

evening 11mb. These obseIVations showed an increase of the hydrogen quadrupole 

absorption from the morning to the evening limb, nearly independent of latitude. The 

variation was approximately 5 per cent for the 3-0 S(O) line and 15 per cent for the 3-0 

S(I) line. The conclusion was a diurnally changing cloud structure with cloudiness 

decreasing during Jupiter's day. 
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All hydrogen quadrupole frames of this work with an east-west sIft on Jupiter or 

Saturn were investigated for east-west asymmetries. The slit location of these frames 

was almost through the center of the disk. Variations stayed within two per cent on 

Jupiter and four per cent on Saturn which can be fully explained by noise. Continuum 

intensities were also very symmetric on Saturn, but Jupiter displayed stronger 

features. All these features moved with Jupiter's rotation and thus are longitudinal 

features. Combining different frames gives a complete longitudinal coverage so that 

longitudinal features can be well separated from diurnal variation. The strongest test 

of an east-west asymmetry comes from methane band spectroscopy. The band/con

tinuum ratio showed asymmetries of less than 0.003 for all methane bands on Saturn. 

These observations suggest that asymmetric diurnal variations in Saturn's 

troposphere are at least 50 times smaller than latitudinal variations and thus can be 

ignored. The observations cannot directly exclude a diurnal variation which is 

symmetric to local noon. Time constants for changes in Saturn's troposphere are 

expected to be longer than a day (Trafton, 1985). A diurnal variation therefore would 

be expected tf) have a significant phase lag to local noon. No such variation is 

observed. Diurnal variations symmetric to local noon would require an even shorter 

time constant. Therefore, they are very unlikely. 

Assuming Jupiter did not change much between the observations by Cunningham et a1. 

In 1983 and my observations in 1987, the observations seem to contradict each other. 

However, both data sets are very consistent with each other when the different data 

reduction procedures are considered. In this work, solar lines are divided out before 

measuring equivalent widths. Cunningham et a1. did not make any correction for 

solar lines. As shown in Fig. 7 and 8, there are solar lines slightly shortward of both 

3-0 hydrogen lines. These lines shift into the hydrogen absorption on the western side 

of Jupiter's disk due to Jupiter's rotation (13 km/s). Therefore. both hydrogen 

quadrupole lines seem to be stronger on the western (evening) side. This is seen by 

--------------________ ~ _____ •.. _ .. __ .. _ .. _ ·w·.····.· 
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Cunningham et aI. and interpreted as a diurnal variation of Jupiter's clouds. Their 

discussion of only one interfering solar line Is flawed. They report the hydrogen 

quadrupole line with its vacuum wavelength (815.289 nm). but the solar line with Its 

air wavelength (815.306). The vacuum wavelength of this line Is 815.529 nm (see 

Table 5). It Is far from the hydrogen line while another solar line (815.279 nm) Is close 

and on the other side of the hydrogen line. Similarly. they did not find a solar line 

near the quadrupole line at 827.493 nm but there are two (827.451 nm and 

827.474 nm). All wavelengths In this work are vacuum wavelengths. 

If solar lines are not divided out for spectra of this work. east-west asymmetries of 

measured equivalent width appear for both 3-0 hydrogen lines, very Similar to the 

data by Cunningham et a1. If Moore's (1966) solar spectrum Is used, some smaller 

asymmetries still remain. If the more complete solar spectrum determined here is 

used. the asymmetries disappear. The accurate knowledge of faint solar lines is 

critical to spatially resolved analysis of hydrogen quadrupole line observations. 

5.3 Continuum Albedo 

While the continuum spectra of Uranus and Neptune peak in the green and blue, 

Jupiter's continuum albedo slightly increases towards the infrared. The continuum 

spectrum of Saturn Is different. The slope in the visible Is much stronger than 

Jupiter's. In the infrared It is not increasing further but staying constant or rather 

slightly decreasing. The slope in the visible gives Saturn its yellow-orange color 

(methane absorption in the red changes the color sUghtly towards yellow). Saturn's 

ring displays a shallower slope in the visible and therefore appears white when 

compared to Saturn's disk. 

-----------------------------_.-_ .. _-_._--.... _ .... --........... ~ .............. -.. ~ .. -.--... - . 
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Spectra. of different parts of Saturn's disk are quite similar relative to variations 

between planets. Some color variations across the disk are visible to the eye and are 

detennined by low resolution spectroscopy to high accuracy. Most obvious is the 

stronger color saturation near the center of the disk or the steeper slopes in half-disk 

albedo spectra compared to the shallower geometriC albedo spectra (Fig. 18). In other 

words. the limb darkening is stronger in the red than in the blue. It is quite common 

in planetary atmospheres that limb darkening is stronger where the planet is bright. 

At the limb. we mostly receive single scattered light. Near the center of the disk. a 

larger contribution comes from multiply scattered light which is much stronger for 

bright particles. So. bright particles generally cause stronger limb darkening. It is 

interesting to note that variations of geometric and half-disk albedoes almost go hand 

in hand as shown in Fig. 19. 

The spectrum is variable with latitude. Fig. 18 shows continuum spectra for all laU

tude regions of the northern hemisphere. The zones are generally brighter than the 

belts. The shape of the spectra does not alternate between belts and zones but steadily 

changes from equator to pole. Low latitude spectra show upward cUJvature at low and 

high wavelengths but downward cUJvature between (in the red). High latitudes display 

nearly constant curvature. These latitudinal variations are greater than observa

tional uncertainties. Uncertainty in the stellar to solar flux ratio can only influence 

all spectra in the same way. 
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Fig. 18: Continuum Spectra of May 1988 

The bottom six CUIves display the continuum spectra of the geometrfc albedo of the six 
latitude regions on Saturn's northern hemisphere. Further up are the continuum half
disk albedo spectra for all latitude regions except for the North Polar Region. For 
comparfson, the figure also includes the spectrum of the brfghtest part of the ring at 
zero phase angle. All albedoes increase from the blue to the red and then are nearly 
constant in the near infrared. The slope is greater for half-disk albedo spectra. 
Differences between different regions are greater than observational uncertainties and 
thus real. For example, in the red (650 nm) the half-disk albedoes of both belts are vexy 
similar while at shorter and longer wavelengths the North Equatorial Belt is nearly 
ten per cent brfghter than the North Temperate Belt. The regions near the equator 
have a stronger "bump" in the red while the regions near the pole have a flatter 
spectrum. This indicates that the color of cloud particles might be less connected to 
the belt and zone structure but rather dependent on the equator-to-pole pOSition. 

---------------------------~--... --.-.-.-.. -... -............................... _-_ ...... . 
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Continuum Limb Darkening 
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Fig. 19: Continuum Limb Darkening of May 1988 

The figure displays the relation between the geometric and the half-disk albedo. The 
ratio between both albedoes is an indicator of the 11mb darkening. All obsexvations 
show some amount of limb darkening. but less than the limb darkening of a Lambert 
surface. Note that the 11mb darkening increases as the albedoes increase. The three 
dashed cuxves for mid-latitude regions are identical within observational 
uncertainties and almost follow a straight line. The 11mb darkening of the Equatorial 
ZOne is significantly larger. Its solid cuxve is parallel to the dashed ones. The 11mb 
darkening of the North Polar ZOne is uncertain because the zone only appears close to 
the limb. Its dUTerent shape might well be attributed to obsexvational errors. If limb 
darkening Is given as a function of wavelength as in Table 10. the features described 
above are not so obvious. Limb darkening is primaI)' dependent on the albedo (which 
is a function of wavelength. of course). 

-----------------------------~--~---... ----...... -... - .. 
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Table 10; Continuum Albedo, Limb Darkening, and Albedo Changes 

Continuum Albedoes at Selected Wavelengths (May 1988): 

Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

460 nm .360 .324 .363 .346 .316 .251 .441 .362 .416 .391 .371 
490 nm .413 .371 .405 .397 .377 .307 .516 .429 .470 .456 .454 
520 nm .455 .410 .448 .442 .427 .350 .573 .478 .527 .517 .524 
550 nm .497 .450 .494 .483 .471 .386 .634 .534 .593 .579 .582 
590 nm .553 .506 .555 .531 .518 .426 .721 .622 .683 .656 .641 

630 nm .601 .555 .602 .569 .553 .454 .798 .701 .753 .716 .685 
680 nm .637 .588 .634 .602 .580 .468 .854 .756 .795 .760 .723 
750 nm .648 .594 .646 .628 .593 .462 .866 .756 .801 .781 .754 
830 nm .642 .583 .644 .641 .588 .442 .849 .731 .794 .790 .769 
940 nm .643 .588 .646 .647 .570 .423 .856 .751 .812 .812 .770 

Continuum Limb Darkening at Selected Wavelengths (May 1988): 

Wavel. Half-Disk I Geometric Albedo Minnaert Law Exponent 
EZ NEB NTZ NTB NPZ EZ NEB NTZ NTB NPZ 

460 nm 1.23 1.12 1.15 1.13 1.17 .78 .64 .68 .66 .72 
490 nm 1.25 1.16 1.16 1.15 1.20 .81 .69 .70 .68 .76 
520 nm 1.26 1.17 1.18 1.17 1.23 .83 .71 .72 .71 .79 
550 nnl 1.28 1.19 1.20 1.20 1.24 .85 .73 .75 .75 .80 
590 nm 1.30 1.23 1.23 1.24 1.24 .89 .79 .79 .80 .80 

630 nm 1.33 1.26 1.25 1.26 1.24 .92 .83 .82 .83 .80 
680 nm 1.34 1.29 1.25 1.26 1.25 .94 .86 .82 .83 .81 
750 nm 1. 34 1.27 1.24 1.24 1.27 ,93 .85 .80 .81 .84 
830 nm 1.32 1.25 1.23 1.23 1.31 .91 .82 .79 .79 .89 
940 nm 1.33 1.28 1.26 1.26 1.35 .92 .85 .82 .82 .95 

Albedo Changes: 

Change in Geometric Albedo Change in Half-Disk Alb. 
Years EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

86-87 0% 0% 0% -1% 0% 0% +1% -1% 0% 0% 0% 
87-88 -4% -2% 0% 0% +1% +2% -3% -2% +1% -1% 0% 
88-89 0% 0% 0% 0% -2% -1% -2% -1% +1% 0% 0% 

86-89 -4% -2% 0% -1% -1% +1% -4% -4% +2% -1% 0% 

---------------------------~-- ... -- .... -.. _ .. __ ._ ... 



1.0 

o -g o.e 
.Q 

< 
~ 

1/1 

Q c!. 0.6 

o 
l: 

"'CJ 
C 
o 
o 0.4 

L 
~ 
Q) 
E 
o 
~ 0.2 

0.0 

Continuum Albedoe. 

-I 
I .... -I I 1..---l_' 

-I 
I r--
I I I 
I ... -_J 

460nm 550nm 680nm 940nm 

Wavelength and LatItude Region (EZ.NEB.NTZ.NTB.NPZ.NPR' 

Fig. 20: Continuum Albedoes of May 1988 

103 

The figure displays the variation of the geometrIc albedo (solid) and the half-disk 
albedo (dashed) from equator to pole at four selected wavelengths. Features described 
in the last two figures can be also recognized in this display. The vIsual appearance of 
Saturn's latitude structure is mostly dependent on the half-disk albedo at 550 nm 
wavelength. The North Temperate Belt (fourth from the left) is slightly darker than 
the neighboring zones. Therefore it is called a belt. At other wavelengths it does not 
appear as a belt. Some investigations in the past were restricted to one zone and one 
belt and made inferences about the zones and the belts. This figure suggests that there 
is neither a typical zone nor a typical belt. Each latitude region should be treated 
individually. 

.. --- ...... _---------------------- .--~-~- .. ~- ... - ... -.-.. , .........•... -...... _- .............. _ ...... .. 
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5.4 Temporal Variation 

Poor weather conditions at the telescope prevented obtaining much infonnation about 

temporal changes in Saturn's atmosphere. StUl. some conclusions can be made. 

Between May and June of the same year. no significant changes were observed. Short 

term variations are likely to be small. 

All absorptions. hydrogen. methane. and ammonia. remained constant throughout 

the observing period. However. the upper limit of such variations is somewhat larger 

than quoted errors of Table 9. This is due to the fact that most reliable data come from 

one year and not throughout the period. 

Continuum albedoes of some latitude regions changed considerably from year to year. 

Since absolute intensity calibration was only done in 1987. the reported changes in 

Table 10 are changes relative to Saturn (disk average) and not necessarily absolute 

changes. Most remarkable is the continuous darkening of the Equatorial ZOne. and of 

the North Equatorial Belt to a smaller extent. In 1986. the Equatorial Zone was the 

brightest region on the planet. The North Equatorial Belt was not much darker than 

the North Temperate Zone. In 1989, the Equatorial Zone and North Temperate Zone 

were nearly equally bright. Considering that the 1987 data is not very accurate. this 

darkening might have been continuous throughout the three years. 

While no belt was visible at mid-latitudes in 1986. the North Temperate Belt became 

detectable in 1987 and apparent in 1988. Other changes were not recorded visually and 

are very small and may be observational errors. 

The table might suggest changes in the limb darkening. However. most of these 

changes needed to be based on imaging since there are low resolution spectroscopy 

observations only in 1987 and 1988. As discussed in chapter 4.10, limb darkening 

------------------------------~.--- ..... - ... -.......... . 
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derived from imaging is less reliable. Therefore, changes in the limb darkening 

cannot be concluded definitely. 

The comparison between 1987 and 1988 low resolution gives small indications about 

spectral variations in addition to pure albedo changes. They are very small and might 

not be significant. 

In summary, absorptions and spectral shapes did not change strongly between 1986 

and 1989. Absorption data within these years may be combined. On the other hand, 

albedoes need to be referred with the date of obseIVation. All reported albedoes here 

correspond to May 1988 with the most reliable low resolution spectroscopy data. 

More information about temporal variation is obtained by comparing these data with 

previous obseIVaUons. Preliminary comparisons show significant differences. For 

example, the southern hemisphere at the southern summer solstice In 1973 was quite 

different from the northern hemisphere at the northern summer solstice In 1987/88. 

The area of the dark Southern Polar Region was four times as large as the area of the 

North Polar Region. An analysIs of these changes might have important Implications 

on dynamical models of Saturn's atmosphere. Models discussed in section six are 

static. They need to be based on a consistent data set. Combining different data sets 

obtained at different times has to be justified. OtherwIse, such investigations may be 

seriously flawed due to temporal variations in Saturn's atmosphere. 

5.5 Hydrogen Absorption 

Hydrogen is the only absorption probing in an absolute sense into the atmosphere. 

About 94 per cent (accurate to a few per cent) of the molecules in the atmosphere are 

hydrogen molecules. Mlxlng ratios of all other species are uncertain by 20 per cent or 

more. 

------------------------------~ .. -.. -.... -.- ......... . 
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Hydrogen quadrupole lJnes have been obselVed over three decades. A summary of their 

obselVation is gIven by Trafton (1977) and Trafton (1985). All these obselVations used 

larger or smaller apertures near the center of the dIsk. This work gives the hydrogen 

quadrupole absorptions spatially resolved in both dimensIons, latitudInal and center

to-limb. Table 11 and Fig. 21 summarize the results. The following conclusions can be 

derived. 

All hydrogen absorptions are almost constant from the center to the limb. ThIs rejects 

a variety of atmospheric models. Different models with both Increasing or decreasing 

hydrogen absorption from center to limb have been proposed so far. This will be 

further dIscussed in section six. 

Latitudinal variations are in the order of 30 per cent, about ten times larger than 

uncertainties in the observations. AnalysIs of spatially resolved absorption thus 

gives much more information about the atmospherIc structure than averages over 

severallatltude regions have done in the past. 

As dIsplayed In the left part of Fig. 21, both 3-0 lines have very simJlar absorptions all 

across the disk. The equivalent widths of the 8(1) line are only one or two per cent 

smaller than the equivalent widths of the 8(0) line. This is In excellent agreement 

with Trafton (1985). The fact that the ratio remains constant all across the disk has 

Important implications about the state of hydrogen. Its interpretation requires model 

calculation and is thus given in section six. 

Trafton's hydrogen quadrupole equivalent wIdths are all within the range of the 

values for different latitude regions. A more accurate comparison would require the 

exact latitude range of the aperture in his obselVaUons which is not given. 

------------------- - -
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Fig. 21: Equivalent Widths of Hydrogen Quadrupole Lines 

The figure displays the equator-to-pole variation of the four hydrogen quadrupole 
lines considered in this work. Solid lines correspond to the geometric albedo 
spectrum, dashed lines to the half-disk albedo spectrum. Note that the scale is going 
down. The nearly perfect match between solid and dashed lines indicates that the 
equivalent width is practically independent of the center-to-limb position. This is an 
important finding of this work. Both 3-0 Hnes show very similar variations. The 
small differences are within observational uncertainties. The 4-0 lines are much 
weaker. The North Polar Region is the strongest feature in the 4-0 lines while It is 
comparable to the North Equatorial Belt in the 3-0 lines. Latitudinal variations in the 
hydrogen quadrupole lines are quite significant. They were ignored In previous 
investigations. 

---~ .. -.. --.. -.. -........... -.......... -.. -- ........ --.... - . 
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Table 11: Eg;uivaleot. Widths 

Line, E.W. in Geometric Albedo Spectrum E.W. in Half-Disk Albedo Sp. 
Band EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

Hydrogen [pm] 
3S0 4.1 5.3 4.8 4.7 4.6 5.4 4.2 5.3 4.8 4.6 4.4 
3S1 4.0 5.3 4.6 4.7 4.5 5.2 4.1 5.3 4.7 4.6 4.3 
4S0 .4 .7 .6 .6 .5 .9 .4 .9 .6 .6 .5 
4S1 .6 1.2 .8 .9 .8 1.5 .9 1.3 .9 1.0 .9 

Methane [om] 

460 .05 .05 .06 .05 .02 .00 .05 .00 .08 .04 .04 
470 .02 .05 .02 .01 -.04 .03 .04 .03 .01 .04 .00 
486 .01 .06 .01 .01 .03 .06 .04 .05 .02 .01 .05 
496 -.01 .01 .00 .02 -.02 .00 .00 .01 .00 .02 .00 
509 .00 .04 .03 .04 .02 .06 .02 .03 .03 .02 .04 
516 .00 .00 .00 -.01 -.01 -.02 .00 .00 .01 .00 -.01 
523 .00 .02 .02 .01 .00 .02 .00 .02 .02 .02 .01 
543 .37 .46 .42 .37 .36 .76 .41 .47 .40 .41 .35 
557 .05 .04 .04 .04 .03 .10 .08 .06 .05 .04 .04 
576 .18 .24 .20 .19 .19 .28 .26 .27 .19 .22 .20 
596 .11 .21 .14 .17 .18 .40 .18 .25 .15 .18 .20 
619 2.18 3.00 2.56 2.43 2.48 3.74 2.42 3.19 2.56 2.61 2.49 
667 1.46 2.02 1. 73 1. 58 1.59 2.90 1.72 2.29 1. 82 1. 74 1. 54 
683 .25 .35 .31 .27 .27 .42 .29 .34 .28 .26 .16 
703 1.63 2.22 1. 93 1. 82 1. 86 2.72 1. 86 2.44 2.05- 1. 99 1. 78 
727 10.07 12.75 11. 74 11.29 11.15 12.92 10.40 12.93 11.65 11.43 10.62 
790 11.34 15.22 13.35 12.70 12.61 16.86 12.53 16.11 13.79 13.45 12.07 
841 2.64 3.58 3.16 3.03 3.03 3.96 2.94 3.79 3.22 3.16 2.87 
864 10.83 13.75 12.78 12.33 12.30 13.92 11. 07 13.73 12.49 12.20 11. 63 
890 27.23 31.83 30.52 29.95 29.78 32.21 27.68 32.15 30.34 30.12 28.79 

Ammonia [nm] 
647 .10 .19 .18 .15 .19 .50 .16 .28 .21 .26 .23 

*) 

3S0 3-0 S (0) line at 827.493 nm 
3S1 3-0 S(l) line at 815.289 nm 
4S0 4-0 5 (0) line at 643.678 nm 
451 4-0 5(1) line at 636.952 nm 

Widths of all methane bands are listed in Table 12. The three regions 
at 470 nm, 496 nm, and 516 nm are spectral regions with no signifi-
cant methane absorption and thus should have zero equivalent width. 
The ammonia absorption extends from 641 nm to 652 nm. 

*) This number is uncertain, see last paragraph of chapter 5.7. 

.,. •• _ •• _ •• __ ... _.,..,_ •••.•••••• 'e' ...... " •• -.... ._. __ .•.• - .• ", 



109 

5.6 Methane Absorption 

A variety of investigations have been done for methane absorptions on Saturn. They 

can be divided into two types. Sp~ctroscopic investigations like Bergstralh et a1. (1981) 

give good spectral coverage but only very limited spatial information. Imaging like 

Voyager investigations or West et al. (1982) give spatially resolved observations 

including center-to-limb information. but the spectral information is restricted to the 

few wavelengths of the filters used. This work gives spectra with 400 resolution 

elements for all six latitude regions of the northern hemisphere including center-to-

11mb information. 

The methane absorption described here is based on low resolution spectroscopy on 

May 22. 1988. It is derived from the average of three independent data sets of this 

night. Appendix C lists the complete spectra. While these three data sets are very 

consistent. the low resolution spectroscopy of 1987 is not that accurate and is 

therefore omitted here. The imaging in May 1988 was used to check consistency with 

the low resolution spectroscopy. At the wavelengths of the filters used. the spectra 

were smoothed to allow for the different widths of the filter transmission curves. The 

complete comparison is given in Appendix D. The agreement for 1988 is within one or 

two per cent. This is excellent considering the different ways the data was acquired. 

Equivalent widths of methane bands are listed in Table 11. For weak methane bands. 

the equivalent width contains all the useful information. For stronger bands. the 

band/continuum ratio at each wavelength needs to be considered. Each latitude region 

displays a different kind of relation between observed methane absorption and a 

comparative methane absorption. The average of all latitudes. the Saturn 

band/continuum ratio was used as the standard comparison. Fig. 22 displays 

band/continuum ratios for each latitude and for five representative Saturn 

band/continuum ratios. 

----_ ....... _--------------------- .----~- -_. __ .-.. _ ........................ -. " -....... -.... __ ..... -. 
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Fig. 22: Latitudinal Variation of Methane Absorption 
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The left side of the figure shows the standard, latitudinally averaged methane 
band/continuum spectrum. Wavelengths with a ratio of 0.1, 0.3, 0.5, 0.7, and 0.9 are 
circled. As will be seen in section six, these ratios correspond to methane absorption 
coefficients of approximately 17, 4, 1.5, 0.6, and 0.16 / lon-am respectively. The right 
part of the figure displays the band/continuum ratio for these five absorption 
strengths as function of latitude. Solid and dashed lines correspond to the geometric 
and half-disk albedo spectrum respectively. For example, the Equatorial Zone has 
higher band/continuum ratios than the average on Saturn for each absorption 
strength, while the North Polar Region falls below the average. As shown in chapter 
4.18, the displayed latitudinal variation of the band/continuum ratio is the same for 
all wavelengths with horizontally aligned circles (with the same Saturn band/
continuum ratio). This shows the high consistency of the data throughout the visible 
and near infrared. The noise is about 50 times smaller than latitudinal variations. 
Therefore, even the smaller latitudinal variations and differences between geometriC 
and half-disk albedoes reflect physical differences and not data noise. 
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Latitudinal variations of weak methane bands are similar to the latitudinal 

variations of the 4-0 hydrogen quadrupole lines (Fig. 21). Intennediate methane bands 

probe to Similar levels as the 3-0 hydrogen lines and also show Similar latitudinal 

variations as the 3-0 lines. The strongest methane absorptions (bottom of Fig. 22) 

probe the highest atmospheric levels. Remarkable is the Equatorial ZOne which has 

higher band/continuum ratios than all other latitudes. This has been seen before. for 

example by West et aI. (1982). On the other hand. the outstanding North Polar Region 

for weak absorptions has not been reported before. This may be due to the Ifmfted time 

during a Saturn-year it is visible as well as In 1986 - 1989. 

5.7 Ammonia Absorption 

The 647 nm absorption band is weak in Saturn spectra. but it is clearly visible in 

spectra of all latitudes as shown In Fig. 23. Astonishing is the great absorption in the 

North Polar Region. not reported before. Weak hydrogen and weak methane 

absorptions also indicate that the North Polar Region is much clearer at low 

atmospheriC levels than all other latitude regions. Hydrogen and methane also absorb 

in the high atmosphere while ammonia absorption is restricted to lower levels because 

of the very low ammonia mixing ratio In the higher atmosphere. Ammonia therefore 

gives a clearer picture of the lower atmosphere. 

Latitudinal variations of the ammonia absorption go qualitatively hand In hand with 

variations seen in methane and hydrogen absorptions. However. while hydrogen and 

methane absorptions display only small variations from center to limb. the ammonia 

absorption varies strongly with center-to-limb position. The equivalent width of the 

ammonia band is by about 40 per cent greater In the half-disk albedo spectrum than in 

the geometric albedo spectrum. Since a ratio of 1.4 is the value for Lambert limb dark

ening. the ammonia absorption must be very small near the limb. less than a quarter 

___ .. __ ~._ •..•. ____ .• _ ..... ·.c.··· ".' ...... , .• _ ." __ •. ,., __ ._._~ .. _.~ . 
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of the central value unless the center-to-llmb variation has an uncommon shape. 

Considering that latitudinal variations are a factor of five, the ammonia absorption 

varies over the disk by more than a factor of 20. Observations which were not spatial

ly resolved and quoted "the value" of the ammonia absorption on Saturn leave a wide 

range of interpretation. More recent studies, 1Tafton (1985) and Killen (1988), have 

become aware of the importance of spatial variations of the ammonia absorption. 

The ammonia absorption is weak and cannot be determined reliably by imaging 

techniques. Spectroscopic studies for difTerent latitudes along the central meridian 

cannot distinguish between latitudinal and center-to-limb variations. Trafton's 

(1985) measurements of the ammonia absorption at the North Polar Region did not 

show the strongly enhanced value because both effects, latitudinal and center-to-limb 

variation, almost cancelled each other. Spectroscopy, resolved in both spatial 

dimensions, is necessaJY to resolve such ambiguities. 

One possible failure of an assumption for the data analysis has to be mentioned here. 

The limb darkenIng cannot be determined for the North Polar Region. In order to 

deduce the geometriC albedo of this region for the comparison with the other regions, 

the limb darkening of the North Polar Region was assumed to be the same as the 

average for the other regions. With hydrogen and methane absorptions varying by less 

than a factor of two across the whole disk, this assumption does not strongly influence 

the derived geometriC albedo. However, the ammonia absorption varies by a factor of 

20 which could cause a Significant error in the equivalent width of the ammonia band 

of the North Polar Region. Values measured near the north pole are 0.45 nm and scaled 

up to 0.50 nm because of the center-to-limb variation of 0.05 nm at other latitudes. If 

the center-to-limb variation of the North Polar Region is proportionally larger, it 

would give an ammonia equivalent width near 0.65 nm for the geometric albedo of the 

North Polar Region. The comparison with models should be done with the reliable 

equivalent width of 0.45 nm for the north pole (tilt of axis 26°, phase angle 0°). 
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Fig. 23: Ammonia Absorption Spectra 

The ammonia feature in Saturn's spectrum shown in Fig. 4 seems to be very shallow 
and insignificant. In order to make it more visible the observed spectra were divided 
by the fitted continuum and by the fitted methane absorption as described in chapter 
4.18. The divided spectra are shown in the wavelength range 630 - 670 nm. The 
bottom spectra display the relative geometric albedo, the top spectra the relative half
disk albedo (displaced by 0.04). The signature of ammonia is very distinct in all 
spectra. Most striking is the strong ammonia absorption in the North Polar Region. 
This is consistent with weak hydrogen and weak methane absorptions, all indicating 
a relatively clear lower atmosphere. Variations between other regions are also Similar 
to hydrogen and methane absorptions. Unlike the other absorptions the ammoriia 
displays a significant variation from center to limb. The absorption in the half-disk 
albedo spectrum is much stronger than in the geometric albedo spectrum. This is not 
surprising since when looking straight down into the atmosphere one can see more of 
the deeper layers where ammonia is abundant. 

.---~.--- .. -----.. -.. -... .,- .... -...... - .-- .... -'_ .. _-_ ..... _ .. 
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VI INTERPRETATION 

6.1 Absorption Coefficients 

For an Interpretation of observed molecular absorptions In planetary spectra, the 

absorption coefficients of the gases are needed. LaboratOIY measurements and theo

retical calculations are available but in some cases uncertainty in values exists. This 

chapter describes the set of absorption coefficients used for the calculation of atmo

spheric models. 

The models use a doubling and adding code by M.G. Tomasko and L.R. Doose. The 

atmosphere is broken up into 4 - 9 vertical layers, depending on the importance of 

variations of temperature, pressure, and atmospheric composition with altitude. 

Physical properties in each layer are assumed constant. Polarization of light and 

horizontal structure are ignored. 

Ammonia Absorption Coefficients 

The absorption strength of the 647 run ammonia band was determined by Giver et al. 

(1975) to be 660 cm-1/km-am. The absorption strength is the absorption coefficient 

integrated in wavenumber across the whole band. The shape of the ammonia absorp

tion band was taken from Table 8. It is consistent with Giver's data of much higher 

spectral resolution. Uncertainties in the ammonia absorption coeffiCient are not sig

nificant because of the larger observational errors for this very weak spectral feature. 

Hydrogen Quadrupole Line Strengths 

Theoreticall1ne strengths for the four hydrogen quadrupole lines 13-08(0), 3-08(1), 

4-08(0), and 4-0 8(1)) published by Bragg et aI. (1982) are 

133,128,3.7, and 16.2J x 10-5 cnr1/km-am 

Her laboratory strengths are about 10 per cent smaller (40 per cent for the 4-0 8(0) line). 

---~ .. -.. --- .. ---" ... "....... . ... . ............ " .. __ .. " ... . 
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Bragg (1981) also gives pressure coefficients of [62, 70, 80.5, and 85] x 10-7 em-l/hPa. 

The model calculations use the llsted values and a pressure shift according to McKeller 

(1974). Equivalent widths were decreased by five per cent, but they are still greater 

than when laboratory fine strengths are used. This is somewhat arbitrary. With 

current uncertainties in line strengths, the absolute values of model equivalent widths 

are not mown. However, variations across the disk, both in latitude and in center-to-

11mb position, must be consistent between observation and model since they are 

practically independent of line strengths. 

Following Trafton (1985), calculations of equivalent widths of hydrogen quadrupole 

lines include methane absorption, constant across each line. The methane absorption 

coefficient for each line was taken from the following chapter. This is valid If the 

methane absorption at the hydrogen quadrupole line is the same as its average over a 

I - 2 nm wide range. Fig. 7 - 10 suggest that this is a good approximation. Including 

this background methane absorption has very small effects for three of the four 

hydrogen lines. However, the equivalent width of the 3-0 5(1) line decreases much 

more than observational uncertainties. 

Methane Absorption CoefficIents 

Laboratory methane absorption coefTicients have been published by Lutz et al. (1976), 

Fink et al. (1977), and Giver (1978). They cover the same spectral range (450 - 1000 nm) 

and are of similar or slightly better spectral resolution. These data were slightly 

smoothed to the resolution of the low resolution spectra of this work. These labora

tory data are quite consistent. All observed Saturn spectra in this work are very con

sistent in the shape of the methane bands. Inconsistencies in the band/continuum 

ratio are only about 0.003, corresponding to a difference in methane absorption coefTi

cient of less than one per cent for intermediate band/continuum ratios. Nevertheless, 

a comparison between laboratory methane absorption spectra and Saturn spectra 
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reveals inconsistencies which are 100 times the noise in the observations! At different 

wavelengths with the same absorption in Saturn's spectrum, laboratory absorption 

coeffiCients vary by a factor of about two, sometimes three. Instead of trying to fit the 

whole spectrum one could restrict the comparison between observations and models to 

a few wavelengths as has been done in the past. Since one can choose wavelenlrths with 

the same planetaor absolJ)tlons but laboratmy absorptions vatying by more than a 

factor of two, all model results will be greatly dependent on the choice of wavelengths, 

There is no reliable way of determining Saturn's atmospheriC structure on this basis. 

Ramaprasad et a1. (1978) published laboratory absorption measurements for liquid 

methane at 95K temperature. They noted that the band strengths of all measured 

bands are the same as the room temperature band strengths. Band strengths are 

absorption coefficients integrated across the band. They also noted that the shape of 

the methane bands was different from the shape of the room temperature methane 

spectra. Could it be possible that absorption coeffiCients at the cold temperature of 

Saturn's troposphere are very different from the laboratory room temperature values. 

but that the band strengths are temperature invariant? Can there be cold temperature 

absorption coefficients consistent with Saturn's spectrum with the same band 

strengths as room temperature data? 

Model runs with a wide variety of types of cloud structure indicate that there is one 

thing all models have in common. The relation between absorption coeffiCient and 

band/continuum ratio is a very smooth function. Another observation is derived 

from different models which are consistent with Saturn's geometriC and half-disk 

albedoes. The band/continuum ratio for different absorption coeffiCients K remains 

practically constant as long as the product K g2 remains constant (g is the continuum 

geometric albedo). Higher albedoes require a smaller absorption coefficient to cause 

the same band/continuum ratio because they increase multiple scattering and the 

mean pathlength of 11ght in the atmosphere. With both observations one can conclude: 

------------------------ ----- ,- --.- - --- .--- .- ._--
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If there are cold temperature methane absorption coeffiCients consistent with the 

shape of methane absorptions in Saturn's spectrum, they must be a smooth function of 

the band/continuum ratio go d1v1ded by g2. Cold temperature methane absorption 

coeffiCients should also have the same band strengths as room temperature data. A 

function with two adjusted parameters was found to satisfy all conditions: 

1C = 0.458 (Qo1.l7 - 1) / i2 . 
The band strengths of such derived absorption coeffiCients are compared with band 

strengths by Benner (1979) in Table 1~. Benner combined the room temperature data 

by Lutz et aI .• Fink et aI .• and Giver. The 20 band strengths generally agree within five 

per cent. 1\vo problems must be considered. First. uncertainties in the continuum 

setting can change band strengths by 2 - 3 cm-1/km-am. Second, there are several 

overlapping bands with the ambiguity of setting the boundary between them. It is 

more appropriate to compare the sum of the strengths of overlapping bands as shown 

in the bottom part of Table 12. Then. the a£!reement is "ood to two per cent, 

The cold temperature methane absorption coeffiCients derived from the observed 

band/continuum ratio and the geometric albedo by the function above are shown in 

Fig. 24 and 25 and tabulated in Table 13. They are typically 20 - 30 per cent stronger 

than room temperature coeffiCients in the center of a band, but weaker by up to a factor 

of two in the wings. 

There are several uncertainties in such an indirect determination of absorption 

coefficients. First, since the band strengths agree to two per cent, there is a two per cent 

uncertainty in the absorption coeffiCients. Second. the noise in the observations 

corresponds to a noise in absorption coeffiCients of less than one per cent for 

intermediate coeffiCients, but more for small and large coeffiCients. Third, errors in 

measured room-temperature band strengths and variations of the band strengths with 

temperature propagate into the determined absorption coeffiCients. The work by 

Ramaprasad et at (1978) as well as theoretical considerations strongly suggest band 

.... _ .. - ... '-'.~- .w······· 
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strengths to be constant with temperature. but proof can only come from direct 

laboratory measurements. Finally. It is assumed that all absorptions aside from the 

647 run ammonia band are due to methane. The 790 run ammonia band Is not visible 

on Saturn. The hydrogen quadrupole absorptions are much narrower than the 

spectral resolution. The hydrogen dipole absorption Is weak on Saturn. All these 

uncertainties in the determination of cold-temperature absorption coeffiCients are 

Ukely to be only few per cent and much smaller than differences caused by temperature 

effects. Therefore. using these new absorption coeffiCients can reduce uncertainties 

due to temperature effects by a factor of about ten. 

Recently. Giver (private communication) measured methane absorption coeffiCients 

longward of 1100 nm at 295 K and 112 K temperature. It is interesting to compare the 

1160 run band between 295K (room temperature) and 112K which is close to Saturn's 

upper tropospheric temperature. In the center of the 1160 run band, the absorptlon 

coefficient increases by 30 per cent from room to cold temperature, while In the wings 

it decreases by up to a factor of 2.5. The band strength changes by only one per cent. 

This Is very similar to the suggested changes below 1000 run wavelength! 

Methane absorption coefficients are not just important for Saturn. Much if not most 

of what we know about the cloud structure of the giant planets is derived from methane 

band spectroscopy. For example, Voyager Images of Jupiter, Saturn, Titan, Uranus, 

and Neptune in methane band filters have been interpreted with room temperature 

methane absorption coefficients. The work by Ramaprasad et al. (1978) has been 

interpreted as a good indication that methane absorption coeffiCients should be inde

pendent of temperature. Of course, Ramaprasad stated that methane band strengths 

seem to be temperature invariant but not absorption coeffiCients. With temperature 

effects of 20 - 30 per cent in the center of methane bands, previous Investigations do 

not need to be completely revised. However, such changes are of the same order as 

latitudinal variations on Jupiter and Saturn, and stm can be quite significant. 
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Table 12: Methane Band Strengths 

Band Strength in cm-1/km-am 
Band Range Room T. Cold T. Diff. 

460 run 458-463 run 1 4 +3 
470 run 463-479 run 0 3 +3 
486 nm 479-490 run 6 8 +2 
496 nm 490-502 nm 0 1 +1 
509 nm 502-514 nm 4 4 0 
516 run 514-518 nm 0 0 0 
523 nm 518-527 run 3 1 -2 
543 run 527-552 run 31 34 +3 
557 nm 552-564 nm 1 2 +1 
576 nm 564-586 nm 11 13 +2 
596 nm 586-605 nm 12 8 -4 
619 nm 605-633 nm 142 143 +1 
667 nm 633-678 nm 67 63 -4 
683 nm 678-691 run 6 9 +3 
703 run 691-711 nm 54 65 +11 
727 run 711-748 run 787 777 -10 
790 nm 748-831 nm 448 427 -21 
841 nm 831-850 nm 101 84 -17 
864 nm 850-875 nm 805 662 -143 
890 nm 875-941 nm 6260 64·73 +213 

523 nm + 543 nm 34 35 +1 
596 nm + 619 nm 154 151 -3 
703 nm + 727 nm 841 842 +1 
841 nm + 864 nm + 890 nm 7166 7219 +53 

Room T. room temperature laboratory measurements, Benner (1979) 
Cold T. from Saturn spectrum derived and adjusted 

(temperature of Saturn's troposphere = 90 - 110 K) 
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Room- and Cold-Temperature Methane AbsorptIon Spectra 
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Fig. 24: Methane Absorption Spectra in the Visible 

Room temperature data from Giver (1978) were slightly smoothed (dashed line) to 
comparable resolution as the cold temperature data determined in this work (solid 
curve). All absorptions are narrower at cold temperature. The band centers are 
stronger by 10 - 30 per cent at cold temperatures, but weaker in the wings of the bands. 
Note that some bands overlap each other at room temperature making independent , 
determinations of band strengths difficult. Shortward of 480 nm the noise from low 
counts becomes apparent. 
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Room- and Cold-Temperature Methane Absorption Spectra 
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Fig. 25: Methane Absorption Spectra in the Near Infrared 

Room temperature data from GIver (1978) were slightly smoothed (dashed line) to 
comparable resolution as the cold temperature data determIned in this work (solid 
curve). Methane absorptions are quite temperature dependent in thIs spectral region. 
The 727 run band is 25 per cent stronger in the center at cold temperatures but weaker 
by up to a factor of two in the wings. The 790 run band has different shapes at different 
temperatures. The same is true for the 890 run band which is much stronger in the 
center at cold temperatures. The 864 nm band is not as well separated from the 
adjacent bands at room temperature. This might have caused an error in the estimate 
of its strength at room temperature. 
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Table 13: Methane Band/Continuum Ratios and Absorption Coefficients 

A Wavelength [nm] (A a 1000 nm eI/500-0.8, I = 10 •.. 369) 

00 Saturn methane band/continuum ratio (full disk of Saturn) 

1C cold-temperature methane absorption coefficient [1/km-am] 

A 00 1C A 00 1C A 00 1C A 00 1C 

458.4 .997 .01 498.6 1. 000 .00 542.3 .944 .15 589.8 .997 .00 

459.3 .995 .02 499.6 .999 .00 543.4 .939 .16 591. 0 .995 .01 

460.2 .994 .03 500.6 .999 .00 544.4 .956 .11 592.1 .994 .01 

461.2 .998 .01 501.6 .999 .00 545.5 .978 .05 593.3 .990 .02 

462.1 .998 .01 502.6 .999 .00 546.6 .991 .02 594.5 .985 .03 

463.0 .998 .01 503.6 .999 .00 547.7 .996 .01 595.7 .982 .03 

463.9 .999 .00 504.6 .999 .00 548.8 .999 .00 596.9 .984 .03 

464.9 .999 .00 505.6 .998 .01 549.9 .999 .00 598.1 .985 .03 

465.8 .999 .01 506.6 .997 .01 551. 0 .999 .00 599.3 .988 .02 

466.7 1. 000 .00 507.6 .997 .01 552.1 .999 .00 600.5 .989 .02 

467.7 1. 000 .00 508.6 .994 .02 553.2 .998 .00 601.7 .992 .01 

468.6 1. 000 .00 509.7 .995 .02 554.3 .998 .00 602.9 .992 .01 

469.5 .999 .00 510.7 .995 .01 555.4 .998 .00 604.1 .994 .01 

470.5 .999 .00 511. 7 .996 .01 556.5 .998 .00 605.3 .992 .01 

471. 4 .999 .00 512.7 .999 .00 557.7 .998 .00 606.5 .989 .02 

472.4 .999 .00 513.8 1.000 .00 558.8 .998 .00 607.7 .983 .03 

473.3 1. 000 .00 514.8 1. 000 .00 559.9 .998 .00 609.0 .975 .05 

474.3 1. 000 .00 515.8 1.000 .00 561. 0 .999 .00 610.2 .971 .05 

475.2 .998 .01 516.9 1. 000 .00 562.1 .999 .00 611. 4 .959 .08 

476.2 .999 .00 517.9 1. 000 .00 563.3 .998 .00 612.6 .926 .14 

477.1 .999 .00 518.9 1. 000 .00 564.4 .998 .00 613.9 .884 .23 

478.1 .998 .01 520.0 .999 .00 565.5 .998 .00 615.1 .856 .30 

479.0 .999 .00 521. 0 .998 .00 566.7 .997 .01 616.3 .833 .35 

480.0 .998 .01 522.0 .998 .01 567.8 .995 .01 617.5 .777 .50 

480.9 .998 .01 523.1 .998 .01 568.9 .994 .01 618.8 .726 .66 

481. 9 .997 .01 524.1 .998 .01 570.1 .992 .02 620.0 .731 .65 

482.9 .997 .01 525.2 .998 .00 571.2 .989 .02 621.3 .769 .52 

483.8 .996 .02 526.2 .999 .00 572.4 .988 .02 622.5 .828 .36 

484.8 .990 .04 527.3 .999 .00 573.5 .984 .03 623.8 .889 .21 

485.8 .987 .05 528.3 .999 .00 574.6 .979 .04 625.0 .934 .12 

486.8 .993 .03 529.4 .998 .00 575.8 .978 .05 626.3 .962 .06 

487.7 .996 .01 530.5 .998 .00 576.9 .979 .04 627.5 .977 .04 , 

488.7 .999 .00 531. 5 .998 .00 578.1 .981 .04 628.8 .988 .02 

489.7 1. 000 .00 532.6 .997 .01 579.3 .987 .03 630.0 .994 .01 

490.7 1.000 .00 533.7 .996 .01 580.4 .993 .01 631.3 .995 .01 

491.6 1.000 .00 534.7 .995 .01 581. 6 .995 .01 632.5 .996 .01 

492.6 1.000 .00 535.8 .992 .02 582.7 .997 .00 633.8 .995 .01 

493.6 1.000 .00 536.9 .987 .03 583.9 .998 .00 635.1 .994 .01 

494.6 .999 .00 537.9 .984 .04 585.1 .999 .00 636.4 .994 .01 

495.6 .999 .00 539.0 .978 .06 586.3 .999 .00 637.6 .992 .01 

496.6 .999 .00 540.1 .970 .08 587.4 .999 .00 638.9 .990 .02 

497.6 1.000 .00 541.2 .957 .11 588.6 .998 .00 640.2 .985 .02 

..... _ •• _ ." '_'._ ,1iIIII ,~. 
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A 00 Ie A 00 1C A 00 Ie A 00 Ie 

641.5 .981 .03 706.1 .872 .21 777.2 .830 .30 855.6 .650 .81 
642.7 .982 .03 707.5 .890 .18 778.8 .799 .37 857.3 .540 1. 30 
644.0 .983 .03 708.9 .911 .14 780.4 .733 .53 859.0 .449 1. 91 
645.3 .985 .02 710.3 .925 .12 781. 9 .684 .68 860.7 .357 2.88 
646.6 .983 .03 711.8 .937 .10 783.5 .653 .79 862.4 .283 4.15 
647.9 .980 .03 713.2 .936 .10 785.1 .676 .71 864.2 .272 4.40 
649.2 .978 .03 714.6 .928 .11 786.6 .694 .65 865.9 .297 3.86 
650.5 .973 .04 716.1 .864 .23 788.2 .712 .59 867.6 .365 2.77 
651.8 .970 .05 717.5 .745 .50 789.8 .730 .54 869.4 .447 1.93 
653.1 .968 .05 718.9 .637 .85 791.4 .716 .58 871.1 .517 1. 43 
654.4 .962 .06 720.4 .551 1.23 792.9 .675 .71 872.8 .584 1. 08 
655.7 .957 .07 721.8 .508 1.48 794.5 .648 .81 874.6 .604 .99 
657.0 .951 .08 723.3 .465 1. 77 796.1 .621 .91 876.3 .589 1. 05 
658.4 .947 .09 724.7 .369 2.70 797.7 .604 .98 878.1 .540 1. 30 
659.7 .941 .10 726.1 .289 3.99 799.3 .615 .94 879.9 .402 2.35 
661. 0 .938 .10 727.6 .272 4.38 800.9 .645 .82 881. 6 .198 6.92 
662.3 .927 .12 729.1 .327 3.30 802.5 .675 .71 883.4 .092 18.7 
663.7 .920 .13 730.5 .393 2.42 804.1 .712 .60 885.1 .082 21. 8 
665.0 .916 .14 732.0 .485 1. 63 805.7 .748 .49 886.9 .058 33.0 
666.3 .901 .17 733.4 .554 1.21 807.3 .792 .38 888.7 .053 36.7 
667.6 .902 .16 734.9 .644 .82 809.0 .813 .34 890.5 .060 31. 5 
669.0 .911 .15 736.4 .725 .55 810.6 .828 .30 892.3 .063 29.7 
670.3 .929 .11 737.9 .792 .38 812.2 .858 .24 894.0 .061 30.9 
671. 7 .948 .08 739.3 .865 .22 813.8 .885 .19 895.8 .073 24.9 
673.0 .967 .05 740.8 .919 .13 815.5 .905 .15 897.6 .106 15.8 
674.4 .982 .03 742.3 .954 .07 817.1 .921 .12 899.4 .133 11.8 
675.7 .993 .01 743.8 .975 .04 818.7 .939 .09 901.2 .189 7.40 
677 .1 .996 .01 745.3 .986 .02 820.4 .954 .07 903.0 .274 4.37 
678.4 .996 .00 746.8 .988 .02 822.0 .966 .05 904.8 .381 2.57 
679.8 .990 .01 748.3 .986 .02 823.7 .973 .04 906.6 .496 1. 56 
681.1 .980 .03 749.8 .986 .02 825.3 .975 .04 908.5 .598 1. 01 
682.5 .964 .05 751. 3 .984 .02 827.0 .978 .03 910.3 .659 .77 
683.9 .961 .06 752.8 .984 .02 828.6 .985 .02 912.1 .658 .78 
685.2 .969 .05 754.3 .981 .03 830.3 .993 .01 913.9 .677 .71 
686.6 .975 .04 755.8 .976 .03 831. 9 .994 .01 915.8 .711 .60 
688.0 .980 .03 757.3 .965 .05 833.6 .975 .04 917.6 .763 .46 
689.4 .986 .02 758.8 .956 .06 835.3 .912 .14 919.4 .812 .34 
690.7 .988 .02 760.3 .943 .09 836.9 .824 .31 921. 3 .851 .25 
692.1 .987 .02 761. 9 .916 .13 838.6 .741 .51 923.1 .886 .19 
693.5 .981 .03 763.4 .907 .15 840.3 .720 .57 925.0 .913 .14 
694.9 .972 .04 764.9 .899 .16 842.0 .699 .64 926.8 .933 .10 
696.3 .948 .08 766.4 .898 .16 843.7 .762 .46 928.7 .948 .08 
697.7 .925 .12 768.0 .899 .16 845.4 .800 .37 930.5 .960 .06 
699.1 .896 .17 769.5 .903 .15 847.0 .849 .26 932.4 .968 .05 
700.5 .855 .25 771.1 .899 .16 848.7 .867 .22 934.3 .973 .04 
701.9 .825 .31 772.6 .882 .19 850.4 .864 .23 936.1 .977 .03 
703.3 .825 .31 774.1 .860 .23 852.1 .817 .33 938.0 .981 .03 
704.7 .834 .29 775.7 .854 .25 853.8 .738 .52 939.9 .990 .01 

...... -.. _ .. ---.~,,,,, ... ,, .. 
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Methane Pressure Coefficients 

Methane absorption is pressure dependent. At high pressures. the transmission de

creases exponentially with the absorption coefficient (Beer's law). but at lower pres

sures the transmission is greater. This effect becomes quite significant for large ab

sorption coefficients in the case of Saturn. Laboratory pressure coeffiCients have been 

published by Fink et al. (1977). For strong absorption coeffiCients, the values scatter 

around 10/bar or O.OI/hPa. In order to account for the deviation from Beer's law. 

transmission in model calculation was calculated by a superposition of two exponen-

tials: 
I I f T = 2' e-FlCa + 2' e- lCa. F. f = I ± I / ~ I + P / 30 hPa 

rr transmiSSion. lc absorption coefficient. a abundance. P pressure). 

Fig. 26 shows that this approximation works reasonably well for pressures and abun

dances typical of Saturn's atmosphere. There are many uncertainties like the temper

ature dependence of the pressure coeffiCient. A more accurate treatment is not possible 

with current lmowledge. This treatment is still better than ignoring the pressure coef

fiCient completely which is the usual practfce for methane absorption calculations. 

This chapter indicates that there are several uncertainties in molecular absorption 

data. The following presentation of an atmospheriC model is based on current 

lmowledge. It might need revision when better laboratory data become available. On 

the other hand. the results presented in the previous section are on firm ground. They 

can be used to derive a more reliable atmospheriC model with more reliable laboratory 

data. 

-----------------------------~ .. -.. -.... - .. -, ............. '... . ....... ' ........ --.... - .. , 
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Fig. 26: Methane Transmission 

The long-dashed CUlVes show the exponential transmission law for four methane 
absorption coefficients: 2.5, 5, 10, and 20 / kIn-am. It is valid for high pressure. These 
four absorptions probe to typical levels of 400, 300, 200, and 100 hPa (= mbarl in 
Saturn's atmosphere. The absorption CUlVes for these pressures and the Mayer-Goody 
band model are shown by the solid CUlVes. A pressure coefficient of 10/bar or , 
O.OI/hPa io assumed. The pressure coefficient does not have a significant effect for 
small absorptions, but it is quite important for strong absorptions of 10/kIn-am or 
more. The short-dashed lines are approximations by the superposition of two 
exponentials as described in the text. They treat the effect of finite pressure 
reasonably well within the relatively large uncertainties of the pressure coefficient. . 

---------------------------~ .. -.. -.... -.. -..... -....... .. ..... ._-." ........... __ ..... . 
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6.2 The Atmospheric Model 

A model of Saturn's atmosphere is presented here which flts all obselVaUons obtained 

in this work. It has a clear gas layer at the top of the atmosphere, a haze layer below 

with haze and gas mixed unffonnly, and an optically thick cloud at the bottom of the 

visible part of the atmosphere (optical depth 20 or more). Scattering properties of haze 

and cloud particles are assumed to be the same, but variable with latitude and 

wavelength. Saturn's atmospheric composition is assumed to be 94 per cent hydrogen, 

6 per cent helium, 0.3 per cent methane, and 0.12 per cent ammonia below 1800 hPa 

(= 1800 mbar) pressure (mixing ratios are by number and not by mass). Above this 

level, ammonia is assumed to be saturated which means that its mixing ratio 

decreases by a factor of two every 100 - 200 hPa and is practically zero at 1000 hPa 

(= 1 bar) pressure. This is due to the rapid decrease of the ammonia vapor pressure 

with decreasing temperature. The assumed temperature structure is taken from 

Voyager IRIS and radio occultation data, summarized by Ingersoll et at (1984). All 

relevant parameters are Hsted in Table 14. 

This is not the only model consistent with the obselVations but is one of the simplest. 

By adding free parameters a variety of models can be constructed, all consistent with 

the obselVations. Uncertainties and alternatives of the various aspects of the model 

are discussed in the following chapters. The discussion is qualitative. Deter

minations of acceptable ranges for parameters or acceptable regions in multi

dimensional parameter space are left for future work. 
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Atmospheric Model 
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Fig. 27: Atmospheric Model 

The model has clear gas in the stratosphere, a haze layer in the upper troposphere with 
haze and gas mixed uniformly, and an optically thick cloud at the ammonia 
condensation level. At the Equatorial Zone, the haze is relatively thick and extends 
into the stratosphere. At the North Polar Region, the haze is very thin and the cloud at 
the ammonia condensation level is absent. In the haze layer, mean free paths of light 
vary between 2 km in the lower part of the Equatorial Zone and 100 km in the upper 
part of the North Polar Region. The altitude scale is relative to the 1000 hPa (= 1 bar) 
level and only very approximate since the relation between pressure and altitude also 
depends on the latitude. The scale height of ammonia is less than 10 km above the 
condensation level. The ammonia mixing ratio thus drops rapidly and is essentially 
zero above the reference level (altitude zero). Observations indicate the vertical extent 
of the cloud to be small, in the order of 5 km or less. 

-------------------- ---- - -... --....... -. -_._. .... .. 



Table 14: Atmospheric Model Parameters 

Parameter Region: 

Latitudinal extent: from 
to 

Vertical cloud structure: 
clear gas from top to [hPa] 
optically thick cloud [hPa] 
haze between both layers: 
optical depth 
specific abundance [km-am gas] 

cloud particles: Haze and 
single 
scattering 
albedo 

A. = 460 nm 
490 nm 
520 nm 
550 nm 
590 nm 
630 nm 
680 nm 
750 nm 
830 nm 
940 nm 

asymmetry parameter (a) 
for single scatt. alb. 1.00 

.95 

EZ 

50 
1800 

30 
7 

.951 

.968 

.978 

.985 

.992 

.9961 

.9980 

.9985 

.9982 

.9981 

.45 

.50 
Henyey-Greenstein phase function 
f = a + .3, gl = .7, g2 = -.3 

Gravity (average) [m/s2]: 8.8 
Gas [km-am] in 1000 hPa layer: 122 

Observations - model (st.dev.): 
low resolution spectra .007 
hydrogen equiv. widths [pm] .14 

NEB 

100 
1800 

10 
20 

.904 

.934 

.951 

.965 

.979 

.9883 

.9924 

.9928 

.9913 

.9922 

.35 

.40 

9.2 
117 

.007 

.14 

NTZ 

100 
1800 

11 
17 

.914 

.937 

.955 

.970 

.983 

.9910 

.9940 

.9949 

.9950 

.9951 

.25 

.30 

9.9 
109 

.008 

.17 

NTB 

100 
1800 

10 
17 

.903 

.933 

.953 

.967 

.979 

.9869 

.9909 

.9934 

.9948 

.9952 

.25 

.30 

10.8 
99 

.008 

.15 

NPZ 

100 
1800 

12 
13 

.919 

.948 

.966 

.976 

.984 

.9896 

.9925 

.9941 

.9945 

.9933 

.40 

.45 

11.8 
91 

.008 

.22 

128 

NPR 

100 
3000 

6 
40 

.832 

.890 

.920 

.940 

.957 

.966 

.970 

.970 

.964 

.960 

.35 

.40 

12.5 
86 

.004 

.25 

Composition: about 94% hydrogen, ortho/para ratio in equilibrium with 
local temperature, 6% helium, .3% methane, and .12% or less ammonia 

Assumed temperature and 
P T NH3 

[hPa] [K] [ppm] 
50 86 0 

100 83 0 
200 90 0 
300 96 0 
400 102 0 

ammonia 
P 

[hPa] 
600 
800 

1000 
1200 
1400 

mixing ratio as 
T NH3 

[K] [ppm] 
117 0 
128 3 
138 20 
146 80 
154 240 

------------------------------------ ---

function of 
P 

[hPa] 
1600 
1800 
2000 
2500 
3000 

pressure: 
T NH3 

[K] [ppm] 
160 570 
166 1200 
172 1200 
185 1200 
196 1200 
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The deviation between obselVed and modelled spectra Is consistent with the estimated 

obselVational uncertainty of one per cent of the albedo. but greater than the data noise 

of 0.3 per cent. corresponding in albedo to about 0.002. If the obselVations are actually 

better than estimated here. one can derive a more sophisticated model. The deviation 

in hydrogen quadrupole equivalent widths Is consistent with the estimated obser

vational error of 0.15 - 0.30 pm from low-latitude regions to polar latitudes. 

This is the first model of the vertical cloud structure giving parameter variations for a 

complete hemisphere of Saturn. The model Is not only consistent with obselVations. 

it also has reasonable physical properties. For the assumed mixing raUo. the 

ammonia condensation level Is near 1800 hPa pressure. Ammonia reaches 100 per 

cent saturation at this level. Convection can produce an optically thick cloud of 

ammonia crystals there. Since ammonia is saturated above this level In the model, 

the haze may be produced by ammonia crystals forming within the haze layer or may 

be brought up by convection from the cloud. The haze extends upward to the 

tropopause which is near 100 hPa pressure. Strong convection In the Equatorial Zone 

may cause some overshooting Into the stratosphere. More downward motions in the 

North Polar Region may decrease the ammonia cloud to small or insignificant optical 

depths. Deeper in the atmosphere. a water cloud is expected. Whether or not one can 

see the top of this cloud in the North Polar Region can not be decided here. 

6.3 Phase Function 

The phase function describes the relative Intensity of scattered light as a function of 

scattering angle. The phase function of haze particles in Saturn's atmosphere 

Influences the Intensity of reflected light (the phase function of cloud particles has a 

minor effect). For back-scattering particles, most of the light we receive is single 

scattered light. Therefore, there is little limb darkening. For strongly forward 
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scattering particles, most of the lfght we receive Is multiply scattered. These particles 

cause strong 11mb darkening. The asymmetry parameter of the phase function is the 

average cosine of the scattering angle. It is zero for symmetric scattering like Rayleigh 

scattering and unity for purely forward scattering particles. Assuming that the 

scattering properties of particles are Independent of altitude, the asymmetry 

parameter can be detennined from the observed limb darkening to about 0.1 accuracy. 

For model calculations, the phase function of haze and cloud particles is assumed to be 

a Henyey-Greensteln function with gl = 0.7 and g2 = -0.3. These are average values 

found by Tomasko and Doose (1984). For other values of gl and g2, the asymmetry 

parameter and single scattering albedo can be slightly changed in order to give 

Identical Saturn albedoes. The third parameter of the Henyey-Greenstein phase 

function, f, is 0.3 greater than the asymmetry parameter for our chOice of gl and g2. 

Results of chapter 5.3 showed the 11mb darkening strongly positively correlated with 

the albedo. Model calculations with a constant phase function but a varying single 

scattering albedo show the same effect, but a stronger variation of the 11mb darkening. 

To compensate, darker particles in Saturn's atmosphere must be more forward 

scattering than brighter particles. Since Saturn is darker in the blue, the particles are 

more forward scattering in the blue. Since the Equatorial Zone displays a stronger 

11mb darkening than other regions, its particles are more forward scattering. These 

are the main features displayed in the bottom part of Fig. 28. More striking than the 

differences might be the Similarity. All regions at all wavelengths have modest 

forward scattering particles. 

Since the asymmetry parameter increases as the single scattering albedo decreases, 

the sum of both 1s assumed to be constant for each latitude region. Other similar 

relations are also consistent with the observed limb darkening. 
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Fig. 28: Scattering of Haze and Cloud Particles 

The figure shows the single scattering albedo spectrum and the asymmetry parameter 
of the phase function for each latitude region (the asymmetry parameter of the NPR is 
omitted since it cannot be determined). Single scattering albedoes are given to the 
right of the quasi-logarithmic scale. Particles are modestly forward scattering. They 
are quite bright in the near infrared. especially bright in the EquatorIal Zone but 
darker in the North Polar Region. 

----------------------------~--.. --.. --.. -........................ - .. -.......... --....... . 
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It Is interesting to compare these findings with Pioneer 11 observations at different 

phase angles by Tomasko and Doose (1984). These observations include only two 

wavelengths and two latitude regions on the southern hemisphere. The particles were 

also found to be dark and more forward scattering at the blue than at the red 

wavelength. Their asymmetry parameter (0.6 in the blue. 0.4 in the red) varies 

somewhat more with wavelength than that determined in this work. The small 

difference could be due to changes over the 9-year interval. north-south asymmetries. 

and uncertainties in both investigations. The general agreement Is quite satisfactory. 

6.4 particle Albedo 

The single scattering albedo of haze and cloud particles can be inferred from the albedo 

of the planet. If a particle phase function is assumed and if the gas has neither 

Significant scattering nor absorption. then there is a unique relation between albedo 

of the planet and the single scattering albedo of the particles. In the near infrared. the 

gas has this property at a few wavelengths where the single scattering albedo can be 

determined. Within each methane band. the single scattering albedo has to be 

interpolated. In the visible. Rayleigh scattering is Significant. The albedo of Saturn 

thus also depends on the vertical distribution of haze and cloud particles. Since 

molecular absorptions depend on the single scattering albedo. it is not possible to 

determine single scattering albedo and cloud structure independently. Both need to be 

determined in an iterative process. 

In this work, the single scattering albedo is allowed to vary with wavelength and 

latitude but assumed constant in altitude. Haze and cloud layers with different single 

scattering albedoes do not change the albedo of the planet as long as their 

appropriately weighted single scattering albedo remains constant. Very strong 

differences would cause a slight change in limb darkening, but they are physically less 

-------------------------------~-..•. -.. _-_ ............ _.. ..... '.-- -_ .......... __ ...... . 
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likely. Under these assumptions, the single scattering albedo can be detennined quite 

accurately, to about 0.01 at 0.9 or to 0.001 at 0.99. Fig. 28 dJsplays the single scattering 

albedo spectrum for each latitude region. Not surprisingly, it displays similar features 

as the albedo spectra of Fig. 18. Features mentioned for albedo spectra of dUTerent 

latitudes are also valid for the single scattering albedo spectra. 

Ammonia crystals are white. Saturn's yellow color probably derIves from dust or 

impurities in ammonia crystals. In the Equatorial ZOne, the bright particles probably 

contain more ammonia, darker particles of the North Polar Region less ammonia. 

The general darkening towards the blue is the same in all latitude regions indicating 

similar impurities. However, there is a continuous tre~d in the shape of the curves 

from the equator to the pole as already mentioned in chapter 5.3. These spectra might 

help us to gain some understanding about the particles in Saturn's troposphere. 

6.5 Stratosphere 

The tropopause is defined by the temperature minimum and is near the 100 hPa 

(= 100 mbar) level in Saturn's atmosphere. The stratosphere is the regIon above the 

tropopause. It is probed by the strongest methane absorptions where the absorption 

optical depth is near unity for one vertical path of the stratosphere. The relatively 

high albedo of the Equatorial Zone in these absorptions can only be explaIned by a 

significant amount of haze in the stratosphere. Its optical depth is somewhere between 

0.5 and 1. 

The stratosphere at other latitudes is assumed to be clear. Tomasko and Doose (1984) 

suggested haze of optical depth 0.02 in the stratosphere. Such a small optical depth has 

only a minor effect on the absorptions measured in this work. The methane 

absorption in the stratosphere is very dependent on the pressure coefficient which is 
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not known sufficiently well. A slightly smaller pressure coefficient than assumed 

would exclude significant amounts of haze In the stratosphere aside from the 

Equatorial Region. A slfghtly larger pressure coefficient would require optical depths 

of more than 0.02. At the very low pressure above the haze in the Equatorial Zone. the 

pressure coefficient Is even more important. Therefore. the Interpretation of the slight 

discrepancy between observation and model near 890 nm wavelength In the 

Equatorial Zone is left for further studies. 

6.6 Upper Troposphere 

The upper troposphere contains scattering particles. Their number density is about 

two orders of magnitude smaller than that of particles In the cloud. Therefore. they 

are called haze particles. Nevertheless. they could be very similar to the cloud 

particles. While the mixing of haze to gas might be constant with altitude. it is greatly 

variable with latitude by a factor of about six between equator and north pole. 

While the atmospheric model fits the observations. small systematic differences in 

near-infrared methane bands appear in every latitude region. There are two ways to 

improve the fit. First. we can allow the haze-to-gas mixing ratio to vary with altitude. 

It is quite possible that there are such variations over the nearly three scale heights 

between the tropopause and the cloud. Improvements in the fit are possible by 

decreasing the amount of haze in the uppermost region. and increasing it In the lower 

part. Variations In the haze to gas mixing ratio of a factor 1.5 or 2 are reasonable. 

Second. the observed center-to-limb variation in methane absorptions can be better 

modelled with somewhat more forward scattering haze particles near the tropopause 

than at lower levels. For example. the asymmetry parameter is increased by a few 

tenths in the upper 0.2 - 0.5 optical depths of haze and slightly decreased below. The 

---------------------,----~ .. -.. --.-... -.. -..... ......•. ..... . .. - _ ............. __ .... . 
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same systematic difference appears with hydrogen absorptions. Models show slightly 

Increased equivalent widths towards the center of the disk although the variation In 

the observations Is small. These Independent observations of the same effect add some 

credibility. A variation of the asymmetry parameter can explain the effect but other 

variations like single scattering albedoes varying with altitude can also contribute. 

Placing absorbing particles between the clear atmosphere and the haze layer as 

suggested by Macy (1977) would also improve the fit. The deviation between 

observation and model Is too small for definite conclUSions. Therefore. these 

variations are not Included in the atmospheriC model given here. 

Previous Interpretations of methane absorptions were sometimes also modelled with 

a Similar type of atmospheriC model, but with the boundary between the clear and hazy 

layer at deeper levels, at 150 hPa (Tomasko and Doose, 1984) or 170 hPa (Killen, 1988). 

The model of this work contains haze of optical depth 0.3 above the 150 hPa 

(= 150 mbar) layer In all mid-latitude regions. A value of 0.2 is also acceptable since 

the haze mixing ratio might not be constant as discussed above. Some haze is, 

however, required above 150 hPa. This result is due to the different methane 

absorption coeffiCients used here. The cold temperature methane absorption 

coefficients are about 35 per cent stronger near 890 nm than room temperature data. 

The same observations thus require more haze near the tropopause than when 

modelled with room temperature data. 

Two-cloud models as proposed for Jupiter's atmosphere are not consistent with 

observations of Saturn. Models with three or four clouds could fit the observations. 

The extended haze layer was given preference here over an upper troposphere with 

several cloud layers. Such models would have many more free parameters. There is 

also no physical evidence for cloud layers within the upper troposphere. 

-------------------------------~-~--.. -.--.. -........................ _ .. __ ." .... _ .... _ ..... - . 
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The model has a larger haze optical depth for the North Temperate Zone than for the 

North Temperate Belt. This might seem contradictory to Fig. 22 which reveals the 

North Temperate Belt to be the cloudier region. The explanation is the slgniffcant 

change of Saturn's gravity with latitude due to its rotation and oblateness. At higher 

latitudes, the gravity is stronger, molecules are heavier, there Is less gas in the same 

pressure interval. Considering this, both regions have the same haze to gas mixing 

ratio, but the North Temperate Belt has less gas above the tropopause which causes all 

methane absorptions to be slightly weaker. 

There are about 16 independent observations probing the cloud structure in each 

latitude region: four hydrogen quadrupole lines, weak, medium, and strong methane 

absorptions. and ammonia absorption. each for geometric and half-disk albedo. If the 

type of atmospheric model is a valid approximation to reality. the pressure levels and 

the haze optical depth are strongly constrained. However. variations of the haze with 

altitude are possible as discussed above. Even stronger uncertainties corne from the 

assumption of no horizontal structure. clearly a bad assumption for the earth's atmo

sphere. Appleby and Blerkom (1975) have shown that horizontal inhomogeneities can 

influence molecular absorptions by much more than the small systematic effects 

discussed above. Remote sensing is not a good way to determine horizontal structure. 

Voyager images show that horizontal structure on large scales (> 50 km) is of low 

contrast and less prominent on Saturn than on Jupiter. for example. The uncertainty 

associated with possible horizontal structure remains for all observations until we 

have a descending probe into Saturn's atmosphere. 

-. .. -... -.-_. __ ..... ,." ,",.-., .. '. ,_.. . --... " .... , ........ --....... . 
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6.7 Ammonia Cloud 

The relative amount of absorption for medium and weak absorptions of both methane 

and hydrogen indicate that there is a lower limit for the penetration of most of the 

Ught. A strong concentration of particles, called the cloud, is responsible for that. 

Methane and hydrogen absorptions cannot locate the cloud very well, but the 

ammonia absorption can. At levels above 1800 hPa (1.8 bar) pressure, the ammonia 

mixing ratio varies by more than a factor of two within a pressure interval of only 

200 hPa. A change of the location of the cloud by 200 hPa would cause minor effects on 

methane and hydrogen absorptions, but change the ammonia absorption by a factor of 

two and be inconsistent with observations. Uncertainties of the location of the cloud 

are mainly due to ammonia saturation and temperature. If ammonia is oversaturated 

by a factor of two, the observed ammonia absorption would be reached for a cloud at 

1600 hPa rather than 1800 hPa. If the temperature reaches 166 K at another level than 

assumed it would shift the cloud accordingly. In all cases. the cloud is at a level where 

the ammonia mixing ratio reaches about 1.2 x 10-3. The ammonia absorption varies 

only slightly between the four mid-latitude regions. These variations are due to the 

slightly different haze and thus require the cloud to be at the same place. There is a 

strong indication that the cloud is due to ammonia crystals and that the ammonia 

mixing ratio reaches about 1.2 x 10-3 at the cloud. 

In the North Polar Region, all weak absorptions are much stronger than at all other 

latitudes. The cloud must have a small optical depth there or be absent. In the 

Equatorial Zone, the strong haze limits our view to the ammonia cloud. The location 

of the cloud cannot be determined as accurately as for the four mid-latitude regions. 

Since we can see only the cloud-top, we cannot determine its vertical extent. Its verti

cal extent is likely to be small as an indirect observation indicates. The ammonia 

mixing ratio in the lower troposphere cannot be too much greater than 1.2 x 10-3. 

---~--,,-,,-,--,-,".-.. -.- ... -. . ..... - ... _ .... __ .•.... - . 
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Otherwise, the ammonia absorption In the North Polar Region gets too large, or, for 

different models, the weak methane absorptions get too weak. Assuming that the 

ammonia mixlng ratio In the lower troposphere is Independent of latitude, the lower 

base of the ammonia cloud Is expected to be where the ammonia saturation reaches 

1.2 x 10-3 which Is identical to the obseIVed cloud-top. An upper limit of 2.0 x 10-3 

ammonia in the lower troposphere would allow a vertical extent of the cloud of still 

less than 200 hPa, corresponding to approximately 5 km. 

6.8 Lower Troposphere 

The lower troposphere is defined here by the region below the ammonia cloud level. It 

Is only visible in the North Polar Region. At other latitudes, the optically thick cloud 

limits our view. The fit between the obseIVed and the modelled spectrum Is better for 

the North Polar Region than for all other regions. This might indicate that the 

atmospheriC model for the North Polar Region is relatively accurate. Actually, the 

opposite is true. The spectrum can be fitted as well by a vertically variable haze 

distribution, by introducing some cloud (not optically thick) at the ammonia 

condensation level, and by changing the low cloud to an arbitrary level below 

2500 hPa. Therefore, the obsexvations do not contain much information about the 

lower troposphere. The reason for the variety of possibilities is that there is no limb 

darkening information available for the North Polar Region. At other latitudes, the 

obsexved limb darkening limits the possibilities Significantly. 

A variety of models have been put forward to explain obsexved molecular absorptions. 

These include reflective-layer models which means a cloud but no haze (Trafton, 1985), 

models with no cloud but haze extending to infinitely deep levels (West, 1983), and 

models with a clear atmosphere from two scale heights above to one scale height below 

the ammonia cloud level (Tomasko and Doose, 1985). These investigations were 

.--------------------------~--.. ~ ... - .. -.-.................. _ .... _ ........ __ ... _-. 
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llm1ted to the central meridian and thus cannot distinguish between 11mb darkening 

and latitudinal variation, or they were Umited to absorptions of only one or two gases. 

The measured absorptions of this work are not very different from previous 

measurements. Those models also fit some observations of this work, but not others 

as shown in Fig. 35. Reflective-layer models do not produce the observed center-to-

11mb variation in all absorptions and give ammonia absorptions several orders of 

magnitude smaller than observed if the cloud is moved up to match hydrogen 

absorptions. Models with no cloud or a much lower cloud cannot reproduce the 

observed ratios in hydrogen quadrupole absorptions and have the weakest 

absorptions even stronger than observed for the North Polar Region. 

Limb darkening information is essential for modelling. For example, the geometriC 

albedo spectra of the Equatorial Zone and the North Temperate Zone are similar. Both 

could be modelled with a similar haze optical depth. However, the limb darkening is 

stronger at the Equatorial Zone than at the North Temperate Zone. Therefore. haze 

particles must be more forward scattering in the Equatorial Zone. More forward 

scattering particles need much higher single scattering albedoes to reproduce the same 

geometric albedo. Higher single scattering albedoes strongly increase pathlengths and 

thus absorptions. To compensate. tlle Equatorial Zone needs much more haze than the 

North Temperate Zone. 

These examples show that the ten goals of chapter 1.3 are not arbitrarily set. Previous 

investigations had only part of these goals realized and could not constrain Saturn's 

atmosphere as well as this work. 

------------------- ---' -.-... -_ ...... -. '-".'-' ... . 
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6.9 Chemical Composition 

It is probably safe to say that hydrogen, helium, methane, and ammonia are the four 

most abundant gases In Saturn's atmosphere. Helium does not have absorptions in the 

visible or near infrared. Its only importance In this work Is the influence on the mean 

molecular weight. The influence is small. Other helium mixing ratios near 0.06 do not 

change any of the conclusions. 

The methane mixing ratio can be constrained by comparing methane with hydrogen 

absorptions. The hydrogen mlxfng ratio Is 0.94 to a few per cent. The 3-0 hydrogen 

quadrupole lines probe the atmosphere to similar depths as medium methane absorp

tions, somewhere between the 727 nm and the 841 nm band. The ratio between the 

equivalent widths Is an Indicator of the methane to hydrogen mlxfng ratio. Taking 

the average of both 3-0 lines and the average of both mentioned methane bands. this 

ratio varies by 1.6 per cent standard deviation for geometric and half-disk albedoes of 

all latitudes. This variation Is consistent with data noise. Unfortunately, the me

thane to hydrogen rnlx1ng ratio cannot be determined nearly that well. There Is an un

certainty of at least ten per cent In hydrogen quadrupole line strengths. A still greater 

uncertainty would derive from room-temperature methane absorption coeffiCients. A 

smaller uncertainty comes from imperfections in the atmospheric model used. The 

total error bar is set at 20 per cent. The methane m1xlng ratio is (3.0 ± 0.6) x 10-3. 

This is consistent with some of other investigations as shown in Table 15. 

The ammonia mlxfng ratio in the lower troposphere is less constrained. The value of 

1.2 x 10-3 gives the best fit. Values of (1.0 - 1.5) x 10-3 are consistent. This gives 

Saturn's atmosphere similar enrichment of carbon and nitrogen over solar values 

which Is physically reasonable but not necessary. Considering that the haze to gas 

Inixlng ratio might be variable, a wider range of (0.6 - 2.0) x 10-3 is also acceptable. 

The upper limit Is not that interesting since higher mlxfng ratios are not conSidered 

.----_ .. _-. ----------------------- ... ~- .. - .' .. _ ... - ,w··.···· 
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likely (see Table 15). The lower limit is an important result. Published ammonia 

mlxing raUos and abundances vary so that Tomasko and Doose (1985) considered 

values as low as 2 x 10-6 as a possibility, 300 Urnes smaller than the lower limit of 

this work. Killen (1988) gave a lower limit of 0.45 x 10-3 derived from one methane 

and ammonia band. The lower limit of ammonia corresponds to one fifth of the 

nominal methane mix1ng ratio in Killen's and in this work. The solar nitrogen to 

carbon ratio is also one fifth according to Cameron (1982) but not certain. Cameron 

(1973) listed it as one third. Both carbon and nitro~en seem to be enriched by a factor 

near four in Saturn's atmosphere over solar values, 

Ammonia is assumed to be saturated in the upper troposphere. No error bars can be 

determined since supersaturation or undersaturation can be compensated by slight 

changes in the cloud level as discussed in the last chapter. 

At two locations, the ammonia absorption differs somewhat between observations 

and model. In the Equatorial Zone, the observed ammonia absorption is 50 - 60 per 

cent stronger than the observed one (Fig. 29). This can be explained by a supersatura

tion of ammonia of the factor 1.5. The very hazy Equatorial Zone would be the most 

likely region to be supersaturated. However, the estimated error 15 40 per cent of the 

modelled absorption. The observational evidence is definitely too small to conclude a 

supersaturation. 

In the geometric albedo spectrum of the North Polar Region, the observed ammonia 

absorption is smaller than the modelled one (Fig. 34). Only at this absorption in the 

whole spectrum is the calculated limb darkening very different between the North 

Polar Region and other laUtudes. Therefore, the extrapolation from scattering 

geometries near the north pole to the geometriC albedo is not valid as suspected in 

chapter 5.7. When ammonia absorptions are compared for the scattering geometry of 

the north pole as shown in Fig. 35, the agreement is very satisfactory. 

------------------_._._ ... __ ... _ ..... - ..•. _. •....... ..-
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Table 15: Chemical Composition 

Species 
Reference 

Mixing Ratio 
by Volume 

Abundance Solar 
em-am] Enhancement 

Hydrogen 
Standard model 

Helium 
Conrath et al. (1983) 
Standard model 

Methane 
Buriez and de Berg (1981) 
Courtin et al. (1984) 
Tomasko and Doose (1984) 
Trafton (1985) 
Killen (1988) 
This work 
Standard model 

Ammonia below condensation 
Larson et al. (1980) 
Tokunaga et al. (1980) 
Witteborn et al. (1981) 
Fink et al. (1983) 
Court in et al. (1984) 
Tomasko and Doose (1985) 
Killen (1988) 
This work 
Standard model 

... 94 

.043 - .093 

.06 

[10-3] 
1 - 3 
2.6 - 6.9 

... 2.5 
3.8 - 4.6 
2.0 - 3.0 
2.4 - 3.6 
3.0 

.05 .2 

.002 - .2 
>.45 

.6 - 2.0 
1.2 

<.001 
<.0005 

.04 
2 

State of hydrogen 
Trafton (1985) 
This work 
Standard model 

equilibrium fraction 
'" 1 
>0.8 
1.0 

.3 - .7 

.5 

1 - 4 
3.3 - 8.8 

... 3.2 
4.8 - 5.8 
2.5 - 3.8 
3.0 - 4.6 
3.8 

.3 1 

.01 - 1 
>2.8 
3.5 - 12 
7 

normal fraction 
'" 0 
<0.2 

0.0 

The solar enhancement is the Saturn/solar ratio of He/H, C/H, N/H. 
Solar values are taken from Cameron (1982). 

Some of the ammonia determinations are only given in abundance. 
Conversion into mixing ratio is model dependent. 
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Hydrogen molecules are found in two states, ortho hydrogen having parallel spins 

(proton spin states) and para hydrogen having antiparallel spins. At high 

temperature, the ortho to para ratio is three. This is called normal hydrogen. At lower 

temperature, the ratio is smaller if enough time for equi.libration is allowed. An 

observation of the ortho to para ratio in Saturn's atmosphere determines if the 

hydrogen is equ1l1brated or not. If convection from warmer, lower levels is rapid 

enough, one would expect to find normal hydrogen. Para hydrogen is responsible for 

the 5(0) hydrogen quadrupole lines, ortho hydrogen for the 5(1) lines. The observed 

ratio between both lines determines the state of hydrogen. 

Observations of all latitudes are consistent with equ1l1brIum hydrogen while normal 

hydrogen is far outside the error bar. Even a mixture of 90 per cent equilibrium and 10 

per cent normal hydrogen is only barely consistent with the observations. 

Considering uncertainties in the relative absorption strengths. this mixture is still 

consistent. Nevertheless. most of the hydrogen must be in or close to equilibrium. 

Convection must be slower than the equilibration process. The time constant for 

equilibration is still under debate, see Chamberlain and Hunten (1987). 

This result is in general agreement with Trafton's (1985) analysis. Small differences 

are due to the different models used. The reflecting layer model used by Trafton can be 

excluded by center-to-limb variations of the equivalent widths which are new 

observations of this work. 
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Fig. 29: Low Resolution Spectra of the Equatorial Zone 
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Fig. 29 - 34: The figures show the comparison between obsexved spectra (dots) and 
spectra calculated with the atmospheric model (cuxves). Upper cuxves are half-disk 
albedo spectra, lower cuxves geometric albedo spectra. The agreement between 
obsexvaUons and model is generally very good. Systematic differences may be 
obsexvaUonal errors or indications of an overly simplistic model. At the wavelengths 
of the hydrogen quadrupole lines, obsexved equivalent widths are marked by dots, 
modelled ones by horizontal bars. Again, upper bars always refer to the half-disk 
albedo spectrum. The scale for equivalent widths is 0 - 10 pm from bottom to top. 
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Fig. 30: Low Resolution Spectra of the North Equatorial Belt 

(Fig. 29 - 34, cont.) 
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The Equatorial Zone (Fig. 29) displays a good fit between observations and model in 
the visible and a reasonably good fit in the near infrared. This is similar to other 
latitudes, and the deviations are also similar. Possible explanations for these 
imperfections are discussed in chapter 6.6. In the Equatorial Zone, deviations also 
occur at the ammonia band at 647 nm. It could be explained by supersaturation of 
ammonia but the evidence 1s very weak. The deviation at the strongest methane band 
at 890 nm might well be due to uncertainties in the methane pressure coefficient. 
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Low Resolution Spectra of the NTZ 
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Fig. 31: Low Resolution Spectra of the North Temperate Zone 

(Fig. 29 - 34, cont.) 
The North Equatorial Belt (Fig. 30) shows a satisfactory agreement between 
obselVations and model aside from small errors typical to all regions. 
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Low Resolution Spectra of the NTB 
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Fig. 32: Low Resolution Spectra of the North Temperate Belt 

(Fig. 29 - 34, cont.) 
The North Temperate Zone (Fig. 31) and North Temperate Belt (Fig.32) are very 
similar. Equivalent widths of hydrogen quadrupole lines are slightly greater in the 
model than observed. Whether or not this is due to absorption strengths or 
imperfection of the model can not be decided currently. 
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Fig. 33: Low Resolution Spectra ofthe North Polar Zone 

(Fig. 29 - 34. cont.) 
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Deviations between observations and model are somewhat greater for the North Polar 
Zone (Fig. 33) than for other regions. especially in the half-disk albedo spectrum 
between 600 nm and 700 nm. These deviations are likely to be observational. Errors 
are estimated to be twice as high as those for other latitudes because of the difficulty of 
obtaining limb darkening information for the North Polar Zone. 
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Fig. 34: Low Resolution Spectra of the North Polar Region 

(Fig. 29 - 34. cont.) 
The North Polar Region (Fig. 34) has the best agreement between obselVations and 
model. The upper CUlVe is not the half-disk albedo spectrum. but the same geometric 
albedo spectrum shifted up by 0.5. The same obselVations are compared with the same 
model. but this time calculated with room temperature methane absorption 
coefficients (dashed). The fit is good in the visible but differences in the near infrared 
strongly exceed obselVational uncertainties. 
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Fig. 35: Low Resolution Spectra for Different Models 

The lowest CUIve shows the comparison between obseIVations (dots) and the standard 
model for the North Polar Region at the north pole (tnt of axis 26°. phase angle 0°). The 
next spectrum up (shifted by 0.2) has the cloud moved up from 3000 hPa to 1800 hPa 
(1800 mbar). The atmosphere above this layer is unchanged. The ammonia 
absorption at 647 nm is definitely too small in the model. The next model has the 
same structure in the troposphere as the standard model but the haze extending 
throughout the stratosphere (haze optical depth 0.2 above the tropopause). All strong 
absorptions are far too shallow in this model. The top spectrum shows a reflective 
layer model with the cloud at 500 hPa pressure in order to match medium absorptions. 
Weak absorptions are too shallow. strong absorptions too deep. The display of 
hydrogen quadrupole equivalent widths is similar as in the previous figures. shifted 
up by 0.2 for each successive model. The figure shows that information restricted to 
few wavelengths can lead to a variety of interpretations. However. if all wavelengths 
are considered. then the model is reasonably well constrained. 
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VII SUMMARY 

This work gives a picture of Saturn's atmosphere in the visible and near infrared 

which Is relatively complete in spectral and spatial coverage. Appendix C gives 

absolutely calibrated low resolution spectra for 450 - 1000 nm wavelength and for all 

latitude regions of the northern hemisphere including all center-to-limb information. 

These spectra can be explained to an accuracy of 0.002 by continuum spectra with 

methane and ammonia absorptions as deSCribed in chapter 4.18. Additionally, four 

hydrogen quadrupole lines have been mapped for the northern hemisphere as well. 

These are the primary obsexvational results. 

An investigation of atmospheric models has lead to one model which fits all 

obsexvations within given error estimates. The model is based on a broader 

obsexvational basis than previous investigations. The validity of the model is not 

limited by the accuracy of the obsexvations, but by our limited knowledge of molecular 

absorptions. As better laboratory absorption measurements become available, the 

same obsexvations can be used to construct a more sophisticated and more reliable 

model of Saturn's atmosphere. One such improvement has already been made in this 

work, the determination of a cold-temperature methane absorption spectrum. While it 

is not as reliable as laboratory measurements, there are several indications that this 

spectrum is more appropriate than room temperature data used so far. This 

improvement could be applied also to the other giant planets including Titan. 

Despite these uncertainties, there are several obsexvational results which allow 

physical interpretation now. 

In the period 1986 - 1989 Saturn's atmosphere displayed only small changes. The 

Equatorial ZOne slowly darkened which is interpreted as darkening of haze particles. 
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Saturn's cloud str,ucture did not change significantly. No longitudinal structure was 

apparent. Significant diurnal variations can be ruled out. 

The modelUng leads to a methane mixing ratio of (3.0 ± 0.6) x 10-3 and an ammonta 

mtx1ng ratio of (1.2 +0.8/-0.6) x 10-3 below the ammonia condensation level near 

1800 hPa (= 1800 mbar) pressure. 

All latitude regions on Saturn's northern hemisphere share stmilartties. The 

stratosphere Is relatively clear. Below the tropopause near 100 hPa pressure, there are 

haze particles mixed with the gas. An optically thick cloud ts located near the 

ammonia condensation level of 1800 hPa (at most latitudes). It limits our view into 

deeper layers. Haze parttcles are quite reflective in the near infrared but get much 

darker towards the blue. They are moderately forward scattering partIcles with 

asymmetry parameters near 0.3 - 0.4 in the near infrared and slightly larger (0.4 - 0.5) 

in the blue. 

There are great differences among different latitudes. Bastcally, three types of regions 

can be dtstlngutshed. The Equatorial Zone Is the only regton where haze particles 

reach up into a Significant part of the stratosphere, to a pressure near 50 hPa. The 

total optical depth is in the order of 30, more than twice as much as for all other 

latitudes. Haze particles are slightly more forward scattering than at other latitudes 

and extremely bright. Single scattering albedoes in the near infrared exceed 0.998. 

The four mid-latitude regions are very Similar to each other. The haze optical depth is 

in the order of ten. Haze parttcles have Intermediate stngle scattering albedoes. near 

0.9 in the blue and 0.99 in the near infrared. The haze optical depth ts slightly greater 

in the zones than In the belts. The shape of the haze albedo spectrum varies. For the 

North Equatorial Belt. it ts stmilar to the spectrum of the Equatorial Zone showing a 

local maximum in the red. This feature gets smaller for latitudes further north and ts 

.----~ .. -.. -- .. - .. -............... . .... . ............ _._ ...... . 
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practically gone at the North Polar Zone which has a simUarly smooth spectrum as 

the North Polar Region. 

The North Polar Region is different .from all other regions. It contains fewer but 

darker haze particles. It is the only region which allows a view below the ammonia 

condensation level. 

Three types of investigations are suggested for further work. 

These observations show Saturn near the northern hemisphere summer solstice. The 

relative completeness allows comparisons with many previous and possible future 

observations. This can improve our understanding of temporal changes. 

The incorporation of further infrared and ultraviolet observations can extend the 

mode! into the stratosphere and into the lower troposphere where visible and near 

infrared observations have less sensitivity. 

Space telescope offers possibillties which are supplementary to this work. It might be 

able to achieve better information about the lower troposphere by observing the North 

Polar Region. Time is limited. In 1990, the North Polar Region is closer to the 11mb 

than during 1986 - 1989. From 1993 untll2012 it will be practically not observable . 

.... --. ___ ._~_ .• 'aI ..... _._~, . •• - •. -- .- ... -~ .•.... _--•.. _- . 
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APPENDIX A 

ONI~S AND VARIABLES 

All units and variables in this work are consistent with the 
International System of Units (Mechtly, 1973) and recommendations 
by the International Astronomical Union as much as possible. The 
following list includes some less commonly used units and variables. 

hPa 
pm 
Rs 
" 
km-am 

g 

h 

i 

mag 
o 

00 
EZ 
NEB 
NTZ 
NTB 
NPZ 
NPR 
latitude 

east-west 

airmass 

hectopascal - millibar 
picometer .. 0.001 nanometer" 0.01 A. 
Saturn equatorial radius .. 60,000 km (= 9" near opposition) 
arc-second 
kilometer-amagat, a column abundance corresponding to 1 km 

at standard temperature and pressure or 2.6868 x 1028 /m2 
geometric albedo, the albedo of a sphere at zero phase angle 

averaged over the (planetary) disk; the geometric albedo 
of a particular latitude is the albedo of a sphere with 
the same physical parameters as the particular latitude 

half-disk albedo, similar to the geometric albedo, but 
averaged only within a radius of half the disk's radius 

phase angle, angle between the sun and the earth as seen 
from the planet 

magnitude = -2.5 log(intensity), Vega is close to 0 mag 
methane band/continuum ratio, albedo ratio between 

models including and excluding methane absorption 
methane band/continuum ratio for Saturn (disk-average) 
Equatorial Zone latitude -8 to 12 degrees north 
North Equatorial Belt 12 26 
North Temperate Zone 26 42 
North Temperate Belt 42 58 
North Polar Zone 58 74 
North Polar Region 74 90 

planetographic latitude, consistent with all Voayer-related 
publications, 450 planetographic latitude = 
38.50 planetocentric latitude on Saturn 

according to the astronomical definition, Saturn's 
western hemisphere faces the western celestial hemisphere 

or airmass factor, the column abundance of air 
traversed relative to its value at the zenith 

wavelength vacuum wavelength; the air wavelength under standard 
conditions is about 0.027 per cent shorter 

wavenumber vacuum wavenumber, the inverse of the wavelength 
continuum the light level for no gaseous absorption 
mixing ratio relative number of molecules 
asymmetry parameter average cosine of scattering angle 

-----________________________ • _____ ~-_ .. _ ... _.H_ ............ _.. . .... "' __ .. _ ........... __ .... _ .. 
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APPENDIX B 

BIGB RESOLUTION SPECTRA 

The table gives near each of four hydrogen quadrupole lines the 
wavelength in nanometers (Wavel), the solar intensity relative to the 
continuum intensity (Sol), and the telluric transmission (Tell) for a 
specific water abundance along the line of sight (corresponding to 25 in 
Table 2). For other abundances the transmission is assumed to go as 
(1 + f a)-2, where f is the water abundance and a something like an 
absorption coefficient. The solar spectrum is given for zero Doppler 
shift. The position of the quadrupole line depends on the Doppler shift 
and is given in the first column. 

POSe 3-0 5(0) 3-0 5(1) 4-0 5 (0) 4-0 5(1) 
km/s Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell 

827+ 814+ 643+ 636+ 

-150 .079 1.0 .986 .881 .983 .97,4 .356 .983 1.0 .633 .940 1.0 

-149 .082 1.0 .992 .884 .977 .975 .358 .985 1.0 .635 .937 1.0 
-148 .084 1.0 .994 .887 .968 .977 .360 .986 1.0 .637 .933 1.0 
-14'7 .087 1.0 .996 .889 .960 .978 .362 .987 1.0 .640 .926 1.0 
-146 .090 .999 .997 .892 .957 .978 .365 .987 1.0 .642 .916 1.0 
-145 .093 .999 .998 .895 .961 .979 .367 .986 1.0 .644 .904 1.0 

-144 .095 .998 .998 .897 .969 .979 .369 .984 1.0 .646 .895 1.0 
-143 .098 .996 .998 .900 .979 .980 .371 .982 1.0 .648 .895 1.0 
-142 .101 .994 .999 .903 .988 .980 .373 .978 1.0 .650 .904 1.0 
-141 .104 .991 .997 .906 .993 .977 .375 .975 1.0 .652 .920 1.0 
-140 .106 .989 .996 .908 .996 .973 .377 .972 1.0 .654 .936 1.0 

-139 .109 .988 .994 .911 .998 .966 .380 .971 1.0 .657 .950 1.0 
-138 .112 .989 .993 .914 .998 .956 .382 .973 1.0 .659 .959 1.0 
-137 .115 .991 .990 .916 .999 .938 .384 .977 1.0 .661 .965 1.0 
-136 .118 .994 .989 .919 .999 .912 .386 .981 1.0 .663 .968 1.0 
-135 .120 .996 .987 .922 .999 .885 .388 .984 1.0 .665 .969 1.0 

-134 .123 .998 .984 .925 .999 .869 .390 .986 1.0 .667 .969 1.0 
-133 .126 .999 .980 .927 .998 .854 .392 .987 1.0 .669 .969 1.0 
-132 .129 .999 .974 .930 .997 .822 .395 .988 1.0 .671 .969 1.0 
-131 .131 .999 .966 .933 .996 .756 .397 .989 1.0 .674 .969 1.0 
-130 .134 .999 .951 .936 .994 .647 .399 .989 1.0 .676 .969 1.0 
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Pos. 3-0 S(O) 3-0 S(l) 4-0 S(O) 4-0 S (1) 

kIn/s Wavel Sol Tell Wavel Sol Tell Wave1 Sol Tell Wave1 Sol Tell 
827+ 814+ 643+ 636+ 

-129 :137 .999 .927 .938 .994 .511 .401 .989 1.0 .678 .969 1.0 

-128 .140 .998 .891 .941 .994 .406 .403 .990 .999 .680 .969 1. o . 
-127 .142 .996 .856 .944 . 996 .403 .405 .990 .998 .682 .970 1.0 

-126 .145 .994 .845 .946 .997 .501 .407 .990 .997 .684 .970 1.0 

-125 .148 .989 .865 .949 .998 .636 .410 .991 .997 .686 .970 1.0 

-124 .151 .981 .901 .952 .999 .750 .412 .991 .998 .688 .970 1.0 

-123 .153 .972 .933 .955 .999 .828 .414 .991 .999 .691 .971 1.0 

-122 .156 .962 .952 .957 .999 .879 .416 .991 .999 .693 .972 1.0 

-121 .159 .958 .966 .960 .999 .911 .418 .991 1.0 .695 .972 1.0 

-120 .162 .960 .974 .963 .999 .932 .420 .990 1.0 .697 .973 1.0 

-119 .164 .967 .978 .965 .999 .946 .422 .990 1.0 .699 .973 1.0 

-118 .167 .976 .981 .968 .998 .956 .425 .989 1.0 .701 .974 1.0 

-117 .170 .984 .983 .971 .996 .962 .427 .988 1.0 .703 .974 1.0 

-116 .173 .988 .986 .974 .993 .967 .429 .984 1.0 .705 .974 1.0 

-115 .175 .989 .987 .976 .989 .969 .431 .977 1.0 .708 .974 1.0 

-114 .178 .986 .988 .979 .985 .972 .433 .963 1.0 .710 .974 1.0 

-113 .181 .978 .989 .982 .982 .975 .435 .938 1.0 .712 .973 1.0 

-112 .184 .965 .991 .984 .981 .976 .438 .900 1.0 .714 .972 1.0 

-111 .187 .947 .991 .987 .984 .977 .440 .849 1.0 .716 .972 1.0 

-110 .189 .931 .991 .990 .987 .978 .442 .796 1.0 .718 .972 1.0 

-109 .192 .922 .992 .993 .989 .979 .444 .754 1.0 .720 .972 1.0 

-108 .195 .926 .993 .995 .990 .978 .446 .739 .999 .722 .974 1.0 

-107 .198 .940 .994 .998 .989 .976 .448 .756 .998 .725 .975' 1.0 

-106 .200 .959 .995 1.001 .988 .975 .450 .798 .998 .727 .975 1.0 

-105 .203 .975 .996 1. 004 .987 .974 .453 .850 .997 .729 .976 1.0 

-104 .206 .986 .996 1.006 .988 .968 .455 .898 .997 .731 .976 1.0 

-103 .209 .992 .997 1.009 .991 .963 .457 .935 .996 .733 .976 1.0 

-102 .211 .995 .997 1. 012 .994 .953 .459 .960 .994 .735 .976 1.0 

-101 .214 .997 .997 1. 014 .996 .941 .461 .975 .990 .737 .977 1.0 

-100 .217 .998 .998 1.017 .998 .923 .463 .984 .986 .739 .978 1.0 

-99 .220 .999 .997 1.020 .999 .893 .465 .989 .984 .742 .979 1.0 

-98 .222 .999 .996 1. 023 .999 .846 .468 .991 .982 .744 .980 1.0 

-97 .225 1.0 .995 1. 025 1.0 .773 .470 .991 .978 .746 .981 1.0 

-96 .228 1.0 .995 1. 028 1.0 .692 .472 .991 .973 .748 .982 1.0 

-95 .231 1.0 .994 1.031 1.0 .653 .474 .992 .969 .750 .982 1.0 

-94 .233 1.0 .994 1. 033 1.0 .674 .476 .993 .974 .752 .983 1.0 

-93 .236 1.0 .993 1. 036 1.0 .724 .478 .992 .983 .754 .983 1.0 

-92 .239 1.0 .992 1.039 1.0 .771 .480 .992 .990 .756 .983 1.0 

-91 .242 1.0 .991 1. 042 1.0 .809 .483 .992 .994 .759 .983 1.0 

-90 .244 1.0 .988 1. 044 1.0 .832 .485 .992 .997 .761 .983 1.0 

---.~---.- ..... --.. - .. -....... . 
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Pos. 3-0 S(O) 3-0 S(l) 4-0 S(O) 4-0 S (1) 
kIn/s Wave1 Sol Tell Wavel Sol Tell Wave1 Sol Tell Wavel Sol Tell 

827+ 815+ 643+ 636+ 

-89 .247 1.0 .986 .047 1.0 .832 .487 .991 .998 .763 .982 1.0 
-88 .250 1.0 .985 .050 1.0 .802 .489 .990 .998 .765 .981 1.0 
-87 .253 1.0 .986 .052 1.0 .731 .491 .989 .999 .767 .981 1.0 
-86 .256 1.0 .988 .055 1.0 .608 .493 .988 .999 .769 .980 1.0 
-85 .258 1.0 .991 .058 .999 .440 .495 .988 .999 .771 .981 1.0 

-84 .261 1.0 .993 .061 .999 .282 .498 .987 .999 .773 .982 1.0 
-83 .264 1.0 .993 .063 .999 .221 .500 .986 1.0 .776 .982 1.0 
-82 .267 1.0 .995 .066 .998 .307 .502 .985 1.0 .778 .984 1.0 
-81 .269 1.0 .996 .069 .996 .484 .504 .983 1.0 .780 .984 1.0 
-80 .272 1.0 .996 .072 .992 .656 .506 .981 1.0 .782 .984 1.0 

-79 .275 1.0 .994 .074 .987 .775 .508 .977 1.0 .784 .984 1.0 
-78 .278 1.0 .994 .077 .980 .844 .511 .971 1.0 .786 .984 1.0 
-77 .280 1.0 .995 .080 .975 .883 .513 .961 1.0 .7B8 .985 1.0 
-76 .283 1.0 .993 .082 .973 .904 .515 .949 1.0 .790 .985 1.0 
-75 .286 1.0 .991 .085 .975 .914 .517 .936 1.0 .793 .985 1.0 

-74 .289 1.0 .990 .088 .980 .923 .519 .923 1.0 .795 .984 1.0 
-73 .291 1.0 .987 .091 .987 .938 .521 .914 1.0 .797 .984 1.0 
-72 .294 1.0 .987 .093 .992 .953 .523 .912 1.0 .799 .982 1.0 
-71 .297 .999 .989 .096 .996 .964 .526 .918 1.0 .801 .979 1.0 
-70 .300 .999 .990 .099 .998 .971 .528 .930 1.0 .803 .973 1.0 

-69 .302 .998 .989 .101 .999 .975 .530 .945 1.0 .805 .966 1.0 
-68 .305 .997 .989 .104 .999 .979 .532 .959 1.0 .807 .956 1.0 
-67 .308 .996 .988 .107 .999 .981 .534 .970 1.0 .810 .945 1.0 
-66 .311 .994 .985 .110 1.0 .982 .536 .977 1.0 .812 .935 1.0 
-65 .314 .994 .986 .112 1.0 .984 .538 .983 1.0 .814 .925 1.0 

-64 .316 .994 .987 .115 1.0 .983 .541 .986 1.0 .816 .912 1.0 
-63 .319 .995 .989 .118 1.0 .982 .543 .988 1.0 .818 .894 1.0 
-62 .322 .997 .990 .120 1.0 .981 .545 .989 1.0 .820 .870 1.0 
-61 .325 .998 .989 .123 1.0 .979 .547 .990 1.0 .822 .845 1.0 
-60 .327 .998 .989 .126 1.0 .976 .549 .989 1.0 .824 .829 1.0 

-59 .330 .998 .988 .129 .999 .972 .551 .988 1.0 .827 .828 1.0 
-58 .333 .997 .988 .131 .999 .966 .553 .987 1.0 .829 .846 1.0 
-57 .336 .995 .988 .134 .998 .956 .556 .985 1.0 .831 .875 1.0 
-56 .338 .994 .988 .137 .997 .940 .558 .986 1.0 .833 .905 1.0 
-55 .341 .994 .989 .139 .996 .913 .560 .986 1.0 .835 .931 1.0 

-54 .344 .994 .989 .142 .994 .864 .562 .986 1.0 .837 .951 1.0 
-53 .347 .996 .990 .145 .994 .771 .564 .988 1.0 .839 .963 1.0 
-52 .349 .997 .989 .148 .994 .639 .566 .990 1.0 .841 .971 1.0 
-51 .352 .998 .989 .150 .995 .550 .568 .991 1.0 .844 .975 1.0 
-50 .355 .999 .988 .153 .995 .591 .571 .991 .999 .846 .977 1.0 

---------------------------~ .. -.. -... - ... _ . ., ..... 
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POS. 3-0 5(0) 3-0 5(1) 4-0 5(0) 4-0 5(1) 

km/s Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell Wavel Sol '1'ell 

827+ 815+ 643+ 636+ 

-49 .358 .999 .987 .156 .996 .713 .573 .992 .998 .848 .977 1.0 

-48 .360 1.0 .986 .159 .995 .819 .575 .991 .998 .850 .978 1.0 

-47 .363 1.0 .985 .161 .992 .877 .577 .991 .998 .852 .978 1.0 

-46 .366 1.0 .983 .164 .987 .901 .579 .990 .999 .854 .979 1.0 

-45 .369 1.0 .983 .167 .977 .904 .581 .990 .999 .856 .980 1.0 

-44 .371 1.0 .980 .169 .963 .889 .584 .990 .999 .858 .981 1.0 

-43 .374 .999 .979 .172 .949 .853 .586 .991 .999 .861 .981 1.0 

-42 .377 .999 .976 .175 .938 .793 .588 .992 .999 .863 .981 1.0 

-41 .380 .998 .974 .178 .934 .732 .590 .993 1.0 .865 .982 1.0 

-40 .383 .997 .973 .180 .936 .700 .592 .994 1.0 .867 .982 1.0 

-39 .385 .996 .971 .183 .940 .680 .594 .994 1.0 .869 .982 1.0 

-38 .388 .994 .968 .186 .938 .619 .596 .994 1.0 .871 .982 1.0 

-37 .391 .994 .965 .188 .929 .497 .599 .994 1.0 .873 .983 1.0 

-36 .394 .994 .960 .191 .918 .368 .601 .994 1.0 .875 .983 1.0 

-35 .396 .996 .953 .194 .915 .321 .603 .994 1.0 .878 .982 1.0 

-34 .399 .997 .945 .197 .923 .392 .605 .994 1.0 .880 .981 1.0 

-33 .402 .998 .935 .199 .940 .517 .607 .994 1.0 .882 .978 1.0 

-32 .405 .999 .922 .202 .959 .615 .609 .994 1.0 .884 .975 1.0 

-31 .407 .999 .904 .205 .974 .647 .611 .994 1.0 .886 .971 1.0 

-30 .410 1.0 .881 .207 .984 .613 .614 .995 .999 .888 .970 1.0 

-29 .413 1.0 .847 .210 .988 .552 .616 .995 .999 .890 .971 1.0 

-28 .416 1.0 .798 .213 .988 .540 .618 .995 .999 .892 .974 1.0 

-27 .418 1.0 .728 .216 .984 .611 .620 .995 .999 .895 .978 1.0 

-26 .421 1.0 .626 .218 .975 .719 .622 .995 .998 .897 .982 1.0 

-25 .424 1.0 .494 .221 .963 .808 .624 .995 .997 .899 .986 1.0 

-24 .427 1.0 .357 .224 .951 .868 .626 .995 .995 .901 .988 1.0 

-23 .429 1.0 .262 .227 .943 .906 .629 .995 .991 .903 .990 1.0 

-22 .432 .999 .253 .229 .944 .929 .631 .994 .986 .905 .990 1.0 

-21 .435 .999 .331 .232 .954 .944 .633 .994 .980 .907 .990 1.0 

-20 .438 .998 .462 .235 .967 .956 .635 .994 .980 .909 .989 1.0 

-19 .440 .996 .596 .237 .979 .964 .637 .994 .985 .912 .986 1.0 

-18 .443 .994 .703 .240 .988 .970 .639 .994 .991 .914 .982 1.0 

-17 .446 .991 .780 .243 .993 .974 .641 .994 .995 .916 .978 1.0 

-16 .449 .988 .833 .246 .996 .978 .644 .995 .997 .918 .976 1.0 

-15 .452 .987 .870 .248 .997 .980 .646 .995 .998 .920 .976 1.0 

-14 .454 .988 .896 .251 .998 .982 .648 .995 .999 .922 .977 1.0 

-13 .457 .989 .915 .254 .999 .984 .650 .996 .999 .924 .981 1.0 

-12 .460 .990 .929 .256 .999 .986 .652 .996 .999 .926 .985 1.0 

-11 .463 .990 .940 .259 .999 .9a9 .654 .996 .999 .929 .989 1.0 

-10 .465 .986 .949 .262 .998 .990 .657 .996 .999 .931 .992 1.0 
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Pos. 3-0 8(0) 3-0 8(1) 4-0 8(0) 4-0 8 (1) 
kIn/s Wavel 801 Tell Wavel 801 Tell Wavel 801 Tell Wavel 801 Tell 

827+ 815+ 643+ 636+ 

-9 .468 .982 .956 .265 .997 .991 .659 .996 .998 .933 .994 1.0 
-8 .471 .977 .960 .267 .994 .991 .661 .995 .999 .935 .995 1.0 
-7 .474 .975 .964 .270 .991 .992 .663 .993 .999 .937 .996 1.0 
-6 .476 .978 .969 .273 .986 .993 .665 .993 .999 .939 .996 1.0 
-5 .479 .982 .970 .275 .981 .993 .667 .992 1.0 .941 .997 1.0 

-4 .482 .988 .971 .278 .979 .993 .669 .991 1.0 .943 .997 .999 
-3 .485 .993 .972 .281 .980 .993 .672 .990 1.0 .946 .998 .998 
-2 .487 .996 .974 .284 .984 .993 .674 .989 1.0 .948 .998 .998 
-1 .490 .998 .974 .286 .989 .993 .676 .988 1.0 .950 .999 .998 

0 .493 .999 .975 .289 .993 .993 .678 .988 1.0 .952 .999 .998 

1 .496 .999 .975 .292 .996 .994 .680 .989 1.0 .954 .999 .998 
2 .498 .999 .975 .295 .998 .995 .682 .990 1.0 .956 .999 .998 
3 .501 1.0 .976 .297 .999 .997 .684 .992 1.0 .958 .999 .998 
4 .504 1.0 .974 .300 .999 .996 .687 .993 1.0 .960 .998 .998 
5 .507 1.0 .974 .303 .999 .997 .689 .993 1.0 .963 .998 .998 

6 .509 1.0 .974 .305 1.0 .997 .691 .994 1.0 .965 .996 .998 
7 .512 1.0 .972 .308 1.0 .998 .693 .994 1.0 .967 .995 .999 
8 .515 1.0 .969 .311 1.0 .999 .695 .995 1.0 .969 .993 .999 
9 .518 1.0 .964 .314 1.0 .998 .697 .996 1.0 .971 .993 .998 

10 .521 1.0 .956 .316 1.0 .998 .699 .996 1.0 .973 .993 .997 

11 .523 1.0 .945 .319 1.0 .999 .702 .997 1.0 .975 .994 .997 , 12 .526 1.0 .926 .322 1.0 .999 .704 .998 1.0 .977 .994 .997 
13 .529 1.0 .898 .324 1.0 1.0 .706 .998 1.0 .980 .995 .997 
14 .532 1.0 .865 .327 1.0 .999 .708 .998 1.0 .982 .996 .997 
15 .534 1.0 .843 .330 1.0 .998 .710 .998 1.0 .984 .996 .996 

16 .537 1.0 .849 .333 1.0 .998 .712 .998 1.0 .986 .997 .996 
17 .540 1.0 .875 .335 1.0 .997 .714 .998 1.0 .988 .998 .996 
18 .543 1.0 .906 .338 1.0 .996 .717 .998 1.0 .990 .999 .996 
19 .545 1.0 .928 .341 1.0 .995 .719 .998 .999 .992 .999 .996 
20 .548 1.0 .941 .343 1.0 .993 .721 .999 .999 .994 .999 .996 

21 .551 1.0 .950 .346 1.0 .990 .723 .999 .998 .997 .999 .996 
22 .554 .999 .956 .349 1.0 .988 .725 .999 .997 .999 .999 .996 
23 .556 .999 .960 .352 1.0 .984 .727 .999 .996 1.001 .999 .996 
24 .559 .998 .963 .354 1.0 .974 .730 .999 .996 1.003 .998 .996 
25 .562 .997 .964 .357 1.0 .966 .732 1.0 .998 1.005 .997 .995 

26 .565 .995 .962 .360 1.0 .967 .734 1.0 .999 1. 007 .996 .995 
27 .567 .991 .960 .362 1.0 .977 .736 .999 .999 1. 009 .996 .993 
28 .570 .985 .959 .365 1.0 .985 .738 .999 .999 1.011 .995 .991 
29 .573 .978 .958 .368 1.0 .989 .740 .999 1.0 1. 014 .995 .989 
30 .576 .972 .959 .371 1.0 .992 .742 .999 1.0 1. 016 .994 .985 
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Pos. 3-0 S(O) 3-0 S(l) 4-0 S(O) 4-0 S (1) 
kIn/s Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell 

827+ 815+ 643+ 637+ 

31 .578 .970 .960 .373 1.0 .994 .745 .999 1.0 .018 .994 .978 
32 .581 .972 .962 .376 1.0 .995 .747 .998 1.0 .020 .994 .973 
33 .584 .978 .963 .379 1.0 .996 .749 .998 1.0 .022 .995 .973 
34 .587 .985 .963 .382 1.0 .997 .751 .998 1.0 .024 .994 .978 
35 .590 .991 .963 .384 1.0 .997 .753 .997 1.0 .026 .994 .986 

36 .592 .995 .962 .387 1.0 .997 .755 .997 1.0 .028 .994 .991 
37 .595 .997 .960 .390 1.0 .998 .757 .997 1.0 .031 .994 .994 
38 .598 .998 .958 .392 1.0 .997 .760 .997 1.0 .033 .994 .996 
39 .601 .998 .954 .395 1.0 .997 .762 .997 1.0 .035 .993 .995 
40 .603 .997 .953 .398 1.0 .996 .764 .996 1.0 .037 .993 .995 

41 .606 .995 .949 .401 .999 .996 .766 .996 1.0 .039 .993 .996 
42 .609 .992 .945 .403 .999 .995 .768 .996 1.0 .041 .992 .996 
43 .612 .989 .940 .406 .998 .994 .770 .995 1.0 .043 .993 .997 
44 .614 .986 .934 .409 .997 .993 .772 .995 1.0 .045 .994 .998 
45 .617 .985 .926 .411 .996 .991 .775 .995 1.0 .048 .995 .998 

46 .620 .986 .917 .414 .994 .990 .777 .995 1.0 .050 .996 .999 
47 .623 .988 .906 .417 .994 .988 .779 .995 1.0 .052 .996 .999 
48 .625 .991 .892 .420 .994 .986 .781 .995 1.0 .054 .996 1.0 
49 .628 .994 .875 .422 .995 .984 .783 .995 1.0 .056 .996 1.0 
50 .631 .994 .853 .425 .997 .982 .785 .995 1.0 .058 .996 .999 

51 .634 .994 .826 .428 .997 .980 .787 .995 1.0 .060 .995 .999 
52 .636 .991 .795 .430 .998 .978 .790 .995 1.0 .062 .995 .998 
53 .639 .986 .759 .433 .997 .974 .792 .995 1.0 .065 .994 .998 
54 .642 .977 .712 .436 .995 .971 .794 .995 1.0 .067 .993 .996 
55 .645 .959 .648 .439 .993 .965 .796 .994 1.0 .069 .992 .995 

56 .647 .932 .563 .441 .992 .958 .798 .992 1.0 .071 .992 .995 
57 .650 .899 .454 .444 .991 .949 .800 .991 1.0 .073 .992 .996 
58 .653 .869 .328 .447 .992 .939 .803 .990 1.0 .075 .992 .996 
59 .656 .855 .208 .450 .993 .924 .805 .987 1.0 .077 .993 .998 
60 .659 .860 .122 .452 .996 .904 .807 .983 1.0 .079 .995 .998 

61 .661 .880 .082 .455 .997 .873 .809 .976 1.0 .082 .997 .999 
62 .664 .906 .086 .458 .999 .828 .811 .965 1.0 .084 .998 1.0 
63 .667 .929 .136 .460 .999 .760 .813 .951 1.0 .086 .999 1.0 
64 .670 .948 .228 .463 .999 .668 .815 .938 1.0 .088 .999 1.0 
65 .672 .961 .347 .466 1.0 .554 .818 .929 1.0 .090 .998 1.0 

66 .675 .969 .469 .469 1.0 .419 .820 .930 1.0 .092 .998 1.0 
67 .678 .972 .575 .471 1.0 .292 .822 .939 1.0 .094 .997 1.0 
68 .681 .972 .658 .474 1.0 .231 .824 .953 1.0 .096 .996 1.0 
69 .683 .972 .721 .477 1.0 .280 .826 .967 1.0 .099 .995 1.0 
70 .686 .973 .768 .479 1.0 .413 .828 .978 1.0 .101 .994 1.0 

---~"-~ -.... _ ... -............ . 
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Pos. 3-0 S(O) 3-0 S(1) 4-0 S (0) 4-0 S (1) 

kIn/s Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell 

827+ 815+ 643+ 637+ 

71 .689 .974 .805 .482 .999 .567 .830 .984 1.0 .103 .994 1.0 

72 .692 .976 .833 .485 .999 .694 .833 .988 1.0 .105 .993 1.0 

73 .694 .976 .860 .488 .998 .783 .835 .990 1.0 .107 .991 1.0 

74 .697 .978 .882 .490 .996 .841 .837 .991 1.0 .109 .985 1.0 

75 .700 .980 .901 .493 .994 .879 .839 .992 1.0 .111 .975 1.0 

76 .703 .984 .914 .496 .991 .904 .841 .993 1.0 .113 .957 1.0 

77 .705 .988 .922 .498 .989 .920 .843 .993 1.0 .116 .933 1.0 

78 .708 .990 .932 .501 .988 .934 .845 .993 1.0 .118 .908 1.0 

79 .711 .991 .938 .504 .989 .942 .848 .993 .999 .120 .889 1.0 

80 .714 .992 .944 .507 .991 .949 .850 .993 .999 .122 .881 1.0 

81 .716 .993 .949 .509 .994 .955 .852 .993 .999 .124 .889 1.0 

82 .719 .995 .953 .512 .995 .959 .854 .993 .999 .126 .908 1.0 

83 .722 .997 .955 .515 .996 .963 .856 .992 1.0 .126 .932 1.0 

84 .725 .998 .956 .518 .996 .963 .858 .991 1.0 .130 .954 1.0 

85 .728 .999 .959 .520 .994 .959 .860 .990 1.0 .132 .971 1.0 

86 .730 .999 .961 .523 .991 .953 .863 .989 1.0 .135 .982 1.0 

87 .733 1.0 .963 .526 .989 .944 .865 .988 1.0 .137 .989 1.0 

88 .736 1.0 .963 .528 .987 .936 .867 .986 1.0 .139 .993 1.0 

89 .739 1.0 .964 .531 .988 .93.7 .869 .985 1.0 .141 .995 1.0 

90 .741 1.0 .964 .534 .990 .946 .871 .985 1.0 .143 .997 1.0 

91 .744 1.0 .964 .537 .992 .957 .873 .986 1.0 .145 .997 1.0 

92 .747 1.0 .962 .539 .993 .965 .876 .988 1.0 .147 .997 1.0 

93 .750 1.0 .961 .542 .993 .969 .878 .990 1.0 .149 .998 1.0 

94 .752 1.0 .960 .545 .992 .972 .880 .992 1.0 .152 .998 1.0 

95 .755 1.0 .961 .547 .991 .973 .882 .993 1.0 .154 .998 1.0 

96 .758 1.0 .964 .550 .990 .973 .884 .994 1.0 .156 .997 1.0 

97 .761 1.0 .965 .553 .991 .972 .886 .994 1.0 .158 .997 1.0 

98 .763 1.0 .966 .556 .993 .971 .888 .994 1.0 .160 .996 1.0 

99 .766 1.0 .964 .558 .995 .969 .891 .994 1.0 .162 .996 1.0 

100 .769 1.0 .962 .561 .997 .965 .893 .994 1.0 .164 .996 1.0 

101 .772 1.0 .958 .564 .998 .961 .895 .994 1.0 .166 .997 1.0 

102 .774 1.0 .951 .566 .999 .955 .897 .994 1.0 .169 .996 1.0 

103 .777 1.0 .941 .569 .999 .948 .899 .994 1.0 .171 .996 1.0 

104 .780 1.0 .930 .572 .999 .937 .901 .994 1.0 .173 .995 1.0 

105 .783 .999 .929 .575 .999 .924 .903 .993 .999 .175 .995 1.0 

106 .786 .999 .938 .577 .999 .902 .906 .993 .999 .177 .995 1.0 

107 .788 .998 .949 .580 .998 .870 .908 .993 .999 .179 .994 .999 

108 .791 .997 .959 .583 .996 .619 .910 .992 1.0 .181 .995 .998 

109 .794 .995 .964 .585 .993 .740 .912 .992 1.0 .183 .996 .997 

110 .797 .992 .965 .588 .989 .624 .914 .991 1.0 .186 .998 .998 

,-__ 0' _ •• ~ ._ ••• _._ ......... __ ••••••• _ ••• -_ ..... - .- ~ -""'--"----"'-'-" 
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Pos. 3-0 S(O) 3-0 S(l) 4-0 S(O) 4-0 S (1) 
kIn/s Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell Wavel Sol Tell 

827+ 815+ 643+ 637+ 

111 .799 .987 .966 .591 .985 .489 .916 .991 1.0 .188 .999 .998 
112 .802 .977 .966 .594 .982 .392 .918 .991 1.0 .190 .999 1.0 
113 .805 .959 .966 .596 .982 .396 .921 .992 1.0 .192 .999 1.0 
114 .808 .931 .968 .599 .985 .494 .923 .993 1.0 .194 .998 1.0 
115 .810 .895 .969 .602 .990 .623 .925 .993 1.0 .196 .995 1.0 

116 .813 .861 .968 .605 .993 .734 .927 .992 1.0 .198 .989 1.0 
117 .816 .843 .968 .607 .996 .812 .929 .990 1.0 .200 .979 1.0 
118 .819 .849 .966 .610 .998 .863 .931 .987 1.0 .203 .964 1.0 
119 .821 .873 .964 .613 .999 .895 .933 .983 1.0 .205 .946 1.0 
120 .824 .904 .962 .615 .999 .915 .936 .978 1.0 .207 .929 1.0 

121 .827 .931 .962 .618 1.0 .928 .938 .971 1.0 .209 .917 1.0 
122 .830 .951 .961 .621 1.0 .936 .940 .964 1.0 .211 .917 1.0 
123 .832 .965 .960 .624 1.0 .942 .942 .958 1.0 .213 .927 1.0 
124 .835 .976 .958 .626 1.0 .945 .944 .953 1.0 .215 .943 1.0 
125 .838 .984 .955 .629 1.0 .947 .946 .950 1.0 .217 .959 1.0 

126 .841 .990 .951 .632 1.0 .947 .949 .950 1.0 .220 .972 1.0 
127 .843 .994 .945 .634 1.0 .945 .951 .953 1.0 .222 .980 1.0 
128 .846 .997 .937 .637 1.0 .942 .953 .959 1.0 .224 .984 1.0 
129 .849 .998 .926 .640 .999 .937 .955 .965 1.0 .226 .985 1.0 
130 .852 .999 .913 .643 .999 .930 .957 .971 1.0 .228 .984 1.0 

131 .855 .999 .895 .645 .999 .919 .959 .976 1.0 .230 .984 1.0 
132 .857 .999 .875 .648 .997 .903 .961 .980 1.0 .232 .984 1.0 
133 .860 .999 .853 .651 .996 .878 .964 .982 1.0 .234 .985 1.0 
134 .863 .999 .826 .653 .993 .837 .966 .982 1.0 .237 .986 1.0 
135 .866 .998 .787 .656 .992 .774 .968 .983 1.0 .239 .987 1.0 

136 .868 .997 .726 .659 .991 .686 .970 .982 1.0 .241 .989 1.0 
137 .871 .996 .637 .662 .992 .594 .972 .981 1.0 .243 .991 1.0 
138 .874 .994 .529 .664 .993 .546 .974 .979 1.0 .245 .992 1.0 
139 .877 .994 .437 .667 .996 .564 .976 .977 1.0 .247 .993 1.0 
140 .879 .994 .404 .670 .997 .611 .979 .975 1.0 .249 .993 1.0 

141 .882 .995 .426 .673 .998 .636 .981 .974 1.0 .251 .995 1.0 
142 .885 .996 .454 .675 .999 .614 .983 .973 1.0 .254 .996 1.0 
143 .888 .997 .439 .678 .999 .535 .985 .973 1.0 .256 .997 1.0 
144 .890 .997 .379 .681 .999 .402 .987 .973 1.0 .258 .998 1.0 
145 .893 .997 .315 .683 .999 .251 .989 .973 1.0 .260 .999 1.0 

146 .896 .995 .304 .686 .999 .141 .991 .974 1.0 .262 .999 1.0 
147 .899 .991 .366 .689 .999 .103 .994 .975 1.0 .264 1.0 1.0 
148 .901 .986 .480 .692 .999 .118 .996 .975 1.0 .266 1.0 1.0 
149 .904 .980 .601 .694 .998 .156 .998 .975 1.0 .268 .999 1.0 
150 .907 .977 .700 .697 .996 .233 1. 000 .976 .999 .271 .998 1.0 

...... _ ... -.'. ,--, - ."". ,~ .... 
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APPENDIX C 

LOW RESOLUTION SPECTRA 

The following table lists the results of low resolution spectroscopy on 
May 22, 1988. I/F values (albedoes) for all scattering geometries can 
be derived from the given geometric and half-disk albedoes according to 
Table 6. 
The phase law p(i) is approximately 1 - 0.012 i (i = phase angle). 
The wavelength can be also calculated by A = 1000 nm x e I / 500 - 0.8 

I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[nm] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

1 450.2 .332 .300 .337 .320 .289 .224 .401 .337 .381 .357 .332 
2 451.1 .333 .302 .339 .323 .293 .227 .403 .337 .385 .357 .338 
3 452.0 .336 .306 .340 .327 .298 .234 .409 .340 .387 .358 .346 
4 452.9 .338 .307 .343 .328 .297 .237 .414 .343 .388 .367 .344 
5 453.8 .341 .308 .345 .328 .300 .235 .415 .345 .391 .368 .349 
6 454.8 .343 .311 .348 .334 .300 .238 .415 .349 .397 .372 .348 

7 455.7 .344 .314 .349 .334 .303 .238 .420 .350 .399 .372 .354 
8 456.6 .349 .313 .353 .335 .306 .243 .427 .354 .400 .378 .357 
9 457.5 .352 .316 .356 .337 .308 .245 .430 .355 .405 .380 .357 

10 458.4 .352 .320 .355 .339 .310 .247 .432 .359 .404 .384 .361 
11 459.3 .355 .318 .358 .341 .313 .245 .435 .358 .406 .386 .368 
12 460.2 .355 .322 .358 .343 .315 .250 .437 .361 .409 .386 .368 

13 461.2 .360 .322 .362 .346 .318 .255 .442 .365 .414 .390 .373 
14 462.1 .359 .325 .363 .348 .319 .256 .439 .370 .415 .393 .374 
15 463.0 .364 .326 .365 .350 .323 .257 .444 .373 .416 .394 .378 
16 463.9 .367 .328 .368 .353 .324 .257 .450 .373 .419 .400 .379 
17 464.9 .369 .331 .369 .353 .327 .262 .454 .374 .423 .400 .380 
18 465.8 .369 .332 .369 .356 .329 .260 .456 .376 .427 .401 .386 

19 466.7 .372 .337 .372 .356 .333 .266 .460 .380 .430 .402 .389 
20 467.7 .375 .336 .373 .360 .335 .267 .463 .381 .430 .407 .394 
21 468.6 .376 .338 .376 .364 .336 .268 .465 .383 .431 .408 .400 
22 469.5 .376 .340 .377 .363 .338 .267 .465 .384 .435 .410 .399 
23 470.5 .377 .343 .378 .364 .338 .271 .467 .388 .436 .412 .400 
24 471.4 .382 .346 .379 .364 .340 .274 .472 .393 .438 .415 .403 

, 

----------------------------~.-.. --_._ .. _,--.. ""-'.' .. -......... - .................. __ .... .. 



164 

I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

25 472.4 .384 .346 .381 .368 .343 .275 .475 .392 .440 .420 .405 
26 473.3 .387 .345 .383 .372 .346 .280 .479 .392 .441 .422 .411 
27 474.3 .388 .348 .384 .372 .347 .280 .480 .396 .442 .424 .414 
28 475.2 .388 .349 .385 .371 .348 .278 .480 .397 .445 .421 .415 
29 476.2 .391 .348 .387 .373 .348 .280 .483 .401 .446 .428 .415 
30 477.1 .393 .351 .387 .376 .351 .283 .487 .404 .447 .428 .420 

31 478.1 .391 .354 .386 .377 .352 .287 .486 .405 .449 .428 .421 
32 479.0 .396 .354 .391 .380 .356 .287 .492 .407 .451 .433 .427 
33 480.0 .397 .357 .392 .381 .358 .290 .491 .412 .452 .435 .428 
34 480.9 .398 .358 .394 .381 .356 .290 .493 .411 .455 .438 .424 
35 481. 9 .399 .360 .394 .384 .361 .290 .494 .413 .456 .439 .432 
36 482.9 .402 .361 .395 .387 .363 .294 .500 .413 .458 .441 .436 

37 483.8 .401 .362 .394 .387 .364 .296 .498 .416 .458 .440 .436 
38 484.8 .403 .359 .393 .388 .363 .294 .499 .415 .458 .440 .435 
39 485.8 .403 .358 .395 .386 .364 .293 .501 .412 .458 .442 .436 
40 486.8 .407 .363 .398 .389 .366 .297 .506 .419 .461 .449 .439 
41 487.7 .408 .366 .403 .392 .373 .301 .509 .422 .465 .452 .446 
42 488.7 .412 .369 .404 .396 .375 .306 .513 .424 .469 .455 .449 

43 489.7 .414 .371 .405 .398 .376 .310 .515 .429 .469 .458 .450 
44 490.7 .415 .372 .405 .399 .379 .310 .517 .430 .470 .457 .456 
45 491. 6 .416 .372 .408 .400 .381 .311 .520 .429 .473 .460 .460 
46 492.6 .416 .376 .408 .400 .383 .316 .520 .433 .477 .459 .461 
47 493.6 .418 .375 .411 .402 .383 .314 .522 .432 .476 .462 .463 
48 494.6 .420 .377 .409 .404 .384 .314 .524 .435 .477 .466 .463 

49 495.6 .421 .378 .413 .404 .386 .316 .525 .438 .481 .467 .465 
50 496.6 .422 .379 .415 .405 .388 .316 .527 .440 .481 .470 .465 
51 497.6 .424 .382 .416 .409 .390 .318 .530 .441 .484 .471 .472 
52 498.6 .426 .383 .416 .408 .393 .318 .532 .444 .485 .471 .476 
53 499.6 .429 .383 .417 .411 .395 .320 .535 .445 .486 .473 .478 
54 500.6 .428 .384 .417 .412 .395 .322 .536 .444 .488 .475 .479 

55 501. 6 .431 .386 .420 .413 .398 .325 .538 .447 .492 .477 .484 
56 502.6 .433 .387 .423 .416 .399 .327 .542 .451 .492 .483 .483 
57 503.6 .433 .390 .423 .417 .399 .326 .542 .452 .494 .484 .485 
58 504.6 .434 .389 .425 .416 .400 .327 .544 .452 .496 .485 .487 
59 505.6 .435 .391 .427 .421 .402 .328 .546 .452 .499 .488 .489 
60 506.6 .437 .391 .427 .422 .405 .331 .547 .455 .499 .489 .493 

61 507.6 .437 .392 .427 .422 .406 .331 .547 .456 .500 .490 .493 
62 508.6 .440 .392 .429 .422 .406 .332 .551 .455 .501 .492 .494 
63 509.7 .440 .394 .430 .425 .409 .333 .552 .458 .503 .494 .500 
64 510.7 .442 .395 .431 .426 .411 .335 .554 .460 .505 .496 .501 
65 511.7 .444 .398 .434 .429 .415 .337 .556 .462 .508 .499 .507 
66 512.7 .444 .399 .435 .431 .416 .341 .557 .465 .510 .501 .508 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

67 513.8 .446 .401 .439 .433 .419 .343 .561 .466 .515 .504 .511 
68 514.8 .448 .403 .439 .434 .419 .345 .563 .468 .516 .505 .513 
69 515.8 .449 .405 .441 .437 .422 .347 .565 .471 .516 .510 .515 
70 516.9 .451 .405 .443 .440 .424 .347 .568 .474 .519 .511 .521 
71 517.9 .453 .408 .445 .439 .426 .350 .570 .476 .523 .514 .522 
72 518.9 .454 .409 .446 .440 .426 .350 .570 .476 .524 .516 .522 

73 520.0 .455 .411 .447 .441 .427 .350 .574 .477 .526 .517 .522 
74 521.0 .455 .410 .446 .442 .429 .352 .574 .478 .526 .515 .526 
75 522.0 .458 .410 .449 .443 .431 .351 .577 .479 .530 .518 .527 
76 523.1 .460 .412 .451 .444 .431 .353 .580 .481 .532 .523 .529 
77 524.1 .460 .413 .451 .446 .432 .354 .581 .483 .533 .524 .529 
78 525.2 .462 .415 .454 .449 .435 .355 .582 .485 .536 .526 .535 

79 526.2 .465 .416 .457 .450 .437 .357 .586 .489 .537 .530 .538 
80 527.3 .466 .417 .457 .449 .438 .358 .587 .490 .541 .529 .538 
81 528.3 .466 .419 .458 .451 .440 .359 .587 .491 .542 .533 .540 
82 529.4 .467 .421 .459 .454 .442 .361 .591 .494 .543 .534 .545 
83 530.5 .468 .422 .461 .455 .443 .363 .591 .494 .547 .536 .546 
84 531.5 .470 .424 .463 .456 .445 .364 .595 .495 .549 .538 .549 

85 532.6 .472 .424 .465 .459 .446 .364 .596 .498 .551 .540 .551 
86 533.7 .473 .425 .466 .458 .446 .365 .598 .500 .553 .540 .550 
87 534.7 .472 .427 .467 .459 .448 .365 .597 .500 .556 .543 .550 
88 535.8 .473 .427 .467 .460 .447 .363 .600 .500 .555 .546 .551 
89 536.9 .473 .425 .468 .459 .446 .360 .599 .500 .556 .545 .552 
90 537.9 .473 .425 .466 .461 .448 .359 .599 .500 .556 .546 .553 

91 539.0 .473 .423 .466 .459 .446 .359 .599 .498 .555 .545 .552 
92 540.1 .471 .421 .465 .456 .443 .353 .596 .497 .553 .545 .547 
93 541.2 .467 .416 .458 .452 .440 .346 .590 .490 .549 .536 .544 
94 542.3 .461 .409 .453 .449 .435 .339 .583 .484 .543 .531 .538 
95 543.4 .459 .408 .453 .447 .433 .340 .581 .482 .544 .532 .535 
96 544.4 .469 .419 .462 .457 .444 .349 .593 .495 .555 .541 .550 

97 545.5 .481 .431 .476 .468 .457 .363 .610 .510 .569 .555 .565 
98 546.6 .488 .442 .483 .474 .462 .375 .618 .525 .579 .565 .570 
99 547.7 .490 .446 .489 .478 .467 .382 .623 .527 .586 .570 .578 

100 548.8 .492 .448 .491 .481 .469 .382 .627 .527 .589 .574 .578 
101 549.9 .495 .446 .493 .482 .468 .380 .631 .528 .590 .577 .576 
102 551.0 .494 .449 .494 .484 .470 .379 .630 .529 .592 .578 .580 

103 552.1 .498 .450 .495 .484 .471 .380 .634 .533 .593 .580 .581 
104 553.2 .498 .451 .497 .483 .471 .382 .635 .534 .596 .583 .579 
105 554.3 .500 .453 .499 .486 .474 .384 .637 .539 .599 .585 .585 
106 555.4 .502 .456 .501 .488 .477 .387 .641 .541 .603 .587 .590 
107 556.5 .504 .458 .503 .491 .478 .391 .644 .545 .605 .592 .592 
108 557.7 .505 .459 .505 .492 .480 .393 .646 .547 .609 .592 .595 

-------------------------------~.- .. -.... - ... --.... .... .... "-"- ............ __ ..... . 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

109 558.8 .508 .461 .506 .493 .481 .394 .650 .550 .612 .594 .597 
110 559.9 .509 .462 .507 .493 .482 .397 .651 .552 .612 .597 .598 
111 561.0 .511 .463 .510 .497 .484 .397 .653 .554 .616 .600 .601 
112 562.1 .511 .467 .511 .495 .485 .400 .654 .559 .619 .600 .599 
113 563.3 .513 .469 .513 .498 .487 .401 .657 .561 .622 .603 .605 
114 564.4 .516 .470 .515 .499 .490 .402 .662 .563 .624 .606 .607 

115 565.5 .519 .471 .517 .501 .490 .404 .664 .566 .628 .607 .608 
116 566.7 .519 .472 .517 .503 .493 .405 .666 .566 .629 .607 .613 
117 567.8 .520 .472 .519 .503 .490 .403 .669 .566 .631 .610 .607 
118 568.9 .521 .472 .519 .502 .490 .400 .668 .567 .632 .610 .608 
119 570.1 .522 .472 .521 .504 .491 .401 .670 .569 .633 .613 .608 
120 571.2 .524 .473 .523 .504 .492 .402 .674 .569 .636 .616 .608 

121 572.4 .523 .475 .523 .505 .492 .402 .672 .574 .638 .614 .608 
122 573.5 .525 .474 .521 .503 .491 .399 .674 .572 .636 .614 .607 
123 574.6 .522 .474 .522 .504 .490 .396 .671 .573 .636 .614 .607 
124 575.8 .522 .474 .523 .505 .490 .396 .670 .573 .638 .616 .607 
125 576.9 .527 .475 .525 .508 .493 .400 .677 .577 .640 .621 .609 
126 578.1 .529 .478 .527 .508 .495 .403 .681 .579 .646 .621 .612 

127 579.3 .533 .482 .532 .514 .500 .409 .689 .586 .650 .628 .619 
128 580.4 .535 .489 .537 .517 .504 .416 .692 .593 .659 .633 .623 
129 581. 6 .538 .493 .542 .521 .509 .419 .695 .599 .663 .639 .630 
130 582.7 .541 .495 .544 .522 .510 .421 .699 .604 .667 .644 .631 
131 583.9 .542 .497 .547 .523 .511 .424 .702 .607 .671 .646 .633 
132 585.1 .545 .499 .547 .524 .512 .423 .706 .610 .671 .646 .633 

133 586.3 .545 .500 .550 .527 .515 .423 .708 .609 .676 .649 .638 
134 587.4 .548 .502 .552 .527 .515 .423 .712 .612 .678 .650 .636 
135 588.6 .551 .500 .552 .527 .515 .421 .716 .613 .676 .651 .637 
136 589.8 .552 .503 .553 .528 .515 .421 .715 .618 .681 .652 .634 
137 591.0 .552 .505 .554 .528 .516 .420 .715 .620 .682 .652 .639 
138 592.1 .552 .506 .556 .529 .515 .419 .716 .621 .683 .655 .637 

139 593.3 .555 .504 .556 .531 .516 .419 .721 .618 .684 .657 .637 
140 594.5 .553 .505 .554 .527 .514 .415 .720 .619 .684 .652 .637 
141 595.7 .555 .502 .553 .528 .515 .416 .722 .617 .684 .653 .637 
142 596.9 .555 .506 .556 .529 .515 .417 .722 .622 .687 .656 .636 
143 598.1 .558 .508 .556 .532 .516 .419 .727 .626 .687 .660 .638 
144 599.3 .561 .509 .561 .534 .521 .421 .731 .629 .693 .663 .646 

145 600.5 .564 .513 .563 .535 .522 .424 .734 .634 .697 .668 .647 
146 601.7 .567 .515 .567 .538 .523 .427 .743 .636 .702 .671 .649 
147 602.9 .570 .519 .567 .538 .524 .424 .745 .642 .703 .667 .648 
148 604.1 .571 .519 .571 .542 .528 .426 .745 .644 .705 .676 .656 
149 605.3 .569 .520 .572 .542 .527 .426 .745 .643 .709 .679 .652 
150 606.5 .572 .520 .569 .540 .527 .424 .749 .645 .706 .673 .651 

---------------------------... _ .. _ .... _ ... _ ............. . 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

151 607.7 .570 .517 .570 .539 .525 .422 .746 .643 .705 .674 .648 
152 609.0 .568 .514 .566 .537 .523 .418 .743 .639 .703 .670 .646 
153 610.2 .567 .514 .564 .537 .522 .417 .741 .638 .700 .668 .647 
154 611.4 .562 .508 .557 .531 .516 .410 .734 .631 .694 .660 .636 
155 612.6 .547 .489 .541 .516 .500 .390 .711 .606 .672 .638 .618 
156 613.9 .525 .464 .517 .495 .478 .366 .681 .573 .642 .610 .593 

157 615.1 .511 .445 .501 .479 .463 .351 .665 .549 .623 .592 .575 
158 616.3 .500 .433 .490 .469 .453 .342 .649 .536 .607 .580 .562 
159 617.5 .472 .401 .458 .440 .427 .318 .614 .496 .572 .545 .530 
160 618.8 .447 .370 .427 .410 .399 .295 .581 .460 .537 .510 .500 
161 620.0 .452 .375 .430 .414 .403 .299 .588 .466 .540 .514 .504 
162 621.3 .472 .399 .455 .438 .425 .316 .614 .495 .569 .542 .528 

163 622.5 .505 .435 .492 .470 .455 .342 .657 .539 .613 .582 .562 
164 623.8 .538 .475 .530 .505 .489 .371 .701 .590 .660 .624 .604 
165 625.0 .565 .505 .560 .530 .515 .398 .739 .629 .694 .660 .633 
166 626.3 .580 .525 .576 .548 .532 .416 .762 .658 .716 .680 .657 
167 627.5 .589 .537 .585 .556 .540 .428 .777 .671 .731 .691 .669 
168 628.8 .595 .545 .592 .561 .548 .436 .786 .685 .740 .702 .676 

169 630.0 .599 .550 .597 .567 .552 .443 .793 .694 .747 .710 .683 
170 631.3 .600 .552 .598 .569 .553 .444 .793 .700 .748 .714 .686 
171 632.5 .603 .556 .600 .570 .55'5 .448 .799 .701 .755 .715 .688 
172 633.8 .604 .554 .604 .568 .553 .447 .801 .700 .756 .719 .685 
173 635.1 .606 .556 .603 .568 .554 .446 .804 .703 .756 .718 .687 
174 636.4 .605 .555 .602 .570 .555 .444 .802 .702 .754 .718 .690 

175 637.6 .605 .556 .602 .569 .555 .445 .803 .702 .756 .718 .688 
176 638.9 .605 .555 .603 .569 .554 .442 .802 .700 .757 .716 .688 
177 640.2 .605 .553 .602 .567 .553 .440 .801 .699 .756 .716 .684 
178 641.5 .603 .551 .599 .565 .548 .436 .799 .695 .751 .715 .677 
179 642.7 .600 .546 .596 .563 .545 .427 .793 .689 .743 .705 .672 
180 644.0 .597 .541 .590 .559 .539 .414 .789 .677 .734 .696 .663 

181 645.3 .598 .543 .591 .558 .539 .412 .789 .676 .735 .694 .664 
182 646.6 .601 .546 .594 .563 .543 .418 .792 .685 .741 .701 .669 
183 647.9 .600 .541 .591 .561 .540 .413 .789 .679 .733 .696 .667 
184 649.2 .599 .545 .593 .562 .543 .416 .789 .685 .739 .698 .671 
185 650.5 .601 .547 .594 .565 .545 .423 .795 .689 .743 .703 .675 
186 651.8 .605 .550 .598 .568 .548 .428 .800 .695 .748 .710 .680 

187 653.1 .606 .552 .600 .569 .551 .432 .802 .702 .750 .713 .684 
188 654.4 .601 .549 .598 .568 .549 .430 .797 .696 .747 .714 .683 
189 655.7 .599 .545 .595 .565 .545 .428 .794 .693 .742 .710 .678 
190 657.0 .597 .543 .592 .562 .543 .425 .791 .690 .740 .705 .675 
191 658.4 .597 .540 .589 .561 .542 .423 .790 .686 .736 .702 .676 
192 659.7 .592 .537 .587 .559 .538 .420 .784 .681 .732 .702 .669 

""~-.' - •••.. _ •.• _ .fIIII " •••• ~ • • .... 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[nm) EZ NEB NTZ NTB NI?Z NI?R EZ NEB NTZ NTB NI?Z 

193 661.0 .592 .537 .585 .557 .538 .417 .784 .678 .731 .697 .669 
194 662.3 .587 .529 .578 .553 .533 .412 .777 .669 .722 .688 .663 
195 663.7 .584 .525 .575 .550 .530 .410 .772 .665 .719 .685 .658 
196 665.0 .582 .522 .573 .547 .528 .406 .769 .663 .714 .683 .657 
197 666.3 .574 .514 .565 .540 .521 .399 .758 .652 .704 .675 .646 
198 667.6 .574 .515 .564 .542 .522 .402 .760 .650 .705 .673 .650 

199 669.0 .582 .522 .572 .547 .527 .407 .769 .663 .713 .683 .655 
200 670.3 .593 .533 .583 .557 .538 .416 .784 .680 .726 .698 .670 
201 671.7 .602 .548 .597 .569 .548 .429 .800 .698 .746 .716 .683 
202 673.0 .615 .562 .609 .582 .561 .444 .819 .718 .762 .731 .700 
203 674.4 .623 .571 .618 .591 .570 .455 .833 .734 .775 .746 .713 
204 675.7 .632 .582 .626 .598 .579 .464 .847 .748 .790 .753 .732 

205 677 .1 .636 .587 .632 .603 .581 .471 .852 .759 .797 .765 .731 
206 678.4 .637 .589 .634 .603 .583 .470 .853 .760 .801 .767 .732 
207 679.8 .631 .582 .627 .597 .575 .463 .844 .749 .790 .758 .719 
208 681.1 .624 .574 .618 .590 .570 .454 .834 .738 .778 .744 .716 
209 682.5 .617 .563 .610 .582 .561 .441 .822 .720 .765 .731 .705 
210 683.9 .615 .560 .610 .584 .559 .440 .820 .715 .765 .732 .703 

211 685.2 .623 .566 .615 .587 .563 .446 .831 .728 .770 .741 .708 
212 686.6 .626 .570 .618 .589 .568 .450 .837 .734 .773 .743 .716 
213 688.0 .629 .577 .622 .594 .572 .456 .842 .742 .781 .750 .718 
214 689.4 .632 .580 .626 .599 .577 .456 .845 .747 .788 .754 .731 
215 690.7 .635 .583 .631 .599 .575 .461 .850 .749 .794 .759 .726 
216 692.1 .637 .581 .628 .597 .573 .458 .852 .748 .790 .756 .722 

217 693.5 .633 .578 .624 .596 .571 .447 .844 .741 .780 .751 .720 
218 694.9 .628 .571 .618 .593 .568 .444 .836 .734 .772 .741 .716 
219 696.3 .614 .556 .606 .580 .556 .429 .816 .709 .755 .724 .700 
220 697.7 .600 .541 .592 .568 .540 .415 .798 .683 .737 .710 .679 
221 699.1 .587 .520 .573 .551 .527 .398 .775 .658 .711 .684 .663 
222 700.5 .564 .494 .548 .528 .506 .373 .743 .621 .678 .652 .639 

223 701. 9 .546 .473 .526 .511 .488 .362 .717 .597 .650 .631 .613 
224 703.3 .549 .473 .528 .512 .488 .357 .721 .599 .650 .633 .614 
225 704.7 .551 .480 .535 .519 .493 .364 .724 .604 .660 .642 .622 
226 706.1 .571 .506 .560 .539 .514 .383 .753 .635 .691 .669 .644 
227 707.5 .584 .518 .570 .551 .526 .395 .772 .652 .705 .681 .662 
228 708.9 .597 .533 .583 .563 .537 .407 .789 .673 .723 .697 .675 

229 710.3 .606 .541 .593 .572 .545 .414 .802 .688 .735 .708 .687 
230 711.8 .611 .550 .599 .578 .551 .421 .810 .699 .744 .719 .694 
231 713.2 .609 .550 .599 .581 .553 .423 .808 .699 .744 .720 .700 
232 714.6 .605 .544 .595 .575 .548 .417 .802 .687 .738 .712 .691 
233 716.1 .571 .502 .554 .538 .513 .381 .752 .630 .683 .662 .647 
234 717.5 .503 .422 .477 .466 .447 .321 .659 .528 .588 .575 .568 

___________________________ - - • ___ , 0- _ _.-_' 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
(run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

235 718.9 .444 .352 .406 .402 .388 .274 .580 .444 .504 .495 .496 
236 720.4 .394 .295 .349 .348 .335 .232 .518 .374 .437 .432 .438 
~37 721.8 .370 .269 .321 .322 .309 .214 .485 .343 .405 .400 .407 
238 723.3 .345 .242 .291 .293 .283 .195 .454 .311 .372 .368 .377 
239 724.7 .287 .185 .228 .231 .225 .154 .383 .241 .297 .295 .305 
240 726.1 .237 .138 .176 .180 .174 .121 .318 .183 .232 .233 .243 

241 727.6 .226 .129 .164 .169 .162 .112 .304 .172 .218 .220 .227 
242 729.1 .262 .159 .201 .206 .198 .137 .350 .210 .264 .263 .275 
243 730.5 .302 .197 .245 .248 .242 .164 .402 .257 .316 .315 .328 
244 732.0 .360 .253 .304 .308 .296 .202 .473 .323 .385 .384 .393 
245 733.4 .398 .298 .353 .353 .339 .232 .521 .378 .441 .437 .443 
246 734.9 .449 .357 .412 .410 .391 .271 .587 .446 .510 .504 .504 

247 736.4 .495 .409 .465 .459 .437 .311 .647 .510 .572 .563 .560 
248 737.9 .531 .452 .509 .502 .477 .342 .697 .562 .625 .615 .608 
249 739.3 .574 .500 .556 .544 .517 .380 .754 .628 .684 .667 .658 
250 740.8 .602 .538 .590 .575 .547 .407 .794 .677 .730 .710 .696 
251 742.3 .623 .561 .613 .595 .566 .430 .826 .711 .762 .737 .723 
252 743.8 .632 .575 .626 .610 .576 .442 .842 .731 .779 .759 .739 

253 745.3 .641 .583 .633 .615 .584 .452 .853 .745 .790 .766 .747 
254 746.8 .639 .585 .635 .617 .583 .450 .852 .745 .794 .771 .750 
255 748.3 .639 .583 .633 .617 .583 .450 .852 .744 .788 .769 .748 
256 749.8 .641 .581 .634 .617 .582 .449 .854 .740 .789 .768 .746 
257 751.3 .641 .582 .633 .616 .580 .447 .853 .741 .789 .769 .744 
258 752.8 .641 .579 .634 .617 .582 .446 .851 .738 .786 .766 .747 

259 754.3 .638 .578 .633 .615 .579 .442 .848 .734 .784 .763 .742 
260 755.8 .638 .573 .629 .612 .575 .434 .849 .723 .781 .756 .736 
261 757.3 .630 .567 .623 .609 .571 .427 .834 .713 .768 .751 .732 
262 758.8 .624 .557 .615 .605 .567 .421 .826 .699 .754 .742 .727 
263 760.3 .615 .548 .611 .598 .560 .415 .812 .685 .745 .735 .713 
264 761. 9 .600 .537 .591 .582 .546 .389 .787 .665 .724 .709 .699 

265 763.4 .599 .526 .586 .576 .540 .387 .788 .659 .713 .703 .695 
266 764.9 .593 .521 .581 .571 .534 .388 .779 .650 .707 .698 .684 
267 766.4 .593 .524 .579 .570 .534 .384 .773 .653 .710 .691 .686 
268 768.0 .595 .522 .579 .571 .534 .388 .777 .652 .708 .698 .686 
269 769.5 .594 .521 .582 .574 .538 .389 .779 .651 .712 .701 .689 
270 771.1 .591 .521 .580 .572 .535 .386 .773 .651 .709 .700 .687 

271 772.6 .581 .509 .567 .562 .527 .380 .758 .635 .694 .684 .678 
272 774.1 .567 .494 .553 .550 .513 .368 .742 .614 .676 .671 .661 
273 775.7 .563 .487 .550 .548 .513 .365 .735 .604 .671 .664 .661 
274 777 .2 .549 .472 .534 .533 .497 .353 .715 .587 .651 .649 .641 
275 778.8 .531 .452 .514 .513 .484 .338 .690 .560 .628 .621 .628 
276 780.4 .495 .409 .472 .473 .444 .307 .643 .504 .577 .577 .579 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

277 781.9 .469 .377 .439 .442 .414 .284 .607 .469 .539 .539 .542 
278 783.5 .450 .357 .418 .424 .399 .271 .583 .444 .513 .516 .526 
279 785.1 .466 .372 .434 .437 .410 .281 .603 .463 .531 .534 .536 
280 786.6 .476 .385 .446 .449 .422 .287 .615 .478 .546 .547 .552 
281 788.2 .486 .395 .456 .462 .433 .296 .629 .491 .557 .561 .566 
282 789.8 .497 .406 .468 .473 .445 .304 .641 .504 .570 .572 .581 

283 791. 4 .488 .397 .457 .464 .435 .296 .628 .494 .557 .564 .568 
284 792.9 .465 .369 .432 .437 .411 .278 .600 .459 .529 .531 .541 
285 794.5 .448 .352 .415 .421 .393 .265 .579 .440 .508 .516 .520 
286 796.1 .433 .334 .397 .404 .377 .255 .559 .417 .492 .495 .502 
287 797.7 .422 .324 .385 .393 .370 .247 .548 .402 .478 .482 .496 
288 799.3 .428 .330 .392 .400 .375 .253 .556 .410 .487 .490 .501 

289 800.9 .447 .349 .411 .419 .392 .265 .580 .434 .508 .512 .521 
290 802.5 .463 .368 .432 .438 .410 .278 .599 .457 .531 .536 .543 
291 804.1 .482 .392 .455 .459 .430 .294 .624 .483 .561 .559 .567 
292 805.7 .502 .417 .478 .482 .451 .309 .650 .514 .588 .587 .594 
293 807.3 .527 .445 .508 .510 .473 .331 .683 .550 .622 .618 .621 
294 809.0 .540 .458 .523 .523 .484 .339 .699 .564 .638 .636 .634 

295 810.6 .550 .468 .534 .533 .493 .346 .712 .577 .648 .651 .644 
296 812.2 .565 .489 .556 .553 .510 .361 .732 .600 .675 .673 .662 
297 813.8 .580 .505 .574 .570 .525 .376 .755 .616 .696 .694 .682 
298 815.5 .593 .519 .588 .582 .537 .380 .768 .636 .713 .708 .695 
299 817.1 .602 .532 .597 .591 .544 .392 .782 .652 .728 .720 .703 
300 818.7 .612 .545 .609 .601 .553 .404 .797 .671 .743 .738 .713 

301 820.4 .623 .552 .617 .608 .560 .412 .812 .686 .754 .747 .727 
302 822.0 .628 .563 .626 .616 .567 .418 .822 .697 .768 .758 .738 
303 823.7 .634 .564 .627 .626 .573 .422 .829 .707 .768 .759 .750 
304 825.3 .631 .567 .632 .627 .572 .424 .829 .706 .774 .769 .751 
305 827.0 .633 .568 .631 .634 .577 .429 .832 .709 .773 .773 .760 
306 828.6 .635 .578 .642 .629 .577 .428 .836 .713 .795 .777 .754 

307 830.3 .644 .579 .642 .637 .583 .436 .845 .727 .792 .782 .767 
308 831. 9 .645 .578 .639 .637 .583 .434 .849 .727 .787 .782 .767 
309 833.6 .631 .563 .628 .627 .573 .421 .829 .705 .770 .769 .755 
310 835.3 .596 .520 .586 .587 .536 .384 .776 .643 .717 .717 .706 
311 836.9 .546 .465 .530 .532 .486 .338 .705 .574 .649 .651 .643 
312 838.6 .499 .410 .476 .480 .438 .300 .645 .505 .584 .587 .582 

313 840.3 .486 .400 .460 .466 .425 .290 .626 .490 .570 .569 .567 
314 842.0 .475 .383 .448 .455 .414 .282 .614 .470 .552 .556 .554 
315 843.7 .511 .424 .489 .493 .451 .310 .658 .523 .602 .603 .602 
316 845.4 .531 .446 .511 .518 .474 .329 .688 .548 .627 .630 .631 
317 847.0 .557 .481 .545 .550 .503 .350 .722 .590 .668 .669 .664 
318 848.7 .569 .491 .558 .560 .512 .357 .737 .605 .683 .683 .679 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

319 850.4 .566 .488 .555 .558 .509 .358 .735 .602 .677 .683 .675 
320 852.1 .540 .457 .523 .531 .484 .333 .698 .566 .639 .647 .645 
321 853.8 .495 .407 .471 .479 .438 .297 .639 .501 .581 .585 .591 
322 855.6 .447 .350 .414 .423 .387 .256 .577 .434 .516 .521 .526 
323 857.3 .386 .284 .339 .353 .322 .208 .500 .357 .429 .438 .447 
324 859.0 .336 .227 .279 .292 .266 .170 .439 .290 .359 .368 .377 

325 860.7 .281 .173 .218 .232 .208 .130 .371 .224 .287 .299 .303 
326 862.4 .236 .132 .169 .180 .163 .102 .312 .174 .232 .237 .242 
327 864.2 .231 .127 .164 .174 .155 .096 .306 .166 .222 .229 .231 
328 865.9 .245 .141 .180 .192 .170 .105 .322 .183 .240 .248 .251 
329 867.6 .288 .180 .225 .237 .211 .134 .376 .229 .292 .304 .302 
330 869.4 .333 .226 .279 .291 .263 .166 .434 .285 .357 .367 .370 

331 871.1 .374 .267 .324 .338 .307 .197 .484 .336 .410 .422 .430 
332 872.8 .413 .307 .368 .382 .350 .226 .535 .386 .464 .474 .484 
333 874.6 .421 .321 .381 .396 .360 .235 .547 .400 .480 .488 .499 
334 876.3 .414 .311 .371 .387 .352 .227 .537 .388 .468 .479 .488 
335 878.1 .385 .282 .340 .355 .323 .206 .499 .354 .431 .441 .453 
336 879.9 .307 .200 .246 .261 .237 .146 .404 .256 .321 .327 .344 

337 881. 6 .176 .089 .118 .126 .114 .065 .239 .116 .161 .165 .176 
338 883.4 .099 .039 .054 .057 .051 .027 .135 .048 .075 .074 .086 
339 885.1 .092 .033 .045 .048 .042 .021 .126 .042 .064 .065 .072 
340 886.9 .073 .021 .032 .033 .031 .013 .100 .025 .046 .044 .057 
341 888.7 .069 .020 .029 .030 .028 .010 .096 .023 .042 .041 .054 
342 890.5 .076 .022 .032 .034 .030 .014 .105 .027 .047 .047 .057 

343 892.3 .078 .024 .035 .038 .032 .017 .109 .029 .050 .050 .058 
344 894.0 .075 .022 .034 .037 .033 .016 .104 .029 .047 .049 .060 
345 895.8 .084 .027 .042 .044 .039 .022 .116 .035 .057 .059 .066 
346 897.6 .110 .043 .060 .066 .057 .033 .153 .056 .084 .085 .093 
347 899.4 .131 .054 .077 .084 .074 .039 .179 .074 .105 .106 .117 
348 901.2 .174 .082 .110 .121 .105 .064 .235 .113 .151 .157 .161 

349 903.0 .229 .127 .166 .176 .157 .098 .304 .169 .221 .228 .233 
350 904.8 .295 .188 .238 .249 .220 .142 .389 .243 .308 .320 .317 
351 906.6 .363 .257 .312 .325 .289 .189 .472 .326 .399 .408 .406 
352 908.5 .420 .320 .382 .391 .352 .230 .542 .403 .479 .487 .489 
353 910.3 .454 .362 .420 .429 .384 .259 .587 .450 .528 .531 .530 
354 912.1 .454 .358 .418 .428 .385 .256 .586 .448 .523 .529 .532 

355 913.9 .465 .373 .432 .441 .395 .266 .604 .466 .542 .547 .545 
356 915.8 .482 .391 .454 .465 .412 .283 .625 .487 .568 .575 .567 
357 917.6 .509 .425 .489 .497 .444 .304 .659 .532 .607 .616 .606 
358 919.4 .537 .459 .520 .527 .471 .328 .697 .571 .650 .652 .639 
359 921.3 .562 .486 .545 .551 .494 .344 .729 .608 .676 .680 .667 
360 923.1 .577 .510 .565 .574 .511 .367 .753 .633 .704 .707 .693 
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I Wavel. Geometric Albedo Spectrum Half-Disk Albedo Spectrum 
[run] EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

361 925.0 .592 .529 .585 .596 .531 .373 .772 .656 .729 .725 .718 
362 926.8 .607 .540 .599 .606 .537 .383 .790 .672 .743 .741 .730 
363 928.7 .616 .553 .613 .613 .543 .393 .804 .689 .760 .760 .730 
364 930.5 .624 .562 .620 .618 .554 .395 .812 .702 .769 .765 .744 
365 932.4 .628 .567 .625 .628 .558 .408 .818 .710 .774 .770 .742 
366 934.3 .625 .569 .626 .634 .567 .418 .818 .712 .773 .774 .761 

367 936.1 .632 .571 .632 .633 .561 .413 .827 .722 .779 .781 .748 
368 938.0 .628 .574 .631 .638 .570 .414 .821 .729 .781 .780 .771 
369 939.9 .633 .582 .637 .643 .569 .418 .833 .731 .797 .789 .772 
370 941. 8 .632 .575 .633 .630 .558 .414 .832 .723 .788 .780 .754 
371 943.6 .623 .563 .619 .619 .549 .413 .816 .718 .771 .769 .741 
372 945.5 .608 .546 .603 .608 .538 .397 .795 .690 .751 .750 .726 

373 947.4 .581 .520 .578 .580 .512 .381 .756 .655 .720 .717 .692 
374 949.3 .577 .515 .572 .569 .506 .372 .753 .649 .709 .704 .686 
375 951.2 .564 .502 .555 .558 .497 .360 .734 .636 .688 .691 .674 
376 953.1 .560 .493 .552 .560 .494 .361 .725 .625 .681 .692 .671 
377 955.0 .559 .490 .548 .550 .494 .356 .726 .617 .678 .684 .668 
378 957.0 .536 .463 .522 .524 .463 .333 .693 .587 .644 .650 .624 

379 958.9 .514 .434 .493 .496 .442 .312 .661 .551 .607 .611 .604 
380 960.8 .471 .389 .446 .452 .403 .280 .607 .493 .548 .559 .549 
381 962.7 .413 .324 .381 .386 .338 .232 .535 .413 .470 .482 .464 
382 964.6 .362 .266 .318 .317 .280 .195 .463 .346 .394 .404 .387 
383 966.6 .330 .235 .282 .282 .246 .169 .424 .304 .351 .354 .341 
384 968.5 .310 .215 .260 .259 .227 .151 .397 .282 .322 .333 .317 

385 970.4 .279 .185 .228 .229 .200 .134 .361 .243 .284 .291 .283 
386 972.4 .277 .183 .226 .229 .200 .131 .356 .241 .281 .290 .283 
387 974.3 .282 .183 .232 .229 .200 .134 .362 .243 .286 .294 .279 
388 976.3 .292 .195 .241 .240 .210 .143 .377 .259 .301 .306 .295 
389 978.2 .288 .189 .237 .238 .207 .135 .371 .252 .295 .297 .291 
390 980.2 .273 .177 .220 .219 .191 .126 .354 .235 .277 .278 .267 

391 982.2 .238 .145 .183 .180 .156 .104 .310 .194 .227 .229 .221 
392 984.1 .207 .118 .152 .150 .127 .086 .268 .159 .187 .189 .180 
393 986.1 .195 .107 .142 .135 .118 .075 .253 .149 .172 .176 .169 
394 988.1 .173 .093 .125 .116 .100 .065 .227 .127 .150 .149 .145 
395 990.0 .164 .087 .117 .112 .096 .060 .216 .120 .139 .139 .138 
396 992.0 .176 .092 .125 .119 .101 .067 .228 .127 .146 .149 .144 

397 994.0 .177 .094 .129 .118 .105 .071 .232 .125 .152 .151 .155 
398 996.0 .180 .095 .134 .126 .107 .069 .235 .133 .155 .155 .152 
399 998.0 .194 .102 .143 .134 .113 .071 .249 .144 .167 .170 .158 
400 1000.0 .203 .110 .148 .144 .124 .082 .261 .152 .181 .177 .178 
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APPENDIX D 

IMAGING RESOLTS 

The following tables lists geometric and half-disk albedoes for the 
wavelengths and widths of the used filters (see Table 4). Each imaging 
night is listed separately. They are 1986-06-21, 1987-06-08, 
1988-05-23, 1988-05-26, and 1989-10-10 and are indicated in the table 
by Type = Imag. Temporal variation can be inferred from these data. 
For comparison, low resolution spectroscopy data is given for the same 
wavelengths, smoothed in wavelength according to the filter width. 
Observation nights are 1987-05-15 and 1987-06-08 combined, and 
1988-05-22, and are indicated in the table by Type = Spec. The 1988 
data of imaging and low resolution spectroscopy are in good agreement. 
Considering the very different techniques of imaging and spectroscopy, 
this indicates the high reliability of the data. I/F values (a1bedoes) 
for all scattering geometries can be derived from the given geometric 
and half-disk albedoes according to Table 6. The phase law p(i) is 
approximately 1 - 0.012 i (i = phase angle). 

Wavelength ..... Geometric Albedo ..... Half-Disk Albedo . . 
Year Type EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

450 nrn: 
1989 Imag .350 .317 .359 .329 .300 .225 .398 .336 .396 .365 .348 

501 nrn: 
1987 Spec .453 .395 .436 .415 .403 .318 .545 .444 .495 .491 .481 
1988a Imag .421 .373 .408 .406 .397 .330 .541 .440 .484 .478 .470 
1988b Imag .428 .380 .416 .408 .397 .328 .535 .441 .485 .477 .475 
1988 Spec .430 .385 .419 .413 .396 .323 .537 .447 .489 .477 .480 

618 nm: 
1986 Imag .504 .425 .470 .458 .423 .310 .635 .520 .573 .559 .523 
1987 Imag .479 .392 .434 .429 .417 .306 .615 .485 .541 .540 .518 
1987 Spec .511 .418 .461 .436 .417 .300 .629 .499 .558 .553 .521 
1988a Imag .459 .396 .444 .433 .429 .330 .594 .496 .558 .538 .520 
1988b Imag .476 .405 .456 .433 .426 .315 .599 .490 .562 .536 .524 
1988 Spec .471 .399 .455 .437 .424 .316 .612 .494 .569 .542 .528 
1989 Imag .490 .415 .474 .447 .424 .325 .589 .485 .578 .546 .522 
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Wavelength ••••. Geometric Albedo ••••• Half-Disk Albedo .. 
Year Type EZ NEB NTZ NTB NPZ NPR EZ NEB NTZ NTB NPZ 

635 nm: 
1986 Imag .655 .589 .627 .614 .573 .439 .822 .730 .762 .750 .717 
1987 Spec .652 .580 .607 .564 .547 .425 .813 .703 .738 .728 .679 
1988 Spec .604 .554 .601 .568 .553 .444 .800 .700 .754 .716 .686 

641 nm: 
1987 Imag .660 .582 .606 .573 .544 .400 .806 .698 .733 .721 .672 
1987 Spec .651 .577 .604 .561 .543 .414 .811 .697 .734 .722 .674 
1988a Imag .604 .566 .599 .565 .551 .431 .773 .697 .741 .711 .676 
1988b Imag .607 .566 .602 .567 .551 .428 .782 .698 .745 .711 .682 
1988 Spec .603 .551 .599 .565 .549 .434 .798 .694 .750 .711 .679 
1989 Imag .621 .587 .615 .580 .549 .437 .762 .693 .751 .712 .675 

726 nm: 
1986 Imag .282 .196 .213 .221 .211 .151 .345 .243 .255 .271 .270 
1987 Imag .299 .184 .222 .201 .203 .150 .346 .219 .257 .265 .263 
1987 Spec .288 .176 .209 .210 .200 .142 .367 .218 .270 .268 .281 
1988a Imag .267 .182 .212 .205 .206 .143 .325 .217 .252 .262 .276 
1988b Imag .265 .176 .206 .206 .205 .145 .337 .213 .255 .263 .278 
1988 Spec .266 .166 .206 .210 .203 .140 .355 .217 .269 .269 .278 
1989 Imag .265 .171 .207 .194 .202 .145 .328 .210 .261 .250 .269 

754 nm: 
1986 Imag .683 .624 .623 .614 .595 .460 .828 .747 .748 .754 .740 
1987 Spec .676 .608 .629 .592 .578 .436 .837 .732 .760 .754 .740 
1988 Spec .632 .570 .625 .609 .573 .434 .839 .721 .773 .754 .735 

827 nm: 
1987 Imag .626 .550 .588 .572 .562 .437 .798 .677 .724 .723 .712 
1987 Spec .665 .588 .621 .590 .573 .423 .814 .691 .747 .746 .743 
1988a Imag .646 .580 .629 .602 .558 .399 .785 .678 .747 .736 .727 
1988b Imag .616 .555 .608 .597 .557 .413 .793 .680 .744 .736 .725 
1988 Spec .619 .551 .615 .611 .559 .411 .810 .685 .754 .748 .733 

888 nm: 
1987 Imag .099 .046 .057 .053 .045 .025 .112 .050 .054 .052 .058 
1987 Spec .089 .032 .036 .043 .036 .026 .118 .034 .056 .054 .065 
1988a Imag .090 .037 .046 .042 .039 .017 .109 .043 .051 .053 .062 
1988b Imag .089 .033 .042 .037 .036 .022 .110 .041 .052 .057 .065 
1988 Spec .081 .027 .038 .040 .036 .017 .112 .033 .054 .054 .065 
1989 Imag .077 .038 .044 .040 .042 .030 .095 .041 .052 .054 .064 

'" 

_. __ ._-----------------------_. 
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APPENDIX E 

FRAME DESCRIPTIONS 

All 890 frames of this work are listed here. The following pages 
contain a description of frame parameters. Then follows the complete 
list, one line for each frame. Finally, 100 selected frames in each 
observing mode are listed. They contain all frames on Saturn's disk 
used for the results but omit most calibration frames. The data of all 
frames are stored on tapes in the listed order. The table of frame 
parameters gives the format of each frame. 

Explanation of Frame Descriptions Page 176 

Parameters of Reduced Frames 182 

Complete List of Frames: 

High Resolution Spectroscopy, East-West Slit Mode J 183 

High Resolution Spectroscopy, North-South Slit K 186 

Low Resolution Spectroscopy P 192 

Photometry R 196 

Imaging M 199 

Selected Frames: 

High Resolution Spectroscopy, 3-0 S(O) line J,K 205 

High Resolution Spectroscopy, 3-0 S(l) line J,K 206 

High Resolution Spectroscopy, 4-0 lines J,K 207 

Low Resolution Spectroscopy P 208 

Imaging M 211 

---------------------------------~-~.-~- •..... - .. -............... ..... . - -- ...... ---_ ...... . 
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Explanation of Frame Descriptions 

FITS P Name F Air, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

frequency 
FITS: Frame Number /column 1-4) 
JU# 
RU# 
M#U 
pUt 
RU# 

high resolution spectroscopy with echelle, slit east-west 129 
high resolution spectroscopy with echelle, slit north-south 242 
imaging with mirror, telescope aperture 1.3 m except in 1986 239 
low resolution spectroscopy with prism, aperture 1.3 m 179 
photometry with prism 101 

P: Problem /column 6) 
(blank) no problem 

B Bias level uncertain 
D dome, screen or covers may be partially obstructing 
F additional blue filter BG7 
H crash of computer, rebooted and image saved 
I increased light due to full aperture 
R slit width 15 ~ (not 32 ~) 
L light leak (grating cover screws or filter wheel cover) 
o partially off image 
P bad interference pattern 
Q slit width 615 ~ (not 17 ~) 
R slit width 615 ~ (not 17 ~) and additional filter BG7 
T ND1 filter additionally 
U chip not completely cooled 
V chip warm, data dubious 
Z bad flatfield with image 
3 slit 3 degrees off from north-south on Saturn 
4 slit 3 degrees off N-S and chip not completely cooled 
7 70 per cent light only due to aperture 1.3 m 

631 
10 

8 
3 

10 
5 
9 

17 
6 

11 
11 

4 
5 

94 
6 
4 
5 
4 

47 

-----------------------------~~-- .. ----.. - .......... " ............................ __ ...... . 
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Name, co1.1-4: Object (column 8-11) 
SATU Saturn 
SACM 
SACE 
SAS1 
SAEI 
SAWI 
SEU 
swU 
JUPN 
JUPE 
JUPS 
JUCE 
JUCS 
JUIO 
IOOJ 
GANY 
URAN 
URAC 
URW2 
URW4 
MOON 
MMS2 
VEGA 
VEGO 
ZOPH 
ZOPO 
GCRV 
GCRO 
BLIB 
BLIO 
16AC 
16BC 
SKYL 
SKYV 
DOME 
DSUN 
THAR 
THAS 
THAU 
THAM 
THAC 

Saturn, central meridian 
Saturn, center, east-west 
Saturn, .1 Saturn radius south 
Saturn, east, according to micrometer offset in tenths of 
Saturn, west," Saturn radii from center 
Saturn, east, according to photo and redshift in 
Saturn, west, " 
Jupiter, northern part 
Jupiter, equatorial part 
Jupiter, southern part 
Jupiter, Equatorial Zone 
Jupiter, center, slanted, NNE-SSW 
Jupiter and Io, guided on Io 
Io without Jupiter 
Ganymede 
Uranus 
Uranus, center 

.01 Saturn radii, 820 nm 
except Mode 6-9: 640 nm 

(A=10, B=l1 .. ) 

Uranus, .2 radii west according to photo 
Uranus, .4 radii west according to photo 
Moon 
Moon, Mare Serenetatis region number 2 
Vega, Alpha Lyrae 
6.1" offset from Vega 
Zeta Ophiuchi 
6.1" offset from Zeta Ophiuchi 
Gamma Corvi 
6.1" offset from Gamma Corvi 
Beta Librae 
6.1" offset from Beta Librae 
16 Cygni, brighter component A 
16 Cygni, fainter component B 
sky in lower height 
sky near Vega 
dome flat field 
sun shining at inside of dome 
thorium-argon lamp 
thorium-argon lamp near Saturn (telescope position) 
thorium-argon lamp near Uranus 
thorium-argon lamp near Moon 
thorium-argon lamp near 16 Cygni 

Name, co1.S: Observation Technique (column 12) 
guided on object 
east-west across slit 
along slit 
sky background 
calibration frame 

+ north-south along slit and then east-west across slit 

177 

167 
30 

5 
4 
5 
4 

111 
104 

4 
4 
4 

21 
3 
4 
2 
4 
4 
1 
1 
1 

28 
16 
16 

6 
17 

4 
6 
3 
3 
1 
6 
5 
9 
2 

198 
4 

57 
21 

1 
2 
2 

439 
9 

29 
15 

280 
118 

• ____ ~-_O._O. __ 'O_ ..... OO .•..•• "0. 0 ........... _ ..•.• __ ••• __ . 



Name_ col.fi: Qbae~~ation Mode_ Dial2e~ae~_ C~ank_ Eilte~_ 
slit l:lidth_ Slit Rotation 'column l3} 

0 echelle, crank near 6570, filter 827 nm, slit 32 J.Im, 
1 echelle, crank near 4080, filter 815 nm, slit 32 J.Im, 
2 echelle, crank near 6570, no filter, slit 32 J.Im, 
3 echelle, crank near 4080, no filter, slit 32 J.Im, 
4 echelle, crank near 6570, filter. 827 nm, slit 615 J.Im, 
5 echelle, crank near 4080, filter 815 nm, slit 615 J.Im, 
6 echelle, crank near 2100, filter 641 nm, slit 615 J.Im, 
7 echelle, crank near 4680, filter 641 nm, slit 615 J.Im, 
8 echelle, crank near 2100, filter 641 nm, slit 43 J.Im, 
9 echelle, crank near 4680, filter 641 nm, slit 43 J.Im, 
A mirror, crank 4000, filter 618 nm, slit 615 J.Im, 1800 

B mirror, crank 4000, filter 635 nm, slit 615 J.Im, 1300 

C mirror, crank 4000, filter 726 nm, slit 615 J.Im, 1800 

0 mirror, crank 4000, filter 754 nm, slit 615 J.Im, 1800 

E mirror, crank 4000, filter 899 nm, slit 615 J.Im, 1800 

F mirror, crank 4000, filter 952 nm, slit 615 J.Im, 1800 

G mirror, crank 4000, filter 459 nm, slit 615 J.Im, 1800 

H mirror, crank 4000, filter 641 nm, slit 615 J.Im, 1800 

I mirror, crank 4000, filter 827 nm, slit 615 J.Im, 1800 

J mirror, crank 4000, filter 888 nm, slit 615 J.Im, 1800 

K mirror, crank 4000, filter 501 nm, slit 615 J.Im, 1800 

L Standard B filter, wavel. 450 nm 
p prism, crank near 4000, no filter, slit 17 J.Im, 180 0 

R prism, crank near 4000, filter N01, slit 210 J.Im, 180 0 

S prism, crank near 4000, filter N01, slit 615 J.Im, 1800 

*) direct imaging in 1989 (without spectrograph) 

E: Elatfielding and Intenaity Calibration (column 15} 
(blank) no problem 
not perfect but still good 
bad, not usable 

Air_ Co1.1: Sky Background (column 17} 
* dark 
M moon above horizon 
A astronomical twilight 
N nautical twilight 
C civil twilight 
o daylight 

2330 

2330 

2330 

2330 

2330 

2330 

2360 

2360 

2360 

2360 

*) 

*) 

*) 

*) 

*) 

178 

82 
81 
21 
20 
29 
33 
10 
10 
42 
43 
46 

9 
45 

8 
8 
8 
3 

33 
17 
36 
12 
14 

179 
26 
75 

747 
80 
63 

183 
468 

86 
69 
45 
39 

"'p_., _ •. ~ ._ •• _ .. IJJ6.~~. ~p,- . '. ..... . ._¥ 0' _ • ••• " •• -.-__ •• _ •• _." 
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Air, col.3: Transparency of Air (column 19) 
(blank) measurements inside dome 281 

1 clear sky 365 
2 haze or clouds near object, possibly also at object 109 
3 haze in front of object, at least during part of exposure 89 
4 clouds covering object partially 44 
5 clouds covering object most of exposure 2 

Air, col.4: Measured Seeing (column 20) 
(blank) no celestial object or not measured 659 

C 3 5.0. 0.23Re 2.1" at 9 AU distance 17 
D 4 0.27 2.4 40 
E 5 0.30 2.7 49 
F 6 0.33 3.0 33 
G 7 0.35 3.2 35 
H 8 0.38 3.4 21 
I 9 0.40 3.6 20 
J >10 >0.42 >3.8 16 

(1 5.0. is one smoothing operation by 0.04 Re standard deviation 
or 0.13 Re width, Re = Saturn equatorial radius) 

Air, col.5: Seeing Estimated at Eyepiece (column 21) 
(blank) no celestial object 

1 excellent 
2 good 
3 average 
4 poor 
5 very bad 

Airmass: Airmassfactor = 1 I sin (height) (column 23-26) 
(blank) no celestial object 

1.0 - 1.5 
1.5 - 2.0 
2.0 - 2.5 
2.5 - 3.0 
3.0 - 3.5 
3.5 - 4.0 
4.0 - 4.2 

296 
11 

322 
199 

54 
8 

296 
104 
292 
114 

49 
20 
12 

3 

----------------------.----~---.------~ ... - ... -_ ....... -. ", ..... "',._._---,-. 
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UT: universal Time at Middle of Exposure (column 29-40) 
86-05-20 dichroic mirror used as beamsplitter 28 
86-05-21 dichroic mirror 37 
86-05-23 thin glass plate 26 
86-06-19 dichroic mirror 23 
86-06-21 thin glass plate b~fore 21.3, dichroic mirror after 21.3 46 
87-05-12 thin glass plate 19 
87-05-13 yellow filter GG470 14 
87-05-14 yellow filter GG470 15 
87-05-15 yellow filter GG470 before 15.4, bad pellicle after 15.4 35 
87-05-16 thin glass plate before 16.4, yellow filter after 16.4 68 
87-06-08 nothing 36 
87-06-09 yellow filter GG470 before 09.35, nothing after 09.35 71 
87-10-09 thin glass plate 20 
87-10-10 thin glass plate 31 
87-10-11 thin glass plate 22 
87-10-12 thin glass plate 27 
87-10-18 thin glass plate 9 
88-05-22 pellicle 64 
88-05-23 pellicle 37 
88-05-24 pellicle 19 
88-05-25 pellicle 11 
88-05-26 pellicle 42 
88-06-03 pellicle 54 
88-06-17 pellicle 23 
88-06-19 pellicle 16 
88-06-20 pellicle 16 
89-10-10 nothing 81 
.Oxx 17:00 - 19:24 Mountain Standard Time 33 
.1xx 19:24 - 21:48 88 
.2xx 21:48 - 0:12 205 
.3xx 0:12 - 2:36 226 
.4xx 2:36 - 5:00 255 
.5xx 5:00 - 7:24 81 
.6xx 7:24 - 9:48 2 

ExpT: Exposure Time in Seconds (column 42-47) 
Integration Time (if given to 1 or 2 decimals) 881 
Time needed to cross a 1" wide slit (if given to 3 decimals) 9 

Counts: High Count Level of Frames in B-level (bias subtracted but 
not flat fielded) for 99.8% of all pixels (column 49-53\ 

o - 1000 73 
1000 - 2000 110 
2000 - 3000 43 
3000 - 5000 121 
5000 - 8000 299 
8000 - 12000 215 

> 12000 29 

---------------------___________ ~· ___ ····· ___ ·w······· .. ·· •. '-" . -- .-- ....... --.... -- .. 
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Tr' Tracking (rates are re1atiye to object) (co] umn 56,57) 
(blank) no celestial object 296 

T tracking, but not guided 261 
G guided with double crosshair eyepiece (mostly) 167 
o tracking with some offsets during the exposure 10 
E' telescope going east at 4,6,8,10,15"/s (# - 4,6,8,0,5) 20 
Nt telescope going north at 8,3, 10.0, 12.0"/s (. - 8,9,2) 8 
S4 telescope going south at 0.400"/s 1 
-4 telescope going east at 4"/s 1 
-5 telescope going east and after offset west at 5"/s 8 

(offset: telescope north) +. first south at about '.3"/s for flatfield (0: no flatf.) 118 
then imaging at CCO readout speed: 
telescope 4.8"/s east, 0.3 - 0.5"/s south 
in 1986 during readout, in 1987/88 before exposure 

Redsbift (column 59-63) 
if given to 1 decimal: redshift of reflected sunlight in km/s 

redshift of Jupiter is 0.1 km/s lower 
redshift of Saturn is 0.2 km/s lower (1986) 

0.1 km/s lower (1987) 
the same (1988) 

redshift of Uranus is 0.3 km/s lower 
if given to 2 decimals: atmospheric offset between 500 nm and 820 nm 

in Saturn radii (positive: 500 nm probes further west) 

ER6&' Q;r;::ig:;inal E:lle Number: {column 66-69) 
FtU May 1986 observations 
I#U June 1986 observations 
HUt May 1987 observations 
I'U June 1987 observations 
I#U Oct. 1987 observations 
GU. May 1988 observations 
HU' June 1988 observations, June 3 
IUt June 1988 observations, June 17 
GUt Oct. 1989 observations 

C' Leyel of Data Reduction {column 72) 
A original frame 

- 20 

B bias subtracted, interpolated for bad and missing data 
C cosmic ray interpolated, compressed, first flat fielding 
o final flat fielding, spectrally and spatially calibrated 
E solar and telluric lines divided out 

91 
69 

151 
107 
109 
173 

54 
55 
81 

890 
890 
890 
789 
382 



Parameters of Reduced Frames 

Format: FITS, 512 columns, 128 rows, data in columns 1 - 400, 
grey scales and frame description in columns 401 - 512 

High Res. Sp. Low Res. Sp. 

horizontal scale per pixel AI 299792 A I 500 
vertical scale per pixel 0.04 Rs 0.04 Rs 
right side (increasing col.) high wavel. high wavel. 
top (decreasing rows) north resp. west north 
position of H2 lines at rest: 200 
position of wavelength 1000 nm: 400 
center of planet: column 

row 32 and 95 32 and 95 

182 

Imaging 

0.02 Rs 
0.02 Rs 
west 
north 

200 
65 

count 20,000 corresponding to max. in frame I/F = 1 IIF = 1 

rest wavelength: line 3-0 S(O) 
3-0 S(l) 
4-0 S(O) 
4-0 S(l) 

827.493 run 
815.289 run 
643.678 run 
636.952 run 

The spectroscopic frames have two versions of the observations: 
uncalibrated (centered at row 32) and calibrated in intensity (row 95). 
They contain additional spectra in rows 127 and 128: high resolution 
frames contain the solar and telluric spectra, low resolution frames 
the spatially averaged spectra, the uncalibrated and calibrated one. 
High resolution spectra also contain in columns 381 - 400 the spatial 
variation of the H2 line width, its position, continuum intensity, 
continuum intensity times equivalent width, and equivalent width. 

___________________________________________ ~.-oo _____ ._-... -- ••• _._ ....... 0 ___ , __ ",,00'_' _____ .0 •• __ ', 
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High Resolution Spectroscopy, East-West Slit 1987-06-09 1987-10-09 

FITS P Name F Air, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

J 1 SAS1.9 M 1 4 1. 83 87-06-09.252 1800.0 6400 G -0.1 1503 E 

J 2 THAR,9 M 87-06-09.263 1.0 1290 1504 D 

J 3 THAR,8 M 87-06-09.265 1.0 1140 1506 D 

J 4 SAS1.8 M 1 4 1. 73 87-06-09.277 1800.0 6060 G 0.0 1507 E 

J 5 SAS1.0 - M 1 4 1. 69 87-06-09.304 1800.0 3280 G 0.1 1509 E 

J 6 THAR,O M 87-06-09.317 4.0 16360 1510 D 

J 7 THAR,l M 87-06-09.319 120.0 16360 1512 D 

J 8 SAS1.1 M 1 4 1. 72 87-06-09.332 1800.0 3380 G 0.2 1513 E 

J 9 DOME,S D 87-06-09.524 150.0 10180 1575 D 

J 10 DOME,S D 87-06-09.527 150.0 10190 1576 D 

Jll DOME, 1 D 87-06-09.532 300.0 790 1577 D 

J 12 DOME, 0 D 87-06-09.537 300.0 790 1578 D 

J 13 DOME, 4 D 87-06-09.541 150.0 10320 1579 D 

J 14 DOME, 4 D 87-06-09.543 120.0 8170 1580 D 

J 15 DOME, 6 D 87-06-09.549 180.0 7160 1582 D 

J 16 DOME, 6 D 87-06-09.553 240.0 9690 1583 D 

J 17 DOME, 8 D 87-06-09.557 300.0 630 1584 D 

J 18 DOME, 9 D 87-06-09.562 300.0 620 1586 D 

J 19 DOME, 7 D 87-06-09.566 180.0 7320 1587 D 

J 20 DOME, 7 D 87-06-09.570 240.0 9820 1588 D 

J 21 U THAR,3 M 87-10-09.392 0.1 6400 I002 D 

J 22 L GANY.1 M 1 3 1.21 87-10-09.400 1200.0 2170 G -22.9 I003 E 

J 23 THAR,2 M 87-10-09.410 0.1 3470 I005 D 

J 24 GANY.O M 1 3 1.28 87-10-09.418 1200.0 2990 G -23.0 I006 E 

J 25 JUCE.O M 1 3 1. 34 87-10-09.431 600.0 6580 G -3.9 I008 E 

J 26 JUCE.1 M 1 3 1.39 87-10-09.439 600.0 6180 G -3.9 I009 E 

J 27 MOON I 1 M 1 3 1.13 87-10-09.446 210.0 7210 EO -0.7 I010 E 

J 28 MOON I 0 M 1 3 1.14 87-10-09.450 210.0 6620 EO -0.7 lOll E 

J 29 JUCE.O M 1 3 1. 70 87-10-09.473 600.0 6600 G -3.8 I014 E 

J 30 JUCE.1 M 1 3 1. 82 87-10-09.482 600.0 5970 G -3.8 I015 E 

J 31 MOON I 1 M 1 3 1. 36 87-10-09.499 210.0 6510 EO -0.6 I017 E 

J 32 THAR,3 A 87-10-09.502 0.1 6150 I018 D 

J 33 THAR,2 A 87-10-09.503 0.1 3410 I019 D 

J 34 MOON I 0 A 1 3 1. 45 87-10-09.512 210.0 6060 EO -0.6 I020 E 

J 35 DOME, 0 A 87-10-09.519 300.0 650 I021 D 

J 36 DOME, 1 N 87-10-09.524 300.0 660 I022 D 

J 37 DOME,S N 87-10-09.529 180.0 9810 I023 D 

J 38 DOME,S N 87-10-09.532 120.0 6520 I024 D 

J 39 DOME, 4 N 87-10-09.534 180.0 9480 I025 D 

J 40 DOME, 4 N 87-10-09.537 120.0 6380 I026 D 
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High Resolution Spectroscopy, East-West Slit 1987-10-10 1987-10-11 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

J 41 U DOME,7 M 87-10-10.203 180.0 5660 1029 D 

J 42 U DOME,7 M 87-10-10.207 270.0 8440 1030 D 

J 43 U DOME,6 M 87-10-10.211 180.0 5600 1031 D 

J 44 U DOME,6 M 87-10-10.215 270.0 8430 1033 D 

J 45 U DOME,8 M 87-10-10.220 360.0 600 I034 D 

J 46 U DOME, 9 M 87-10-10.225 360.0 600 I035 D 

J 47 THAR,9 M 87-10-10.244 5.0 7130 I038 D 

J 48 JUCE.9 - M 2 3 1.22 87-10-10.248 360.0 8400 G -3.9 1039 E 

J 49 JUCE.9 - M 2 3 1.20 87-10-10.253 360.0 8230 G -3.9 I040 E 

J 50 THAR,8 M 87-10-10.257 5.0 4140 I041 D 

J 51 JUCE.8 - M 3 3 1.18 87-10-10.260 360.0 7050 G -3.9 I042 E 

J 52 JUCE.8 - M 3 3 1.17 87-10-10.265 360.0 5780 G -3.9 I043 E 

J 53 JUCE.8 - M 2 3 1.15 87-10-10.271 360.0 7680 G -3.9 I044 E 

J 54 U MOON I 9 = M 1 3 1.20 87-10-10.304 150.0 4860 E5 -1. 2 I047 E 

J 55 U MOON I 8 = M 1 3 1.18 87-10-10.308 150.0 4470 E5 -1. 2 I048 E 

J 56 U MOON I 8 = M 1 3 1.17 87-10-10.312 210.0 6570 EO -1. 2 I049 E 

J 57 U MOON I 9 = M 1 3 1.15 87-10-10.316 210.0 6930 EO -1. 2 I050 E 

J 58 U GANY.9 = M 1 2 1.14 87-10-10.372 1200.0 7470 G -24.2 I053 E 

J 59 GANY.8 - M 1 2 1.18 87-10-10.388 1200.0 6710 G -24.0 I055 E 

J 60 JUCE.8 - M 1 2 1.27 87-10-10.414 360.0 7930 G -3.4 I057 E 

J 61 JUCE.9 - M 1 2 1. 30 87-10-10.420 360.0 8610 G -3.4 I058 E 

J 62 JUIO.9 - M 1 2 1. 33 87-10-10.426 360.0 7390 G -3.4 I060 E 

J 63 JUlo.8 - M 1 2 1. 37 87-10-10.432 360.0 6720 G -3.4 I061 E 

J 64 JUCE.8 - M 1 2 1. 41 87-10-10.438 360.0 7840 G -3.4 I062 E 

J 65 JUCE.9 - M 1 2 1.44 87-10-10.443 360.0 8530 G -3.4 I063 E 

J 66 MOON I 9 - M 1 2 1.10 87-10-10.478 300.0 8680 E8 -0.9 I066 E 

J 67 MOON I 9 - M 1 2 1.11 87-10-10.482 300.0 9450 E8 -0.8 I067 E 

J 68 THAR,9 M 87-10-10.486 5.0 5570 I068 D 

J 69 MOON I 8 - A 1 2 1.18 87-10-10.505 300.0 9960 E8 -0.8 I069 E 

J 70 MOON I 8 - A 1 2 1.20 87-10-10.510 300.0 8870 E8 -0.8 I070 E 

J71 THAR,8 A 87-10-10.513 7.0 5510 I071 D 

J 72 U DOME, 4 M 87-10-11.190 180.0 10160 I127 D 

J 73 U DOME, 4 M 87-10-11.193 120.0 6810 I128 D 

J 74 U DOME,S M 87-10-11.196 180.0 10580 I129 D 

J 75 U DOME, 5 M 87-10-11.199 120.0 7100 I130 D 

J 76 U DOME, 1 M 87-10-11.203 300.0 700 I131 D 

J 77 U DOME, 0 M 87-10-11.208 300.0 730 I132 D 

J 78 U THAR,2 M 87-10-11.269 0.1 3480 I135 D 

J 79 U JUCE.O = M 1 2 1.14 87-10-11.274 600.0 6620 G -3.3 I136 E 

J 80 U THAR,3 M 87-10-11.278 0.1 6320 I137 D 

J 81 U JUCE.1 - M 1 2 1.12 87-10-11.283 600.0 6200 G -3.3 I138 E 

J 82 U JUCE.1 - M 1 2 1.10 87-10-11.299 600.0 6140 G -3.2 I140 E 

J 83 U JUCE.O - M 1 2 1.10 87-10-11.307 600.0 6340 G -3.2 I141 E 

J 84 JUIO.O - M 1 2 1. 09 87-10-11.316 600.0 5960 G -3.2 I143 E 

J 85 JUIO.1 - M 1 2 1. 09 87-10-11.324 600.0 5420 G -3.2 I144 E 

.-----------------------------~.-.. --.. --.-.. -........... - ... - ............. __ .....•.. 
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High Resolution Spectroscopy, East-West Slit 1987-10-11 ... 1987-10-18 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

J 86 U MOON I 1 "" M 1 2 1.21 87-10-11.333 360.0 5880 E6 -1.3 Il46 E 

J 87 U MOON I 0 - M 1 2 1.19 87-10-11.338 300.0 5620 E6 -1. 3 Il47 E 

J 88 U MOON I 0 - M 1 2 1.17 87-10-11.343 450.0 8830 E4 -1. 3 Il48 E 

J 89 U MOON I 1 - M 1 2 1.15 87-10-11. 349 450.0 8950 E4 -1. 3 Il49 E 

J 90 U MOON I 1 - M 1 2 1.13 87-10-11.356 450.0 8770 E4 -1. 3 Il51 E 

J 91 U MOON I 0 = M 1 2 1.11 87-10-11.362 450.0 9320 E4 -1. 3 Il52 E 

J 92 U THAR,2 M 87-10-11.378 0.1 3660 Il54 D 

J 93 U THAR,3 M 87-10-11.379 0.1 6130 Il55 D 

J 94 P SACE.1 = A 3 4 2.86 87-10-12.090 1200.0 1880 G 24.8 Il68 E 

J 95 P SACE.O - 1< 3 4 3.<15 87-10-12.106 1200.0 2210 G 24.9 Il70 E 

J 96 P THAR,2 1< 87-10-12.117 0.1 3450 Il71 D 

J 97 P THAR,3 1< 87-10-12.119 0.1 6530 Il72 D 

J 98 P DOME,S M 87-10-12.245 180.0 10620 Il75 D 

J 99 P DOME,S M 87-10-12.248 120.0 7070 Il76 D 

J100 P DOME,4 M 87-10-12.255 180.0 10440 Il77 D 

J101 P DOME,4 M 87-10-12.257 120.0 6950 Il78 D 

J102 P DOME, 0 M 87-10-12.262 300.0 730 Il80 D 

J103 P DOME, 0 M 87-10-12.267 300.0 740 Il81 D 

J104 P DOME,l M 87-10-12.272 300.0 750 Il82 D 

J105 THAR,3 M 87-10-12.285 0.1 6610 Il84 D 

J106 JUCE.1 M 1 2 1.11 87-10-12.289 600.0 5780 G -2.7 Il85 E 

J107 THAR,2 M 87-10-12.294 0.1 3660 Il86 D 

J108 JUCE.O M 1 2 1.10 87-10-12.298 600.0 6380 G -2.7 Il87 E 

J109 JUCE.O M 1 2 1.10 87-10-12.306 600.0 6480 G -2.7 Il89 E 

J110 JUCE.1 M 1 2 1.10 87-10-12.314 600.0 6280 G -2.7 Il90 E 

J111 MOON I 1 M 1 2 1.19 87-10-12.374 390.0 6090 E4 -1. 4 Il93 E 

J112 MOON I 0 M 1 2 1.17 87-10-12.380 390.0 5920 E4 -1. 4 Il94 E 

J113 IOOJ.O M 1 2 1.22 87-10-12.395 1200.0 2910 G 24.9 Il96 E 

J114 IOOJ.1 M 1 2 1.29 87-10-12.411 1200.0 3140 G 26.1 Il98 E 

J115 THAR,3 M 87-10-12.442 0.1 6580 I201 D 

Jl16 THAR,2 M 87-10-12.444 0.1 3530 I202 D 

J117 DOME, 4 M 87-10-12.448 180.0 10450 I203 D 

J118 DOME, 4 M 87-10-12.451 150.0 8700 I204 D 

J1l9 DOME, 5 M 87-10-12.454 150.0 9010 I205 D 

J120 DOME, 5 M 87-10-12.457 180.0 10820 I206 D 

J121 D DOME,4 D 87-10-18.031 180.0 9150 I639 D 

J122 DOME, 4 D 87-10-18.033 120.0 7450 I640 D 

J123 DOME, 5 C 87-10-18.036 120.0 7740 I641 D 

J124 DOME,S C 87-10-18.038 150.0 9660 1642 D 

J125 SACE.O N 2 2 2.37 87-10-18.053 1200.0 2510 G 23.3 1644 E 

J126 THAR,2 N 87-10-18.061 0.1 3080 I645 D 

J127 SACE.1 N 2 2 2.71 87-10-18.069 1200.0 2150 G 23.3 I647 E 

J128 SACE.1 A 1 3 3.17 87-10-18.084 1200.0 2060 G 23.3 I649 E 

J129 THAR,3 1< 87-10-18.093 0.1 5690 I650 D 

-------------------------------~.--- ..... ---.. "" ....... . 
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High Resolution Spectroscopy, North-South Slit 1986-05-20 ... 1986-05-21 

FITS P Name F A.i,r, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

K 1 K THAR,2 N 86-05-20.116 2.5 4330 FOOl D 

K 2 K THAR,2 N 86-05-20.119 2.5 2980 F002 D 

K 3 K THAR,2 N 86-05-20.122 2.5 3660 F003 D 

K 4 K THAR,2 N 86-05-20.125 2.5 4320 F004 D 

K 5 K THAR,3 N 86-05-20.126 2.5 4920 F005 D 

K 6 MOON I 1 M 2 2 1.26 86-05-20.208 240.0 3890 N9 1.1 F006 E 

K 7 MOON I 0 M 2 2 1.27 86-05-20.213 240.0 5020 N9 1.1 F007 E 

K 8 MMS2.0 M 2 2 1.28 86-05-20.219 360.0 7230 G 1.1 F008 E 

K 9 H MMS2.1 M 2 2 1.30 86-05-20.226 360.0 6910 G 1.1 F009 E 

K 10 SW02.1 M 2H2 1. 85 86-05-20.259 1200.0 2370 G -4.0 F011 E 

Kll SW03.0 M 2H1 1.72 86-05-20.282 1200.0 2580 G -4.0 F013 E 

K 12 MMS2.0 M 2 1 1. 74 86-05-20.296 360.0 5430 G 1.3 F014 E 

K 13 MMS2.1 M 2 1 1. 81 86-05-20.302 360.0 8060 G 1.3 F015 E 

K 14 MOON I 1 M 2 1 1. 90 86-05-20.308 300.0 5780 N8 1.3 F017 E 

K 15 MOON I 0 M 2 1 2.03 86-05-20.317 300.0 3410 N8 1.3 F018 E 

K 16 SE55.0 M2I1 1. 68 86-05-20.366 1200.0 2300 G -3.7 F020 E 

K 17 SE57.1 M 2I2 1. 77 86-05-20.388 1200.0 2090 G -3.7 F023 E 

K 18 SE72.1 M 2F2 1. 93 86-05-20.410 1200.0 1930 G -3.6 F025 E 

K 19 SE70.0 * 2G2 2.12 86-05-20.427 1200.0 2020 G -3.6 F027 E 

K 20 SE34.0 * 2G2 2.44 86-05-20.447 1200.0 2390 G -3.5 F029 E 

K 21 SWE9.1 A 2 3 2.79 86-05-20.461 600.0 890 G -3.5 F031 E 

K 22 H SWG5.0 A 2 3 3.11 86-05-20.471 600.0 930 G -3.5 F032 E 

K 23 THAR,2 C 86-05-20.505 1.0 4480 F034 D 

K 24 THAR,3 C 86-05-20.506 1.0 6520 F035 D 

K 25 DOME,S C 86-05-20.515 120.0 87B0 F037 D 

K 26 DOME,S D 86-05-20.521 120.0 8680 F038 D 

K 27 DOME, 4 D 86-05-20.523 120.0 8710 F039 D 

K 28 DOME, 4 D 86-05-20.526 120.0 8860 F040 D 

K 29 B MMS2.0 A 1 3 1. 38 86-05-21.159 480.0 8600 G 0.7 F044 E 

K 30 B MMS2.1 M 1 3 1. 37 86-05-21.166 480.0 12250 G 0.8 F045 E 

K 31 B DOME,S M 86-05-21.177 60.0 3760 F046 D 

K 32 B DOME,S M 86-05-21.179 120.0 7570 F047 D 

K 33 B DOME,S M 86-05-21.181 120.0 7560 F048 D 

K 34 B DOME,S M 86-05-21.184 180.0 11280 F049 D 

K 35 K THAR,3 M 86-05-21.188 2.5 5630 F050 D 

K 36 THAR,3 M 86-05-21.190 1.0 6080 F051 D 

K 37 SE14.1 - M 1J3 1. 83 86-05-21.258 900.0 1350 G -3.5 FOSS E 

K 38 SWG1.1 - M 1 3 1. 76 86-05-21.271 900.0 1130 G -3.5 F057 E 

K 39 SW01.1 - M 1J2 1. 69 86-05-21.285 1200.0 2110 G -3.4 F059 E 

K 40 SEF3.1 - M 1 2 1. 65 86-05-21.301 900.0 1170 G -3.4 F061 E 

K 41 SE05.1 - M 1G2 1. 62 86-05-21.323 1200.0 1940 G -3.3 F064 E 

K 42 SWGO.1 - M 2 2 1. 62 86-05-21.337 900.0 760 G -3.3 F066 E 

K 43 SE04.1 - M 2F1 1. 65 86-05-21.354 1200.0 1330 G -3.2 F068 E 

K 44 SWF2.1 - M 3 1 1. 70 86-05-21.370 900.0 780 G -3.2 F070 E 

-------------------------------~------.. -.. -...... --...... _ ...... - . __ ............ -_ .... -_ .. 
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High Resolution Spectroscopy, North-South Slit 1986-05-21 1986-06-19 

FITS P Name FAir, -mass UT (roidexp) ExpT counts Tr Redsh FR8& c 

K 45 THAR,3 M 86-05-21.376 1.0 6550 F071 D 

K 46 K THAR r 3 M 86-05-21.378 2.5 5670 F072 D 

K 47 DOME,S M 86-05-21.381 120.0 6800 F074 D 

K 48 DOME,S M 86-05-21.384 120.0 6730 F075 D 

K 49 DOME, 4 M 86-05-21.386 120.0 6830 F076 D 

K 50 DOME, 4 M 86-05-21.388 120.0 6860 F077 D 

K 51 K THAR,2 M 86-05-21.393 2.5 3950 F079 D 

K 52 THAR,2 M 86-05-21.394 1.0 4120 F080 D 

K 53 SWF2.0 M 3 1 1. 90 86-05-21.403 900.0 1130 G -3.1 F081 E 

K 54 SE04.0 M 3H1 2.06 86-05-21.419 1200.0 2130 G -3.1 F083 E 

K 55 SEH4.0 M 3 1 2.31 86-05-21.437 900.0 1210 G -3.0 F085 E 

K 56 SW10.0 A 3H2 2.63 86-05-21.452 1200.0 1870 G -3.0 F087 E 

K 57 SWF1.0 A 3 2 3.06 86-05-21.467 900.0 900 G -3.0 F089 E 

K 58 SE10.0 N 3J2 3.59 86-05-21.479 600.0 810 G -2.9 F091 E 

K 59 SEI4.0 N 3 2 4.04 86-05-21.486 300.0 260 G -2.9 F093 E 

K 60 THAR,2 N 86-05-21.494 1.0 3960 F095 D 

K 61 K THAR,2 C 86-05-21.496 2.5 3430 F096 D 

K 62 DOME, 4 C 86-05-21.501 60.0 4080 F098 D 

K 63 DOME, 4 C 86-05-21.505 120.0 8280 F099 D 

K 64 DOME, 4 C 86-05-21.507 120.0 8310 F100 D 

K 65 DOME, 4 C 86-05-21.509 180.0 12390 F101 D 

K 66 DOME,S M 86-06-19.205 100.0 8300 I080 D 

K 67 DOME,S M 86-06-19.207 100.0 8260 I081 D 

K 68 MMS2.1 M 1 3 1. 64 86-06-19.215 20.0 350 T 0.8 I084 E 

K 69 MMS2.1 M 1 3 1. 65 86-06-19.219 360.0 6080 G 0.8 I085 E 

K 70 THAR,3 M 86-06-19.223 1.0 3410 I086 D 

K71 SEG2.1 M 1 3 1. 61 86-06-19.237 900.0 1280 G 11. 3 I088 E 

K72 SE65.1 M 1H3 1. 61 86-06-19.249 900.0 1310 G 11.3 I089 E 

K 73 U SE11.1 M 1G3 1. 63 86-06-19.262 900.0 1650 G 11. 4 I091 E 

K 74 U SE84.1 M 1H3 1. 65 86-06-19.274 900.0 1180 G 11.4 I092 E 

K 75 U SWF2.1 - M 1 2 1.72 86-06-19.292 900.0 1210 G 11.4 I095 E 

K 76 U SE27.1 - M 1F2 1. 80 86-06-19.306 900.0 1600 G 11.5 I096 E 

K 77 U SEA7.1 - M 1H2 1. 89 86-06-19.318 900.0 1100 G 1l.5 I098 E 

K 78 U SE44.1 - M 1H2 2.00 86-06-19.330 900.0 1490 G 1l.5 I099 E 

K 79 U SEG7.1 - M 1 2 2.15 86-06-19.343 900.0 1240 G 11. 6 Il01 E 

K 80 U SW08.1 - M 1G2 2.35 86-06-19.355 900.0 1630 G 11.6 Il03 E 

K 81 U SW72.1 - M 1H2 2.60 86-06-19.367 900.0 1240 G 11. 6 Il04 E 

K 82 U SWG6.1 - M 1 2 2.95 86-06-19.379 900.0 1230 G 11.7 Il05 E 

K 83 U THAS,3 M 86-06-19.386 1.0 5890 IlO? D 

K 84 V URW2.1 = M 1 2 2.82 86-06-19.405 2400.0 250 G 4.7 Il08 E 

K 85 V THAU,3 * 86-06-19.422 1.0 2930 Il10 D 

K 86 V DOME,S * 86-06-19.431 100.0 8500 Il12 D 

K 87 V DOME,S * 86-06-19.433 90.0 7400 Il14 D 

K 88 V DOME, 5 * 86-06-19.435 90.0 7380 Il15 D 

.--------------------~--------~.-... -----.- ..... -.-. . ... . --- .. -........ _-_._ .. __ . 
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High Resolution Spectroscopy, North-South Slit 1986-06-21 1987-05-14 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

K 89 THAR,2 M 86-06-21.309 1.0 4940 1326 0 
K 90 H SEH8.0 M 1 2 1. 97 86-06-21.321 900.0 1300 G 12.5 1328 E 
K 91 SE18.0 M 1F2 2.11 86-06-21.334 900.0 1680 G 12.5 1330 E 
K 92 SE89.0 M 1G2 2.30 86-06-21.346 900.0 1060 G 12.5 1332 E 
K 93 SWG4.0 M 1 2 2.55 86-06-21.359 900.0 1190 G 12.6 1334 E 
K 94 SE77.0 M 1G2 2.89 86-06-21.372 960.0 1160 G 12.6 1336 E 
K 95 H SE36.0 M 1H2 3.39 86-06-21.385 900.0 1540 G 12.6 1338 E 
K 96 SEH8.0 M 1 2 4.15 86-06-21.398 900.0 1090 G 12.6 1340 E 
K 97 THAS,2 M 86-06-21.403 1.0 4480 1341 0 
K 98 MMS2.0 M 1 2 4.03 86-06-21. 408 300.0 6920 G 0.5 1343 E 
K 99 URW4.0 M 1 2 3.84 86-06-21.426 1800.0 120 G 5.7 1345 E 
K100 DOME, 4 0 86-06-21.623 120.0 7710 1349 0 
K101 DOME, 4 0 86-06-21.626 120.0 7630 1350 0 

K102 THAR,9 M 87-05-13.377 20.0 15180 H030 0 

K103 3 SEH4.9 M 3 2 1. 69 87-05-13.382 600.0 1640 G -13.3 H031 E 
K104 3 SW02.9 M 312 1. 70 87-05-13.394 1200.0 3130 G -13.3 H032 E 
K105 4 SW76.9 - M 312 1.72 87-05-13.411 1200.0 2190 G -13.2 H034 E 
K106 4 SEG1.9 - M 3 2 1. 76 87-05-13.425 600.0 1090 G -13.2 H035 E 
K107 4 MOON I 9 - M 3 2 3.51 87-05-13.441 300.0 7680 N9 0.6 H037 E 
K108 4 MOON I 9 - M 3 2 3.77 87-05-13.446 240.0 4870 N9 0.6 H038 E 
K109 3 SE76.9 A 4G2 1. 96 87-05-13.459 1200.0 1400 G -13.1 H040 E 
K110 3 SE03.9 N 413 2.27 87-05-13.486 1200.0 2260 G -13.1 H042 E 
K111 3 SAWG.9 C 4 3 2.49 87-05-13.499 600.0 1210 G -13.0 H044 E 
K112 THAR,9 C 87-05-13.506 20.0 15220 H045 0 

K113 DOME, 9 C 87-05-13.518 600.0 1090 H047 0 

K114 DOME, 7 0 87-05-13.529 240.0 7890 H048 0 

K115 DOME, 7 0 87-05-13.534 300.0 9890 H049 0 

K116 THAR,8 M 87-05-14.433 4.0 6970 H052 0 

K117 SEG9.8 - M 3 2 1. 84 87-05-14.439 600.0 970 G -12.7 H053 E 
K118 SW07.8 - A 2G2 1. 96 87-05-14.456 1200.0 3770 G -12.7 H055 E 
K119 MOON I 8 - A 2 2 3.53 87-05-14.467 210.0 7540 N2 0.4 H056 E 
K120 MOON I 8 - A 2 2 3.70 87-05-14.471 210.0 7740 N2 0.4 H057 E 
K121 SW61.8 - N 2H2 2.27 87-05-14.483 1200.0 3020 G -12.6 H059 E 
K122 SE77.8 - C 212 2.53 87-05-14.498 1200.0 2760 G -12.6 H060 E 
K123 SWF6.8 - C 2 2 2.85 87-05-14.511 600.0 1590 G -12.5 H062 E 
K124 THAR,8 C 87-05-14.517 4.0 4030 H063 0 

K125 OSUN;8 - 0 2 87-05-14.527 30.0 530 0.0 H065 E 
K126 OSUN;8 - 0 2 87-05-14.530 300.0 10490 0.0 H066 E 
K127 U SKYL;8 - D 2 87-05-14.542 360.0 4550 0.0 H067 E 
K128 U DOME, 8 0 87-05-14.552 600.0 1060 H069 0 

K129 U DOME, 6 0 87-05-14.560 240.0 7850 H070 0 

K130 U DOME, 6 0 87-05-14.565 300.0 9780 H071 0 

-----------------------~.---~ .. -.. -.... - .. - .. -........ . 
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High Resolution Spectroscopy, North-South Slit 1987-05-15 1988-05-24 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

K131 U DOME,S M 87-05-15.241 150.0 8GOO H074 D 

K132 U DOME,S M 87-05-15.244 180.0 10250 H07S D 

K133 U DOME,l M 87-05-15.250 GOO.O 1190 H07G D 

K134 U THAR,l M 87-05-15.255 120.0 16360 H077 D 

K13S SWFO.1 - M 3 4 2.53 87-05-15.266 600.0 510 G -12.7 H079 E 

K136 SE02.1 - M 3G4 2.31 87-05-15.278 1200.0 1650 G -12.7 H080 E 

K137 SEG1.1 - M 3 3 2.13 87-05-15.291 600.0 600 G -12.6 H082 E 

K138 SW82.1 - M 4H3 2.01 87-05-15.303 1200.0 590 G -12.6 H083 E 

K139 THAR,l M 87-05-15.324 120.0 16360 H085 D 

K140 THAR,O M 87-05-1G.400 3.0 16360 H183 D 

K141 SWF9.0 = M 1 2 1.74 87-05-16.410 600.0 680 G -11. 9 H184 E 

K142 SE11.0 = M 1 2 1. 79 87-05-16.422 1200.0 1910 G -11.8 H185 E 

K143 SW64.0 = M 1 2 1. 87 87-05-16.438 1200.0 1520 G -11.8 H187 E 

K144 SEI3.0 = M 1 2 1. 97 87-05-1G.451 600.0 630 G -11.7 H188 E 

K14S SW32.0 = A 1 2 2.08 87-05-16.463 1200.0 1780 G -11.7 H190 E 

K146 SWG1.0 = A 1 2 2.24 87-05-16.475 600.0 660 G -11.7 H191 E 

K147 SW66.0 = N 1 2 2.43 87-05-16.487 1200.0 1470 G -11. 7 H193 E 

K148 SEG9.0 = C 1 2 2.68 87-05-16.499 600.0 690 G -11. 6 H194 E 

K149 SW14.0 = C 1 2 3.07 87-05-16.512 1200.0 2300 G -11. 6 H196 E 

K150 SAWG.O = D 1 2 3.57 87-05-16.524 600.0 2310 T -11. 6 H197 E 

K151 THAR,O D 87-05-16.534 3.0 16360 H199 D 

K152 U DSUN;O = D 1 87-05-16.539 60.0 4610 0.0 H200 E 

K153 U DSUN;O = D 1 87-05-16.541 100.0 8040 0.0 H201 E 

K154 U SKYL;O = D 1 87-05-16.545 300.0 1520 0.0 H202 E 

K155 U DOME, 0 D 87-05-16.554 600.0 1220 H203 D 

K156 U DOME,4 D 87-·05-16.560 120.0 7440 H204 D 

K157 U DOME, 4 D 87-05-16.562 150.0 9290 H205 D 

K1S8 DOME, 7 M 88-05-24.254 180.0 6850 G391 D 

K1S9 DOME, 7 M 88-05-24.259 240.0 9100 G392 D 

K160 DOME, 9 M 88-05-24.265 480.0 950 G393 D 

K161 THAS,9 M 88-05-24.289 4.0 5290 G396 D 

K162 SEH1.9 M 2 4 2.21 88-05-24.297 900.0 1850 G -13.7 G397 E 

K163 SE08.9 M 2J4 2.05 88-0S-2~.311 1200.0 3790 G -13.6 G398 E 

K164 SE82.9 M2I4 1. 91 88-05-24.328 1200.0 2290 G -13.6 G400 E 

K1GS SW68.9 M 213 1. 83 88-05-24.343 1200.0 3080 G -13.6 G401 E 

K166 SWF3.9 * 2 3 1. 78 88-05-24.357 900.0 1800 G -13.5 G403 E 

K167 SW30.9 * 2J3 1. 74 88-05-24.372 1200.0 3800 G -13.5 G404 E 

K168 SE47.9 = * 2 3 1. 73 88-05-24.389 1200.0 3720 G -13.4 G406 E 

K169 SW90.9 - * 213 1. 74 88-05-24.404 1200.0 2280 G -13.4 G407 E 

K170 U SW22.9 * 2 3 1. 79 88-05-24.424 1200.0 3850 G -13.3 G409 E 

Kl71 SE64.9 - A 2J3 1. 91 88-05-24.448 1200.0 2690 G -13.3 G410 E 

Kl72 SEH3.9 A 3 4 2.02 88-05-24.462 900.0 1330 G -13.2 G412 E 
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High Resolution Spectroscopy, North-South Slit 1988-05-24 1988-06-17 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

K173 THAS,9 A 88-05-24.468 4.0 4850 G413 D 
K174 DOME, 9 N 88-05-24.489 480.0 750 G416 D 
K175 DOME, 7 C 88-05-24.495 240.0 7180 G417 D 
K176 DOME, 7 C 88-05-24.499 300.0 8950 G418 D 

K177 DOME,S M 88-05-25.293 180.0 9060 G421 D 
K178 DOME,S M 88-05-25.296 180.0 8980 G422 D 
K179 DOME, 1 M 88-05-25.302 600.0 1140 G423 D 
K180 THAS,3 M 88-05-25.326 0.1 5580 G426 D 
K181 SEG5.1 M 3 3 1.87 88-05-25.332 600.0 850 G -13.1 G427 E 
K182 SE02.1 M 5F3 1. 81 88-05-25.344 1200.0 520 G -13.1 G428 E 
K183 SWF7.1 * 4 3 1.77 88-05-25.414 600.0 480 G -12.9 G431 E 
K184 SE02.1 * 3F3 1. 81 88-05-25.426 1200.0 1660 G -12.9 G432 E 
K185 H SEG7.1 * 3 3 1.87 88-05-25.439 750.0 1030 G -12.8 G434 E 
K186 H SE10.1 = A 4 3 1. 99 88-05-25.456 1200.0 1170 G -12.8 G436 E 
K187 U SWF8.1 - A 4 3 2.12 88-05-25.469 600.0 670 G -12.8 G437 E 

K188 DOME, 4 M 88-06-17.197 240.0 9230 1002 D 
K189 DOME, 4 M 88-06-17.201 240.0 9140 I003 D 
K190 DOME, 0 * 88-06-17.207 600.0 950 I004 D 
K191 THAS,2 * 88-06-17.227 0.1 3230 I006 D 
K192 SEF5.0 * 2 3 2.13 88-06-17.233 600.0 1100 G -1. 9 I008 E 
K193 SEOO.O * 2E3 2.01 88-06-17.245 1200.0 2690 G -1. 8 I009 E 
K194 SWG5.0 * 2 3 1. 92 88-06-17.257 600.0 1120 G -1. 8 lOll E 
K195 SW77.0 * 2E3 1. 84 88-06-17.270 1200.0 2090 G -1. 8 I012 E 
K196 SEG7.0 * 2 3 1. 76 88-06-17.292 600.0 1160 G -1. 7 I015 E 
K197 SW39.0 * 2E3 1. 74 88-06-17.304 1200.0 2580 G -1. 7 I016 E 
K198 SW55.0 * 2E3 1. 73 88-06-17.320 1200.0 2390 G -1. 6 I018 E 
K199 SWG1.0 * 2 3 1. 74 88-06-17.333 600.0 1160 G -1. 6 I019 E 
K200 SW38.0 * 2E3 1. 77 88-06-17.345 1200.0 2620 G -1.6 I021 E 
K201 SEG2.0 * 2 3 1. 81 88-06-17.358 600.0 1100 G -1.5 I022 E 
K202 SW93.0 * 114 1. 88 88-06-17.372 1200.0 1800 G -1. 5 I024 E 
K203 SWF7.0 * 1 4 1. 96 88-06-17.384 600.0 1030 G -1.5 I025 E 
K204 H SE18.0 * 1H4 2.08 88-06-17.398 1200.0 2790 G -1. 4 I027 E 
K205 SEG3.0 * 1 4 2.28 88-06-17.414 600.0 1050 G -1. 4 I028 E 
K206 THAS,2 * 88-06-17.419 0.2 6650 I030 D 
K207 H DOME, 0 A 88-06-17.454 600.0 1140 I032 D 
K208 DOME, 4 A 88-06-17.464 240.0 8730 I034 D 
K209 DOME, 4 N 88-06-17.468 240.0 8740 I035 D 
K210 DOME, 4 N 88-06-17.472 120.0 4370 I036 D 

---.-------------------~---,---~ .• -.. ~- ... ---.-.................................... _ ••.... _ ... 
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High Resolution Spectroscopy, North-South Slit 1988-06-19 1988-06-20 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

K211 B THAS,8 '* 88-06-19.357 3.0 8700 I039 D 
K212 B SEG9.8 ... '* 2 3 1.85 88-06-19.362 600.0 2010 G -0.5 I040 E 
K213 SW04.8 = '* 2 3 1.93 88-06-19.374 1200.0 4500 G -0.4 I041 E 
K214 SE72.8 = '* 3 3 2.06 88-06-19.390 1200.0 3130 G -0.4 I043 E 
K215 SW79.8 ... '* 2 3 2.25 88-06-19.406 1200.0 3320 G -0.4 I045 E 
K216 SWG2.8 ... '* 2 3 2.42 88-06-19.417 600.0 1890 G -0.3 I046 E 
K217 THAS,8 '* 88-06-19.422 2.0 3970 I048 D 
K218 U SW44.8 ... '* 2 3 2.69 88-06-19.430 1200.0 3860 G -0.3 I049 E 
K219 U SE34.8 ... A 2 3 3.13 88-06-19.445 1200.0 3860 G -0.3 I051 E 
K220 U SEF9.8 = A 2 3 3.60 88-06-19.456 600.0 1470 G -0.3 I052 E 
K221 U THAS,8 A 88-06-19.463 2.0 2760 I054 D 
K222 DOME, 8 N 88-06-19.486 600.0 1280 I056 D 
K223 DOME, 6 C 88-06-19.491 120.0 4330 I057 D 
K224 DOME, 6 C 88-06-19.494 240.0 8760 I058 D 
K225 DOME, 6 C 88-06-19.498 240.0 8750 I059 D 
K226 DOME, 6 C 88-06-19.502 240.0 8730 I060 D 

K227 B THAS,3 '* 88-06-20.292 0.1 2190 I063 D 
K228 B SEI2.1 = * 3 3 1. 74 88-06-20.297 600.0 1030 G -0.1 I064 E 
K229 SE14.1 '" '* 3, 3 1. 73 88-06-20.309 1200.0 1460 G -0.1 I065 E 
K230 SW61.1 = '* 4 3 1. 75 88-06-20.330 1200.0 880 G 0.0 I067 E 
K231 SWF5.1 = '* 4 3 1. 79 88-06-20.345 900.0 780 G 0.0 I069 E 
K232 H SE72.1 = '* 4 3 1. 88 88-06-20.363 1200.0 1290 G 0.1 I071 E 
K233 SEI1.1 = '* 5 3 1.95 88-06-20.374 600.0 240 G 0.1 I072 E 
K234 SEH2.1 = .,. 4 3 2.23 88-06-20.402 600.0 980 G 0.2 I074 E 
K235 U SW40.1 = '* 4 3 2.46 88-06-20.416 1200.0 1290 G 0.2 I076 E 
K236 U SWF3.1 = '* 3 4 2.71 88-06-20.428 600.0 930 G 0.2 I077 E 
K237 U THAS,3 '* 88-06-20.433 0.2 3760 I079 D 
K238 U DOME, 1 A 88-06-20.444 600.0 1630 I080 D 
K239 DOME,S A 88-06-20.449 120.0 8720 I081 D 
K240 DOME,S A 88-06-20.452 120.0 8730 I082 D 
K241 DOME,S A 88-06-20.454 120.0 8780 I083 D 
K242 DOME,S A 88-06-20.456 90.0 6600 I084 D 

-------"-, .. ,---_._, ... ,, ... , ....... , ... - ... -- ........ - ...... -_. 
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Low Resolution Spectros~opy Frames 1987-05-:12 1987-05-15 

FITS P Name FAir, -mass UT (rnidexp) ExpT Counts Tr Redsh FR8& C 

P 1 THAR,P M 87-05-12.377 0.2 11720 H002 E 

P 2 U SAEGI~ = M 3 2 1. 70 87-05-12.383 80.0 3980 S4 -.01 H003 E 

P 3 U SEI8.P = M 3 2 1. 69 87-05-12.387 40.0 7110 T -.01 H004 E 

P 4 U SEC7.P = M 3 2 1.69 87-05-12.391 30.0 4850 T -.01 H006 E 

P 5 U SEE3.P = M 3 2 1. 70 87-05-12.394 30.0 4970 T -.01 H007 E 

P 6 U SEDO.P = M 3 2 1.70 87-05-12.395 30.0 4980 T .00 H008 E 

P 7 U SEB2.P = M 3 2 1. 70 87-05-12.403 30.0 4840 T .00 H009 E 

P 8 U SE84.P = M 3 2 1.71 87-05-12.405 30.0 6150 T .00 HOI0 E 

P 9 U SE49.P = M 3 2 1.71 87-05-12.406 30.0 7080 T .00 HOll E 

P 10 U SE20.P = M 3 2 1.71 87-05-12.408 30.0 7370 T .00 H013 E 

P 11 U SW03.P = M 3 2 1. 73 87-05-12.416 30.0 7260 T .01 H015 E 

P 12 U SW35.P = M 3 2 1. 73 87-05-12.417 30.0 6870 T .01 H016 E 

P 13 U SW54.P = M 3 2 1. 73 87-05-12.418 30.0 5890 T .01 H017 E 

P 14 V SWA9.P = M 3 2 1. 74 87-05-12.420 30.0 4320 T .01 H019 E 

P 15 THAR,P M 87-05-12.447 0.2 11860 H022 E 

P 16 DOME,P A 87-05-12.460 50.0 10830 H024 E 

P 17 DOME,P A 87-05-12.464 40.0 8630 H025 E 

P 18 Q DOME,P A 87-05-12.467 0.5 8020 H026 E 

P 19 Q DOME,P A 87-05-12.468 0.5 8050 H027 E 

P 20 THAR,P A 87-05-15.466 0.2 12200 H088 E 

P 21 SAEG.P A 1 3 2.10 87-05-15.467 30.0 6030 T .06 H089 E 

P 22 SEA9.P A lE3 2.13 87-05-15.470 30.0 5170 T .06 H090 E 

P 23 SE90.P A 1E3 2.14 87-05-15.471 30.0 5270 T .06 H091 E 

P 24 SEOO.P A lE3 2.20 87-05-15.475 30.0 8160 T .06 H095 E 

P 25 SW28.P N 1E3 2.21 87-05-15.476 30.0 7790 T .06 H096 E 

P 26 SW41.P N 1F3 2.22 87-05-15.477 30.0 7350 T .06 H097 E 

P 27 SW53.P N 1E3 2.22 87-05-15.477 30.0 6900 T .06 H098 E 

P 28 SW94.P N 1E3 2.24 87-05-15.478 30.0 5250 T .07 H099 E 

P 29 SWB6.P N 1 3 2.25 87-05-15.479 30.0 5360 T .07 H100 E 

P 30 SWGO.P N 1 3 2.26 87-05-15.480 30.0 5930 T .07 H101 E 

P 31 DOME,P N 87-05-15.482 30.0 5240 H102 E 

P 32 DOME,P N 87-05-15.483 50.0 8780 H103 E 

P 33 DOME,P C 87-05-15.497 60.0 8670 H105 E 

P 34 THAR,P C 87-05-15.498 0.2 12080 H106 E 

P 35 SEI5.P = C 2 2 2.79 87-05-15.506 20.0 4300 T .10 H107 E 

P 36 SE92.P = C 2 2 2.82 87-05-15.507 20.0 3790 T .10 H108 E 

P 37 SE54.P = C 2 2 2.85 87-05-15.508 20.0 5450 T .10 H109 E 

P 38 SE25.P = C 2 2 2.88 87-05-15.509 20.0 5930 T .11 Hll0 E 

P 39 SW13.P = C 2 2 2.88 87-05-15.509 20.0 5980 T .11 Hll1 E 

P 40 SW86.P = C 2 2 2.94 87-05-15.511 20.0 4410 T .11 H113 E 

P 41 SWF6.P = C 2 2 2.94 87-05-15.511 20.0 5070 T .11 H114 E 

P 42 THAR,P D 87-05-15.518 0.2 11960 H116 E 

P 43 VEGA.P D 2 2 1.12 87-05-15.526 0.2 2180 T H117 E 

P 44 SKYViP D 2 87-05-15.529 10.0 3870 H118 E 

P 45 SKYViP D 2 87-05-15.531 20.0 8790 H119 E 

----------------------------~ .. -.. -... _ ... -............ . 



193 

Low Resolution Spectroscopy Frames 1987-06-08 1988-05-22 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

P 46 L THAR,P * 87-06-08.422 0.3 16250 1448 E 

P 47 L SAEG.P * 2 4 2.60 87-06-08.428 20.0 6430 T .10 1449 E 

P 48 L SECO.P * 2 4 2.62 87-06-08.429 20.0 5440 T .10 1450 E 

P 49 L SE94.P * 2G4 2.64 87-06-08.430 20.0 5480 T .10 1451 E 

P 50 L SE58.P * 2G4 2.67 87-06-08.431 20.0 6290 T .10 1452 E 

P 51 L SE35.P * 214 2.69 87-06-08.432 20.0 6810 T .10 1453 E 

P 52 L SW04.P * 2G4 2.72 87-06-08.433 20.0 7030 T .10 1454 E 

P 53 L SW16.P * 2G4 2.75 87-06-08.434 20.0 6900 T .10 I455 E 

P 54 L SW62.P * 214 2.77 87-06-08.435 20.0 5350 T .10 1456 E 

P 55 L SN83.P * 2J4 2.80 87-06-08.436 20.0 4640 T .11 r457 E 

P 56 L SW98.P * 2J4 2.80 87-06-08.436 20.0 4760 T .11 1458 E 

P 57 L SWG3.P * 2 4 2.85 87-06-08.438 20.0 5930 T .11 1459 E 

P 58 L THAR,P * 87-06-08.440 0.3 16190 1461 E 

P 59 L OOME,P A 87-06-08.442 20.0 4320 1462 E 

P 60 L OOME,P A 87-06-08.443 30.0 6520 1463 E 

P 61 L OOME,P A 87-06-08.445 40.0 8710 1464 E 

P 62 Q OOME,P M 88-05-22.300 0.8 8360 G158 E 

P 63 Q OOME,P M 88-05-22.301 0.8 8250 G159 E 

P 64 R DOME,P M 88-05-22.306 20.0 8500 G160 E 

P 65 R OOME,P M 88-05-22.307 20.0 8610 G161 E 

P 66 OOME,P M 88-05-22.309 30.0 6860 G162 E 

P 67 OOME,P M 88-05-22.311 40.0 9170 G163 E 

P 68 THAS,P * 88-05-22.320 0.1 10200 G165 E 

P 69 SW06.P * 1C2 1. 92 88-05-22.333 15.0 7930 T -.05 G167 E 

P 70 SEE3.P * 1 2 1. 91 88-05-22.334 15.0 5830 T -.05 G168 E 

P71 SE98.P * 102 1. 91 88-05-22.335 15.0 5000 T -.05 G169 E 

p72 SE82.P * 102 1. 90 88-05-22.336 15.0 5290 T -.05 G170 E 

P 73 SE46.P * 102 1. 89 88-05-22.337 15.0 7250 T -.05 G171 E 

P 74 SE40.P * 102 1. 89 88-05-22.338 15.0 7480 T -.05 Gl72 E 

P 75 SE21. P * 102 1. 89 88-05-22.338 15.0 7830 T -.05 G173 E 

P 76 SW01.P * 102 1. 85 88-05-22.344 15.0 7950 T -.04 G174 E 

P77 SW17.P * 1E2 1. 85 88-05-22.344 15.0 7740 T -.04 G175 E 

P 78 SW34.P * 102 1. 85 88-05-22.345 15.0 7420 T -.04 G176 E 

P 79 SW55.P * 1E2 1. 84 88-05-22.346 15.0 6750 T -.04 G177 E 

P 80 SW82.P * 1F2 1. 84 88-05-22.346 15.0 4970 T -.04 G178 E 

P 81 SW94.P * 1F2 1. 84 88-05-22.347 15.0 4860 T -.04 G179 E 

P 82 SWA9.P * 102 1. 82 88-05-22.350 15.0 5230 T -.04 G180 E 

P 83 SWG5.P * 1 2 1. 82 88-05-22.351 15.0 5850 T -.04 G181 E 

P 84 SE06.P * 1C2 1. 81 88-05-22.353 15.0 7990 T -.04 G182 E 

P 85 THAS,P * 88-05-22.356 0.1 10040 G184 E 

P 86 THAS,P * 88-05-22.371 0.1 9980 G185 E 

P 87 SEG7.P * 1 2 1. 75 88-05-22.375 15.0 5910 T -.02 G187 E 

P 88 SEC2.P * 1 2 1. 74 88-05-22.376 15.0 5220 T -.02 G188 E 

..---.'-. _ .. _-... -.. _ .... "--_ .......... '-", .,.- .~- ... - ... --.--... ~ .. . 
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Low Resolution Spectroscopy Frames 1988-05-22 1988-06-03 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

P 89 SE97.P * 1D2 1. 74 88-05-22.377 15.0 5070 T -.02 G189 E 

P 90 SE84.P * 1F2 1. 74 88-05-22.378 15.0 5180 T -.02 GI90 E 

P 91 SE60.P * 1F2 1. 74 88-05-22.378 15.0 6770 T -.02 G191 E 

P 92 SE47.P * 1E2 1. 74 88-05-22.379 15.0 7380 T -.02 G192 E 

P 93 SE29.P * 1D2 1. 74 88-05-22.380 15.0 7740 T -.02 G193 E 

P 94 SE06.P * 1D2 1. 74 88-05-22.380 15.0 7870 T -.02 G194 E 

P 95 SW18.P * 1D2 1. 74 88-05-22.381 15.0 7700 T -.02 Gl95 E 

P 96 sw28.P * 1F2 1. 74 88-05-22.382 15.0 7400 T -.02 G196 E 

P 97 SW49.P * 1D2 1. 73 88-05-22.383 15.0 6890 T -.02 G197 E 

P 98 SW71.P * 1E2 1. 73 88-05-22.384 15.0 5510 T -.02 G198 E 

P 99 SW89.P * 1F2 1. 73 88-05-22.384 15.0 4890 T -.02 Gl99 E 

P100 SWB9.P * 1 2 1. 73 88-05-22.385 15.0 4890 T -.02 G200 E 

P101 SWG4.P * 1 2 1. 73 88-05-22.386 15.0 5720 T -.02 G20l E 

P102 THAS,P * 88-05-22.402 0.1 9910 G203 E 

P103 THAS,P * 88-05-22.420 0.1 9270 G204 E 

P104 SEH4.P * 1 3 1.77 88-05-22.425 15.0 5700 T .01 G206 E 

P105 SEB4.P * 1 3 1.77 88-05-22.425 15.0 4550 T .01 G207 E 

Pl06 SE82.P * 1I3 1. 78 88-05-22.426 15.0 5260 T .01 G208 E 

P107 SE71. P * 1F3 1.78 88-05-22.427 15.0 6230 T .01 G209 E 

P108 SE46.P * 1G3 1. 78 88-05-22.427 15.0 7250 T .01 G210 E 

P109 SE38.P * 1F3 1. 78 88-05-22.428 15.0 7470 T .01 G211 E 

P110 SE20.P * 1H3 1. 79 88-05-22.429 15.0 7600 T .01 G2l2 E 

P111 SW23.P * 1H3 1. 79 88-05-22.429 15.0 7490 T .01 G213 E 

P112 Sw26.P * 1F3 1. 79 88-05-22.430 15.0 7420 T .01 G214 E 

P113 SW43.P * 1G3 1. 79 88-05-22.431 15.0 6820 T .02 G215 E 

P114 SW71.P * 1I3 1. 79 88-05-22.431 15.0 5150 T .02 G216 E 

P115 SW82.P * 1G3 1. 80 88-05-22.432 15.0 4690 T .02 G217 E 

P116 SW96.P * 1H3 1. 80 88-05-22.433 15.0 4500 T .02 G218 E 

P117 SWF7.P * 1 3 1. 81 88-05-22.434 15.0 5280 T .02 G2l9 E 

P118 THAS,P * 88-05-22.434 0.1 9820 G220 E 

P119 URAC.P A 1 3 2.02 88-05-22.455 60.0 2980 T G222 E 

P120 F DOME,P N 88-05-22.478 600.0 6980 G224 E 

P121 DOME,P N 88-05-22.483 20.0 5410 G225 E 

P122 DOME,P N 88-05-22.486 40.0 10800 G226 E 

P123 DOME,P N 88-05-22.487 40.0 10880 G227 E 

P124 Q DOME,P N 88-05-22.489 0.7 8910 G228 E 

P125 Q DOME,P N 88-05-22.490 0.7 8900 G229 E 

P126 Q DOME,P C 88-06-03.111 1.0 8450 H002 E 

P127 Q DOME,P C 88-06-03.112 1.0 8430 H003 E 

P128 Q DOME,P C 88-06-03.113 1.0 8410 H004 E 

P129 R DOME,P C 88-06-03.114 30.0 9610 H005 E 

P130 R DOME,P C 88-06-03.115 30.0 9510 H006 E 

P131 Q SKYLiP C 4 88-06-03.119 40.0 9920 H007 E 

P132 Q SKYLiP C 4 88-06-03.121 50.0 6180 H008 E 

P133 DOME,P N 88-06-03.125 60.0 9680 H009 E 
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Low Resolution Spectroscopy Frames 1988-06-03 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

P134 DOME,P N 88-06-03.126 60.0 9670 H010 E 

P135 DOME,P N 88-06-03.130 60.0 9630 H011 E 

P136 F DOME,P N 88-06-03.134 300.0 1870 H013 E 

P137 F DOME,P N 88-06-03.139 300.0 1920 H014 E 

P138 THAR,P N 88-06-03.141 0.1 7580 H015 E 

P139 16AC.P A 3 2 2.71 88-06-03.165 30.0 2930 T H017 E 

P140 H 16AC.P * 3 2 2.53 88-06-03.173 420.0 16360 0 H019 E 

P141 16BC.P * 3 2 2.43 88-06-03.178 120.0 4660 0 H020 E 

P142 16BC.P * 3 2 2.37 88-06-03.181 120.0 4840 0 H021 E 

P143 16AC.P * 3 2 2.31 88-06-03.184 120.0 5400 0 H022 E 

P144 THAC.P * 88-06-03.186 0.1 6740 H023 E 

P145 16AC.P * 3 2 2.10 88-06-03.197 120.0 5090 0 H025 E 

P146 16AC.P * 3 2 2.06 88-06-03.200 120.0 6620 0 H026 E 

P147 16BC.P * 3 2 2.03 88-06-03.202 120.0 7030 0 H027 E 

P148 16BC.P * 3 2 2.00 88-06-03.204 120.0 5480 0 H028 E 

P149 16BC.P * 3 2 1.97 88-06-03.206 120.0 3630 0 H029 E 

P150 16AC.P * 3 2 1. 95 88-06-03.208 120.0 3390 0 H030 E 

P151 THAC,P * 88-06-03.210 0.1 6740 H031 E 

P152 THAS,P * 88-06-03.216 0.1 6930 H033 E 

P153 SW11.P - M 4 2 3.37 88-06-03.220 60.0 5800 T -.17 H034 E 

P154 SWF9.P - M 4 2 3.28 88-06-03.222 60.0 4110 T -.16 H035 E 

P155 SEF7.P - M 4 2 3.20 88-06-03.224 60.0 3370 T -.16 H036 E 

P156 SW19.P - M 4 2 3.13 88-06-03.226 60.0 5830 T -.15 H037 E 

P157 SW06.P - M 3 2 2.32 88-06-03.260 60.0 6200 T -.09 H040 E 

P158 SWF7.P - M 3 2 2.29 88-06-03.262 60.0 3850 T -.09 H041 E 

P159 SEH1.P - M 3 2 2.28 88-06-03.263 60.0 4170 T -.09 H042 E 

P160 SW14 .P - M 3 2 2.25 88-06-03.265 60.0 6390 T -.09 H043 E 

P161 THAS,P M 88-06-03.267 0.1 6830 H044 E 

P162 SEOO.P - M 3 2 2.12 88-06-03.275 60.0 9510 T -.08 H046 E 

P163 SWH7.P - M 3 2 2.10 88-06-03.277 60.0 7160 T -.07 H047 E 

P164 SEG7.P - M 3 2 2.09 88-06-03.278 60.0 7030 T -.07 H048 E 

P165 SE02.P - M 3 2 2.04 88-06-03.283 50.0 9440 T -.07 H049 E 

P166 SWH4.P - M 3 2 2.03 88-06-03.284 50.0 8240 T -.06 H050 E 

P167 SEH3.P - M 3 2 2.01 88-06-03.286 50.0 8990 T -.06 H051 E 

P168 SW02.P - M 3 2 2.00 88-06-03.287 40.0 11080 T -.06 H052 E 

P169 SW06.P - M 3 2 1. 99 88-06-03.289 30.0 9460 T -.06 H053 E 

P170 THAS,P M 88-06-03.290 0.1 6930 H054 E 

Pl71 THAM,P M 88-06-03.296 0.1 6620 H056 E 

Pl72 MMS2.P M 2 2 3.34 88-06-03.300 5.0 9400 T H057 E 

Pl73 MMS2.P M 2 2 3.30 88-06-03.301 5.0 9710 T H058 E 

P174 MMS2.P M 2 2 3.06 88-06-03.309 5.0 9880 T H059 E 

P175 MMS2.P M 2 2 3.03 88-06-03.310 5.0 10630 T H060 E 

P176 MMS2.P M 2 2 3.00 88-06-03.311 5.0 10000 T H061 E 

Pl77 MMS2.P M 2 2 2.97 88-06-p3.312 5.0 10080 T H062 E 

P178 MMS2.P M 2 2 2.97 88-06-03.312 5.0 10190 T H063 E 

P179 THAM,P M 88-06-03.316 0.1 6540 H064 E 
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Photometry Frames 1987-05-16 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

R 1 U GCRV.S * 1 3 1.63 87-05-16.215 1.0 5340 T H122 C 
R 2 U GCRO.S * 1 3 1.64 87-05-16.218 10.0 390 T H123 C 
R 3 U GCRV.S * 1 3 1.65 87-05-16.220 1.0 5700 T H124 C 
R 4 7 GCRV.S M 1 3 1. 66 87-05-16.222 1.0 4150 T H125 C 
R 5 7 GCRO.S M 1 3 1.67 87-05-16.224 10.0 280 T H126 C 
R 6 7 GCRV.S M 1 3 1.68 87-05-16.225 1.0 3490 T H127 C 
R 7 7 GCRV.S M 1 3 1. 68 87-05-16.226 1.0 3480 T H128 C 
R 8 7 GCRO.S M 1 3 1.69 87-05-16.228 10.0 80 T H129 C 
R 9 7 GCRV.S M 1 3 1. 69 87-05-16.228 1.0 4140 T H130 C 
R 10 7 SACM.S M 1 4 3.51 87-05-16.233 1.0 1490 T H132 C 
R11 7 SACM.S M 1 4 3.40 87-05-16.235 4.0 6120 T H133 C 
R 12 7 SACM.R M 1 3 2.56 87-05-16.262 10.0 6100 T H136 C 
R 13 7 SACM.S M 1 3 2.45 87-05-16.267 4.0 7070 T H137 C 
R 14 7 SACM.R M 1 3 2.42 87-05-16.269 10.0 6190 T H138 C 
R 15 7 VEGA.S M 1 3 1.46 87-05-16.273 0.1 3720 T H139 C 
R 16 7 VEGO.S M 1 3 1.46 87-05-16.274 1.0 330 T H140 C 
R 17 7 VEGA.S M 1 3 1. 44 87-05-16.276 0.1 4020 T H141 C 
R 18 7 VEGA.S M 1 3 1.43 87-05-16.277 0.1 4780 T H142 C 
R 19 7 VEGA.S M 1 3 1. 43 87-05-16.278 0.1 4170 T H143 C 
R 20 7 VEGO.S M 1 3 1.40 87-05-16.282 1.0 70 T H144 C 
R 21 7 VEGA.S M 1 3 1.39 87-05-16.283 0.1 4610 T H145 C 
R 22 7 VEGA.S M 1 3 1. 38 87-05-16.285 0.1 3560 T H146 C 
R 23 7 SACM.R M 1 3 2.12 87-05-16.289 10.0 6560 T H149 C 
R 24 7 SACM.R M 1 3 2.11 87-05-16.290 10.0 6530 T H150 C 
R 25 7 DOME,R M 87-05-16.318 15.0 9540 H152 C 
R 26 7 DOME,R M 87-05-16.319 10.0 6370 H153 C 
R 27 7 DOME,S M 87-05-16.320 5.0 9350 H154 C 
R 28 7 DOME,S M 87-05-16.322 4.0 7500 H155 C 
R 29 7 SACM.S M 1 3 1. 83 87-05-16.325 4.0 7800 T H156 C 
R 30 7 SACM.R M 1 3 1. 82 87-05-16.326 10.0 7020 T H157 C 
R 31 7 SACM.R M 1 3 1. 81 87-05-16.328 10.0 7000 T H158 C 
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Photometry Frames 1987-05-16 1987-06-09 

FITS P Name FAir, -mass UT (rTlidexp) ExpT Counts Tr Redsh FR8& C 

R 32 7 ZOPH.S M 1 2 1.38 87-05-16.333 1.0 4620 T H160 C 
R 33 7 ZOPO.S M 1 2 1.37 87-05-16.335 10.0 410 T H161 C 
R 34 7 ZOPH.S M 1 2 1.37 87-05-16.336 1.0 4710 T H162 C 
R 35 7 ZOPH.S M 1 2 1.37 87-05-16.337 1.0 4440 T H163 C 
R 36 7 ZOPO.S M 1 2 1.37 87-05-16.338 10.0 80 T H164 C 
R 37 7 ZOPH.S M 1 2 1.37 87-05-16.340 1.0 4910 T H165 C 
R 38 7 ZOPH-S M 1 2 1.37 87-05-16.346 0.255 6120 -4 H166 C 
R 39 7 ZOPH-S M 1 2 1.37 87-05-16.348 0.204 5300 =5 H167 C 
R 40 7 ZOPH-S M 1 2 1. 37 87-05-16.352 0.204 5270 =5 H169 C 
R 41 7 ZOPH-S M 1 2 1.37 87-05-16.353 0.204 4850 =5 H170 C 
R 42 7 ZOPH-S M 1 2 1.37 87-05-16.355 0.204 5700 =5 Hl71 C 
R 43 7 ZOPH-S M 1 2 1. 37 87-05-16.362 0.204 4740 =5 H172 C 
R 44 7 ZOPH-S M 1 2 1.37 87-05-16.363 0.204 5360 =5 H173 C 
R 45 7 ZOPH-S M 1 2 1.37 87-05-16.364 0.204 5180 =5 H174 C 
R 46 7 ZOPH-S M 1 2 1.37 87-05-16.365 0.204 6000 =5 H175 C 
R 47 7 URAN.S M 1 2 1. 82 87-05-16.369 60.0 8610 T Hl77 C 
R 48 7 URAN.S M 1 2 1. 82 87-05-16.371 50.0 7000 T H178 C 
R 49 7 SACM.R M 1 2 1. 69 87-05-16.373 10.0 7000 T H179 C 
R 50 7 SACM.R M 1 2 1. 69 87-05-16.374 10.0 7000 T H180 C 

R 51 SACM.R M 1 3 1. 87 87-06-09.369 5.0 6380 T 1516 C 
R 52 SACM.R M 1 3 1. 88 87-06-09.370 5.0 6370 T 1517 C 
R 53 SACM.S M 1 3 1. 89 87-06-09.371 2.0 7300 T 1518 C 
R 54 BLIB.S M 1 3 2.35 87-06-09.374 1.0 4610 T 1519 C 
R 55 BLIB.S M 1 3 2.40 87-06-09.376 1.0 3800 T 1520 C 
R 56 BLIO.S M 1 3 2.42 87-06-09.377 10.0 530 T 1521 C 
R 57 BLIB.S M 1 3 2.44 87-06-09.378 1.0 4680 T 1522 C 
R 58 URAN.S M 1 3 1. 94 87-06-09.383 40.0 9180 T 1524 C 
R 59 URAN.S M 1 3 1. 95 87-06-09.384 30.0 7470 T 1525 C 
R 60 ZOPH.S M 1 3 1. 81 87-06-09.392 1.0 6910 T 1526 C 
R 61 ZOPH.S M 1 3 1. 81 87-06-09.392 1.0 6070 T 1527 C 
R 62 ZOPO.S M 1 3 1. 82 87-06-09.393 10.0 270 T 1528 C 
R 63 ZOPH.S M 1 3 1. 84 87-06-09.394 1.0 2100 T 1529 C 
R 64 ZOPO.S M 1 3 1. 85 87-06-09.395 10.0 2170 T 1530 C 
R 65 ZOPH.S M 1 3 1. 85 87-06-09.395 1.0 5310 T 1531 C 
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Photometry Frames 1987-06-09 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

R 66 SACM.S M 1 3 2.13 87-06-09.397 2.0 7100 T 1533 C 
R 67 SACM.R M 1 3 2.15 87-06-09.399 5.0 6240 T 1534 C 
R 68 SACM.R M 1 3 2.17 87-06-09.400 5.0 6170 T 1535 C 
R 69 VEGA.S M 1 3 1.04 87-06-09.417 0.08 8100 T I537 C 
R 70 VEGA.S M 1 3 1.04 87-06-09.418 0.06 4840 T 1538 C 
R71 VEGO.S M 1 3 1.04 87-06-09.420 1.0 280 T 1539 C 
R 72 VEGO.S M 1 3 1.04 87-06-09.420 1.0 190 T 1540 C 
R 73 VEGA.S M 1 3 1. 04 87-06-09.421 0.06 5030 T 1541 C 
R 74 VEGA.S M 1 3 1. 05 87-06-09.422 0.06 5800 T I542 C 
R 75 VEGA.S * 1 3 1. 05 87-06-09.423 0.06 4860 T 1543 C 
R 76 SACM.R * 1 3 2.69 87-06-09.429 5.0 5960 T 1544 C 
R77 SACM.R * 1 3 2.74 87-06-09.431 5.0 5920 T 1545 C 
R 78 SACM.S * 1 3 2.76 87-06-09.432 2.0 6810 T 1546 C 
R 79 JUCS.R A 1 3 3.21 87-06-09.448 1.0 5030 T I548 C 
R 80 JUCS.R A 1 3 3.11 87-06-09.450 2.0 10130 T I549 C 
R 81 JUCS.R A 1 3 3.07 87-06-09.451 1.5 7670 T I550 C 
R 82 SACM.R A 1 3 3.58 87-06-09.454 5.0 5490 T I551 C 
R 83 SACM.R A 1 3 3.63 87-06-09.455 5.0 5450 T 1552 C 
R 84 SACM.S A 1 3 3.74 87-06-09.457 2.0 6180 T I553 C 
R 85 VEGA.S A 1 3 1.13 87-06-09.460 0.06 5110 T I555 C 
R 86 VEGA.S A 1 3 1.13 87-06-09.461 0.06 4010 T I556 C 
R 87 VEGO.S A 1 3 1.13 87-06-09.462 1.0 460 T I557 C 
R 88 VEGO.S A 1 3 1.14 87-06-09.463 1.0 380 T 1558 C 
R 89 VEGA.S A 1 3 1.14 87-06-09.464 0.06 4480 T I559 C 
R 90 VEGA.S A 1 3 1.14 87-06-09.464 0.06 5100 T I560 C 
R 91 DOME,S N 87-06-09.468 3.0 8900 I561 C 
R 92 DOME,S N 87-06-09.469 3.0 8870 1562 C 
R 93 DOME,S N 87-06-09.469 1.5 4420 I563 C 
R 94 DOME,R N 87-06-09.471 8.0 10100 I564 C 
R 95 DOME,R N 87-06-09.472 6.0 7600 1565 C 
R 96 DOME,R N 87-06-09.473 6.0 7590 I566 C 
R 97 SKYL;S C 1 87-06-09.496 60.0 5800 I568 C 
R 98 SKYL;S C 1 87-06-09.498 60.0 12920 I569 C 
R 99 SKYL;R C 1 87-06-09.499 60.0 9400 I570 C 
R100 SKYL;R C 1 87-06-09.501 30.0 8010 I571 C 
R101 SKYL;S C 1 87-06-09.502 4.0 4540 I572 C 
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Image Frames 1986-05-23 ... 1986-06-21 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M 1 Z SATU+F M 4 4 2.94 86-05-23.184 60.0 4260 +l FI04 D 

M 2 SATU+F M 4 4 2.84 86-05-23.187 60.0 4010 +l Fl05 D 

M 3 SATU+F M 4 4 2.75 86-05-23.190 60.0 4110 +1 FI06 D 

M 4 SATU+F M 4 4 2.68 86-05-23.192 60.0 3680 +1 FI07 D 

M 5 SATU+E M 4 4 2.55 86-05-23.198 60.0 5820 +l FI09 D 

M 6 SATU+E M 4 4 2.50 86-05-23.200 60.0 1410 +1 FllO D 

M 7 SATU+E M 4 4 2.45 86-05-23.203 60.0 810 +l Fl11 D 

M 8 SATU+D M 4 4 2.30 86-05-23.211 70.0 16360 +l F1l3 D 

M 9 SATU+D M 4 4 2.25 86-05-23.214 50.0 8240 +2 F1l4 D 

M 10 SATU+D M 4 4 2.22 86-05-23.216 50.0 8140 +2 F1l5 D 

Mll SATU+C M 4 4 2.15 86-05-23.221 70.0 4340 +l F1l7 D 

M 12 SATU+C M 4 4 2.12 86-05-23.223 70.0 2550 +l F1l8 D 

M 13 SATU+C M 4 4 2.09 86-05-23.225 70.0 3720 +l F1l9 D 

M 14 SATU+C M 4 4 2.07 86-05-23.227 70.0 4590 +1 F120 D 

M 15 SAE9.C M 4 4 2.05 86-05-23.229 10.0 5090 T F121 D 

M 16 SAE3.C M 4 4 2.03 86-05-23.230 10.0 4900 T F122 D 

M 17 SAw3.C M 4 4 2.02 86-05-23.231 10.0 5160 T Fl23 D 

M 18 SAw9.C M 4 4 2.01 86-05-23.232 10.0 6330 T F124 D 

M 19 SATU+B M 4 3 1.83 86-05-23.252 60.0 16080 +2 F127 D 

M 20 SATU+B M 4 3 1. 82 86-05-23.255 60.0 5060 +3 F129 D 

M 21 SATU+B M 4 3 1. 81 86-05-23.256 60.0 6380 +3 F130 D 

M 22 SATU+A M 4 3 1.77 86-05-23.262 70.0 1870 +l Fl32 D 

M 23 SATU+A M 4 3 1. 76 86-05-23.264 70.0 4520 +1 F133 D 

M 24 D SATU+A M 4 3 1. 74 86-05-23.268 70.0 1380 +1 Fl34 D 

M 25 D SATU+A M 4 3 1. 73 86-05-23.269 70.0 2770 +l F135 D 

M 26 SATU+A M 4 3 1. 73 86-05-23.271 70.0 1670 +1 F136 D 

M 27 SACM.A M 3 2 1. 64 86-06-21.207 5.0 4740 T 1287 D 

M 28 0 SATU+A M 3 2 1. 64 86-06-21.209 70.0 12160 +1 1288 D 

M 29 0 SATU+A M 3 2 1.63 86-06-21.213 70.0 13600 +l 1289 D 

M 30 0 SATU+A M 3 2 1. 62 86-06-21.215 70.0 13240 +l 1290 D 

M 31 0 SATU+A M 3 2 1. 62 86-06-21.217 70.0 13380 +1 1291 D 

M 32 SATU+A M 3D2 1. 62 86-06-21.219 70.0 13870 +l 1292 D 

M 33 o SATU+A M 3 2 1. 62 86-06-21.221 70.0 13910 +1 1293 D 

M 34 SATU+A M 3C2 1. 61 86-06-21.224 70.0 13560 +l 1294 D 

M 35 SATU+A M 3J2 1. 61 86-06-21.225 70.0 13740 +l 1295 D 

M 36 SACM.B M 2 2 1. 61 86-06-21. 231 1.0 5520 T 1297 D 

M 37 Z SATU+B M 2C2 1. 61 86-06-21.232 50.0 16360 +3 1298 D 

M 38 T SATU+B M 2D2 1. 61 86-06-21.234 50.0 6480 +1 1299 D 

M 39 T SATU+B M 2G2 1. 61 86-06-21.236 50.0 6550 +l I300 D 

M 40 T SATU+B M 2D2 1. 61 86-06-21.237 1.0 780 +0 1301 D 

M 41 SATU+B M 2D2 1. 61 86-06-21.238 1.0 7860 +0 1302 D 
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Image Frames 1986-06-21 ... 1987-06-08 

FITS P Name FAir, -mass UT (rnidexp) ExpT Counts Tr Redsh FR8& C 

M 42 SACM.C M 1 2 1.62 86-06-21.252 2.0 1980 T 1304 D 

M 43 SATU+C M 1D2 1. 62 86-06-21.255 60.0 5510 +2 1305 D 

M 44 SATU+C M 1E2 1.63 86-06-21.256 60.0 5500 +2 1306 D 

M 45 SATU+C M 1C2 1. 63 86-06-21.258 60.0 5550 +2 1307 D 

M 46 SACM.D M 1 2 1.64 86-06-21. 261 0.5 2500 T 1309 D 

M 47 Z SATU+D M 1D2 1.64 86-06-21.263 50.0 15590 +5 1310 D 

M 48 T SATU+D M 1G2 1. 64 86-06.-21.265 60.0 5860 +1 1311 D 

M 49 T SATU+D M 1D2 1.65 86-06-21.267 60.0 6040 +1 1312 D 

M 50 SATU+D M 1D2 1.65 86-06-21.268 1.0 7280 +0 1313 D 

M 51 SACM.E M 1 2 1. 68 86-06-21.277 3.0 5490 T 1315 D 

M 52 Z SATU+E M 1 2 1. 69 86-06-21.279 60.0 14700 +1 1316 D 

M 53 SATU+E M 1 2 1. 70 86-06-21.281 60.0 5690 +3 1317 D 

M 54 SATU+E M 1 2 1. 70 86-06-21.282 60.0 5700 +3 1318 D 

M 55 D SATU+E M 1 2 1.71 86-06-21.283 60.0 5780 +3 1319 D 

M 56 SACM.F M 1 2 1. 72 86-06-21.287 3.0 2960 T 1321 D 

M 57 SATU+F M 1 2 1. 73 86-06-21.288 50.0 4660 +3 I322 D 

M 58 SATU+F M 1 2 1. 74 86-06-21.290 50.0 4490 +3 1323 D 

M 59 SATU+F M 1 2 1. 74 86-06-21.291 50.0 4580 +3 1324 D 

M 60 DOME,G M 87-06-08.243 180.0 4130 1423 D 

M 61 DOME,A M 87-06-08.251 20.0 5660 1424 D 

M 62 DOME,H M 87-06-08.253 2.0 4050 1425 D 

M 63 DOME,C M 87-06-08.256 10.0 6850 1426 D 

M 64 DOME, I M 87-06-08.257 1.0 5230 1427 D 

M 65 DOME,J M 87-06-08.260 4.0 5800 1428 D 

M 66 SATU+G M 3 5 1. 84 87-06-08.367 1.0 300 +0 1431 D 

M 67 SATU+G M 3 5 1. 85 87-06-08.368 1.0 300 +0 1432 D 

M 68 SATU+A M 3E5 1. 88 87-06-08.373 1.0 1200 +0 1433 D 

M 69 SATU+A M 3F5 1. 89 87-06-08.374 1.0 1180 +0 1434 D 

M 70 SATU+H M 3G5 1. 90 87-06-08.376 1.0 8710 +0 1435 D 

M71 SATU+H M 315 1. 92 87-06-08.378 1.0 8570 +0 1436 D 

M72 SATU+C M 3E5 1. 93 87-06-08.380 1.0 1390 +0 1438 D 

M 73 SATU+C M 3F5 1. 95 87-06-08.382 1.0 1390 +0 1439 D 

M 74 SATU+I M 3F4 1.97 87-06-08.384 1.0 8550 +0 1440 D 

M 75 SATU+I M 3J4 1. 97 87-06-08.385 1.0 8350 +0 1441 D 

M 76 SATU+J M 3G4 1. 99 87-06-08.387 1.0 1850 +0 1442 D 

M77 SATU+J M 3E4 2.00 87-06-08.388 1.0 1870 +0 1443 D 

M 78 SATU+J M 3E4 2.01 87-06-08.389 1.0 1880 +0 1444 D 

M 79 SATU+J M 3G4 2.02 87-06-08.390 1.0 1880 +0 1445 D 
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Image Frames 1988-05-23 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M 80 DOME,K M 88-05-23.269 120.0 9170 G259 D 
M 81 DOME,K M 88-05-23.271 120.0 9130 G260 D 
M 82 DOME, I M 88-05-23.276 2.0 8340 G261 D 
M 83 DOME, I M 88-05-23.277 2.0 8310 G262 D 
M 84 DOME,H M 88-05-23.279 4.0 6210 G263 D 
M 85 DOME,H M 88-05-23.280 4.0 6210 G264 D 
M 86 DOME, A M 88-05-23.283 45.0 9350 G265 D 
M 87 DOME, A M 88-05-23.284 45.0 9360 G266 D 
M 88 DOME,C M 88-05-23.285 15.0 7190 G267 D 
M 89 DOME,C M 88-05-23.286 15.0 7210 G268 D 
M 90 DOME,J M 88-05-23.287 7.0 8510 G269 D 
M 91 DOME,J M 88-05-23.288 7.0 8510 G270 D 
M 92 SATU+K * 2F3 1. 73 88-05-23.383 1.0 840 +0 G273 D 
M 93 SATU+K * 2J3 1. 73 88-05-23.386 1.0 830 +0 G274 D 
M 94 SATU+K * 2F3 1. 73 88-05-23.388 1.0 850 +0 G275 D 
M 95 o SATU+A * 2 3 1. 73 88-05-23.391 1.0 990 +0 G276 D 
M 96 SATU+A * 2D3 1. 73 88-05-23.392 1.0 990 +0 G277 D 
M 97 SATU+A * 2F3 1. 73 88-05-23.393 1.0 990 +0 G278 D 
M 98 SATU+A * 2G3 1. 73 88-05-23.395 1.0 990 +0 G279 D 
M 99 SATU+H * 2E3 1. 74 88-05-23.405 1.0 8750 +0 G281 D 
M100 SATU+H * 2E3 1. 74 88-05-23.406 1.0 8730 +0 G282 D 
M101 SATU+H * 2E3 1. 74 88-05-23.408 1.0 8740 +0 G283 D 
M102 SATU+H * 2H3 1. 74 88-05-23.409 1.0 8690 +0 G284 D 
M103 SATU+C * 2E3 1. 75 88-05-23.413 1.0 1210 +0 G285 D 
M104 SATU+C * 2G3 1. 75 88-05-23.414 1.0 1200 +0 G286 D 
M105 SATU+C * 2D3 1. 76 88-05-23.415 1.0 1220 +0 G287 D 
M106 SATU+C * 2E3 1. 76 88-05-23.417 1.0 1230 +0 G288 D 
M107 SATU+I * 1G3 1.77 88-05-23.420 1.0 9230 +0 G290 D 
M108 SATU+I * 1E3 1.77 88-05-23.421 1.0 9310 +0 G291 D 
M109 SATU+I * 1D3 1. 78 88-05-23.423 1.0 9320 +0 G292 D 
MllO SATU+I * 1D3 1. 78 88-05-23.425 1.0 9440 +0 G293 D 
Mll1 SATU+I * 1G3 1. 79 88-05-23.426 1.0 9320 +0 G294 D 
M1l2 SATU+J * 1D3 1. 79 88-05-23.427 1.0 1650 +0 G295 D 
M1l3 SATU+J * 1E3 1. 80 88-05-23.429 1.0 1580 +0 G296 D 
M1l4 SATU+J * 1E3 1. 80 88-05-23.430 1.0 1590 +0 G297 D 
M1l5 SATU+J * 1E3 1. 81 88-05-23.432 1.0 1610 +0 G298 D 
M1l6 SATU+J * 1E3 1. 81 88-05-23.433 1.0 1620 +0 G299 D 
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Image Frames 1988-05-26 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M117 I SATU+K M lD2 1. 74 88-05-26.367 1.0 1140 +0 G464 D 

M118 I SATU+I{ M lC2 1. 74 88-05-26.369 1.0 1150 +0 G465 D 

M119 I SATU+K M lD2 1. 74 88-05-26.370 1.0 1130 +0 G466 D 

M120 I SATU+K M lF2 1. 74 88-05-26.371 1.0 1130 +0 G467 D 

M121 I SATU+K M lE2 1. 73 88-05-26.372 1.0 1140 +0 G468 D 

M122 SATU+A M lE2 1. 73 88-05-26.377 1.0 960 +0 G470 D 

M123 SATU+A M lG2 1. 73 88-05-26.378 1.0 960 +0 G471 D 

M124 SATU+A M lC2 1. 73 88-05-26.379 1.0 970 +0 G472 D 

M125 SATU+A M lC2 1. 73 88-05-26.380 1.0 960 +0 G473 D 

M126 SATU+A M lE2 1. 73 88-05-26.382 1.0 960 +0 G474 'D 

M127 SATU+H 1< lC2 1. 74 88-05-26.394 1.0 8140 +0 G476 D 

M128 SATU+H 1< lC2 1. 74 88-05-26.395 1.0 8230 +0 G477 D 

M129 SATU+H 1< lE2 1. 74 88-05-26.396 1.0 8160 +0 G478 D 

M130 SATU+H 1< lE2 1. 74 88-05-26.397 1.0 8170 +0 G479 D 

M131 SATU+H 1< lD2 1. 74 88-05-26.398 1.0 8160 +0 G480 D 

M132 SATU+C 1< lC2 1. 75 88-05-26.405 1.0 1130 +0 G482 D 

M133 SATU+C 1< lD2 1. 76 88-05-26.406 1.0 1120 +0 G483 D 

M134 SATU+C 1< lF2 1. 76 88-05-26.407 1.0 1100 +0 G484 D 

M135 SATU+C 1< lD2 1. 76 88-05-26.408 1.0 1110 +0 G485 D 

M136 SATU+C 1< lE2 1. 76 88-05-26.409 1.0 1100 +0 G486 D 

M137 SATU+I 1< lC2 1. 78 88-05-26.414 1.0 8480 +0 G488 D 

M138 SATU+I 1< lC2 1. 78 88-05-26.415 1.0 8520 +0 G489 D 

M139 SATU+I 1< lD2 1. 78 88-05-26.416 1.0 8480 +0 G490 D 

M140 SATU+I 1< lD2 1. 79 88-05-26.417 1.0 8460 +0 G491 D 

M141 SATU+I 1< lC2 1. 79 88-05-26.418 1.0 8490 +0 G492 D 

M142 SATU+J 1< lD2 1. 80 88-05-26.420 1.0 1570 +0 G494 D 

M143 SATU+J 1< lD2 1. 80 88-05-26.422 1.0 1600 +0 G495 D 

M144 SATU+J 1< lC2 1. 81 88-05-26.423 1.0 1600 +0 G496 D 

M145 SATU+J 1< lC2 1. 81 88-05-26.424 1.0 1600 +0 G497 D 

M146 SATU+J 1< lC2 1. 82 88-05-26.425 1.0 1590 +0 G498 D 

M147 DOME,J A 88-05-26.449 5.0 9090 G503 D 

M148 DOME,J A 88-05-26.451 5.0 9090 G504 D 

M149 DOME, I A 88-05-26.454 1.2 7580 G505 D 

M150 DOME, I A 88-05-26.455 1.2 7630 G506 D 

M151 DOME,C A 88-05-26.457 10.0 7330 G507 D 

M152 DOME,C A 88-05-26.458 10.0 7330 G508 D 

M153 DOME,H A 88-05-26.460 3.0 7200 G509 D 

M154 DOME,H A 88-05-26.460 3.0 7230 G510 D 

M155 DOME, A A 88-05-26.462 25.0 7930 G511 D 

M156 DOME,A A 88-05-26.463 25.0 7930 G512 D 

M157 DOME,K A 88-05-26.465 80.0 9540 G513 D 

M158 DOME,K A 88-05-26.466 70.0 8350 G514 D 

----- ._. -- .---------------------------..... -....... -.-.. - .. - ....... '~. . ..... "- ~.-,-. ~ .... -- .•... --. 
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Image Frames 1989-10-10 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M159 SATU.J N 1I2 1. 81 89-10-10.064 4.0 6010 T G072 0 

M160 SATU.J N 1I2 1. 81 89-10-10.065 4.0 6200 T G073 D 

M161 SATU.J N 1G2 1. 81 89-10-10.066 4.0 6130 T G074 0 

M162 SATU.J N 1I2 1.82 89-10-10.068 4.0 5900 T G075 0 

M163 SATU.C N 1E2 1. 83 89-10-10.070 5.0 6170 T G076 0 

M164 SATU.C N 1F2 1.84 89-10-10.073 5.0 6140 T G077 0 

M165 SATU.C N 1E2 1. 85 89-10-10.074 5.0 6180 T G078 D 

M166 SATU.C N 1D2 1.85 89-10-10.075 5.0 6240 T G079 0 

M167 SATU.H A 1F2 1. 87 89-10-10.078 0.7 6730 T G081 0 

M168 SATU.H A 1E2 1. 88 89-10-10.080 0.7 6800 T G082 0 

M169 SATU.H A 1D2 1. 88 89-10-10.080 0.7 6800 T G083 D 

M170 SATU.H A 1E2 1. 88 89-10-10.081 0.7 6810 T G084 0 

Ml71 SATU.A A 1E2 1. 89 89-10-10.083 8.0 8670 T G085 D 

Ml72 SATU.A A 1E2 1. 90 89-10-10.084 8.0 8670 T G086 D 

M173 SATU.A A 1E2 1.91 89-10-10.085 8.0 8680 T G087 0 

M174 SATU.A A 1F2 1. 91 89-10-10.086 8.0 8640 T G088 D 

M175 SA?-,U.L A 1E2 1. 95 89-10-10.092 0.4 7090 T G089 D 

M176 SATU.L A 1G2 1. 97 89-10-10.094 0.4 7040 T G090 D 

Ml77 SATU.L A 1J2 1. 97 89-10-10.095 0.4 6970 T G091 0 

Ml78 SATU.L A 1J2 1. 98 B9-10-10.096 0.4 6980 T G092 D 

M179 SATU.L A 1J2 1. 98 89-10-10.096 0.4 6930 T G093 D 

M1BO 0 SATU.L M 1E2 2.00 89-10-10.098 0.4 6980 T G094 D 

M181 D SATU.L M 1I2 2.01 89-10-10.099 0.4 6910 T G095 D 

M1B2 D SATU.L M 1D2 2.02 89-10-10.101 0.4 6690 T G096 D 

M183 D SATU.L M 1E2 2.02 89-10-10.101 0.4 6560 T G097 D 

M184 SATU.L M 1G2 2.03 89-10-10.102 0.4 6940 T G09B D 

M185 SATU.A M 1H2 2.10 89-10-10.109 B.O 8310 T G100 0 

M186 SATU.A M 1F2 2.12 89-10-10.111 8.0 B390 T G101 D 

M187 SATU.A M 1H2 2.13 89-10-10.112 B.O 8360 T G102 0 

M1B8 SATU.A M 1G2 2.14 B9-10-10 .113 B.O 8380 T G103 D 

M189 SATU.A M 1F2 2.16 89-10-10.115 8.0 8350 T G105 D 

M190 SATU.H M 1G2 2.19 89-10-10.117 1.0 9290 T G106 0 

M191 SATU.H M 1J2 2.21 89-10-10.119 1.0 9330 T G107 0 

M192 SATU.H M 1J2 2.23 89-10-10.120 1.0 9240 T G108 D 

M193 SATU.H M 1D2 2.24 89-10-10.121 1.0 9380 T G109 D 

M194 SATU.H M 1I2 2.24 89-10-10.121 1.0 9300 T G110 D 

M195 SATU.H M 1H2 2.25 89-10-10.122 1.0 9260 T G111 D 

M196 SATU.C M 1E2 2.28 89-10-10.124 8.0 9570 T G113 D 

M197 SATU.C M 1F2 2.29 89-10-10.125 8.0 9340 T G114 D 

M198 SATU.C M 1H2 2.29 89-10-10.125 8.0 8970 T G115 0 

M199 SATU.C M 1F2 2.31 89-10-10.126 B.O 9230 T G116 D 

M200 SATU.C M 1F2 2.34 89-10-10.128 8.0 9110 T G117 D 

M201 SATU.C M 1F2 2.34 89-10-10.128 8.0 9230 T G118 D 

.---------------------------~~.--.~ .... -.-.. -............. .... . .-.... ' ........... _-_ ....... . 
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Image Frames 1989-10-10 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M202 SATU.J M 1G2 2.44 89-10-10.134 8.0 11710 T G119 D 

M203 SATU.J M 1E2 2.44 89-10-10.134 8.0 11850 T G120 D 

M204 SATU.J M 1G2 2.48 89-10-10.136 8.0 11550 T G121 D 

M205 SATU.J M 1G2 2.49 89-10-10.137 8.0 11490 T G122 D 

M206 SATU.J M 1E2 2.51 89-10-10.138 8.0 11720 T G123 D 

M207 SATU.J M 1D2 2.55 89-10-10.140 8.0 11920 T G124 D 

M208 DOME,J M 89-10-10.169 20.0 9010 G127 D 

M209 DOME,J M 89-10-10.170 20.0 9010 G128 D 

M210 DOME,J M 89-10-10.171 20.0 9010 G129 D 

M211 DOME,J M 89-10-10.172 20.0 9000 G130 D 

M212 DOME,C M 89-10-10.176 50.0 9040 G131 D 

M213 DOME,C M 89-10-10.178 50.0 9030 G132 D 

M214 DOME,C M 89-10-10.179 50.0 8990 G133 D 

M215 DOME,C M 89-10-10.180 50.0 9030 G134 D 

M216 DOME,H M 89-10-10.183 18.0 8980 G135 D 

M217 DOME,H M 89-10-10.184 18.0 8990 G136 D 

M218 DOME,H M 89-10-10.186 18.0 8980 G137 D 

M219 DOME,H M 89-10-10.187 18.0 8980 G138 D 

M220 DOME, A M 89-10-10.190 60.0 7520 G140 D 

M221 DOME, A M 89-10-10.192 60.0 7510 G141 D 

M222 DOME, A M 89-10-10.194 60.0 7520 G142 D 

M223 DOME, A M 89-10-10.J.95 60.0 7530 G143 D 

M224 DOME,L M 89-10-10.201 18.0 8820 G144 D 

M225 DOME,L M 89-10-10.203 18.0 8830 G145 D 

M226 DOME,L M 89-10-10.204 18.0 8820 G146 D 

M227 DOME,L M 89-10-10.210 16.0 8910 G147 D 

M228 U JUPN.A N 1 2 1. 02 89-10-10.523 1.2 7000 T G182 D 

M229 U JUPE.A N 1 2 1. 02 89-10-10.524 1.2 7110 T G183 D 

M230 U JUPS.A N 1 2 1.02 89-10-10.525 1.2 7020 T G184 D 

M231 U JUPS.H N 1 2 1. 02 89-10-10.527 0.2 8520 T G185 D 

M232 U JUPE.H N 1 2 1.02 89-10-10.528 0.2 8620 T G186 D 

M233 U JUPN.H N 1 2 1. 01 89-10-10.529 0.2 8450 T G187 D 

M234 U JUPN.C N 1 2 1. 01 89-10-10.531 2.5 9520 T G188 D 

M235 U JUPE.C N 1 2 1. 01 89-10-10.532 2.5 9660 T G189 D 

M236 U JUPS.C N 1 2 1. 01 89-10-10.533 2.5 9700 T G190 D 

M237 U JUPS.J N 1 2 1.01 89-10-10.537 8.0 9260 T G191 D 

M238 U JUPE.J N 1 2 1. 01 89-10-10.538 8.0 9630 T G192 D 

M239 U JUPN.J N 1 2 1. 01 89-10-10.539 8.0 9990 T G193 D 

-------------------~-------~ .. -... -.. --.. -' .. ' ......... ' ............ - ............. __ ...... - . 
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Selected High Resolution Spectroscopy Frames 3-0 S (0) line 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

J 5 SAS1.0 - M 1 4 1. 69 87-06-09.304 1800.0 3280 G 0.1 I509 E 
J 83 U JUCE.O - M 1 2 1.10 87-10-11.307 600.0 6340 G -3.2 Il41 E 
J109 JUCE.O M 1 2 1.10 87-10-12.306 600.0 6480 G -2.7 Il89 E 

K 8 MMS2.0 M 2 2 1.28 86-05-20.219 360.0 7230 G 1.1 FOOO E 
K11 SW03.0 M 2H1 1.72 86-05-20.282 1200.0 2580 G -4.0 FOl3 E 
K 12 MMS2.0 M 2 1 1. 74 86-05-20.296 360.0 5430 G 1.3 F014 E 
K 15 MOON I 0 M 2 1 2.03 86-05-20.317 300.0 3410 N8 1.3 F018 E 
K 16 SE55.0 M2Il 1. 68 86-05-20.366 1200.0 2300 G -3.7 F020 E 
K 19 SE70.0 * 2G2 2.12 86-05-20.427 1200.0 2020 G -3.6 F027 E 
K 20 SE34.0 * 2G2 2.44 86-05-20.447 1200.0 2390 G -3.5 F029 E 
K 22 H SWG5.0 A 2 3 3.11 86-05-20.471 600.0 930 G -3.5 F032 E 

K 53 SWF2.0 M 3 1 1. 90 86-05-21.403 900.0 1130 G -3.1 F081 E 
K 54 SE04.0 M 3H1 2.06 86-05-21.419 1200.0 2130 G -3.1 F083 E 
K 55 SEH4.0 M 3 1 2.31 86-05-21.437 900.0 1210 G -3.0 F085 E 
K 56 SW10.0 A 3H2 2.63 86-05-21.452 1200.0 1870 G -3.0 F087 E 

K 90 H SEH8.0 M 1 2 1. 97 86-06-21.321 900.0 1300 G 12.5 1328 E 
K 91 SE18.0 M 1F2 2.11 86-06-21.334 900.0 1680 G 12.5 I330 E 
K 92 SE89.0 M 1G2 2.30 86-06-21.346 900.0 1060 G 12.5 I332 E 
K 93 SWG4.0 M 1 2 2.55 86-06-21.359 900.0 1190 G 12.6 I334 E 
K 94 SE77.0 M 1G2 2.89 86-06-21.372 960.0 1160 G 12.6 I336 E 
K 95 H SE36.0 M 1H2 3.39 86-06-21.385 900.0 1540 G 12.6 I338 E 

K 99 URW4.0 M 1 2 3.84 86-06-21.426 1800.0 120 G 5.7 I345 E 

K192 SEF5.0 * 2 3 2.13 88-06-17.233 600.0 1100 G -1. 9 1008 E 
K193 SEOO.O * 2E3 2.01 88-06-17.245 1200.0 2690 G -1. 8 1009 E 
K194 SWG5.0 * 2 3 1. 92 88-06-17.257 600.0 1120 G -1. 8 1011 E 
K195 SW77.0 * 2E3 1. 84 88-06-17.270 1200.0 2090 G -1. 8 I012 E 
K196 SEG7.0 * 2 3 1. 76 80-06-17.292 600.0 1160 G -1. 7 1015 E 
K197 SW39.0 * 2E3 1. 74 88-06-17.304 1200.0 2580 G -1. 7 1016 E 
K198 SW55.0 * 2E3 1.73 88-06-17.320 1200.0 2390 G -1. 6 1018 E 
K199 SWG1.0 * 2 3 1. 74 88-06-17.333 600.0 1160 G -1. 6 1019 E 
K200 SW38.0 * 2E3 1.77 88-06-17.345 1200.0 2620 G -1. 6 I021 E 
K201 SEG2.0 * 2 3 1. 81 88-06-17.358 600.0 1100 G -1. 5 1022 E 
K202 SW93.0 * 114 1. 88 88-06-17.372 1200.0 1800 G -1.5 1024 E 
K203 SWF7.0 * 1 4 1. 96 88-06-17.384 600.0 1030 G -1. 5 I025 E 
K204 H SE18.0 * 1H4 2.08 88-06-17.398 1200.0 2790 G -1.4 1027 E 
K205 SEG3.0 * 1 4 2.28 88-06-17.414 600.0 1050 G -1. 4 I028 E 

,---.... --....... -- .. - .... -,-"-... -.-.~ ... ' ........ _-- .-~ ... -.. ----.,-~ . 
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Selected High Resolution Spectroscopy Frames 3-0 S(l) line 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

J 8 SAS1.1 M 1 4 1.72 87-06-09.332 1800.0 3380 G 0.2 1513 E 
J 26 JUCE.l M 1 3 1.39 87-10-09.439 600.0 6180 G -3.9 I009 E 
Jll0 JUCE.1 M 1 2 1.10 87-10-12.314 600.0 6280 G -2.7 Il90 E 

K 9 H MMS2.1 M 2 2 1.30 86-05-20.226 360.0 6910 G 1.1 F009 E 
K 10 SW02.1 M 2H2 1. 85 86-05-20.259 1200.0 2370 G -4.0 FOll E 
K 13 MMS2.1 M 2 1 1. 81 86-05-20.302 360.0 8060 G 1.3 F015 E 
K 14 MOON I 1 M 2 1 1.90 86-05-20.308 300.0 5780 N8 1.3 F017 E 
K 17 SE57.1 M 212 1.77 86-05-20.388 1200.0 2090 G -3.7 F023 E 
K 18 SE72.1 M 2F2 1. 93 86-05-20.410 1200.0 1930 G -3.6 F025 E 
K 21 SWE9.1 A 2 3 2.79 86-05-20.461 600.0 890 G -3.5 F031 E 

K 40 SEF3.1 - M 1 2 1. 65 86-05-21.301 900.0 1170 G -3.4 F061 E 
K 41 SE05.1 - M IG2 1. 62 86-05-21.323 1200.0 1940 G -3.3 F064 E 
K 42 SWGO.l - M 2 2 1. 62 86-05-21.337 900.0 760 G -3.3 F066 E 
K 43 SE04.1 - M 2Fl 1. 65 86-05-21.354 1200.0 1330 G -3.2 F068 E 
K 44 SWF2.1 - M 3 1 1. 70 86-05-21.370 900.0 780 G -3.2 F070 E 

K 69 MMS2.1 M 1 3 1. 65 86-06-19.219 360.0 6080 G 0.8 I085 E 
K71 SEG2.1 M 1 3 1. 61 86-06-19.237 900.0 1280 G 11. 3 I088 E 
K 72 SE65.1 M IH3 1. 61 86-06-19.249 900.0 1310 G 11. 3 I089 E 
K 73 U SE11.1 M IG3 1. 63 86-06-19.262 900.0 1650 G 11.4 I091 E 
K 74 U SE84.1 M IH3 1. 65 86-06-19.274 900.0 1180 G 11. 4 I092 E 
K 75 U SWF2.1 - M 1 2 1.72 86-06-19.292 900.0 1210 G 11.4 I095 E 
K 76 U SE27.1 - M IF2 1. 80 86-06-19.306 900.0 1600 G 11.5 I096 E 
K 77 U SEA7.1 - M IH2 1. 89 86-06-19.318 900.0 1100 G 11.5 I098 E 
K 78 U SE44.1 - M IH2 2.00 86-06-19.330 900.0 1490 G 11.5 I099 E 
K 79 U SEG7.1 - M 1 2 2.15 86-06-19.343 900.0 1240 G 11. 6 IlOl E 
K 80 U SW08.1 - M IG2 2.35 86-06-19.355 900.0 1630 .G 11. 6 Il03 E 
K 81 U SW72.1 - M IH2 2.60 86-06-19.367 900.0 1240 G 11.6 Il04 E 
K 82 U SWG6.1 - M 1 2 2.95 86-06-19.379 900.0 1230 G 11.7 Il05 E 

K136 SE02.1 - M 3G4 2.31 87-05-15.278 1200.0 1650 G -12.7 H080 E 
K137 SEG1.1 - M 3 3 2.13 87-05-15.291 600.0 600 G -12.6 H082 E 
K138 SW82.1 - M 4H3 2.01 87-05-15.303 1200.0 590 G -12.6 H083 E 

K181 SEG5.1 M 3 3 1. 87 88-05-25.332 600.0 850 G -13.1 G427 E 
K182 SE02.1 M 5F3 1. 81 88-05-25.344 1200.0 520 G -13.1 G428 E 
K183 SWF7.1 * 4 3 1. 77 88-05-25.414 600.0 480 G -12.9 G431 E 
K184 SE02.1 * 3F3 1. 81 88-05-25.426 1200.0 1660 G -12.9 G432 E 
K185 H SEG7.1 * 3 3 1. 87 88-05-25.439 750.0 1030 G -12.8 G434 E 

_ .. _ .. _-----------------------



207 

Selected High Resolution Spectroscopy Frames 4-0 lines and D-level 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

J 4 SAS1.8 M 1 4 1. 73 87-06-09.277 1800.0 6060 G 0.0 1507 E 
J 60 JUCE.8 - M 1 2 1.27 87-10-10.414 360.0 7930 G -3.4 I057 E 
J 64 JUCE.8 - M 1 2 1.41 87-10-10.438 360.0 7840 G -3.4 I062 E 

Kl17 S~G9.8 - M 3 2 1. 84 87-05-14.439 600.0 970 G -12.7 H053 E 
K118 SW07.8 - A 2G2 1.96 87-05-14.456 1200.0 3770 G -12.7 H055 E 
K119 MOON I 8 - A 2 2 3.53 87-05-14.467 210.0 7540 N2 0.4 H056 E 
K121 SW61.8 - N 2H2 2.27 87-05-14.483 1200.0 3020 G -12.6 H059 E 
K122 SE77.8 - C 212 2.53 87-05-14.498 1200.0 2760 G -12.6 H060 E 
K123 SWF6.8 - C 2 2 2.85 87-05-14.511 600.0 1590 G -12.5 H062 E 

J 1 SAS1.9 M 1 4 1. 83 87-06-09.252 1800.0 6400 G -0.1 1503 E 
J 48 JUCE.9 - M 2 3 1.22 87-10-10.248 360.0 8400 G -3.9 I039 E 
J 49 JUCE.9 - M 2 3 1.20 87-10-10.253 360.0 8230 G -3.9 I040 E 

K103 3 SEH4.9 M 3 2 1. 69 87-05-13.382 600.0 1640 G -13.3 H031 E 
K104 3 SW02.9 M 3I2 1. 70 87-05-13.394 1200.0 3130 G -13.3 H032 E 
K105 4 SW76.9 - M 3I2 1.72 87-05-13.411 1200.0 2190 G -13.2 H034 E 
K106 4 SEG1.9 - M 3 2 1. 76 87-05-13.425 600.0 1090 G -13.2 H035 E 
K107 4 MOON I 9 - M 3 2 3.51 87-05-13.441 300.0 7680 N9 0.6 H037 E 
K109 3 SE76.9 A 4G2 1. 96 87-05-13.459 1200.0 1400 G -13.1 H040 E 
K110 3 SE03.9 N 4I3 2.27 87-05-13.486 1200.0 2260 G -13.1 H042 E 

K162 SEH1.9 M 2 4 2.21 88-05-24.297 900.0 1850 G -13.7 G397 E 
K164 SE82.9 M 2I4 1. 91 88-05-24.328 1200.0 2290 G -13.6 G400 E 
K165 SW68.9 M 2I3 1. 83 88-05-24.343 1200.0 3080 G -13.6 G401 E 
K166 SWF3.9 * 2 3 1. 78 88-05-24.357 900.0 1800 G -13.5 G403 E 
K169 SW90.9 - * 2I3 1. 74 88-05-24.404 1200.0 2280 G -13.4 G407 E 

J 5 SAS1.0 - M 1 4 1. 69 87-06-09.304 1800.0 3280 G 0.1 I509 0 

J 8 SAS1.1 M 1 4 1.72 87-06-09.332 1800.0 3380 G 0.2 I513 D 

J 4 SAS1.8 M 1 4 1. 73 87-06-09.277 1800.0 6060 G 0.0 I507 D 

J 1 SAS1.9 M 1 4 1. 83 87-06-09.252 1800.0 6400 G -0.1 I503 D 

---~- .. ~ ..... ---., .. " .. ".,... .... . .. ~. -.... " ... - ....... .. 
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Selected Low Resolution Spectroscopy Frames 1987-05-15 1987-06-08 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

P 21 SAEG.P A 1 3 2.10 87-05-15.467 30.0 6030 T .06 H089 E 
P 22 SEA9.P A 1E3 2.13 87-05-15.470 30.0 5170 T .06 H090 E 
P 23 SE90.P A 1E3 2.14 87-05-15.471 30.0 5270 T .06 H091 E 
P 24 SEOO.P A 1E3 2.20 87-05-15.475 30.0 8160 T .06 H095 E 
P 25 SW28.P N 1E3 2.21 87-05-15.476 30.0 7790 T .06 H096 E 
P 26 SW41.P N 1F3 2.22 87-05-15.477 30.0 7350 T .06 H097 E 
P 27 SW53.P N 1E3 2.22 87-05-15.477 30.0 6900 T .06 H098 E 
P 28 SW94.1? N 1E3 2.24 87-05-15.478 30.0 5250 T .07 H099 E 
I? 29 SWB6.1? N 1 3 2.25 87-05-15.479 30.0 5360 T .07 H100 E 
P 30 SWGO.I? N 1 3 2.26 87-05-15.480 30.0 5930 T .07 H101 E 
P 43 VEGA. I? D 2 2 1.12 87-05-15.526 0.2 2180 T H117 E 

I? 47 L SAEG.I? * 2 4 2.60 87-06-08.428 20.0 6430 T .10 I449 E 
P 48 L SECO.P * 2 4 2.62 87-06-08.429 20.0 5440 T .10 I450 E 
I? 49 L SE94.1? * 2G4 2.64 87-06-08.430 20.0 5480 T .10 I451 E 
P 50 L SE58.1? * 2G4 2.67 87-06-08.431 20.0 6290 T .10 I452 E 
I? 51 L SE35.1? * 2I4 2.69 87-06-08.432 20.0 6810 T .10 I453 E 
I? 52 L SW04.1? * 2G4 2.72 87-06-08.433 20.0 7030 T .10 I454 E 
I? 53 L SW16.1? * 2G4 2.75 87-06-08.434 20.0 6900 T .10 I455 E 
P 54 L SW62.1? * 2I4 2.77 87-06-08.435 20.0 5350 T .10 I456 E 
I? 55 L SW83.1? * 2J4 2.80 87-06-08.436 20.0 4640 T .11 I457 E 
I? 56 L SW98.1? * 2J4 2.80 87-06-08.436 20.0 4760 T .11 I458 E 
P 57 L SWG3.1? * 2 4 2.85 87-06-08.438 20.0 5930 T .11 I459 E 
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Selected Low Resolution Spectroscopy Frames 1988-05-22 

FITS P Name 'F Air, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

p 69 SW06.P * 1C2 1.92 88-05-22.333 15.0 7930 T -.05 G167 E 

P 70 SEE3.P * 1 2 1.91 88-05-22.334 15.0 5830 T -.05 G168 E 

P 71 SE98.P * 102 1. 91 88-05-22.335 15.0 5000 T -.05 G169 E 

P 72 SE82.P * 102 1. 90 88-05-22.336 15.0 5290 T -.05 G170 E 

P 73 SE46.P * 102 1. 89 88-05-22.337 15.0 7250 T -.05 Gl71 E 

P 74 SE40.P * 102 1. 89 88-05-22.338 15.0 7480 T -.05 Gl72 E 

P 75 SE21.P * 102 1.89 88-05-22.338 15.0 7830 T -.05 G173 E 

P 76 SW01.P * 102 1.85 88-05-22.344 15.0 7950 T -.04 G174 E 

P 77 SW17.P * 1E2 1.85 88-05-22.344 15.0 7740 T -.04 G17S E 

P 78 SW34.P * 102 1.85 88-05-22.345 15.0 7420 T -.04 G176 E 

P 79 SWS5.P * 1E2 1.84 88-05-22.346 15.0 6750 T -.04 Gl77 E 

P 80 SW82.P * 1F2 1. 84 88-05-22.346 15.0 4970 T -.04 G178 E 

P 81 SW94.P * 1F2 1. 84 88-05-22.347 ,15.0 4860 T -.04 G179 E 

P 82 SWA9.P * 102 1. 82 88-05-22.350 15.0 5230 T -.04 G180 E 

P 83 SWGS.P * 1 2 1.82 88-05-22.351 15.0 5850 T -.04 G181 E 

P 84 SE06.P * 1C2 1.81 88-05-22.353 15.0 7990 T -.04 G182 E 

P 87 SEG7.P * 1 2 1.75 88-05-22.375 15.0 5910 T -.02 G187 E 

P 88 SEC2.P * 1 2 1. 74 88-05-22.376 15.0 5220 T -.02 G188 E 

P 89 SE97.P * 102 1. 74 88-05-22.377 15.0 5070 T -.02 G189 E 

P 90 SE84.P * 1F2 1. 74 88-05-22.378 15.0 5180 T -.02 G190 E 

P 91 SE60.P * 1F2 1. 74 88-05-22.378 15.0 6770 T -.02 G191 E 

P 92 SE47.P * 1E2 1. 74 88-05-22.379 15.0 7380 T -.02 G192 E 

P 93 SE29.P * 102 1. 74 88-05-22.380 15.0 7740 T -.02 G193 E 

P 94 SE06.P * 102 1. 74 88-05-22.380 15.0 7870 T -.02 G194 E 

P 95 SW18.p * 102 1. 74 88-05-22.381 is.o 7700 T -.02 G19S E 

P 96 SW28.P * 1F2 1. 74 88-05-22.382 15.0 7400 T -.02 G196 E 

P 97 SW49.P * 102 1. 73 88-05-22.383 15.0 6890 T -.02 G197 E 

P 98 SW71.P * 1E2 1. 73 88-05-22.384 15.0 5510 T -.02 G198 E 

P 99 SW89.p * 1F2 1. 73 88-05-22.384 15.0 4890 T -.02 G199 E 

P100 SWB9.P * 1 2 1. 73 88-05-22.385 15.0 4890 T -.02 G200 E 

P101 SWG4.P * 1 2 1. 73 88-05-22.386 15.0 5720 T -.02 G201 E 

P104 SEH4.P * 1 3 1.77 88-05-22.425 15.0 5700 T .01 G206 E 

n05 SEB4.P * 1 3 1.77 88-05-22.425 15.0 4550 T .01 G207 E 

P106 SE82.P * 1I3 1. 78 88-05-22.426 15.0 5260 T .01 G208 E 

P107 SE71.P * 1F3 1. 78 88-05-22.427 15.0 6230 T .01 G209 E 

P108 SE46.P * 1G3 1. 78 88-05-22.427 15.0 7250 T .01 G210 E 

P109 SE38.P * 1F3 1. 78 88-0S-22.428 15.0 7470 T .01 G211 E 

PllO SE20.P * 1H3 1. 79 88-0S-22.429 lS.0 7600 T .01 G212 E 

P1ll SW23.P * 1H3 1. 79 88-05-22.429 15.0 7490 T .01 G213 E 

P1l2 SW26.p * 1F3 1. 79 88-05-22.430 15.0 7420 T .01 G214 E 

P1l3 SW43.P * 1G3 1. 79 88-0S-22.431 lS.0 6820 T .02 G21S E 
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Selected Low Resolution Spectroscopy Frames 1988-05-22 1988-06-03 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

P114 SW71.P * lI3 1. 79 88-05-22.431 15.0 5150 T .02 G216 E 
P115 SW82.P * IG3 1. 80 88-05-22.432 15.0 4690 T .02 G217 E 
P116 SW96.P * IH3 1.80 88-05-22.433 15.0 4500 T .02 G218 E 
P117 SWF7.P * 1 3 1. 81 88-05-22.434 15.0 5280 T .02 G219 E 
P119 URAC.P A 1 3 2.02 88-05-22.455 60.0 2980 T G222 E 

P139 16AC.P A 3 2 2.71 88-06-03.165 30.0 2930 T H017 E 
P141 16BC.P * 3 2 2.43 88-06-03.178 120.0 4660 0 H020 E 
P142 16BC.P * 3 2 2.37 88-06-03.181 120.0 4840 0 H021 E 
P143 16AC.P * 3 2 2.31 88-06-03.184 120.0 5400 0 H022 E 
Pl45 16AC.P * 3 2 2.10 88-06-03.197 120.0 5090 0 H025 E 
P146 16AC.P * 3 2 2.06 88-06-03.200 120.0 6620 0 H026 E 
P147 16BC.P * 3 2 2.03 88-06-03.202 120.0 7030 0 H027 E 
Pl48 16BC.P * 3 2 2.00 88-06-03.204 120.0 5480 0 H028 E 
Pl49 16BC.P * 3 2 1. 97 88-06-03.206 120.0 3630 0 H029 E 
P150 16AC.P * 3 2 1.95 88-06-03.208 120.0 3390 0 H030 E 
P153 SW11.P - M 4 2 3.37 88-06-03.220 60.0 5800 T -.17 H034 E 
P154 SWF9.P - M 4 2 3.28 88-06-03.222 60.0 4110 T -.16 H035 E 
P155 SEF7.P - M 4 2 3.20 88-06-03.224 60.0 3370 T -.16 H036 E 
P156 SW19.P - M 4 2 3.13 88-06-03.226 60.0 5830 T -.15 H037 E 
P157 SW06.P - M 3 2 2.32 88-06-03.260 60.0 6200 T -.09 H040 E 
P158 SWF7.P - M 3 2 2.29 88-06-03.262 60.0 3850 T -.09 H041 E 
P159 SEH1.P - M 3 2 2.28 88-06-03.263 60.0 4170 T -.09 H042 E 
P160 SW14.P - M 3 2 2.25 88-06-03.265 60.0 6390 T -.09 H043 E 
P162 SEOO.P - M 3 2 2.12 88-06-03.275 60.0 9510 T -.08 H046 E 
P163 SWH7.P - M 3 2 2.10 88-06-03.277 60.0 7160 T -.07 H047 E 
P164 SEG7.P - M 3 2 2.09 88-06-03.278 60.0 7030 T -.07 H048 E 
P165 SE02.P - M 3 2 2.04 88-06-03.283 50.0 9440 T -.07 H049 E 
P166 SWH4.P - M 3 2 2.03 88-06-03.284 50.0 8240 T -.06 H050 E 
P167 SEH3.P - M 3 2 2.01 88-06-03.286 50.0 8990 T -.06 H051 E 
Pl68 SW02.P - M 3 2 2.00 88-06-03.287 40.0 11080 T -.06 H052 E 
P169 SW06.P - M 3 2 1. 99 88-06-03.289 30.0 9460 T -.06 H053 E 
P173 MMS2.P M 2 2 3.30 88-06-03.301 5.0 9710 T H058 E 
P174 MMS2.P M 2 2 3.06 88-06-03.309 5.0 9880 T H059 E 
P175 MMS2.P M 2 2 3.03 88-06-03.310 5.0 10630 T H060 E 
P176 MMS2.P M 2 2 3.00 88-06-03.311 5.0 10000 T H061 E 
Pl77 MMS2.P M 2 2 2.97 88-06-03.312 5.0 10080 T H062 E 
P178 MMS2.P M 2 2 2.97 88-06-03.312 5.0 10190 T H063 E 

-------------------------~ .. ---.--.,-.,-.-, .. -.. , ... --... -, ... _-- _ ............. ---_ .. -.. .. 
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Selected Image Frames 1986-06-21 1988-05-23 

FITS P Name F Air, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M 32 SATU+A M 302 1.62 86-06-21.219 70.0 13870 +1 I292 0 

M 34 SATU+A M 3C2 1. 61 86-06-21.224 70.0 13560 +1 I294 0 

M 37 Z SATU+B M 2C2 1.61 86-06-21.232 50.0 16360 +3 I298 0 

M 38 T SATlT+B M 202 1. 61 86-06-21.234 50.0 6480 +1 I299 0 

M 40 T SATU+B M 202 1. 61 86-06-21.237 1.0 780 +0 I301 0 

M 41 SATU+B M 202 1. 61 86-06-21.238 1.0 7860 +0 I302 0 

M 43 SATU+C M 102 1.62 86-06-21.255 60.0 5510 +2 1305 0 

M 44 SATU+C M 1E2 1.63 86-06-21.256 60.0 5500 +2 I306 0 

M 45 SATU+C M 1C2 1. 63 86-06-21.258 60.0 5550 +2 I307 0 

M 47 Z SATU+O M 102 1. 64 86-06-21.263 50.0 15590 +5 I310 0 

M 49 T SATU+O M 102 1.65 86-06-21.267 60.0 6040 +1 I312 0 

M 50 SATU+O M 102 1. 65 86-06-21.268 1.0 7280 +0 I313 0 

M 68 SATU+A M 3E5 1. 88 87-06-08.373 1.0 1200 +0 I433 0 

M 69 SATU+A M 3F5 1. 89 87-06-08.374 1.0 1180 +0 I434 0 

M 70 SATU+H M 3G5 1. 90 87-06-08.376 1.0 8710 +0 I435 0 

M72 SATU+C M 3E5 1.93 87-06-08.380 1.0 1390 +0 I438 0 

M 73 SATU+C M 3F5 1. 95 87-06-08.382 1.0 1390 +0 I439 0 

M 74 SATU+I M 3F4 1. 97 87-06-08.384 1.0 8550 +0 I440 0 

M77 SATU+J M 3E4 2.00 87-06-08.388 1.0 1870 +0 I443 0 

M 78 SATU+J M 3E4 2.01 87-06-08.389 1.0 1880 +0 I444 0 

M 92 SATU+K * 2F3 1. 73 88-05-23.383 1.0 840 +0 G273 0 

M 94 SATU+K * 2F3 1. 73 88-05-23.388 1.0 850 +0 G275 0 

M 96 SATU+A * 203 1. 73 88-05-23.392 1.0 990 +0 G277 0 

M 97 SATU+A * 2F3 1. 73 88-05-23.393 1.0 990 +0 G278 0 

M 98 SATU+A * 2G3 1. 73 88-05-23.395 1.0 990 +0 G279 0 

M 99 SATU+H * 2E3 1. 74 88-05-23.405 1.0 8750 +0 G281 0 

M100 SATU+H * 2E3 1. 74 88-05-23.406 1.0 8730 +0 G282 0 

M101 SATU+H * 2E3 1. 74 88-05-23.408 1.0 8740 +0 G283 0 

M103 SATU+C * 2E3 1. 75 88-05-23.413 1.0 1210 +0 G285 0 

M104 SATU+C * 2G3 1. 75 88-05-23.414 1.0 1200 +0 G286 0 

M105 SATU+C * 203 1. 76 88-05-23.415 1.0 1220 +0 G287 0 

M106 SATU+C * 2E3 1. 76 88-05-23.417 1.0 1230 +0 G288 0 

M107 SATU+I * 1G3 1. 77 88-05-23.420 1.0 9230 +0 G290 0 

M108 SATU+I * 1E3 1.77 88-05-23.421 1.0 9310 +0 G291 0 

M109 SATU+I * 103 1. 78 88-05-23.423 1.0 9320 +0 G292 0 

M110 SATU+I * 103 1. 78 88-05-23.425 1.0 9440 +0 G293 0 

M111 SATU+I * 1G3 1. 79 88-05-23.426 1.0 9320 +0 G294 0 

M112 SATU+J * 103 1. 79 88-05-23.427 1.0 1650 +0 G295 0 

M113 SATU+J * 1E3 1. 80 88-05-23.429 1.0 1580 +0 G296 0 

M114 SATU+J * 1E3 1. 80 88-05-23.430 1.0 1590 +0 G297 0 

M115 SATU+J * 1E3 1. 81 88-05-23.432 1.0 1610 +0 G298 0 

M116 SATU+J * 1E3 1.81 88-05-23.433 1.0 1620 +0 G299 0 

-----------------------------~-- .. _ ... _ .. -........... ... . ... . ................ __ ...... . 
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Selected Image Frames 1988-05-26 

FITS P Name F Air, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M117 I SATU+K M 102 1.74 88-05-26.367 1.0 1140 +0 G464 0 
M118 I SATU+K M 1C2 1. 74 88-05-26.369 1.0 1150 +0 G465 0 
M119 I SATU+K M 102 1. 74 88-05-26.370 1.0 1130 +0 G466 0 
M120 I SATU+K M 1F2 1. 74 88-05-26.371 1.0 1130 +0 G467 0 
M121 I SATU+K M 1E2 1. 73 88-05-26.372 1.0 1140 +0 G468 0 
M122 SATU+A M 1E2 1. 73 88-05-26.377 1.0 960 +0 G470 0 
M123 SATU+A M 1G2 1. 73 88-05-26.378 1.0 960 +0 G471 0 
M124 SATU+A M 1C2 1. 73 88-05-26.379 1.0 970 +0 G472 0 
M125 SATU+A M 1C2 1. 73 88-05-26.380 1.0 960 +0 G473 0 
M126 SATU+A M 1E2 1. 73 88-05-26.382 1.0 960 +0 G474 0 
M127 SATU+H * 1C2 1. 74 88-05-26.394 1.0 8140 +0 G476 0 
M128 SATU+H * 1C2 1. 74 88-05-26.395 1.0 8230 +0 G477 0 
M129 SATU+H * 1E2 1. 74 88-05-26.396 1.0 8160 +0 G478 0 
M130 SATU+H * 1E2 1. 74 88-05-26.397 1.0 8170 +0 G479 0 
M131 SATU+H * 102 1. 74 88-05-26.398 1.0 8160 +0 G480 0 
M132 SATU+C * 1C2 1. 75 88-05-26.405 1.0 1130 +0 G482 0 
M133 SATU+C * 102 1. 76 88-05-26.406 1.0 1120 +0 G483 0 
M134 SATU+C * 1F2 1. 76 88-05-26.407 1.0 1100 +0 G484 0 
M135 SATU+C * 102 1. 76 88-05-26.408 1.0 1110 +0 G485 0 
M136 SATU+C * 1E2 1. 76 88-05-26.409 1.0 1100 +0 G486 0 
M137 SATU+I * 1C2 1. 78 88-05-26.414 1.0 8480 +0 G488 0 
M138 SATU+I * 1C2 1. 78 88-05-26.415 1.0 8520 +0 G489 0 
M139 SATU+I * 102 1. 78 88-05-26.416 1.0 8480 +0 G490 0 
M140 SATU+I * 102 1. 79 88-05-26.417 1.0 8460 +0 G491 0 
M141 SATU+I * 1C2 1. 79 88-05-26.418 1.0 8490 +0 G492 0 
M142 SATU+J * 102 1. 80 88-05-26.420 1.0 1570 +0 G494 0 
M143 SATU+J * 102 1. 80 88-05-26.422 1.0 1600 +0 G495 0 
M144 SATU+J * 1C2 1. 81 88-05-26.423 1.0 1600 +0 G496 0 
M145 SATU+J * 1C2 1. 81 88-05-26.424 1.0 1600 +0 G497 0 
M146 SATU+J * 1C2 1. 82 88-05-26.425 1.0 1590 +0 G498 0 

-------------------------------~--.. -..... -.. -"'............. ... . .. - ......... _ ... __ ._ ...... _ .. 
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Selected Image Frames 1989-10-10 

FITS P Name FAir, -mass UT (midexp) ExpT Counts Tr Redsh FR8& C 

M163 SATU.C N 1E2 1. 83 89-10-10.070 5.0 6170 T G076 0 
M164 SATU.C N 1F2 1.84 89-10-10.073 5.0 6140 T G077 0 
M165 SATU.C N 1E2 1. 85 89-10-10.074 5.0 6180 T G078 0 
M166 SATU.C N 102 1. 85 89-10-10.075 5.0 6240 T G079 0 
M167 SATU.H A 1F2 1. 87 89-10-10.078 0.7 6730 T G081 0 
M168 SATU.H A 1E2 1. 88 89-10-10.080 0.7 6800 T G082 0 
M169 SATU.H A 102 1. 88 89-10-10.000 0.7 6800 T G083 0 
M170 SATU.H A 1E2 1. 88 89-10-10.081 0.7 6810 T G084 0 
Ml71 SATU.A A 1E2 1. 89 89-10-10.083 8.0 8670 T G085 0 
Ml72 SATU.A A 1T~2 1. 90 89-10-10.084 8.0 8670 T G086 0 
M173 SATU.A A 1E2 1. 91 89-10-10.085 8.0 8680 T G087 0 
M174 SATU.A A 1F2 1. 91 89-10-10.086 8.0 8640 T G088 0 
M175 SATU.L A 1E2 1. 95 89-10-10.092 0.4 7090 T G089 0 
M180 0 SATU.L M 1E2 2.00 89-10-10.098 0.4 6980 T G094 0 
M182 0 SATU.L M 102 2.02 89-10-10.101 0.4 6690 T G096 0 
M183 0 SATU.L M 1E2 2.02 89-10-10.101 0.4 6560 T G097 0 
M186 SATU.A M 1F2 2.12 89-10-10.111 8.0 8390 T G101 0 
M188 SATU.A M 1G2 2.14 89-10-10.113 8.0 8380 T G103 0 
M189 SATU.A M 1F2 2.16 89-10-10.115 8.0 8350 T G105 0 
M193 SATU.H M 102 2.24 89-10-10.121 1.0 9380 T G109 0 
M196 SATU.C M 1E2 2.28 89-10-10.124 8.0 9570 T G113 0 
M197 SATU.C M 1F2 2.29 89-10-10.125 8.0 9340 T G114 0 
M199 SATU.C M 1F2 2.31 89-10-10.126 8.0 9230 T G116 0 
M200 SATU.C M 1F2 2.34 89-10-10.128 8.0 9110 T G117 0 
M201 SATU.C M 1F2 2.34 89-10-10.128 8.0 9230 T G118 0 
M203 SATU.J M 1E2 2.44 89-10-10.134 8.0 11850 T G120 0 
M206 SATU.J M 1E2 2.51 89-10-10.138 8.0 11720 T G123 0 
M207 SATU.J M 102 2.55 89-10-10.140 8.0 11920 T G124 0 
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APPENDIX F 

BIGB RESOLUTION SPECTROSCOPY FRAMES 

The following figures give north-south profiles along the slit for all 
frames on or near Saturn's disk. This also includes frames with 
problems not used for the results. 

Profiles of the continuum intensity are dashed and on a relative scale. 
Profiles of the equivalent width of the hydrogen quadrupole lines are 
the solid curves and on a scale of 0 - 8 pm or 0 - 2 pm from bottom to 
top. The spatial scale is the same throughout, 1 Saturn equatorial 
radius south to north. 

The first figure is a summary and gives the average of all used frames. 
The top two curves are the equivalent widths of the 3-0 lines, the 
bottom two the equivalent widths of the 4-0 lines. The curves are 
slightly thinner for the 5(0) lines than for the 5(1) lines. The right 
part of the figure also includes the profile for the observations with 
an east-west slit. No significant longitudinal structure or east-west 
asymmetry is visible. 

The figures are ordered according to the four hydrogen quadrupole line 
and chronologically ordered within each line. The top in each part 
lists the beginning of the frame description. 
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APPENDIX G 

LOW RESOLUTION SPECTROSCOPY FRAMES 

The following figures give north-south profiles along the slit for all 
low resolution spectroscopy frames on or near Saturn's disk. This also 
includes frames with problems which were not used for the results. The 
first figure is a summary and gives the average of the observations for 
the observations on 1988-05-22. The following figures show each frame. 

The spatial scale is 1 Saturn equatorial radius south to north. The 
intensity scale goes from 0 at the bottom to 1.6 at the top with tic 
marks in steps of 0.1. The strong solid curve in the lower part of 
each figure is the continuum albedo I/F averaged over a variety of 
wavelengths. The strong solid curve near 1.0 intensity is the 
band/continuum ratio for the ammonia absorption at 647 nm wavelength. 
Strong deviations from 1.0 occur only for slit positions near the 
central meridian at Saturn's north pole. The curves below give the 
band/continuum ratio for four types of methane absorptions, weak and 
strong ones. These curves go to 1.0 at the left edge because this is 
the location of the ring. The top four curves give the 
spectrophotometric gradient of the continuum. It is a measure of the 
spectral slope. It is plotted on a different scale. The top marks 0.6 
and each tic mark is 0.3. It usually ranges between 0 and -1.2, 0 
corresponds to neutral color and -1.2 to strongly reddish. The solid 
curve describes the blue spectral region, the long dashed curve the 
green, the shorter dashed curve the red, and the shortest dashed curve 
the near infrared. Note that there are significant color differences 
between different latitude regions, consistently recorded for similar 
slit positions. Some features for slit positions near the limb are 
caused by the atmospheric dispersion. The slit position on the planet 
is slightly different for different wavelengths causing systematic 
shifts in color, especially when the position changes between disk and 
ring. The top of each frame lists the beginning of the frame 
description with the slit position at 500 nm wavelength added . 
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Low ResolutIon Spectroscopy 1988-05-22 
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Low Resolution Spectroscopy 1988-05-22 
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APPENDIX B 

IMAGE FRAMES 

The following figures give profiles for all image frames. This also 
includes frames with problems not used for results. On each page, the 
top figure shows continuum light profiles, the bottom figure shows 
methane band profiles. 

In each section, the top curves are profiles of the central meridian, 
1.25 Saturn equatorial radii south to north. The bottom curves are 
ce'ntral east-west profiles, 2.5 Saturn equatorial radii east to west. 
The image numbers, listed at the top, are shown from top down, each 
offset by 0.2. One tick mark is 0.2 in IfF (albedo). 

Problems due to clouds in the first night (next page) are as apparent 
as the variable seeing conditions. Several images with bad seeing were 
already rejected at the telescope and not saved. 
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Continuum Images 1986-05-23 
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