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Abstract 

A new Fourier transform pectrometer. built for use at the C'altech Submil­

limeter Obsen·atory. has been used to obsen·e all four of the joYian planets (.Jupiter. 

Saturn. rranus. and ~eptune) in the millimeter-submillimeter wavelength range (0.:3-

3.0 mm ). These obserYations han· resulted in the detection of the PH3 1-0 rotational 

line (266.9 GHz) in Saturn. and the PH:3 3- 2 ( "'00 . .5 GHz) line in both .Jupiter and 

Saturn. Because PH3 i a disequilibrium species. it is an important tracer of \·ertical 

mixing and upper atmospheric photochemistry. and can therefore be u eel to deriYe 

dynamical and chemical propertie of the jo\·ian atmospheres. A joYian planet radia­

tive transfer code has been used to model the observed PH3 lineshapes. l lsing the 

FTS. a pectralline surwy covering the entire range of submillimeter frequencies ob­

. en·able from the ground has also been performed on Jupiter at Saturn at a resolution 

of 200 l\ IHz. This survey ha yielded the tentatiw detection of HCI (and possibly 

HC~) in Saturn and. again with the aid of radiative transfer modeling. proYided a 

great number of improYed upper limits on the concentrations of many other species. 

Finally. Uranus and Neptune haYe been ob en·ed in the 1300 1-lm atmospheric windO\v 

which contains the CO 2- 1 transition. This line was not detected in either planet . 

placing upper limits on the tropospheric CO mole fraction of 0 .. 5 ppm in Uranus and 

1...1 ppm in ~eptune. 
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Chapter 1 

Introduction 
··A scuna is said to b( useful zf zls derdopment lends to accentuate the exist111g 
ineq1wltlus in the dtstnbution of u·ealth. or more directly promote the destruction 
of human ltfc. ·· 

- G. H. Hardy (A Jfathematzcwn·s Apology) 

··That sciCnCf is in some respects whuman may be th e seafl of t.ts succt sin alle­
natmg human mzsery and mztigatmg human stupzdity. ·· 

- E. T. Bell (.\Ialhemattc : Queen and Sen•an t of Scienet} 

·-Th( die 1 cast. and I u-rite this book. l!"hethn· it will be read by my contemporaries 
or by posllnty IS not important. If God himstlf has waz t ed six thousand years for 
someont to contemplatt his works, my book can wait f or a hundred.·· 

- Johannes Kepler (Harmonice Mundi) 

Spectroscopy is an extremely powerful tool in the study of planetary atmo-

spheres. "Csing nothing but the radiation emitted from an atmosphere. a Yariety of 

constituent molecular specie can be detected. l'nder faYorable circumstances-and 

perhaps \\·ith the aid of some simplifying assumptions-the abundances of detected 

species can also be inferred. This compositional information is useful for intercom-

parison of the atmospheres of different planets, and also as a mean of monitoring 

atmospheric changes as a function of season or other longer period of time. Further-

more, if enough spectroscopic constraints are a ,·ailable (either from the measurement 

of multiple lines or from the high resolution determination of spectral lineshape ). 

then vertical abundance and temperature profiles can be cleriYed a well. Vertical 

abundance profile are important because they probe the dynamics and chemistry of 

an atmosphere. properties which are difficult to study using other means. In the ab-

ence of in situ mea urements uch as the Pioneer \"enu. and Galileo entry probes or 

the \'iking landers. ground- and spacecraft-based spectroscopy are the only technique 

which can pro\·ide direct compositional information on planetary atmospheres. 

Q,·er the last few decades. spectroscopic techniques han' ad\·anced to the 

point that Yirtually the entire electromagnetic spectrum- from the ultra\·iolet to the 
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microwa,·e-is now acces ible to atmospheric pectro copy. At the shortest wave­

lengths ( < 0.:3 fll11), ultra,·iolet spectroscopy is sensitive to energetic electronic transi­

tions. Howe,·er. because ozone in the Earth·. atmosphere absorbs these wa,·elengths. 

ultraviolet spectra can be obtained only from spacecraft and Earth-orbiting satel­

lites. Cltraviolet wavelengths probe the uppermost tenuous regions of planetary 

atmospheres, generally at the mbar to nbar pressure levels. At the slightly longer 

wavelengths of 0.:3 to 0." pm. visible spectroscopy is sensitive to less energetic elec­

tronic transition . Visible spectra can be obtained using ground-based telescopes. but 

are capable of yielding relatively little quantitative compositional informat ion. The 

only three molecules detected in the atmospheres of Jupiter and Saturn in the ,-isible 

portion of the spectrum. for example. are H2 , CH4 . and l\H3. Although it is possible 

to deri,·e H2 abundances from visible spectra. these ,-alue are actually determinations 

of the depths of reflecting clouds. Visible obsen·ations of NH3 are also difficult to 

interpret due to both spatial and temporal variability. as well a the poorly known 

wavelength dependence of particulate scatters and continuum absorbers. Visible CH4 

observations are similarly complicated by scattering from cloud particles (Prinn et al. 

1984, pp. 108-112). 

At wavelengths of 1-100 pm, infrared pectroscopy is sensitive primarily to 

molecular vibrational transitions. Since the time of I~ uiper's low-resolution prism 

observations of planetary atmospheres in the mid-1940' . infrared detectors and tech­

niques have ach·anced by orders of magnitude in sensitivity. Today. infrared mea­

surements provide the majority of the known compositional information for both 

major and minor constituents of planetar~· atmo pheres. The ,·ibrational transitions 

of many molecules (e.g .. C'O, C2H2. C2H-1 . C2H6. CH3D. C'H4 • H20, NH3, PH3, AsH3. 

and GeH4 ) haw been detected at infrared wa,·elengths in both Jupiter (e.g .. Ridgway 

ef a/. 1976. Larson et a/. 1977. Tokunaga tf a/. 1979. Drossart t1 al. 19 "2. I~nacke 
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ct al. 1982. l\unde et al. 1982. Bjoraker cf al. 19 ~6 . . oll et al. 198") and Saturn 

(e.g .. Fink and Lar on 101". Larson et al. 19 "0, Courtin e/ al. 19 "-L l\oll F! al. 19"6. 

~oll and Larson 1990). In addition. the far-infrared transitions of H2 ha,·e been 

used to deri,·e the He abundances in the jo,·ian planets . . 'lightly longer wavelength 

far-infrared observations can detect energet ic rotational transitions of simple mole­

cu les. However, measurements at these wa,·elengths haw thus far attained only lo\v 

signal-to-noi e ratios (Haas eta/. 1985, 19 ~6). sharply limi t ing their utility. 

~Iicrowave wavelength radiation. a spectral region often further divided into 

the submillimeter (0.3-1.0 mm), millimeter, and centimeter wavebands. ha been used 

at longer wa,·elengths to measure both rotational and inversion transitions of atmo­

spheric molecules. Centimeter wavelength radiation probes the deep atmospheres of 

jm·ian planets and can be used to infer compositional information based on the opacity 

observed at the several to "' 90 bar level (e.g .. de Pater and Dickel 19 "2, Hofstadter 

and ~Iuhleman 1988, de Pater and Richmond 1989, Grossman et al. 19 9, Hofstadter 

et al. 1990. de Pater et a/. 1991 ). The advantage of centimeter wavelengths is their 

deep atmospheric penetration. which allows them to probe the relati,·ely high tem­

perature regions of jovian atmospheres where clouds form. A disadvantage is t hat 

molecules are not detected directly, but instead have their concentrations inferred 

based on the observed opacity in highly pressure-broadened line 'l'vings. 

The first millimeter line to be observed in a planetary atmosphere v.·as CO 

1 - 0 (at 1 F> GHz = 2.6 mm), which \Yas detected in both Venus and ~lars by 1\:akar 

fl al. (1976). In subsequent years. single-dish and synthesis imaging heterodyne 

spectroscopy at millimeter wawlengths (and. more recently. single-dish heterodyne 

spectroscopy at ubmillinu.tcr wa\·elengths) has been used extensi,·ely to study the 

atmospheres of Yenus (Clancy and ~Iuhleman 1991. Shah et a/. 1991. Shah 1992. 

Lellouch et al. 199·!. Gurwell ef a/. 199.5). 1\Iars (Clancy e.t al. 19":3. Lellouch et a/. 
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19"9. Clancy eta/. 1990. Clancy and l\Iuhleman 199L Lellouch et al. 1991), Titan 

(l\Iuhleman et al. 1984, Marten d a/. 1988. Gurwell 1996, Gurwell and l\Iuhleman 

1996), and ~eptune (Rosenqvist e.t a/. 1992, l\Iarten et al. 1993) using the first few 

rotational transitions of CO. However. prior to 1994. the only other atmospheric 

molecules detected in the microwa,·e region ·were HC -on Titan (Tanguy et al. 1990) 

and :\eptune (Rosenqvist ti al. 1992. Marten et al. 1993, Lellouch et al. 1994). HC3 ~ 

(cyanoacetylene: Bezard et al. 1992) and CH3C~ (acetonitrile: Bezard et al. 199:3) on 

Titan. and S02 (and potentially SO) on Io (Lellouch et al. 1990. 1994). Follov,:ing the 

impact of Comet Shoemaker-Levy 9 into Jupiter, stratospheric lines of the molecules 

CO, CS, OCS (Lellouch et al. 1994), and HC.K (Owen et al. 1994. ~Iarten fi al. 1995) 

were also detected near some of the impact sites. 

vVhile planetary atmospheres have been extensively studied in the centime­

ter and millimeter wavebands .. the submillimeter spectral region has. until recently. 

remained largely unexplored . · nlike infrared spectra, spectra taken at millimeter 

and submillimeter wavelengths contain relatively fe,,· spectral lines. which are conse­

quently well separated. Because there is little confusion between the pure rotational 

lines at millimeter-submillimeter wavelengths. mixing ratios can be retrieved with 

relative ease. Because rotational lines in general become stronger (ex ] 3 for linear 

molecules) with increasing rotational quantum number J, the highest (and most dif­

ficult to observe) submillimeter frequencies usually provide spectra which are the 

most sensitive to species with small abundances. Howe\·er, the technical difficulty in 

constructing radio telescope sized antennas with the precision required for submil­

limeter obsen·ations, combined with the low terrestrial transmission at submillimeter 

wavelengths. has impeded progress. The recent construction of large and accurately 

figured telescopes at high. dry sites (such as the 10.4-m Caltech Submillimeter Ob­

servatory and the 1-5-m James Clerk ~laxwell Telescope. both located on the summit 
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of ~ launa J\:ea) has recently opened up the submillimeter pectral range to scrutiny. 

In the dense atmospheres of the jovian planets. the full-width at half max­

imum of collisionally broadened lines can reach several to several tens of GHz at 

submillimeter wavelengths. In order to detect these highly pressure-broadened lines, 

a spectrometer with wide frequency coverage is necessary. Heterodyne receivers and 

bolometers are the most commonly used detectors for millimeter and submillimeter 

ob ervations (for a recent review. see Carlstrom and Zmuidzina 1996) . Heterodyne 

recei\·ers provide very high spectral resolution. but only small band passes (typically 

s; 1 GHz) . making them ill-suited to planetary continuum and pressure-broadened 

line observat ions. On the other hand , the filters typically used in conjunction with 

bolometer continuum observations (e.g .. Hildebrand f.f al. 19 "-5. Griffin ti al. 19 6. 

Orton el al. 19"6. Griffin and Orton 1993) have bandpasses which are much broader 

than planetary spectral lines. sharply limiting their utility in planetary spectroscopy. 

A moderate resolution spectrometer \Yhich combines a large bandpass with a resolu­

tion intermediate to the two cases above is therefore required. A Fourier transform 

spectrometer prm·ides the necessary combination of a broad passband and moderate 

resolution required to detect tropospheric absorption features. 

In order to study the millimeter and submillimeter spectra of the giant planets 

at moderate resolution, E . Serabyn and E. \\"eisstein haw built a rapid-scan Fourier 

transform spectrometer [FTS] for use at the C'altech Submillimeter ObsetTatory. This 

spectrometer has been used to obserw all four of the jovian planets (J upiter, Saturn. 

Uranus .. and ·eptune ). in which the expected line widths are well-matched to the 

maximum available instrumental resolut ion of 200 l\IHz. These observations ha\·e 

resulted in the detection of the Plh 1-0 (266.9 GHz) line in Saturn (\'Veisstein and 

Serabyn 199-!). and the Plh :3-2 ( "00 .. 5 GI-Iz) line in both Jupiter ( \\"eisstein et al. 

1996) and Saturn. Because PH3 is a disequilibrium species. it is an important tracer 
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of Yertical mixing and upper atmosphere photochemistr_, .. and can therefore be used 

to deriw dynamical and chemical propertie of the joYian atmospheres. A spectral 

line surYey CO\'ering the entire range of submillimeter frequencie obsen·able from the 

ground has also been performed on Jupiter and Saturn at the full resolution of the 

FTS. This sun·e_,. ha. yielded the tentati\'e detection of HC'l (and perhaps HC\') in 

Saturn. and proYided a great number of improYed upper limits on the concentrations 

of many other pecies. Finally. C ranus and eptune ha,·e been obserYed in the 1:300 

{1111 atmospheric window which contains the CO 2 - 1 and P H3 1 - 0 transitions . 

. either molecule was detected in l"ranus or 'eptune. although the upper limit deri,·ed 

from these ob en·ations is consistent with the reported detections of tropospheric CO 

in ~eptune b~· Guilloteau fi al. (1993) using three widely separated frequency tunings 

of the IRA~I Plateau de Bure interferometer, andl\aylor tf a/. (199-!) using a ~Iartin­

Puplett FTS located at the James Clerk l\Iaxwell Telescope (\'aylor. Clark. and DaYis 

199-!). 



Section 2.1 Rotational Transition Formalism 

Chapter 2 

Millimeter /Submillimeter Spectroscopy 
·'Btlievc nothing 011 hearsay. Do not btlicrc in traditwns becaust they 11n old. or 
in anything 011 th e mere authority of myself or any other teacher.·· 

- Buddha 's last injunction 

.. The effort to understand the un i1:e rst is one of the rery few things that lifts human 
lift a lift it abot•e the level of farce. and gives it some of th e gracf of tragedy. ·· 

- Steven Weinberg (The First Thne Minutes) 

2.1. Rotational Transition Fonnalisn1 

The spectral line features which occur in the millimeter-submillimeter portion 

of the spectrum result from quantum mechanical molecular rotational transitions. Al-

though rotational transitions can couple \Yith other types of molecular transitions. the 

Born-Oppenheimer approximation allows a Yibrational. rotational, and nuclear spin 

wavefunction to be eparated from the electronic wa,·efunction. Furthermore, because 

vibrational energy levels are generally more widely spaced than rotational levels for 

simple molecules. it is often possible to further separate the vibrational wavefunction 

from rotational and nuclear spin \vavefunctions. and therefore solve the rotational en-

ergy eigem·alue problem for an arbitrary gi,·en ,·ibrational state (Rosenkranz 199-!). 

Quantum mechanics allows rotating molecules to posses only discrete quanta 

of angular momentum. For a rotating rigid diatomic molecule in quantum rotational 

state J = 0. 1, 2 ..... the total rotational angular momentum is given by 

h 
L = JJ(J+1) -. . 

2r. 

where h is Planck 's constant. The rotational energy is thus 

E=L2 =J(J+1)h2 
21 "r. 21 

( 2.1) 

(2 .2) 
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where I is the molecule's moment of inertia. The quantum mechanical election 

rule for a diatomic molecule with a nonzero dipole moment i ~J = ±1. o for the 

.] ~ J - 1 transition. 

(2.3) 

(Rotational transitions are quantum mechanically forbidden for molecules which lack 

both electric and magnetic dipole moments .) Tlw transition frequency i therefore 

~E 
v = -

1
-
7 

= 2BJ. (2..!) 

where B is the rotation con tant defined b~· 

(·) .- ) _ , J 

(Townes and chaw low 1975 ). Similar expressions hold true for linear polyatomic 

molecules. but the situation is slightly more complex for symmetric rotors (which 

have transition energie dependent on an addit ional quantum number I ,· as well as 

J). and significantly more complicated for asymmetric rotor and for molecule which 

possess nonzero orbital angular momenta (such as the SO molecule. which exists in 

a 3~ ground electronic state: Gordy and Cook 19"-!). 

For a given rotational transition of a given molecule. the so-called line trength 

ha is conventionally defined a the integral of absorption cross-section over the spec-

tralline shape. A quantum mechanical deri,·ation leads to the expression 

~ -3 V C,' 112(.c-EL/kTo _ C-Ec /kT0 ) I _ _'_' ba ~ ba ~ '-
ba (To) - .

31 
--'------'--Q- (-,..-)------'- , 

· 1C ·rs .lQ 
(2.6 ) 

where. following Pickett tf al. (1992) . ha is taken to have unit of nm2 l\11-Iz. In (2.6), 

Qrs is the rot ation- pin partition function 

Loc h 1 ·T /,· T 1 1 h B 
Q. (T) = (2n + 1)E- B n (n+l) k = - + - + -- + ... 

IS hE :3 1:5 kT 
n=O 

( ') ~ ) 
~.I 
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(for linear molecules). C the speed of light. V ba the transition frequency. S'b'.l the intrinsic 

line strength with appropriate degeneracy (Sba = Jc for linear molecules ). ELand Ec 

the lower and upper state energies relati,·e to ground state. k Boltzmann·. constant. 

T the ambient temperature. and T0 = 300 I' the reference temperature. Pickett et a/. 

(1992) catalog the logarithm of h a(T0 ) and the upper tate energy£~ in units of cm-1 

for a wide variety of common (and not so common) molecules and their isotopomers. 

At a given temperature. the line strength in units of cm-1 I( molecule cm-2 ) can then 

be well approximated by 

I (T) = h a(To) 
ba :3 X 1018 ( 

T. ) l+tJ [ ( 1 1 ) he ] 
; exp - T - To k E~ . (2 . .,) 

where the factor 

for linear molecules 
for nonlinear molecules. (2.9) 

gi,·es the temperature dependence of the partition function (Pickett t.l al. 1992) . 

The absorption coefficient kv (sometimes denoted a v) which has units of cm-1 

is then given at a pressure p and temperature T in terms of (2. ") by 

~·(v.p.T) = (_!!___) h a(T)p(p.T)o(v.p.T) 
V ba 

(2 .10) 

(Van Vleck and vVeisskopf 19"1.5. Waters 1976). where pis the number density in cm-3 

and 6( v. p. T) is the lineshape function. Some care must be taken \\·hen comparing the 

aboYe ex pres ion with those of other authors. as the vI V ba term is frequenth· absorbed 

into the lineshape function. However. for lines without extensiYe wings which have 

full-widths no greater than '"'"' 10 GHz at :300 GHz (or '"'"' :30 GHz at ' 00 GHz) , the 

vI V ba term can be approximated by unity to a good approximation without affecting 

line wing absorption. (One full width away from line center. the error incurred by 

dropping this term i only ""'-l%.) For a Lorentzian lineshape. the approximation 

(2.11) 

is therefore frequently used. 
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Figure 2.1. .\iillimeter/submillimet.er rotationa l transit ions for a number of molecules of interest. 
The frequencies and line strengths displayed in these plots were taken from the microwave line 
catalog of Pickett tf a/. ( 1992) . 
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Figure 2.1. l\1illimeter/submillimeter rotational transitions, con 't. The isotopomers of C l and Br 
shown here are the ones containing the most abundant halogen isotope. The frequencies of W'1 Br 
a nd H37CI are very close to the ones shown here in any case. 

2.2. Subtnillhneter Molecular Transitions 

The most abundant constituents of jovian atmospheres . H2 and He. do not have 

spectral lines in the submillimeter portion of the spectrum. However , the abundant 

atmospheric molecule NH3 has its first rotational transition at 57.5 GHz (0 .. )2 mm), 

and the relati,·ely abundant :-JH3-analog molecule PH3 (phosphine) has its first t hree 

rotational transitions in the millimeter-submillimeter portion of the spectrum (at 

261. :33-1. and ,.,00 GHz). In addition to NH3 and PH3 , other molecules expected 

to play an important chemical role in the atmospheres of the jovian planets include 
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H20. H2S. HC~, HCP. CH.J. CH3 D, and CO. Additional possible constituents include 

the hydrogen halides HBr and HCL the alkali hydrides LiH and KaH. and the Nih 

and CRranalogs AsH3 and GeH-1 . Fig. 2.1 plots the transition frequencies and line 

strengths for most of these molecules. C nfortunat.ely. of the molecules just listed, the 

ubmillimeter transitions of ~H3 . H20. GeH-1. and CH-1 cannot be observed from the 

ground because H3 and H20 are obscured by the Earth's atmosphere and CH4 and 

GeH-1 lack dipole moments. ~onetheless. as can be seen from Fig. 2.1. many common 

or potential jo,·ian atmospheric molecules do exhibit strong rotational transitions 

in accessible portions of the millimeter-submillimeter spectral region, making them 

attractive targets for spectroscopic investigations. 

2.3. Terrestrial Atlnospheric Spectrun1 

The millimeter-submillimeter spectrum of the Earth's atmosphere is an impor­

tant factor in spectroscopic studies of the planets because the opacity of terrestrial 

atmospheric rotational transitions obscures significant portions of the sub-THz sky 

to ground-based obse1Tations. The primary source of millimeter-submillimeter opac­

ity in the Earth's atmosphere is water. As a result. obsen·ations at submillimet.er 

" ·avelengths are possible only in a number of atmospheric ,.,·indows bebveen 1-50 and 

1000 GHz ( = 2.0 to 0.:3 mm) (Waters 1976. Liebe 1980, 1981, 1985 ). Fig. 2.2 shmYs 

a model of the zenith atmospheric transmission at the 13,200 foot altitude of the 

Caltech Submillimeter Obsen·atory [CSO] for 1 mm precipitable H20. a typical quan­

tity under good obsen·ing conditions, generated using the program AT (E. Grossman 

1q "9). Cnder less favorable conditions with higher atmospheric water vapor con­

tent. transmission decreases and the high frequency windows effectively close. The 

deep absorptions are caused by highly pressure-broadened transitions of H20 and 0 2 

(the latter of which. although homonuclear, possesses a magnetic dipole moment and 

therefore has allowed rotational transitions). The many small absorption features are 
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Figure 2.2. Zenith atmospheric transmission at the CSO for 1 111111 precipitable H20. This plot was 
generated using the program AT (E. Grossman 1989). 

primarily due to 0 3 • although a few 0 180 lines are also present. 

The amount of atmospheric water vapor determines which transmission win-

dows can be used profitably for observations. It is therefore very useful to monitor 

changing weather conditions in order to make appropriate decisions on filter selection 

and integration times . The usual technique for monitoring atmospheric transmission 

is measurement of the change in sky brightness as a function of airmass. A tipping 

radiometer mounted adjacent to the CSO prO\·ides periodic readings of the zenith 

atmospheric transmission at 225 GHz. A model atmosphere such as t.he one shown 

in Fig. 2.2 can then be used to scale this opacity to the submillimeter wavelength of 

interest. By manually performing skydips using the CSO high-frequency heterodyne 

recei,·ers . the AT model has been found to give results roughly consistent with mea-

surements . However. the measurement of skydips is a rather time-consuming process. 

so they are generally performed only at the beginning of a night or when significant 

changes in atmospheric quality are suspected. 

Although the details will not be discussed here. the FTS used to obtain the 



Section 2.-! 1--1 Jovian Planet Atmospheric Spectra 

0 
_,.-.._ 0 
~ 
'---' 

c 
0 
(f) 
(f) 

E 0 
L() 

(f) 

c 
0 
L 

f-

>-. 
.:Y 
U) 0 

200 300 L00 500 
Frequency (GHz ) 

Figure 2.3. Terrestrial atmospheric transmission between 180 and 540 GHz as measured with the 
FTS. This plot combines data from the 1300. 00, and 600 ltm filters. The 1300 ttm data was 
actually obtained on a different night (with a different zenith transmission), and so has been scaled 
in order to make it join smoothly with the higher frequency data. The minimum time required to 
obtain a full resolution spectrum in a single window is roughly 10 minutes (the time required for a 
single pair of hot , cold , and sky scans). 

planetary spectra presented in this thesis can also be used to measure the atmospheric 

transmission with great ease and accuracy (Serabyn et al. 1993). The technique in-

voh·es measurement of sky spectra . combined with those of hot (ambient temperature) 

and cold (liquid nitrogen temperature) loads. By assuming that the hot load and sky 

are at similar temperatures. the atmospheric optical depth. and hence transmission. 

can be determined . An example of an atmospheric transmission plot obtained '"i th 

the FTS using this procedure is shown in Fig. 2.:3. 

2.4. Jovian Planet Atluospheric Spectra 

At millimeter-submillimeter wavelengths, the observed radiation from the jo-

vian planets is emitted thermally from ,·arious pressure levels according to the law of 

radiatiw transfer. \Vithout the complicating effects of reflected or scattered sunlight 

or of synchotron radiation (which can be important for long wa\·elength microwave 

observations). millimeter-submillimeter jovian spectra are therefore relatively simple. 
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Spectral features arising from molecular rotational transitions are seen either in emis­

sion (if they arise from molecules in the stratosphere) or absorption (if they arise 

from molecules in the troposphere) . vVhile stratospheric line are narrow (;:;:; 100 

~1Hz) . tropospheric li nes are quite wide (<:. 1 GHz) due to pressure broadening. In 

cases where a molecule is found in both the stratosphere and the t roposphere, an 

emission line core may be observed superimposed on top of a broad absorption fea­

ture. Because the resolut ion of our FTS is limited to 200 MHz. we consider mainly 

tropospheric absorption features . 

Although H2 and He do not have spectral lines in the submillimeter portion of 

t he spectrum. the far wings of their collisionally induced far-infrared t ransitions do 

contribute to the millimeter-submillimeter opacity (Goodman 1969. Berge and Gulkis 

1976. Birnbaum and Cohen 1976. Cohen Ef a/. 19~2, Bachet et al. 1983, Dore et al. 

198:3. Borysow Ei al. 198 ). As already mentioned, the abundant molecule H3 has 

its first (J = 1- 0) rotational transition at 575 GHz. This t ransition is expected to 

produce an extremely wide pressure-broadened absorption line in Jupiter and Saturn 

(de Pater and l\'lassie 1985), but is not observable from the ground clue to terrestrial 

H20 opacity. The first one or two ~H3 rotational overtones. which fall at wa\·elengths 

shorter than the shortest wavelength 350 pm atmospheric window. are also significant 

opacity sources for determining the high frequency continuum temperatures of the 

jovian planets. In addit ion to rotational transitions. NH3 possesses a strong band of 

inversion transitions centered at 18--±3 GHz (Poynter and Kakar 197.5) whose very 

broad line \vings also contribute to the millimeter-submillimeter opacity of jovian 

atmospheres. 

Because of its larger mass, the ':'\H3-analog molecule PH3 has its first three 

rotational t ransitions in the millimeter-submillimeter portion of the spectrum . Be­

cause of PH3 ·s relatively high abundance and lack of condensation at the t ropospheric 



Section 2.-! 16 .JO\·ian Planet Atmospheric Spectra 

temperatures of Jupiter and Saturn. the lines of PH3 are comparable in strength and 

width to those of :.Jlh in these planets. In Uranus and :.Jeptune. however. both these 

molecules are expected to condense in the upper tropospheres. so H2-H2 and HrHe 

collisionally induced dipoles are the most important sources of continuum opacity. 

On the other hand. the CH4 molecule is more abundant in the tropospheres of r ra­

nus and J\eptune than in Jupiter and Saturn. so collision-induced dipoles of H2-CH4 

also contribute to the continuum at millimeter waYelengths (Orton et a/. 1983. Bo­

rysow and Frommhold 1986. 1987) . As already discussed. various other minor species 

including CO and HCJ\ have millimeter-submillimeter rotational transitions as well. 

For all lines. the high pressures found in the thick atmospheres of the jovian plan­

ets result in substantial collisional broadening. Finally, although H2 0 and H2S have 

many millimeter-submillimeter transitions. they are thought to condense out at the 

relati\·ely low temperature levels probed by millimeter-submillimeter observations. 

and therefore are not expected to make a significant contribution to opacity. 

~lodel spectra for the jovian planets have preYiously been generated usmg 

radiative transfer models by Encrenaz and Combes (1977). Lellouch et al. (19"4). 

Bezard et a/. (1986) . and Encrenaz et al. (1995) . 
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Chapter 3 

Fourier Transform Spectrometers 
"It is more important to have beauty in one ·s Equations than to have th em fit 
experzment. ·· 

- P. A. l\1. Dirac 

3.1. Historical Sketch 

In its simplest form, a Fourier transform spectrometer consists of two mirrors 

located at a right angle to each other and oriented perpendicularly, with a beamsplit­

ter placed at t he vertex of the right angle and oriented at a 45° angle relative to the 

two mirrors. Radiation incident on the beamsplitter from one of the two "ports·' is 

then divided into two parts, each of wh..ich propagates down one of the two arms and 

is reflected off one of the mirrors. The two beams are then recombined and transmit-

ted out the other port. (A schematic drawing illustrating this optical arrangement is 

shown in the next section.) When the position of one mirror is continuously varied 

along the axis of the corresponding arm, an interference pattern is swept out as the 

two phase-shifted beams interfere with each other. 

The invention of the Fourier transform spectrometer coincides with A. Michel-

son's 1880 invention of the Michelson interferometer. In this device. the arms are kept 

the same length , but interference occurs if the phase velocity in the two anns differs, 

because the resulting phase advancement experienced by the beams traveling down 

the two arms is then also different. Using increasingly refined versions of Michelson's 

original device, Michelson and Morley searched for eYidence of the Earth's motion 

through ether, the medium believed at the time to permeate space and allow the 

propagation of light through interplanetary space. If a relative motion between the 

ether and Earth had been present. the speed of light in t he two perpendicular arms 
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would haYe been different, and the resulting optical paths would therefore also ha\·e 

been different. As a result, an observable change in the brightness (or '·yisi bili ty'·) 

of the recombined interfering beams would have occurred. The absence of a change 

in the observed visibili ty for any orientation or time or year marked the death knell 

for the ether theory and paved the way for the (initially skeptical) acceptance of Al­

bert Einstein's theory of Special Relativity, along with its sometimes counterintuitive 

implications. 

Michelson was fully aware of the spectroscopic potential of his interferometer 

(Michelson 1891, 1892), but the lack of sensitive detectors (and nonexistence of Four­

ier transform algorithms capable of being carried out by human calculators) proved 

insurmountable barriers for its practical implementation. In fact, Michelson's only 

detector consisted of his own two eyes, and it was not until two decades after the 

interferometer's invention that Rubens and Wood (1911) published the first true in­

terferogram, recorded with a microradiometer. Because of the continued difficulty in 

computing Fourier transforms. these early investigators were unable to invert their 

interferograms directly, but instead guessed a spectrum, computed the inverse Four­

ier transform, and then compared it to their measured interferogram. The guessed 

spectrum was then modified to bring it into better agreement with the data, and the 

process was continued until sufficient agreement was obtained (or the patience of the 

spectrum guesser wore thin!). 

Practical Fourier transform spectroscopy began to come into its own only in the 

early 1950's when experimental groups at Johns Hopkins niversity. the Air Force 

Cambridge Research Laboratories. and elsewhere built and tested high res·olution 

spectrometers. The first astronomical application of Fourier transform spectroscopy 

occurred in the late 1950's and early 1960's when P. and J. Connes (and others) 

obtained high resolution and high-quality spectra of the planets. These developments 
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were greatly aided by the publication of Cooley and Tukey' seminal paper on the 

.. fast Fourier transform·· algorithm. The Cooley and Tukey (1965) algorithm allowed 

Fourier transforms to be computed efficiently using a recursive algorithm which could 

be implemented easily on primitive electronic computers. reducing the computation 

time by several orde1·s of magnihLde and making the timely transformation of long 

interferograms feasible. (As a historical sidebar emphasizing the often surprising 

applicability of pure mathematics to real-world problems, it should be noted that the 

critical factorization step used by Cooley and Tukey in their algorithm had already 

been recognized and described by Gauss as early as 1 05! (Strang 1993) .) \iVith 

numerous computational and instrumental advances of their own devising. Connes et 

al. (1969) publi shed their epic catalog of the near-infrared spectra of Venus. Mars, 

Jupiter, and Saturn. During this period, commercial Fourier transform spectrometers 

also began to become widely available. 

Today, aided by fast computers which perform Fourier transforms in a flash. 

visible. infrared. and microwaYe Fourier transform spectrometers are common labo­

ratory instruments used for spectroscopy in many diverse disciplines. 

3.2. CSO Fourier Transform Spectron1eter 

Since the pioneering work of Connes et al. ( 1969), many infrared spectra. of the 

planets haYe been obtained by various researchers using Fourier transform spectrom­

eters. However. the astronomical use of FTSes in the millimeter and submillimeter 

wavebands has been restricted due to the lack of large, high surface accuracy tele­

scopes sited at dry locations. The recent construction of the James Clerk Maxwell 

Telescope [JCMT] and the Caltech Submillimeter Observatory [CSO] (Woody et al. 

1994). both located at an altitude of 13,200 feet above sea leYel near the summit 

of l\Iauna I~ea (on the island of Hawaii), has removed this impediment, so sub-THz 

Fourier transform spectroscopy of astronomical sources is now possible. 
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In order to study the millimeter and submillimeter spectra. of the giant planets 

at moderate resolution, Serabyn and Weisstein (1996) constructed an intermediate 

resolution (R - >.j .6.).. < 5000) Fourier transform spectrometer. The screw-driven 

translation stage on which the moving mirror is mounted provides a maximum total 

travel of 50 em. In the default position of the translation stage~ a one-sided travel 

of 46 em gives a maximum (unapodized) spectral resolution of 200 MHz, v\hile a 

two-sided travel of 5 em gives a maximum two-sided resolution of 3.6 GHz. (The 

one-sided travel plus half the two-sided travel does not quite sum to 50 em because 

a small amount of space is left at the ends for limit switches in order to avoid the 

unpleasant consequences of driving the stage beyond the end of its intended travel: 

see Fig. 3.3.) The FTS is an upgraded version of an earlier interferometer which was 

used exclusively for holographic dish surface accuracy measurements (Serabyn et al. 

1991). During observations, theFTS is mounted at the Cassegrain focus of the 10.4 m 

CSO telescope. A view of the CSO telescope with its shutter open and dish revealed 

is shown in Fig. 3.1. 

Fourier transform spectrometers (e.g .. Connes 1961, Vanasse and Sakai 1967. 

Schnopper and Thompson 1974~ Oepts 1976, Brault 1985) operate by splitting an 

incoming beam of radiation into two parts, applying a differential phase shift, then 

recombining the beams. The phase shift is then varied. and an interference pattern 

known as an interferogram is swept out as a function of phase shift . The phase shift is 

most commonly produced by translating a. reflecting element along one of the beams. 

thus producing a varying optical path difference. Because the CSO FTS is also used 

for holographic dish measurements. it is necessary to be able to steer the beam in one 

of the interferometer arms in azimuth and elevation. This consideration requires that 

flat surfaces be used for the end-mirrors. which in turn demands use of a dielectric 

beamsplitter. We therefore built a simple lVIichelson-type interferometer as opposed 
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Figure 3.1. The Caltech Submillimeter Observatory. 

to a more complicated configuration such as a Martin-Puplett interferometer (Martin 

19 6) which uses right-angle corner reflectors. While the single input and output 

port Michelson-type interferometer has a lower sensitivity than a dual-port Martin­

Puplett interferometer , its simpler optical configuration is a considerable advantage 

in allowing rapid alignment and setup at the sometimes mind-numbing altitude of 

the summit of Mauna Kea. 

As shown in Fig. 3.2, our interferometer is decoupled from the F / 12.4 beam of 

the CSO's secondary mirror using two flat mirrors (M1 and M2) placed on either side 

of the Ca.ssegrain focus. This arrangement folds the beam, allowing it to expand to 

the necessary size despite space constraints on the underside of the telescope. After 

reflecting off M2. the radiation is collimated by means of an off-axis paraboloidal 

mirror (P1 ). then spli t into two separate beams using a dielectric mylar beamsplitter 

(BS). One beam is then reflected off a mirror that is t ranslatable along its normal 

(Il ), and the other reflects off a stationary mirror positioned at right angles to the 
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Figure 3.2. Schematic of the FTS optics. 

first (12). The reflected beams are then recombined at the beamsplitter. Finally, 

t he superposed beams are focused onto the CSO facility bolometer by a second off­

axis paraboloid (P2). The instrument is aligned by mount ing a commercial HeNe 

laser in place of the bolometer and iteratively adjusting mirrors in order to bring all 

laser reflections into coincidence. Because FTSes can be operated without cryogenic 

cooling. the instrument is used at ambient temperature during observations (only the 

detector must be cooled). 

Fig. 3.3 shows an annotated image of the FTS mounted at the CSO Casse-

grain focus. The FTS instrument is run using FTSRUN, a flexible and (for the most 

part) user-friendly program which runs on the CSO summit VAXstation. This pro-

gram allows the near-autonomous collection of data and on-line examination of raw 

interferograms using a set of predefined observing commands. 
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Figure 3.3. An annotated picture of the FTS and its associated gadgetry. The items labeled 
"holography stepper motors" and '·stepper motor power supplies'' are used only when the ITS is 
operated in its shearing mode for holographic dish surface accuracy measurements. For scale, the 
translation stage is 50 em long. The FT is mounted at the Cassegrain focus of the CSO telescope. 

3.3. FTS Equations 

By smoothly translating one mirror (Il in Fig. 3.2) . the optical path difference 

[OPD] x = 2L (where x twice the distance L traveled by the translating mirror: see 

Appendix A) between the beam reflecting off the two mirror is varied continuously 

producing an interferogram J (:r). The fringe pattern shown in Figure 3.4 is an experi-

mentally measured interferogram for a hot blackbody using the 00 pm CSO filter. A 

deriYation of the specific intensity h(x) ob erved for radiation of a ingle wavenumber 

k (Appendix A) gives 

h(x) = J(l.·) (T(k)} H1 + cos(l.·x)] ( 3.1) 

(e.g., \ 'anasse and Sakai 1967. Schnopper and Thompson 1974), where J(k) is the 

incident intensity and (T(k)} i the beamsplitter transmi sion function (averaged over 



Section 3.3 24 FTS Equations 

polarizations and combined. in practice. with the efficiency of the subsequent optics). 

Since cos(h·x) is an even function, the interferogram should be symmetrical 

about the white light fringe for a perfectly aligned ideal instrument. Since the resolu­

tion of an FTS increases \Vi th increasing optical path difference, the maximum spectral 

resolution is achieved by using the entire available translation distance to measure 

only one side of the interferogram. However, in order to maximize the signal-to-noise 

ratio (by avoiding the slight overhead incurred in switching the direction of stage 

motion). both sides of the interferogram can be measured, yielding a so-called ''two­

sided"' interferogram. Two-sided interferograms contain two measurements of each 

interferogram point per scan. but can only achieve half the optical path difference 

(and therefore half the spectral resolution) of one-sided scans. Because one-sided in­

terferograms transform to real spectra, no explicit information on the interferogram 

phase is available, although phase problems do show up as anomalous spectral base­

lines. Two-sided interferograms transform to complex spectra (they have two pieces 

of information per frequency), allowing phase errors to be directly measured as a 

function of frequency. Two-sided scans are therefore extremely useful for examining 

(mis-)alignment of the optics and other potential instrumental problems. As already 

mentioned, a perfectly aligned instrument with no phase errors will produce com­

pletely symmetric interferograms whose transform will have zero imaginary part over 

all frequencies in the passband. 

The total intensity measured for a given OPD x from radiation at all wavenum­

bers is found by integrating (3.1). which is equivalent to applying an inverse Fourier 

cosine transform Fe - I, 
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Figure 3.4. A sample interferogram observed for ambient temperature Eccosorb in the 800 J.lm 
filter. The interferogram level is (nearly) cent~red about 0 instead of I(0)/2 because t he bolometer 
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100 1100 I (:r) h(x) dk = :- [1 + cos(kx)] (T(k)) J(k) dk 
0 2 0 

1100 11= = - (T(k)) J(k) dk +::) cos(kx) (T(k)) J (k) dk 
2 0 ~ 0 

11= = ii(O) +- cos(kx) (T(k)) J(k ) dk 
2 0 

= i i (O) + iFc - 1 [(T(k)) J(k)] . (3 .2) 

In (3.2), the fact that the intensity of the white light fringe (x = 0) can be written 

I (O) = 1= h(O) dk = 1= (T(k)) J(k ) dk, (3.3) 

has been used. 

Equation (3 .2) can now be inverted for the one-sided case to yield a real 

spectrum (Fig. 3.-5) 

( T ( k)) J (/> ) = 2Fc [I ( x) - i I ( 0)] . (3.4) 

Similarly. equation (3.2) can be inverted for the two-sided case to yield a spectrum 

with both real a.nd imaginary parts (Fig. 3.6) . 
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Figure 3 .5. One-sided Fourier transform of Fig. 3.4. 

3.4. Spectral Resolution 

In both the one-sided and two-sided cases, we measure I ( x) (an "interfero-

gram") and want to recover J(l.·) (the '·spectrum") . T his can be done since both 

F c- I and :F- 1 are invertible. In practice, we can only measure J (:r) out to a finite 

OPD of :r = 2L, so we have to multiply the integrand by a rectangle (or ··window") 

function 

. _ { 1 jxj < 2L 
ll2L(x) = 0 jxj > 2L, (3.5) 

where TI2L(x) may be multiplied by an additional apodization function which goes 

to 0 for j:rj > 2L in order to reduce sidelobes. Call t he overall apodization function 

vV2L(x), and let 

S(k) = (T(I.:)} J (k) 

Sobs( k) = [(T(k)} J(k)]observed 

(:3.6) 

(3.7) 

be the actual and observed beamsplitter-attenuated spectral fluxes. Using the con-
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volution t heorem (Bracewell1965) then gives 

Sobs(k) = F c{R'2L(:r)2[J (x)- V(O)]} = F c[H '2L(:r)] v 2Fc[f (x)- ~ / ( 0 )] 

= F c[ll .2L(.r)] G S(l.:) , (3.8) 

where 0 denotes convolut ion. If no apodization function is u ed to weight the data. 

t hen H.'2L(l') = II2L(.r) (Schnopper and Thompson 197-1), and 

S(k) = sinc(27rkL) 0 2F c[I (x) - ~/ ( 0 )]. (3.9) 

The spectral resolution for a one-sided travel of L (giYing an OPD of 2L) is 

TJC 
~v = 4L' (3.10) 

where 17 i a factor which depends on t he width of the apodization function (Thompson 

et al. 1991, p. 239) . 1\ote that for a two-sided scan of total length L2 • the one-sided 

length is L = L2/2. With no apodization. 17 = 1.20671 . . . is defined as 2u/7r where tl 

the HWHM (half width at half maximum) of the sine instrument function. given by 

numerically solving 

inc(u) = ~· (3.11) 
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The translation stage on which our moving mirror is mounted has a maximum one-

sided travel L of~ 46 em. giving !:1v = 200 MHz. 

3.5. Interferogram Sampling 

Accurately spaced samples are generated every 20 f.Lm of mirror motion ( 40 

f.Lm of OPD ) along the interferogram using the pulses output by an optical encoder 

located along the translation stage (Fig. 3.3). 20 flm sampling provides interferograms 

which are sampled above the Nyquist rate for all frequencies up to 3.75 THz. Let 

!sample be the sampling frequency, frringe, max the maximum fringe frequency. Vmax the 

maximum sky frequency, and .0.x be the spacing of mirror positions at which the 

interferogram is sampled. Then for the highest submillimeterfrequency of 1000 GHz, 

the oversampling ratio f3 is given by the expression 

/3 := .fsample = !sample ;x 
.fNyqwst 2ffringe, max - 2 e: Vmax) 

c 
(3.12) 

(c.f. , equation 3.19). Plugging in the maximum translation speed Vmax = 1.0 em 

s-1
, Vmax = 1000 GHz, and .0.x = 20 f.Lm then gives f3 = 3.75. However, the addi-

tional information provided by oversampling the interferograms is extremely useful 

for diagnostic purposes, particularly for examining interferograms for symmetry and 

for accurately determining the positions of white light fringes. The position of the 

\iVLF is critical to the inversion of our data because it also corresponds to the first 

interferogram point to be included in the Fourier transform. 

Because the zero path-length difference ·'white light fringe" (WLF] can fall 

between two sample positions. our one-sided scans include a short two-sided portion 

which ensures our interferograms contains several fringes on both sides of the WLF. 

Fitting the central WLF using a second order polynomial then allows its position 

to be accurately determined. Sine and cosine transforms of the one-sided portion 

of the interferogram (or a full complex Fourier transform of the interferogram in its 
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Figure 3.7. The responsivities of the standard suite of CSO filters as measured with the 31" Winston 
cone. From left to right, they are referred to as the 1300, 800, 600. 450 (standard) , and 350 (standard) 
Jl.lll filters. 

entirety for two-sided scans) are then multiplied by a complex phase factor ei'P in 

order to account for the phase shift resulting from the fractional offset of the V. LF 

(Schnopper and Thompson 1974). 

3.6. Optical Filters 

The spectrometer·s bandpass is fixed by a liquid helium cooled metal-mesh 

filter (Whitcomb and Keene 19 0. Holah 19 2) located in the CSO bolometer dewar. 

A selection of "' 10% bandpass filters matched to the several atmospheric windows 

between 150 and 1000 GHz is available at the CSO (Figs. 3.7 and 3. "). The aYailable 

filters are centered at roughly 1300. 00. 600. -±50. and 350 Jlm. (For the lowest 

frequency 1300 Jlm filter, the low frequency cutoff is introduced by the waveguide­

like cutoff of the \~'inston cone light concentrator. ·winston cones smaller than 30" 

cannot be used with this filter.) Because the standard CSO 450 and 350 J-Lm filters 

did not extend over the entire range of the high-frequency terrestrial atmospheric 

window . we acquired two new custom-designed broad bandpass filter . These filters 
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are transmissive from 560 to 750 GHz and 760 to 950 GHz respectively, proYiding a 

passband wider than the relevant atmospheric windows (Fig. 3. ). 

A cooled filter wheel assembly inside the dewar (Fig. 3.10) allows switching 

between any one of four filters without having to break the dewar"s vacuum and bring 

it to room temperature, a time-consuming process not undertaken lightly. 

3. 7. Beamsplitter 

Because of the relatively large distance tolerances permitted at millimeter 

wavelengths. a transparent dielectric material functions as an excellent beamsplitter. 

However, the thickness of this dielectric beamsplitter d must be matched to the metal-

mesh bandpass filter in order to ensure that it is transmissiYe in the filter"s passband. 

The beamsplitter transmission function (or "beamsplitter efficiency") of a dielectric 

beamsplitter is given by 

Tp = IEEol
2 16Rp( 1 - Rp)2 sin2

( ~b) 

[(1- Rp)2 +4Rpsin2(~o)p· 
(3.13) 
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where 

0=4ordj(n )2 -~. 
Ao no 

(3.14) 

E is the average electric field at the detector, £ 0 is the incident electric field, .X0 is 

the vacuum wavelength, n and n0 are the indices of refraction of the beamsplitter and 

air, respectively, and Rp is the Fresnel reflection coefficient for polarization p either 

perpendicular or parallel. These formulas are derived in Appendix A. Equation 3.13 

is normalized slightly differently than the expression of Chamberlain et al. (1966), 

re ulting in an expression twice as large. 

Because of its ready availability and low cost. we chose mylar as the dielectric 

material for our beamsplitters. Thicknesses of 2, 3. 4, .5, and 7 mil mylar are mounted 

in circular hoops which can be attached onto the instrument using three screws. 

allowing beamsplitters to be switched within a minute or two. Thompson (1990) 

discusses currently aYailable commercial varieties of mylar, while Loewenstein and 

Smith (1971) discuss mylar's optical properties. The index of refraction of mylar has 

been measured as n = 1.74 for the frequency range 500-900 GHz (Whitbourn et ai. 
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Figure 3.10. Bolometer schematic. The telescope dish is drawn schematically to the left, the FTS 
assembly in the middle. and the bolometer itself to t he right. 

1988) and n = 1.70±0.02 at 740 GHz (Bowden eta/. 1991). Plots of the beamsplitter 

transmission as a function of frequency computed using (3.13) and (3.14) are shown 

in Figure 3.9. 

3.8. Detector 

After entering the cryogenically cooled IR Labs bolometer dewar, incident 

radiation from the FTS reaches a focus at the entrance aperture of a Winston cone. 

which concent rates it into an integrating cavity. After perhaps undergoing several 

bounces inside the cavity, the incident radiation is then detected by a single-element 

liquid 3 He-cooled Si bolometer (Boyd 1983) with noise equi valent power of "' 10-14 

~ Hz-112 . A schematic of the dewar layout is shown in Fig. 3.10. The bolometer is 

mounted to theFTS assembly using plastic screws on top of a rubber annulus in order 

to electrically isolate it from the telescope and the spectrometer. The output voltage 

from the bolometer is sampled and digitized by a 16-bit analog-to-digital converter 

after low-pass Bessel filtering to remove high frequency electrical noise. The choice 

of a Bessel filter (HorO\•:i tz and Hill 1990) is mandated by the requirement that the 
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filter response to the interferogram have a constant phase as a function of frequency. 

Our 6-pole Bessel filter is located just prior to the A/D. and is conventionally set to 

a low-pass cutoff of 0 Hz in order to prevent aliasing of high-frequency noise into the 

bandpass. 

3.9 . Winston Cone 

A \·Vinston cone is an off-axis parabola of revolution designed to maximize 

collection of incoming rays within some field of ,·iew (vVinston 1970, Hildebrand and 

Winston 19"2. Hildebrand 19 .5, Welford and \Vinston 19Cl9). Winston cones are 

nonimaging light concentrators intended to funnel all wavelengths passing through 

the entrance aperture out through the exit aperture. They maximize the collection of 

incoming rays by allowing off-axi rays to make multiple bounces before passing out 

the exit aperture. EYen so. there are certain families of off-axis ray which are rejected 

back out the entrance aperture. In addition. since diffraction effects become important 

for radiation wavelengths similar to the cone's physical dimensions. Winston cones 

exhibit a wa\'eguide-like cutoff at low frequencies. 

These waveguide-like non-geometric properties of VVinston cones can lead to 

nonideal behavior. and in particular to multiple reflections, resulting in the possible 

generation of standing waves. Cncalibrated pectra taken with the FTS all contain 

ripples (Fig. 3.11) which change amplitude and period depending on the size of the 

cone. the geometric size of the source being observed, and the filter being used. 

Observed ripples typically haYe period of "' 2-6 GHz. Fortunately. because the 

instrument has a nearly linear respon e, the ripple can be approximately divided out 

of planetary spectra during the differencing/ratioing procedure u ed to convert our 

raw interferograms to atmospheric transmis ion-corrected spectra. 

The equations describing the geometry of a Winston cone are derived in Ap­

pendix B, together with the the algebraic equation connecting their various param-
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Figure 3.11. Responsivity of the CSO bolometer detector with the CSO's 30" Winston cone and 
"1300 JJm" wire-mesh filter. The thin solid curve is the measured responsivity at full resolution; the 
thick solid curve is the responsivity measured at lower resolution . At full resolution, interference 
ripples produced by multiple reflections inside the Winston cone are quite prominent. 

eters . As shown in Appendix B, a \¥inston cone is completely specified by its length 

L and geometric field of view 0 a . The field of view of the Winston cone on the sky 

is computed from 

e = 2 tan - = 2 tan - - :::::::: --_ 1 ( a ) _1 ( a ) 2a 
!' F'D F'D' 

(3.15) 

where f' is the effective focal length of the telescope+optics, F' = f' / D is the corre­

sponding F-number. and D is the telescope diameter. For the CSO. D = 10.4 m and 

the optical setup is designed to give F' = 4.4. so 

e = radians = 4.5 - . 2a 11 ( 2a ) 
45.76 m mm 

(3.16) 

The entrance aperture required to produce a given field of view on the sky is therefore 
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giYen by (:3.16). 

Since the Winston cone i physically mounted inside the cooled evacuated 

bolometer dewar, only single \~ inston cone may be used at a given time. Switching 

cones therefore requires bringing the bolometer to ambient temperature and pressure. 

replacing the cone. and re-cooling- a process which is much too time consuming to 

be performed during observations. A Winston cone is therefore selected in ad,·ance in 

order to best match the size of the object of interest. The ~iinston cone available at 

the CSO have fields of Yiew on the sky of 10. 20, or 30". and the same geometrical field 

of view ( 0 ~ a'/ a = 0.114 radians) . They are summarized below in Table I. The 30" 

cone has been truncated a length of 22 mm in order to fit in the space aYailable inside 

the bolometer. (Truncation results in the degradation of Winston cone performance, 

and the complications which re ult may be partially respon ible for the extremely 

large ripple observed with this cone in Fig. 3.11. It should also be noted that use of 

the 10" cone requires a repo itioning of the bolometer by 1 em in order to bring the 

Yertical position of the focus into coincidence with the entrance aperture of this short 

cone.) 

Table I. CSO Winston Cones. 

e 
30" 
20" 
10" 

d1 - 2a (mm) 

6.6 
-!.-! 
2.2 

3.10. Beatn Coupling 

d2 = 2a' (mm) 

0.7.5 
0.50 
0.25 

L (mm) 

32 (truncated to 22) 
21 
11 

The response of the FTS to incoming radiation is not isotropic. but is given 

by the primary beam of the telescope convolved with the Winston cone's field of view 

on the sky. The analytic computation of this conYolution is discus eel in Appendix 

C. where the telescope"s primary beam is approximated as a Gaussian with standard 



Section 3.10 

E 
0 
Q) 

m 
U1 

t 
"0 
Q) 
N 

0 

E 
I.... 

0 
z 

l{) 

0 

0 

- 2 ~ ~~z --- 4 z 
:::-: ::-: § ~ 
-- 1~ Hz 

-20 

36 Beam Coupling 

·. ' ' ' ..... ·-: :-- . _ 

0 20 
Offset from Pointing Center ( 11

) 

Figure 3.12. FTS beam shape as a function of frequency. These curves. normalized to unity, give 
the response of the instrument to a point source located a given angular distance away from the 
pointing center. ote the transition from a Gaussian shape at low frequencies to a rectangle function 
at high frequencies. 

deviation a. Because of the frequency dependence of a. 

1 
a ex >.ex -, 

1/ 
(3.17) 

the response function of the FTS changes as a function of frequency. A plot of the 

instrumental response as a function of pointing center offset is given in Fig. 3.12 for 

a range of frequencies from 200-1000 GHz. At low frequencies. the main beam is 

large compared to the field of view, so the response is nearly Gaussian. At greater 

frequencies. the geometric field of view becomes the dominant factor and the response 

approaches a fiat- topped rectangle (window) function . 

The effect of the changing beam shape as a function of frequency is most simply 

expressed in terms of the half-power beamwiclth [HPBW) (also called the full-width at 

half power). Figure 3.13 shows the half-power beamwiclth as a function of frequency, 

computed with the equations derived in Appendix C (solid line) for a Winston cone 

field of view of 20". Also plotted are the half ·widths computed using a more realistic 

Airy beam pattern (clotted line), in which the integrations must be done numerically 
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from the outset, and for a Gaussian main beam with an infinite field of view (dashed 

line). It is apparent that for frequencies .<, 400 GHz, the half power beamwidth of 

the instrwnental beam (solid and dotted curves) is very nearly constant. As shown 

by the dashed curve, the CSO's main beam HPBW varies from 34:.5" at 200 GHz to 

6.9" at 1000 GHz. 

3.11. Dish RMS 

In addition to the variations of the telescope HPBW with frequency, the power 

lost from the main beam due to surface irregularities is a strong function offrequency. 

The fractional power in the main beam is given by 

p -(4rrt / .\)2 
main beam = e 'IJMoon , (3.1 ) 

where 'IJMoon is the "Moon efficiency'· (the ratio of the full Moon's antenna temperature 

to its physical temperature) and E is the RMS telescope surface error (Ruze 1966, 

Serabyn and Weisstein 1996). The power scattered out of the main beam is not 
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actually lost. but forms a broad. flat '·error pattern'" surrounding the main beam. 

This power is therefore recovered when measuring a very large source such as the 

Moon, but otherwise falls on the sky. Using the FTS in its shearing mode (Serabyn 

et al. 1991, Woody et al. 1994). E for the CSO dish has been measured to be E ~ 15 

j.lm. 

3.12. Noise 

The quality of FTS observations can be degraded by a number of factors. 

Random effects which degrade the quality of measured interferograms (and therefore 

reduce the quality of the associated spectra) are discussed in this section, while sys-

tematic effects which can be corrected post-observationally during the processing of 

interferograms are discussed in the following chapter. 

3.12.1 Sky Fluctuations 

Even on the summit of Mauna l\:ea. variations in sky transmission and ground-

level atmospheric humidity during or between individual spectrometer scans can have 

a deleterious effect on the quality of data obtained. In order to minimize the effects 

of sky fluctuations, the FTS is operated in rapid-scan mode. By rapidly scanning the 

t ranslating mirror. it is possible to modulate sky variations, which occur at typical 

frequencies of a few Hz. so that they transform to spectral frequencies which fall 

outside the bandpass of interest. The relationship between electrical, or "fringe,'· 

frequencies (f) and spectral frequencies (v) for a rapid-scan FTS is given by 

2v 
f= - v, 

c 
(3.19) 

where c = 30 em GHz is the speed of light and v is the speed of the translation stage. 

The FTS is typically run with translation speeds between v = 0.9 and OA5 em s-1 

(depending on the filter being used) , resulting in electrical fringes with frequencies f "' 
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6-30 Hz. Sky-induced noi e (with typical frequencies < 1 Hz under good obserYing 

conditions or ;S .5 Hz in poor weather) is therefore mostly transformed away to low 

spectral frequencies. Although high scan speeds are desirable in order to reduce 

longer-term sky variations which could occur between sets of ·'on'' and '·off'· scans, 

lower speeds are required for the high-frequency 4.50 and 350 pm filters in order to 

aYoid microphonics (vibrations induced in the bolometer by motion of the stage, which 

typically occur at f > 30 Hz), as well as the ever-present residual 60 Hz pickup. 

3.12.2 Detector Noise 

For high su bmillimeter frequencies, the atmospheric thermal background dom-

inate over detector noise. However, the detector noise limit is reached first at the 

lower frequencies. The predicted RMS noise in a spectrum obtained by averaging 

on-off pairs is given by 

a--4_EP_ jV 
- k v~ 

(3.20) 

(Serabyn and Weisstein 1995). where NEP is the detector noise equivalent power. k 

is the Stefan-Boltzmann constant. v is the scan speed. and 6.v is the resolution (in 

frequency units). But the number of scans acquired in a timet is just 

so solving (3.10) for 1/ L gives 
1 4~v 

L fJC 

Combining (3.22) with (3 .21 ) results in 

N = -!tv~v. 
fJC 

and plugging this into (3.20) giws finally 

(3.21) 

(3.22) 

( 3.23) 

( 3.2.f) 
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For .r-v'EP""' 10-14 W Hz-112
, this simplifies to 

2 
(3.25) 

Therefore, for a given scan length, the detector noise integrates down as c 112. This 

result has been verified experimentally by obserYing the CO 3-2line in M 2 (Serabyn 

and vVeisstein 1995) . 

3.12.3 Electrical Pickup and Microphonics 

Any noise occurring at a fixed electrical frequency during measurement of 

interferogram fringes will appear as a noise spike at the corresponding spectral fre-

quency given by (3.19). As already mentioned. special care must be taken to avoid 

60 Hz electrical pickup , which appears in spectra as a large spike (at 900 GHz for a 

scan speed of 1 em s-1 ). 

An additional source of noise spikes is microphonics. These vibrations of the 

bolometer can be induced by the motion of the stage or telescope. Stage-induced 

microphonics are reduced by mounting the bolometer on top of an annulus of soft 

rubber. However. some vibrations are still t ransmitted t hrough the rubber as well 

as through the plastic mounting screws. Their effect on spectra is seen as a series 

of narrow noise spikes at fairly well-defined frequencies (> 700 GHz in Fig. 3.14). 

While microphonics cannot be completely eliminated, they can be moved out of the 

spectral range of interest by picking a stage velocity which modulates them so that 

they transform out of the filter bandpass. Speeds of 0.9 , 0. 75. 0. 7, 0.45, and 0.45 em 

s-1 have been found experimentally to give microphonics-free spectra in the 1300. 

00. 600, 450, and 350 flm filters, respectively. 

3.12.4 Ghosts 

If the sampling of an interferogram is modulated at a definite frequency instead 

of being uniformly sampled. spurious spectral features called 'ghosts"' are produced 
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Figure 3.14. l\Iicrophonics visible in a two-sided Uranus-Off difference spectrum as real and imagi­
nary spikes at v > 700 GHz. -ote also the flatness of the imaginary part within the filter bandpass. 

(Brault 19 "5). The translating muror of the CSO FTS is driven by a precision 

screw which is turned at a constant angular Yelocity. However. periodic errors in 

the ruling of the screw (commonly introduced in the manufacturing process) can and 

do introduce a modulation superposed on top of the expected fringe pattern due to 

uniform stage translation. Because modulation is a multiplicative process, spurious 

features are generated in spectral space at the sum and difference of the true fr inge 

and ghost fringe frequencies. thu throwing power out of its spectral band. 

Ghosts are copies of the actual spectrum. but appear at reduced strength. 

Figure 3.15 shows the power spectrum for a pure sinusoidal signal sampled by trans­

la ting the FTS stage at constant speed. In order for a ghost to appear , the process 

producing i t must exist for most of the interferogram. However. if the ruling errors 

are not truly sinusoidal but ,·ary across the length of the screw. a longer travel path 
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Figure 3.15. Ghosts produced by ruling errors on the FTS screw. The input signal was a pure 
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could reduce their effect. Unfortunately. the only way to remove ghosts is by replacing 

the offending screw with one manufactured to higher precision. 

3.13. Frequency Calibration 

The frequency scale in spectral space is determined solely by the number of 

points in a scan and the number of points sampled (or the total number of points 

if an interferogram is padded wit h Os to a power of 2 in length for an FFT). In 

order to verify that the optical encoder provided pulses correctly spaced by 20 f.lm, 

we examined the central frequencies of narrow 0 3 lines in the Ear th 's atmosphere, 

as well as the frequencies of the many narrow strong lines in the Orion Molecular 

Cloud core, 'vvhich has a very sm all radial velocity relative to the Earth (Serabyn 

and ~ieisstein 1995). In both cases, the central frequencies of features were found 

to correspond to their tabulated transition frequencies to within small fractions of 

a resolut ion element, demonstrating the accuracy of the optical encoder sampling 

interYal and data reduction software. The instrumental frequency calibration was 
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estimated more precisely by fitting the narrow CO 2-1line observed in \'enus. A fit to 

this line using an exponentiallineshape and linear baseline yielded a central frequency 

of 230.543 GHz. compared to the actual frequency (in the absence of Doppler shift) of 

230 .. 5:3" GHz (Pickett et al. 1992). The surprisingly good agreement of 5 MHz is only 

2o/c of a resolution element. demonstrating that instrumental frequency uncertainty 

is negligible. 

Frequency (Doppler) shifts of molecular transition frequencies caused by radial 

motion of the joYian planets relative to the Earth are unimportant for our analyses. 

Since ( vtti / c)max ~ 10- 4
. ~v ,....., 30 l\IHz at 300 GHz, which is small compared to the 

resolution of the FTS. 
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Chapter 4 

Data Reduction 
-It is a profoundly erroneous trmsm ... that we should cultivate the habit ofthinkmg 
of what we were domg. The preczse opposite is the ca e. Civili::ation advances 
by txtending the number of important operations which we can perform without 
thinking about them. Operation of thought art likt cavalry charge in battle-they 
are strictly limited in number. they require fresh horses, and mu I be made only at 
decisive moment . -

- Alfred 1orth Whitehead 

Although the relationship between a measured interferogram and the corre-

sponding spectrum is that of a simple Fourier (or cosine) transform, the determina-

tion of astronomical spectra from many interferograms measured over the course of 

an observing run requires both scan alignment and some additional processing. After 

the interferograms are suitably aligned, systematic problems such as cosmic ray hits 

on the detector or spurious trigger pulses must be identified and the affected scans 

discarded or corrected. During the processing of scans. data massaging procedures 

such as dechirping and apodization may also be performed. Finally, the observed 

interferograms must be combined in order to derive a hot-spillover and atmospheric 

absorption corrected source antenna temperature TA.. 

In planetary observations, pairs of scans are taken alternately '·on·· the source 

and '·off" the source on blank sky. Following completion of the '·on, scans, we offset 

the telescope so that it tracks over the same sky positions previously traversed by 

the planet . These '·off"' scans provide a sky measurement at an atmospheric opacity 

which is nearly identical to that of the '·on'· scans. Depending on the strength of the 

source, many on-off pairs may be required to obtain a usable spectrum. Since on-

source observations suffer from atmospheric attenuation, an additional measurement 

is taken of a ·'hot"' (i.e .. ambient temperature) emitter (in our ca e. a small sheet of 

Ecco orb placed over the spectrometer's collecting mirror) to provide an unattenuated 
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blackbody spectrum. Hot scans are therefore periodically interspersed with on/off 

pairs. Suitable processing of these three sets of scans allows atmospheric absorption, 

hot spilloYer, and emission from the interferometer's ·'output porf' which is reflected 

back through the interferometer to be eliminated. In addition, the ratioing procedure 

we describe below is effective at removing reflectiYe standing waves in the spectra 

which are produced inside the Winston cone. 

FTS data are reduced using the program FTSPEC. which has been specifically 

written for the CSO FTS. All the processing steps described in thi chapter (as well 

a many not mentioned here) are implemented in this program. 

4.1. Planetary Observations 

In order to obtain planetary pectra from individual "on.'' ''off.'' and '·hoC 

scans. the equations of radiative transfer are used (Penzias and Burrus 1973). To a 

good approximation, the Earth' atmosphere can be treated a an absorber/emitter 

with optical depth T. The opacity of the Earth's atmosphere attenuates flux from 

astronomical sources by a factor e- T, producing a transmitted brightness Bptae- T 

for a source with disk-averaged brightness Bpta, where B is the Planck function. 

In addition to attenuating the source flux, the Earth·s atmosphere also emits. By 

Kirchhoff's Law, if the atmosphere were in equilibrium emitting Bsky, it would emit 

radiation in order to exactly balance the radiation it absorbed. giving atmospheric 

radiation with flux Batm = Bsky(1 - e-r). 

In practice. a sky efficiency 17sky must be inserted appropriately to account 

for the telescope's hot spillover (that fraction of the beam intercepted by ambient 

temperature surfaces- such as the feedlegs) . In addition, because the telescope·s 

beam becomes less responsiYe away from the pointing center, a frequency-dependent 

beam coupling efficiency 17c modifies the Bpta term ("Clich and Haas 1976. Kutner and 

Ulich 19 1. Kutner et al. 19 "4). Finally. a temperature Bport 2 must be subtracted to 
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account for emission entering the interferometer from its econd input port (Brault 

19"5) which, for our instrument, is reflected back to the detector. 

The equations describing our observations are therefore 

1hol = G(Bhot - Bport 2)· {4.3) 

where 1· is the detected voltage, G i the in t rumental gain. and all other terms are 

defined aboYe. In practice. the factor Bport 2 should really be written 

( -!..±) 

(Serabyn and Weisstein 1996), where Thot· 77 I\:. 4 K, and 0.3 I\: are the temperatures 

of the surfaces subtended by the port 2 beam (hot spillover. liquid nitrogen shield, 

liquid helium cooled interior, and liquid helium-3 cooled detector) and the "l's their 

corre ponding efficiencies, normalized according to '2: "' = 1. However. since the 

same port 2 emission is measured in all spectra and therefore subtracts away (see 

below), and because the efficiencies are not in practice known in any case, we need 

not consider the details of (4.4) further. DiYiding [(4.2)-(-!.1)] by [(4.3)-(4.1)] gives 

1 ~n - \ ~If 'f/c'f/skyBpLa€-r 

\i,ot - \ ~If 77sky[Bhot - Bsky(1- cr)] 
1]cBpla 1 

Bsky 1 + eT (~ - 1) . 
B sky 

( 4.5) 

Rearranging, we obtain 

[ 
Fon - ~ ~If B ] [1 + 7 ( Bhot _ 1)] - . sky € · 
1 hot - \ off Bsky 

(4.6) 

If we now take Bhot ~ Bsky· this simpli:fie to 

(4.7) 
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The concept of antenna temperature is usually encountered in temperature 

and frequency regimes where the Planck function can be well approximated by the 

Rayleigh-Jeans law. It is therefore convenient to define a so-called Rayleigh-Jeans 

brightness temperature TB corresponding to an observed :flux Bv by 

(4.8) 

Plugging ( 4.7) and ( 4.8) into the definition of the antenna temperature corrected for 

atmospheric absorption and hot spillover (as well as port 2 emission in our case) 

( 4.9) 

(Penzias and Burrus 1973. Ulich and Haas 1976) then gives 

(4.10) 

This quantity. computed using on, off. and hot interferograms and the measured 

ambient temperature, has units of K and is the one used to display most of the 

spectra presented in this thesis. In the Rayleigh-Jeans limit hv / kTsky ~ 1, and 

( 4.10) simplifies to 

* ~n - ~~ff 
TA = Tsky V. V.: . 

hot - off 
( 4.ll) 

4.2. Scan Registration 

For weak sources such as Uranus and ~eptune: individual on-off interfero-

grams may have insufficient signal-to-noise ratios for their \N'LFs to be identified. As 

a result. it is necessary to be able to align the \N'LFs of interferograms regardless of 

signal strength. This is achieved using a. reference pulse provided by the optical en-

coder. In addition to providing sample pulses. the encoder also provides an absolute 

reference mark which is generated upon motion of the translation stage past a fixed 

point on the encoder. The position of the reference p ulse is measured and recorded 
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Figure 4.1. Cosmic ray spike in a raw interferogram. The reason no fringes are seen in this in­
terferogram fragment is that only low-power, high-frequency spectral terms have fringes at large 
OPDs such as the region shown here. Before transforming, the high frequency fr inges appear to be 
swamped by noise. but Fourier transformation reveals the entire interferogram to contain modulated 
spectral information . 

for each interferogram so that all scans can be properly aligned for processing even if 

there is some offset in the position of the stage between scans. 

For diagnostic purposes (and because the fractional position of the \VLF differs 

in the two directions), scans in the two directions of mirror motion are aligned and 

processed separately. 

4.3. Rejection of Bad Scans 

4.3.1 Cosmic Rays 

At the high altitude of Mauna h ea. cosmic ray strikes on the detector are a 

relatively common occurrence. One cosmic ray hit is generally seen every 5-10 min-

utes. making its presence known in the form of a 0.1-0.2 V spike in an interferogram. 

The obsen·ed spikes are a few sample points wide. corresponding to the RC falloff 

time of the bolometer preamp. An example of a cosmic ray hit in the middle of an 

interferogram is shown in Figure 4.1. 
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It is important to remo,·e co mic ray spikes from interferograms before Fourier 

tran forming. Otherwise. since the Fourier transform of a delta function is a sine wave, 

the spikes will appear in spectra a high frequency ripples with periods determined 

by the positions of the spikes \·vithin the individual interferograms. An algorithm 

for automatically detecting and removing cosmic ray spike is currently used to filter 

them out. However. because cosmic ray spikes appearing near the vVLF often pass 

undetected. all interferogram are also examined visually, and any scans containing 

undetected cosmic ray spikes are flagged and omitted from sub equent proce sing. 

4.3.2 Spurious Trigger Pulses 

Extra trigger pulses are sometimes generated by the optical encoder during 

motion of the translation stage. These spurious pulses offset an entire portion of an 

interferogram beyond the position of the extra pulse. as illustrated in Fig. 4.2. Spuri­

ous pulses are most likely caused by slight vibrations of the translation tage which, 

on rare occasions (no more often than ,....., once an hour), cause it to backtrack just 

enough in order to pass over a previous ruling on the optical encoder and generate 

an additional pulse. Alternatively, spurious pulses could also be caused by electrical 

pickup from the noisy telescope environment. Although the recurrence rate of spuri­

ous pulses seems to vary as a function of translation stage speed, it is not uncommon 

for entire nights to pass without the occurrence of a single spurious pulse. Because of 

the relative rarity of spurious trigger pulses, we have not yet been able to completely 

diagnose and fix the problem in hardware. 

As a result, interferograms which are offset by extra pulses must be identified 

and excluded (or fixed) before Fourier transformation in order to avoid contamina­

tion. For interferograms with an extra pulse near the WLF. the consequences of 

accidentally including this data in computing au average spectrum could be partic­

ularly undesirable. Fortunately, shifted interferograms can be identified easily by 
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Figure 4.2. One of the two interferograms in this plot contains a spurious trigger pulse which shifts 
it by one sample point beginning near sample number 2255. Scans so affected must be eliminated 
before Fourier transformation since their fringes are not correctly modulated. 

comparison with a "template" interferogram which must. of course, itself be free of 

spurious triggers. By aligning two interferograms using the recorded reference posi-

tion and taking the sum of square differences between points, bad scans stand out 

prominently due to their anomalously large RMS residuals. A plot of the residuals 

for several hours worth of data is shown in Fig. 4.3. In the plot, the bad scan shown 

in Fig. 4.2 is immediately evident. 

In addition to providing a mechanism for detecting shifted interferograms, 

comparison using a template also provides a means for monitoring sky variations. 

This is possible because the increased noise in interferograms accompanying changing 

atmospheric t ransmission appears as a secular increase in RMS deviation as a function 

of time. In fact, on nights when transmission was known to degrade and then later 

improve, a corresponding rise and fall of the interferogram RMSes compared to a 

template interferogram is seen clearly (Serabyn and V\ieisstein 1996). 
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Figure 4.3. Comparison of the RMS residuals obtained by comparing a sequence of scans with a 
"template" scan. Downward-going scans (odd-numbered) are shown as solid squares (• ) and upward­
going (even-numbered) scans are shown as outlined ci rcles (o). Scan 1096, the scan with a spurious 
trigger pulse shown in Fig. 4.2, stands out clearly due to its anomalously large RMS residual. 

4.4. Dechirping 

The presence of phase errors between the two arms of an FTS can result 

in asymmetric two-sided interferograms. Instrumental misalignment i the simplest 

source, but other instrumental effects (such as frequency-dependent phase shifts in 

data recording equipment or dispersion in the beamsplitter) can al o produce phase 

errors (Schnopper and Thompson 1974). An asymmetric interferogram resulting from 

frequency dependent phase errors is said to be '·chirped."' Loewenstein ( 1963). For-

man et al. (1966), Mertz (1967) . Sakai et al. (196 ). and Schnopper and Thompson 

(1974) have all considered methods of '·dechirping'' such interferograms. The simple t 

approach is to use a short two-sided portion of a scan to determine the phase depen-

dence on frequency at low resolution, then use this information to correct the high 

resolution one-sided interferogram (after Fourier transforming). The FTSPEC program 

can implement dechirping, but the high quality of the interferogram obtained \vith 

our FTS combined with the unimportance of dispersion in the mylar beamsplitter 
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renders this procedure unnecessary. Observed interferograms are almost completely 

symmetrical without any additional processing. 

4.5. Apodization 

Apodization, sometimes also called tapering, is a mathematical technique used 

to reduce the Gibbs phenomenon '·ringing'' which is produced in a spectrum obtained 

from a truncated interferogram. Since interferograms can only be measured out to 

some finite distance. all laboratory interferograms are truncated. As shown by ( 3.8), 

the observed spectrum is related to the true spectrum by a convolution with the 

"instrument function" (or ·'apparatus function") obtained by Fourier transforming 

the apodization function. The instrument function corresponding to the simplest 

apodization- the rectangle function produced by a finite-length interferogram- is a 

sine function. Because of the large sidelobes of this function, it is sometimes desirable 

to multiply the original interferogram by some other function which goes smoothly 

to zero at the end of the interferogram (e.g. , Schnopper and Thompson 1974). Table 

II lists the most commonly used apodization functions and their transforms. both of 

which are plotted in F ig. 4.4. 

While apodization suppresses sidelobes. it also results in a broadening of spec­

tral features (Thompson et al. 1991, p . 239) . Table III lists the widths, peak and peak 

sidelobes of the apodization functions in Table II. For a given application. these two 

factors must be balanced when selecting an appropriate apodization function. Spec­

tra obtained with the CSO FTS have been processed using a variety of apodization 

functions . For planetary interferograms, apodization made no discernible difference. 

This is true because the broad width of planetary features smears out the ringing of 

the instrument functions. averaging out their effect . Furthermore, because the signal 

levels in our interferograms are very weak near the maximum optical path differ­

ence, the interferograms are effectively "self-apodized" by noise, making additional 
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Figure 4.4. Apodization fun ctions. their instrument functions. and blowups of the first few sidelobes. 
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Table II. Various commonly used apodization functions and their corresponding instrument func­
tions as illustrated in Fig. 4.4. L is the length of the one-sided portion of an interferogram (in sample 
numbers). 

Type Apodization Function 

1 _ lxl 
L 

Instrument Function 

Bartlett 

Blackman 0.42 + 0.5 COS (~X ) + 0.08 COS ( 
2~3.· ) 

L sinc2
( 1rkL) 

L(0.84-0.36L 2 k2 -2.1 ix 10-19 U k4 ) s inc(21rLk) 
(1- £2k2 }(l- 4£2k2 ) 

Cannes 

Cosine 

Gaussian· 

Hamming 

Hanningt 

Uniform 

( 1 - f~r 
cos (;f) 
e - x2 /(2u2) 

0.54 + 0.46 cos crz) 
cos2 (;~) 

1 

8L f2= Jof2(21rkL) 
v L.7f (2-rrk£)5/2 

4L cos(21rLk ) 
7r(l-16£2 k2 ) 

2 J
0
L cos(27r kx )e- x2 

/(
2u

2
) dx 

£(1.08-0.64£2 k2 ) sinc(21r Lk) 
l-4£2k2 

Lsinc (2 rrLk) 
l-4£2k2 

2Lsinc(2nkL) 

·For Gaussian apodization , u 2 is the variance of the Gaussian function , which can be chosen 
independently of L. 
tThe instrument function for Hanning apodization can also be written 

a[sinc(27rkL) + ~ sinc(27rkL- 1r) + ~ sinc(27rkL + ;r)] . 

Table III. Width, peak value, and peak positive and negative sidelobes for the instrument functions 
illustrated in Fig. 4.4. The values for Gaussian apodization depend on the choice of the Gaussian 

0 '> vanance u - . 

Type FWH~1 PSF Peak 
Peak (-) Sidelobe Peak ( +} Sidelobe 

Peak Peak 

Bartlett 1.77179 1 0.00000000 0.0471904 
Blackman 2.29880 0.84 -0.00106724 0.00124325 

Cannes 1.90416 16 -0.0-!11049 0.0128926 15 

Cosine 1.63941 i -0.070804" 0.0292720 
IT 

Gaussian - 1 - -

Hamming 1. 1522 1.0 -0.006891:32 0.00734934 
Hanning 2.00000 1 - 0.0267076 0.00 "43441 
Uniform 1.20671 2 - 0.217234 0.12 37-5 
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apodization unnecessary. Even for fairly narrow lines such as those in the Orion 

·Molecular Cloud core (Serabyn and ·weisstein 1995). only a single sidelobe of ringing 

was e\·ident for the strongest CO lines. In this case, the desire for the highest possible 

resolution precluded the use of apodization. 

4.6. Scan Weighting 

Over the course of an observing run, there are a number of time-varying factors 

which affect the quality of the data. In addition to changing airmass. the atmospheric 

opacity, ground-level humidity, and ground temperature all change over the course 

of a night. These factors are monitored by CSO meteorological instruments. and 

t heir values are stored to the header of each interferogram. As a result . scans taken 

under more favorable conditions can be given a higher weighting in the final process­

ing. Since the quality of planetary spectra should. to first order. be proportional to 

atmo pheric transmission at the time of their observation, the weighting 

w( To, M) ex t.-ro/IJ = e- ro·A~t . ( 4.12) 

where To is the zenith atmospheric optical depth at 225 GHz as measured by the 

on-site water vapor radiometer. It is the cosine of the emission angle. and AM is 

the airmass. is usually used. In practice, To should really be scaled to the relevant 

frequency of observations. However, on good nights during which conditions do not 

change very much, uniform weighting give indi tinguishable final spectra. Some 

care i also required on night when the CSO tipping radiometer i acting up. a not 

uncommon occurrence. C nder circum tances understood only by the radiometer. it is 

quite capable of producing a time series for tau which is punctuated by abrupt (and 

spurious) spikes. 

4. 7. Shifting and Transforming 

The recording of a reference pulse allows alignment of interferograrn according 
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to their absolute position on the translation stage. HoweYer, the position of the 

~-LF is really what is required for proper scan alignment. Knowledge of the \i\'LF 

position is also needed to determine the zero point for Fourier transformation. In 

order to find the offset between the \1\lLF and reference pulse position, we intersperse 

measurements of planetary sources with scans on an ambient temperature (or '·hot" ) 

reference blackbody. Because the hot load shows a strong and easily identifiable \1\TLF 

(where as interferograms of weak astronomical source might not), the position of the 

\i\' LF relative to the reference pulse can be found for the reference scans, and then this 

offset applied to the remainder of the scans. Because phase delays in the amplifier 

circuitry give different reference-WLF offsets in the two directions of mirror motion, 

the offsets must be determined separately for the two directions. 

Frequent measurement of reference scans also allows the monitoring of secular 

shifts which occur in the position of the \YLF during the course of observations. Such 

shifts can be produced by thermal expansion/contraction or by instrumental flexure 

as a function of zenith angle. and are generally fairly small in ize ("' 0.3 of a sample 

channel, or"' 12 Jlm of OPD over an entire night). However, Fourier transformation 

of interferograms using an incorrectly positioned WLF introduces a phase shift eib.</> 

which produces step-function-like behavior in the spectral baselines (they are pulled 

low on one side of the passband and pushed high on the other). Thi phenomenon is 

highly undesirable for measurements requiring accurate continuum levels, especially 

for weak sources such as Uranus and _ eptune. The reference cans can therefore 

be used to fit a smooth function through the ~ LF offsets oYer the cour e of the 

night (with the scan number. zenith angle, or other observing parameter as the free 

variable). which can then be used to interpolate the measured W"LF offsets to the 

non-reference scans. 

In order to apply the above procedure. it IS necessary to either ( 1) Fourier 
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transform each pair of on -off scans separately and then apply the instantaneous 

e i<P n phase shift deriYed from the reference scans. or (2) interpolate and shift the 

interferograms to a common vVLF position (again using the fit to the reference scans) . 

do the on-off subtraction, and then perform a single transform with no phase shift. 

The latter approach is less robust since the large OPD portion of the interferogram 

is noisy and cannot easily be interpolated (although the strong central few fringes 

can) . It is also much more time consuming (at least in its current implementation). 

since a direct 20.000 point polynomial interpolation is considerably slower than a fast 

Fourier transform. A third approach is to use the reference scans to compute the 

average reference- WLF difference for an entire set of scans. co-add interferograms 

in position space using the integer part of the aYerage reference-vVLF difference to 

determine alignment, Fourier transform, then use the fractional part of the average 

\~'LF for phase shifting by e i(¢). 

For large data sets, this latter approach is many times faster than the pre,·ious 

two methods since no interpolation of interferograms is used and only one Fourier 

transform need be computed for the entire set of ·'on'' and '·off" scans in a given 

direction. Processing in position space also allows the on-off difference interferograms 

to be directly examined. giving a good indication of the quali ty of the data before it 

is eYen transformed. In practice, all three of these techniques are found to give nearly 

identical results. The position space approach is therefore used while observing at 

the telescope in order to allow rapid on-line processing of data as it is acquired. and 

the frequency space approach is used off-line for the final processing of the data. 
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Chapter 5 

Radiative Transfer Modeling 
~Remote from human passions, rem ot e even from th e pitiful fa cts of naturt. the 
generations have gradually created an ordered cosmo , where pure thought can dwell 
as w its natural home and where one, at least. of our nobler impulses can escape 
from the dreary exile of the actual world.·· 

'·When they come to model Heaven 
And calculate the stars. how they will wield 
The mighty fram e, how build. unbutld, contrit•e 
To sat'e appearance . hou; grid the sphere 
Wzth centric and eccentric scribbled o'er 
Cycle and epicycle, orb in orb . ., 

- Bertrand Russell 

- John Milton (Paradise Lost) 

All radiative transfer modeling is ultimately based on the fundamental equa-

tion of radiatiYe transfer. which relates the change in radiation intensity Iv along a 

ray path to local absorption kv and volume emission i v· 

1 dfv _ J j v 
k ds - - v + 1:- · 

v . hv 
( 5.1) 

For a nonscattering atmosphere in local thermodynamical equilibrium, i v/ l>v equals 

the Planck function Bv at the local temperature T. The solution to (5.1) is then 

given by 

(5.2) 

(Chandrasekhar 1960). where s0 is the optical path above the surface and Iv(O) is 

the surface brightness. For obserYations of emission from planetary atmo pheres. the 

integration is instead begun at the top of the atmosphere and continued downward 

until either the surface or some very large optical depth is reached. In the latter case, 

the · surface emission,. term can be neglected. 

For numerical evaluation of the absorption due to multiple absorbers in a real 
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atmosphere divided into layers, it is useful to rewrite (5 .2) in a discretized form. 

N 

l v = 2..:.:: Bv(Ti)(1 - e-M,fJ.t, )e- L:::=I(Lh 1 /JL1 ) . (5.3) 
i=l 

where T; is the temperature of layer i. 

( 5.4) 

is the total optical depth in layer i, kv (p) is the absorption coefficient at pressure level 

p due to all contributing species (with units of cm-1) , and 

d::; 
11 cos{) = ­

ds 
(5.5) 

is the cosine of the emission angle {) (the angle between the local vertical and the 

line-of-sight) . 

In our atmospheric model, the opacity is computed starting at some top pres-

sure level. The equations of radiative transfer are then applied to find the contri-

bution to the brightness temperature and optical depth from this level. Calculation 

then proceeds to the next pressure level. and so on, until a specified (large) optical 

depth is reached. The atmospheric levels are treated as locally spherical for the pur­

poses of the radiative transfer model (since spheroidal layers become geometrically 

unmanageable for oblique ray paths), but a full Darwin-de Sitter spheroid formalism 

(Zharkov and Trubitsyn 1978) is used for calculating the net gravitational accelera-

tion at each layer. In order to compute J1, the planetocentric latitude is converted to 

planetographic latitude as in de Pater and Massie (1985) . 

It is often useful to view (5.:3) as a sum of contributions of various atmospheric 

layers to the total radiation emitted at the top. This can be done by defining the 

so-called weighting function (Clancy and Muhleman 1994) by 

(5.6) 
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Then ( 5.:3) can be written in the particularly simple form 

J\' 

f v = L ll"iBv(Ji). (5.7) 
i=l 

and a plot of ll 'i versus altitude immediately shows the atmospheric levels from which 

the majority of the observed flux originates. 

In order to calculate the radiation emitted by an atmosphere. it is necessary 

to specify the temperature and compositional structure as a function of altitude. For 

the jovian planets. the temperature profiles are well known from both radio occulta-

tion and infrared emission mea urements. Unfortunately. because not much i known 

about the deep cloud-forming regions of the jovian planets. compositional effects 

involving condensation and chemical equilibria between species must be analyzed us-

ing models. The opacity of the constituent species as a function of frequency must 

also be known. which requires extensive laboratory measurements to determine these 

species' behavior as a function of temperature and pressure in an atmosphere contain-

ing various other components. For the jovian planets, such measurements can involve 

inconveniently high pressure or low temperatures as well as dangerous chemicals 

(such as explosive H2 and neurotoxic PH3 ) . And while many experiments have been 

performed in order to provide atmospheric modelers with accurate opacities, there 

are still major uncertainties in such important areas as the "\"H3 inversion and rota-

tion lineshapes and the low-temperature saturation vapor pressure curves for minor 

constituents such as HC~ and PH3 . 

The radiative transfer model used to calculate the synthetic spectra with which 

we interpret our millimeter-submillimeter spectra is based on the code of A. Grossman 

(Grossman et al. 19 9, Grossman 1990), which in turn is a synthesis of the classic 

review paper of Berge and Gulkis (1976) and previous modeling work by Atreya and 

Romani (1985) and de Pater and r-.'lassie (19=>5) . Model spectra of the jovian planets 

containing a range of mole fractions for a. variety of molecules have been previously 
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generated by Encrenaz and Combes (1977). Lellouch et al. (19 4) Bezard et al. 

(19"6) . and Encrenaz et al. (1995) . 

5.1. Pressure-Ten1perature Profiles 

The pressure-temperature profiles used in this model are the radio occultation 

results summarized in Lindal (1992). For Neptune, howe,·er, we use the profile of 

Gautier et al. (1995) instead of that of Lindal (1992). resulting in slightly cooler 

temperatures. A summary of the extant jovian radio occultation profiles, together 

with profiles obtained for the lower stratospheres and upper tropospheres of Jupiter, 

Saturn, and eptune from infrared measurements (Orton et al. 1992, Courtin et al. 

19"4, Gautier ef al. 1995) is given in Table IV. For pressures greater than those probed 

by the radio occultation measurements, temperatures were adiabatically extrapolated 

downward to seYeral tens of bar (Fig. 5.1). A wet adiabat including condensation 

of CH4 , NH3 • H2S. and H2 0 was u eel for the extrapolation (Atreya and Romani 

19 5. Briggs and Sackett 19 9) , where the formalisms used to compute latent heats 

and treat chemical equilibrium between H2S and 'H3 were adopted from Grossman 

(1990). In order to ensure that the opacity remained reasonably small jn each layer, 

the pressure-temperature profiles were interpolated to small logarithmically spaced 

layers in pressure. 

Table I\'. Summary table of extant measurements of the temperature profile as a func tion of pressure 
for the jovian planets. 

Planet Pmax Source Latitude Reference 
(bar 

Jupiter 1000 Voyager 1 egress oo Lindal et al. 19 L Lindal 1992 
977 Thermal IR emission 9- 15° N Orton ei al. 1992 

Saturn 129 Voyager 2 ingress 
(quoted in Marten e~ al. 1994) 

36.3° Lindal ei al. 19 5, Lmdal 1992 
1000 Thermal IR emission 36.5° . Com·tin 19 4 

ran us 2309 Voyager 2 ingre s 2-6° s Lindal el al. 19 7, Lindal 1992 
rep tune 626" Voyager 2 ingre 59- 62° - Lindal1992 

"' 6000 Thermal IR emis ion ? Gautier et al. 1995 
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Figure 5.1. Pressure-temperature profiles obtained from the Voyager rad io occultation experiment. 

The heat capacity of H2 gas depends on its 01'iho to para ratio ( ~lassie and 

Hunten 19"2. Gierasch 19 3, Conrath and Gierasch 19"4, Baine et al. 1995, Smith 

and Gierasch 1995 ), with the most significant difference occurring at temperatures 

;S 250 K . Grossman ( 1990. p. 7) plots the heat capacity of H2 for the so-called 

intermediate-frozen, equilibrium, normal. para. and o1·tho cases. In our model. we 

adopt the 'frozen·' value for the heat capacity of hydrogen for all the jovian planets. 

The specific heats of He, C H4, H20 , H3 • and H2S used in the adiabatic extrapolation 

are taken from Grossman (1990). 

5.2. Composition 

Table V summarizes the composition of the major species H2 , He, and CH4 

used in the model. For Jupiter, the values were obtained by rescaling the least-squares 

fits from various obsen·ations given by Fegley ( 1994) to obtain a sum of unity. I ole 

fractions in Saturn represent the be t ,·alues obtained by Voyager IRIS measurements 

(Conrath f.f al. 19 4, Courtin et al. 19"4). Data for Cranus are taken from Linda! et 

al. (19"7) and data for eptune from Lindal (1992). 
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Table \'. 1\lajor atmospheric constituents for the jovian planets used in the radiative transfer model. 

Species Jupiter 

0. 97 
0.100 
0.003 

Saturn 

0.963 
0.030 
0.004 

In the absence of definitive data, the sub-cloud concentrations of the conden-

sible species H3, H20, and H2S are taken to assume the solar value forK . 0. and S 

of 1.676 x 10-4 • 1.32:> x 10-3. and 3.621 x 10-5 . _ H3 and H20 are assumed to follow 

a saturation law above their respective clouds, the chemical equilibrium between -H3 

and H2S is used to obtain the H2S saturation law, and all species other than H2 and 

He are assumed to be cutoff above the tropopause. 

In addition to the species listed above, a great many disequilibrium species 

have been detected in the jovian planets, primarily using infrared spectro copy. CO. 

PH3. GeH4 , and AsH3 have all been detected in Jupiter and Saturn (e.g., Larson et al. 

1977. Bjoraker et al. 19 6, oll et al. 19°6. oll et al. 19 °. ·ou et al. 19 9. ~oll and 

Larson 1990). In addition. PH3 has been detected in the millimeter-submillimeter in 

both Jupiter and Saturn (Weisstein and Serabyn 1994, Weisstein et al. 1996) and HCl 

(and possibly HCN) has been tentatively identified in Saturn (Weisstein and Serabyn 

1996; see Chapter 7). In the following, the concentrations of minor species considered 

in various models are discussed on an individual basis. 

5.3. Opacity Sources 

The opacity sources included in this model are emission from H2 dipoles in-

duced by H2-H2 • H2-He, and H2-CH4 collisions, the band of H3 inversion lines cen-

tered at centimeter wavelengths, the three KH3 rotational line at 572.4. 116 .5. and 

1215.2 GHz. and the strong PH3 rotational lines with frequencies less than 1200 GHz. 

In addition, opacity due to the specie CO. H20, H2S, HBr. HCl, HC -. HCP. LiH. 
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Figure 5.2. Comparison of H2-H2 formalisms. Predicted absorption coeffi cients are virtually iden­
tical , except for a small discrepancy for frequencies greater than 800 GHz. 

KaH is included in the code. 

The opacity contributed by spontaneous dipole formation induced by the col-

lisions of H2- He and H2- H2 can parameterized using the empirical formalism of Good-

man (1969) as discussed in Berge and Gulkis (1976). Goodman' equation extrap­

olate the values computed by Trafton (1965) and gives opacity as a function of 

temperature and H2 and He partial pressures. A similar. slightly simpler empirical 

formali sm is used by Encrenaz et al. ( 1995). However. in our model. we use instead 

the quantum mechanically derived (but still requiring in ertion of an empirical inten-

sity function) formulas of Bachet et al. (19"3) and Dore et a/. (19 3). as summarized 

in Hofstadter (1992). As can be seen in Fig. 5.2, a comparison of all t hree formali sms 

reveals them to be virtually identical in the entire sub-THz band. A fourth formali sm 

derived by Meyer et al. ( 19 9) is not considered here. 

Fig. 5.3 plots the H2-H2 absorption coefficient calculated using the formalism 

of Bachet et al. (19 3) for temperatures of 77, 195, and 297 h. 
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Figure 5.3. H2-H2 absorption calculated using the formalism of Bachet et a/. (19 3). 

Berge and Gulkis (1976) and Encrenaz et al. (1995) use empirical expressions 

to calculate absorption due to He-H2 collisions as well as H2-H2 collisions. In this work 

however. we follow Hofstadter (1992) in using instead the quantum mechanically 

derived expressions of Birnbaum and Cohen (1976) and Cohen et al. (19 2). An 

alternative formalism due to Borysow et al. (19 :>8) is not considered here. Fig. 5.4 

plots the absorption coefficient calculated using the formalism of Cohen et al. {1982) 

for temperatures of 77. 195, and 297 I\.. 

Formalisms for the opacity contributed by spontaneous dipole formation in-

duced by the collisions of H2-CH4 (which is especially important in ranus and _ ep-

tune) have been developed by Orton et al. ( 1983) and Borysow and Frommhold 

(19 6, 19 7). We again follow Hofstadter (1992), utilizing the formalism of Orton et 

al. (19 3). Fig. 5.5 plots the absorption coefficient calculated using this formalism 

for temperatures of 77. 195, and 297 I\. . 
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5.3.4 NH3 Inversion 

2000 

1000 

The NH3 molecule resembles a triangular-base pyramid, with the three hydro-

gen atoms at the corners of the base and the nitrogen atom at the apex. However. 

quantum mechanical tunnelling of the nitrogen atom allows it to pass through the 

pyramid base to the other side, overcoming the potential barrier which should prevent 
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such a feat (TO\mes and Schawlow 191-5 ). A transition in which the nitrogen atoms 

flips the orientation of the p:namid is distinct from a simple rotation. and is called 

an inversion transition since it '·inverts'· the pyramid. There are 119 H3 inversion 

Jines with wavelengths longer than 1.:3 em (Poynter and hakar 1975. Pickett et al. 

l 992), and these are summed over using a Van \"leek-Weisskopf Jineshape according 

t.o the formali sm of \\"rixon and vVelch (1970). as summarized in Grossman (1990). 

Although a Ben-Rem·en lineshape has been found to best-fit observations at frequen-

cies less than 30 GHz. the Van Vleck- vVeisskopf line shape appears to provide a better 

fit at higher frequencies (Berge and Gulkis 1976, de Pater and l\·Iassie 1985). Recent 

measurements. howewr. indicate that both the Van Vleck-\1\ieisskopf and Ben-Rem·en 

lineshapes may prO\·ide an inadequate description of observations at centimeter and 

shorter v\·avelengths (Spilker 199:3). l~nfortunately. a new NI-h lineshape formalism 

developed by Spilker is currently applicable only to frequencies less than "' 50 GHz 

(T. R. Spilker. pers. comm.). An alternate Ben-Reuwn formalism, not used here, has 

been de,·eloped by Joiner and Steffes ( 1990). 

5.3.5 N H 3 Rotat ion 

The_ Ih rotational lines are assumed to ha,·e a Van Vleck-\>\ieisskopf lineshape. 

The relevant functional form for each of these lines is taken from de Pater and Ma'3Sie 

(1985 ). 

5.3.6 PH3 

The pressure broadening coefficient for the J = 1-0 (266.9..t5 GHz) rotational 

transition of PH3 in He and H2 are taken from the room temperature laboratory 

measurements of Pickett eta/. (19 "1) . 

..::.v = ( -1:390 \1Hz/ba.r)pH 2 + (22..t0 \IHz/bar )pHe · (- ") .). 

Because the PH3 molecule is a symmetric top. the J = :3 - 2 P lh line is a triplet 
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composed of A' = 0, L and 2 levels. These three components are comparable in 

line strength and are separated by a total of "' 100 ~1Hz (Pickett et al. 1992). a 

very small offset compared to the expected pre sure-broadened line widths in jovian 

planets. Because laboratory measurements of the pressure broadening coefficient for 

the J = 3 - 2 triplet in hydrogen-helium atmospheres do not exist, our model uses 

the pressure broadening coefficients of the J = 1 - 0 transition measured by Pickett 

et al. (19 1 ). 

There are no published determinations of the temperature broadening expo­

nent for any PH3 rotational lines. The only extant laboratory measurements are for 

vibrational transitions at 1950-2150 cm-1 (Levy et al. 1994) which suggest n = 0.73. 

Because the temperature broadening exponent has not been measured, we adopted 

n = 0.67 for both 1- 0 and 3- 2 transitions- the same value as given by Berge and 

Gulkis (1976) for IJh. \'\ie also adopt a Lorentzian lineshape for all PH3 transitions. 

5.3.7 H 2 0 

At millimeter-submillimeter wavelengths. radiation does not penetrate the at­

mospheres of the jovian atmospheres deeply enough to encounter water vapor or liquid 

H20. Even though H20 opacity is unimportant for millimeter-submillimeter observa­

tions. it is implemented in the radiative transfer code in order to extend the moders 

applicability to centimeter wavelengths (where it can be compared with the models 

of Grossman 1990 and Hofstadter 1992). Three different H2 0 formalisms. one pro­

posed by Goodman (1969) (summarized in Berge and Gulkis 1976) and two proposed 

by Waters (1976), are implemented. Waters gives expre sions ,·alid at frequencie 

v < 300 GHz for the opacity due to the 10 strong H20 transitions with frequencies 

< 450 GHz. He also give an expression \·alid for frequencie v < 100 GHz which 

includes only the lowest frequency 22.235 GHz H20 transition. These expressions 

have been found to agree with laboratory data for 2 /02 atmospheres and pressures 
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::::; 1 bar. but have not been tested for jovian atmospheres. Berge and Gulkis (1976). 

on the other hand. gi,·e a formalism explicitly valid for H2-He atmospheres, but which 

includes only the 22 GHz H20 line. 

The opacity of suspended water droplets is also included in the model. An 

expression given by Liebe (19"5) is used, where the dielectric constants {valid for 

frequencies v < :300 GHz) are taken from Chang and \'Vilheit (1979). These formulas 

are discussed in Grossman (1990). 

5.3.8 Minor Species 

The frequencies, line strengths, and energies for all minor species were taken 

from Pickett et al. (1992) . They were all modeled with a Lorentzian line shape. 

Temperature exponents and widths, when available. were taken from a variety of 

sources. 

5.4. Lineshapes 

The millimeter and submillimeter continua of the giant planets are produced 

by the far wings of H3 inversion lines (Poynter and h.akar 1975). the fundamental 

TH3 J = 1 - 0 rotational transition at 572 GHz and its first few overtones, the first 

few rotational transitions of PH3 . and transitions of collisionally induced dipoles in 

molecular hydrogen. These spectral line are spread out by temperature and pressure 

broadening mechanisms. However, at the tropospheric levels probed by our observa­

tions. pressure broadening is far more important because of the high pre sures and 

relatively low temperatures present there. 

The simplest treatment of collisional broadening give a Lorentzian lineshape, 

while more detailed treatments give complicated profiles such as the Ben-Reuven, Van 

Vleck-vVeisskopf. and kinetic lineshapes. Although the more complicated lineshapes 

do not differ substantially from the Lorentzian near the line center. the discrepan-
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Figure 5.6. 1-D radiative transfer models for (a) Jupiter and (b) Saturn for various published "H3 
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cies can be significant in the far linewings. As a result. in order to obtain the correct 

opacities at frequencies far from line center, the Ben-Reuven, Van Vleck-Weisskopf, or 

kinetic lineshape must usually be employed for species which have strong lines or are 

present high concentrations. Since the agreement (or lack thereof) between a given 

theoretical line hape and the actual measured profile must be established empirically, 

the choice of the correct line broadening parameters rests on careful laboratory mea-

surements under the appropriate ambient conditions of planetary atmo pheres. Fig. 

5.6 shows 1-D model spectra of Jupiter and Saturn for Yarious H3 inversion line­

shapes. At low frequencies, the deviation in the predicted brightness temperatures is 

quite large, emphasizing the importance of having accurate lineshape information. 

5.4.1 Doppler Lineshape 

Doppler line-broadening results from the random motion of radiating mole­

cules. and is therefore dependent on temperature. The Doppler lineshape takes the 

form of a Gaussian. 

(5.9) 

where the Doppler half-width i given by 

_ v0 J 2ln 2RT . _8 n; 
O:D = - = 1.131 X 10 · -,

1
vo 

c ~1 J" 
(5.10) 
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(Townes and Schawlow 1975. pp. 337-338). In (.5.10), R is the universal gas constant, 

T is the thermal temperature, J\1 is the mean molar mass (in kg). and c is the 

speed of light. Plugging values appropriate for Jupiter·s tropopause (T,....., 120 K and 

A1,....., 2.2 X w-3 kg) into (5.10 ) at 1 mm (v = 300 GHz) gives av = 0. MHz. This 

value is very small compared to pressure broadening (discussed below) and much less 

than the maximum FTS resolution of 200 MHz, so Doppler broadening need not be 

considered in our models. 

5.4.2 Voigt Lineshape 

The Voigt profile is the spectral line shape which results from a superposition 

of independent Lorentzian and Doppler line broadening mechanisms (e.g. Armstrong 

1967). It is given by the expression 

1 /¥n2 , ¢(v)= - --l\ (:c,y), 
av 7r 

where K (x,y) is the "Voigt function" 

In (5.12), 

2 
, y l oo e- t 

A (X' y) = - 2 ( )2 dt. 
7f _

00 
y + X - t 

QL ~ 
y -vln2 

av 

is the ratio of Lorentz to Doppler widths and 

v- v0 r,-;:; 
x = vln2 

av 

is the frequency scale in units of Doppler half-width av. 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

Since Doppler broadening is negligible compared to pressure broadening for 

jovian tropospheric lines, consideration of a Voigt profile is also unnecessary for mod-

eling of our spectra. 
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5.4.3 Lorentzian Lineshape 

Pressure broadening results from collisions between molecules in a gas. It 

is the most important source of broadening when pressures are high. The simplest 

treatment of pressure broadening produces a Lorentzian lineshape centered at the 

transition frequency v0 and given by the functional form 

o(v) = ~ aL 
1f ( V - Vo )2 + Q L 2 

(5 .15) 

(Townes and Schawlow 1975. pp. 33 -339), where O:£ is the Lorentzian half-width. 

This simplest of all collisional lineshape ha the additional attractive property of 

being area-normalized to unity. \Vhile more complicated formalisms may be needed 

for species which are major atmospheric constituents, a Lorentzian is used in our 

model for the rotational lines of all species other than H2 , He, CH4 , and . H3. 

5.4.4 Ben-Reuven Lineshape 

The quantum mechanical treatment of collisional broadening is formally sim­

ilar to the effect of collisions on a classical oscillator. Considering changes in the 

amplitude. phase, orientation, and momentum of a classical o cillator upon collision, 

a very general function called the Ben-Reuven lineshape can be derived (Waters 1976). 

It is given by the expression 

2 (v) b - Ov2 +ie[(v+vo+b)2 +12 - ez] <P(v) =- -
7r Jlo [(vo + b)Z- vz + ,z - eF + 4vz,z 

(5.16) 

where,, e (or(), and bare the pressure-broadened line width. coupling element. and 

pressure shift terms (which. practically speaking. must be measured in the lab for 

a given gas). The Ben-Reuven lineshape has been used to describe H3 inversions 

(\iVrixon and Welch 1970. Berge and Gulkis 1976, Joiner and Steffes 1990. Spilker 

1993) and H2S rotational lines (DeBoer and Steffes 1994) , but is not used in our 

model. "Cnder certain assumptions. the Ben-Reuven lineshape simplifies to the Van 

Vleck-\1\leisskopf or kinetic lineshape. 
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5.4.5 Van Vleck-Weisskopf Lineshape 

The an Vleck-Weisskopf lineshape (Van Vleck and \\'eisskopf 19.!5) is given 

by 

<b( 11
) = ~ ( : ) [ ( V - v:)2 + / 2 + ( V + v:)2 + 1 2 ] . 

(5. 17) 

It i a pecial form of the Ben-Reuven lineshape under the assumptions that there are 

no momentum-reversing collisions and that collision-induced phase shift are random. 

in which case ( = 0 and b = 0 (Water 1976). The Van\ leek-\Veisskopf lineshape has 

been used to describe NH3 inversion and rotational lines ("Wrixon and Welch 1970, 

~irixon et al. 1971. de Pater and Ma sie 19 .5 ), and is used for this purpose in our 

model. 

5.4.6 Kinetic Lineshape 

The kinetic lineshape (also called the Gross or Zhevakin- . aumov lineshape) 

is given by 

¢(v) = ~ -1vvo/ 
1i (vo2 - v2)2 + 4v2/2 

(5.1 ) 

It is a special form of the Ben-Reu ven lineshape under the assumption that only 

momentum reversing collisions take place, in which case 1 = ( and b = 0 (Waters 

1976). The kinetic lineshape has been used for modeling H20 lines in the Earth 

(Liebe 19 1) and l\H3 lines in Jupiter and Saturn (Marten et al. 19 0). but is not 

used in our model. 

5.5. Pressure and Tetnperature Exponents 

The width of a pressure-broadened spectral line depends on the temperature 

and pressure of the surrounding gas. The width is usually parameterized by the 

expressiOn 

~v = (~v)o ( ;o ) m (~) n (5.19) 
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where (~v)o is the width at some standard temperature T0 and pressure p0 • m is 

the pressure broadening exponent (usually ,...., 1) and rz is the temperature broadening 

exponent (usually 0.5-1.0). Laboratory measurements of m and rz (as well as ( ~v)0 !) 

are spotty at best. m is often taken as 1 in the absence of information to the contrary, 

but published values of rz are somewhat easier to come by for important molecules. 

rz = 0.5 corresponds to "hard" collisions (Townes and Schawlow 1975. p. 368), and ex­

perimental temperature exponents for microwave transitions of molecules possessing 

typical intermolecular forces commonly lie in the range 0.7-1.0 CWaters 1976). 

5.6. Condensation 

At any given temperature, a certain amount of vapor exists in equilibrium 

with a liquid. The partial pressure of vapor existing in this equilibrium is called the 

saturation vapor pressure for a given substance. At colder temperatures, the satura­

t ion vapor pressure decreases. causing gaseous constituents to condense as liquid (or 

solid) aerosols. Condensation occurs whenever the partial pressure of a given sub­

stance exceeds the empirically determined saturation vapor pressure over the solid 

or liquid form of that substance. Atmospheric regions containing liquid aerosols are 

called clouds, and the deepest pressure level at which condensation can occur is called 

the cloud base. In regions of rapid convection. aerosols should be fully saturated, but 

subsaturated cloud with relative humidities less than 100% and supersaturated clouds 

with humidit ies greater than 100% are also possible. Table VI gives the pressure lev­

els of joYian planet cloud bases under the assumptions of solar T. 0 , and S mole 

fractions, using the saturation vapor pressure curves plotted in Fig. 5.7. 
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Figure 5.7. Saturation vapor pressures from American Institute of Physics Handbook, Atreya (1986) , 
de Pater and Massie (19 5), Dean (19 5) [''Lange's"], and Orton and Kaminski (19 9). 

Table \'1. Cloud base pressures for the jovian planets (in bar). Solar NH3 (1.32 " x 10-3 ), H20 
( 1.676 x 10-4 ). and H2S (3.621 x 10-5 ) mole fractions have been assumed below the saturation 
level. The sub-cloud HC mole fractions have been taken to be 0.3 ppb. 0.1 ppb (upper limits 
from v\'eisstein and Serabyn 1996). 0.1, and 1.0 ppb (upper limit and best fit to stratospheric 
measurements of Marten et al. 1993). The sub-cloud PH3 mole fractions were taken as 0.6, 3.0. 1.0, 
and 1.0 ppm. 

Molecule Jupiter Saturn Cranus eptune 

CH4 1.2 1.:3 
PH3 1.4 1. 
HC~ 0.3 0. .5.0 -5.7 
- H3 0. 1.-5 10.1 11.4 
~H-tSH 2.3 -!.7 22. C) 2"'.4 
H20 5.9 12.9 105 109 
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5. 7. Whole Disk Modeling 

Because of the decreasing emission angle away from the center of a planet­

ary disk, the atmospheres of jovian planets experience limb darkening. In addition, 

the instrumental beam (the convolut ion of the telescope beam with the geometric 

response of the \". inston cone) shows a falloff in its response away from the beam cen­

ter. Because of the low spatial resolution of the FTS, measured planetary brightness 

temperatures are actually average temperatures over some fraction of a planetary 

disk weighted by the beam response. As a result, 2-D whole disk models are required 

for proper modeling of observations. Depending on the relative sizes of the planet 

and beam, various approximations can be made. For '·resolved" submillimeter ob­

servations of Jupiter, in which the beam is several times smaller than the planet, a 

1-D disk center model gives a good approximation to the actual observed brightness 

temperature. On the other hand, very small planets such as Uranus and l\eptune 

are unresolved by the beam. In order to model observations of these two planets, a 

uniform beam weighting can be used, and the effective observed temperature is then 

given by the whole disk average temperature times the fraction of the beam filled by 

the planet (<X D 2 , where D is the angular diameter) . In intermediate cases where 

the size of the beam is comparable to that of the planet. full averaging over disk 

temperatures and beam weighting must be computed. 

Whole disk models can either be calculated directly by laying down a grid of 

points on the projection of a planet. or by calculating temperatures at a series of 

radial steps and then appropriately averaging them together. The direct approach 

allows for arbitrarily complicated asymmetric observing geometries (e.g., planetary 

oblateness. obliquity. latitudinal structure. rings), while the use of radial steps can 

give an excellent approximation for planets with near azimuthal symmetry using far 

less computational effort. 
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Figure 5 .. A projection of Saturn and its rings onto the sky for a ring opening angle of¢= 15°. The 
effective temperatures for various regions of Saturn and its ring system (indicated using a numerical 
label) are given in Table VII. 

5.7.1 Gridded Calculation 

To compute whole disk models for an arbitrary planetary geometry. the pro-

jection of an oblate spheroidal planet to yield an elliptical ''disk"' is performed, and 

each grid point lying in the ellipse is conYerted to the corresponding latitude and 

longitude. After 1-D brightness temperatures are computed at each grid point, they 

are either averaged together and expre sed as an equivalent disk brightness temper­

ature (for unresolved planets), or weighted by the beam response at each point and 

then summed (for resolved planets ). Planets for which latitudinal structure can be 

neglected need only be modeled in one of the two east-west hemispheres. saving a 

factor of two in computation time. 

For Saturn. the geometry of the A. B. and C rings and Cassini DiYision is fully 

accounted for in the whole disk model (Fig . . 5. ). Attenuation of Saturn's flux by the 

ring cusp and thermal emission from the ring ansae (Table VII) are modeled using 

ring ''brightness'" temperatures and optical depths. Because the thermal emission of 

the rings increases appreciably with frequency in the millimeter-submillimeter portion 

of the spectrum (Esposito et al. 19:')4). a linear slope in frequency was fit to the 
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Figure 5.9. Gridded whole disk model for Saturn at 200 GHz with beam weighting omitted. The 
grid size was taken as 0.2" and the ring opening angle was set to <fJ = 15°. The vertical bar at right 
gives the model brightness temperature scale in units of K. 

brightness temperatures of the combined A and B rings measured between 90 and 

300 GHz by Epstein et al. (19 4), Muhleman and Berge (19 2), Dowling et al. (19 7), 

lich (1974), Grossman (1990) . and \i\Terner eta/. (197 ). The slope was then used to 

extrapolate the brightness temperatures deriYed for the individual rings by Grossman 

(1990, p. 52) at 150 GHz. 

Table VII. Regions of a planet projection considered in calculating a gridded whole disk model of 
aturn. For other planets, only points on and off the disk must be distinguished. 

Region# 

• 
2 
3 
4 
.5 
6 
7 

9 

Name 

Disk 
A ring cusp 
Cassini DiYision cusp 
Bring cusp 
C ring cusp 
A ring ansae 
Cassini Division ansae 
B ring ansae 
C ring ansae 

Tp 
TA + Tp(1 -e-rA) 
Ted+ Tp(1 - e-rcd) 
TB + Tp(1- e-r8 ) 
Tc + Tp(1 - e- re) 
TA 
Ted 
TB 
Tc 

The optical depth of the combined A+B+C rings is observed to be independent 

of wavelength from the UV to a waYelength of 6 em (Dowling et al. 19 7). \i\l'hile the 

optical depths of the individual rings are not expected to be wavelength-independent. 
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not many ,·alues haYe been published at millimeter wawlengths. \Ve therefore ran 

models using optical depths giYen by Grossman (1990. p . . 59) at 2.01 em and 6.17 em. 

Optical depths at these two frequencies are similar for all rings except the A ring, 

where the 2.01 em Yalue giYen by Grossman appears to be anomalously high. ~1odels 

generated using the two sets of optical depths gave similar resul ts. with the 6.17 em 

,·alues yielding whole disk brightness temperatures ,..,_ 3 I~ warmer. In ubsequent 

modeling, we used the 6.1 7 em ring optical depths given by Grossman. ignoring any 

frequency dependence. A whole disk model for Saturn at 200 GHz is shown in Fig . 

.J.9. 

5. 7.2 Radial Step Calculation 

For an azimuthally symmetrical planetary disk of angular radius R and with 

brightness temperature as a function of radius given by T (r) . the disk aYerage tem-

perature is given by the integral 

2j
0
RT(r)1·dr 

R2 ( 5.20) 

This expression can be approximated by calculating the 1-D brightness temperature 

at A points (plus the origin) spaced across the disk. Since limb darkening become 

increasingly important near the edge of a planetary disk , it is conwnient to allow the 

spacings of the points to be specified by the power law 

( 
n )P 1' - -

11 - ;.\' ' 
(.5 .21) 

where p is a specified constant and r 11 is a fraction of the planetary radius. The 

integral ( 5.20) can then he approximated using a t rapezoidal rule. Interpolating 

linearly between adjacent. points Tn and Tn+I calculated at radii ~' n and Tn +I giYes 

(5.22) 
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for r, ::; r ::; r , +1 . where I n ~Tn/ ~rn . Integrating oYer the annulu then giYes 

(.5 .2:3) 

and summing the results yields 

\" 

(T) = L~T1l . (.5 .2-1) 

5.8. Weighting Functions 

At submillimeter waYelengths ( 1.0-0.:3 mm = :300-1000 GHz). the obsen·ed 

fluxes of the jo,·ian planets are produced by thermal blackbody emission from their at-

mospheres. The equations of radiatin' transfer can be used to calcu late the radiation 

emitted by uch an atmo phere after pa sing through overlying absorbing/emitting 

layer on it. journey outward. The u eful radiatiYe transfer concept of the weighting 

function (·5 .6) is frequently u eel to quantify the fraction of emitted radiation arising 

from ,·arious pres ure leYels. For frequencies sufficiently far from trong rotational 

tran itions. the submillimeter continuum weighting functions for the jo,·ian planets 

lie in the range"' 0.5-1.6 bar for Jupiter and Saturn. or"' 0.2-:3.0 bar for Uranus and 

Neptune. as illu trated in Fig . . 5.10. In the model u eel to generate these weighting 

functions. ~Ih folio"· a saturation law up to the tropopause and PH3 is uniformly 

mixed up to cutoff pressure of 2.50 and 100 mbar in Jupit er and Saturn. re pectiwly. 

5.9. Chi Squared Fonualisn1 

If the appropriate spectral line and broadening parameter are known for a 

gi,·en . pecie .. a non-detection can b~ used to obtain an upper limit for the atmo-

pheric abundance of that molecule. Cpper limits can be computed b~· determining 

the mallest concentration of a molecule required to produce an ob en·able spectral 

absorption feature at a frequency where no such feature \\·a actually obserYed. To 
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Figure Zl.lO Submillimete r weighting funct ions for (a.) Ju piter. (b) Saturn , (c) Uranus , and (d) 
1\eptune. The weighting funct ions are g iven for frequencies of 300. 500 , 700, and 900 G Hz. J up iter 's 
\\'eighting function is domina ted by J\H3. The bimodal appearance of Sa turn's \\'eighting functions 
arises because the \\'ings of both PH3 and J\H3 a re important, and their peak contributions originate 
at different pressure levels . The most important contribution to weight ing functions for Cranus and 
1\eptune is H2-H 2 collisionally induced dipoles. 

determine this limiting concentration. we compute a ""template·· spectrum T0 ( v) for a. 

model atmosphere containing zero concentration of a. molecule. then a series of spectra 

T m ( v) for a range of tropospheric mole fractions m. The model spectra are generated 

using our radiative transfer code and then convoh·ed to the instrumental resolution of 

the observations. Because the modeled lines are much wider than a single channel due 

to pressure broadening, ·we compute tht> weighted sum over model frequency channels 

of the square deviations between the model spectra T0 (r;) and Tm(l!), 

(5. 2-5 ) 
II 

for each undetected molecular transition. The weights U'm(v) are chosen to be pro-

portional to the line absorption at a given frequency, thus weighting the central 



Section 5.9 Chi Squared Formalism 

absorption channel most highly and de-emphasizing the continuum channels in which 

no line absorption would be present. Symbolically, the weights are giYen by 

JTo(v ) - Tm( v) J 
ll'm( v) = L JTo(v) - Tm( l;) J' ( 5.26) 

Rm 2 gives the expected squared de\·iation from the continuum that a molecular 

mole fraction m would produce. vVhen di vided by the mean square noise a 2 of the 

data. a normalized \ 2 statistic is obtained. This statistic can pro\'ide an estimate of 

t he probability t hat a \Veak feature of a giYen trength would ha.Ye been detected in 

a measured spectrum in the pre ence of noise. 

2- 1 ~ ]2 \ m =? H'm( iJ)[To( lJ)- Tm(iJ) . 
a-

(.3.27) 
/.1 

The mole fraction which produces a \ 2 \'alue equal to the 3a Gaus ian confidence 

le\·el (99. (:39(,) can then be identified as the :3a upper li mit. 
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Chapter 6 

PH3 Observations 
··The o:pfnme11l I pursued u·ilh dogged perstsltnce for more than a year ... rep­
resented a compulszre dtnd111g Lnlf bfiu•ctll ktd's stuff and adult stuff. If was the 
prcparalton of phosphlllt. .. The dtltcwus lroubh wtth pho phine u·as that if would 
o:plodc on contact tnth air . . . Tak111g care thai my parents were out . .. , I slipped 
in the Bunsen and let thing cook. rffrcafing to a saff distance mysElf. Things went 
as planned. There tea a soft e:rploston . .. . wlureupon 1 rush t d out of my hidmg 
place. .. Prr: fly oon the pho phine s/art t d to bubblt up through thr: wata. and there 
tcert my mol.·t rings . .. 1 repeat td the u:ptrimenl two or thrtt more f11ncs. Jly 
mother really did prolr: I .strenuously about zt. btcausr: the decay of phosphmt .stank 
out her kit chen taribly and look surely a u·eek to cltar zt.self. .. 

- Fred Hoyle {Honn /:, \!'here the Wind Blows) 

.. El'cry attempt to employ mathematzcal methods m tht study of chemtcal quest ions 
must be con ·zdo·td profoundly i1-rational and contrary to the Spirit of Chemistry. If 
.l!ath emattcal Analysis hould erer hold a promin ent pla n 111 chemistry- an aber­
ralton u·hich is happily almost impo tble - it would occa tall a raptd and wide prtad 
dege neration of that sneucc. ·· 

- Auguste Comte ( Philosopluc Posztit•t) 

6.1. Introduction 

Because of the strength of it pectral lines . the PH3 molecule is a Yaluable 

probe of the upper atmo pheres of Jupiter and Satu rn . Thermodynamic equilibri um 

model of t hese atmosphere indicate that PH3 forms at appreciable concentrations 

only at the relat iYely high temperature (;G 500 I~) of tlw deep tropospheres, and 

that the Plh abundance clecrea es rapidly with height as solid pho phoru precip­

itate · are formed at the cooler (:S 150 h ) temperature of the upper t roposphere 

(Fegley and Lodders 199-1. Bormw,· ct a/. 199-5). Surprisingly. appreciable quanti ties 

of PI-h were detected two decades ago in the upper atmo phere on J upiter and Sat-

urn using infrared spectro copy. The presence of obserYable quantities of P I-h . in the 

absence of a strato pheric ource. therefore re,·ea ls the exi tence of rapid ,·ertical mix-

ing from deeper, warmer le,·el (Prinn and Le"·is 197-5 . Ridgway tl al. 1976, Larson 

tf al. 1980). Because PH3 i rapidly depleted Yia photodissociation by solar l.\ . pho-
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ton. upon reaching the upper atmosphere of the .Jupiter and Saturn (Strobel 1977. 

1\.aye and Strobel 19 "'-1. Atreya 19 "6). obse1Tations of Plh can provide constraints on 

photochemical/tran port models. making PH3 an important chemical and d~·namical 

probe of the. e atmospheres. (In Uranus and ~eptune. PH3 condenses in the cold 

upper tropo pheres and o i not expected to be observable.) However. because of 

difficultie in inverting infrared spectra. thi potential has yet to be fully exploited. 

After PH3 wa detected in Jupiter and Saturn, phosphoru compound were 

proposed a potential chromophores in these atmospheres (Prinn and Lewis 1975). 

However. Saturn· more subdued coloration relatiw to \ 'enus de pite its larger ob­

served P H3 abundance, and the lack of PH3 enrichment in Jupiter's Great Red Spot 

(1\. im and 0\\'en 19"3, Dro sart el al. 1990. Griffith ei a/. 1992) revealed by more 

recent mea urements. call thi suggestion into question. 

Infrared mea urement haYe already prO\·ided estimate of the P H3 abundances 

in Jupiter and Saturn (Bregman et al. 1975, Ridgv,:ay et a/. 1976. Larson ci a/. 19"0, 

Dros art ti a/. 19 "'2. 1\.unde Ei al. 19 "2. Com·tin f.i al. 19 "4. Drossart tf al. 1990. -oil 

and Larson 1990). However. infrared pectra of the giant planets are littered with 

thousands of on'rlapping ro-,·ibrational transitions. making comparison of infrared 

measurement \\'ith atmo. pheric model difficult. especially when combined with se,·­

eral other complicating factor such as cattering by haze and clouds. and confusion 

with o\·erlapping ::"JH3 lines (Courtin et al. 198-1. I\oll et al. 19"". ' oll et al. 1989. oil 

e/ al. 1990. ·oil and Larson 1990). l ncertaintie in PH3 line strength at infrared 

frequencies al o impo e ignificant limitations on the retrie,·al of mixing ratios for 

other species (I\ oil and Larson 1990). 

It is therefore fortuna te that the Pih molecule has two strong obsetTable rota­

tional transition · in the millimeter-submillimeter portion of the spectrum (J = 1 - 0 

at 267 GHz and J = 3-:? at "00 GHz) . (The J = 2- 1 transition at 5:3-! GHz is 
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ob cured by telluric H2 0. ) Becan e there i · little confusion bet ween the pure rota-

tiona] line at millimeter-submillimeter wa,·elengths. mixing ratio can be retrieved 

with relati,·e ease. Howe,·er. the extremely large pressure-broadening experienced by 

PH3 pre,·ented its detection using heterodyne submillimeter spectroscopy in Jupiter 

and Saturn. l"sing the moderate re olution and wide bandpa s of the CSO Fourier 

tran form pectrometer. we were able to detect strong PH3 rotational transitions in 

both planets. Our fir t ob ervation were in the low frequency 1300 pm "·indow. 

which re ulted in the detection of the 1-0 line in Saturn. but not in Jupiter. Subse-

quently. we obsen·ed using a wide filter in the :350 pm window and detected the :3- 2 

line in both Jupiter and Saturn. In the following sections. PH3 detections and their 

implication · are discussed fir t for .Jupiter and then for Saturn. 

6.2. Jupiter PH3 1-0 Observations 

Fig. 6.1 hows a pectrum of .Jupiter obtained using the 1300 Jtm filter and 30" 

Win ton cone on Sept. 19, 1995. The data were collected at a spectral re olution of 3 

GHz under fa,·orable weather condition . "·ith an average zenith atmospheric optical 

depth of r225 GHz = 0.0:3-±. a mea ured by the on-site water Yapor radiometer. A 

total of 10 pairs of ··on"' scans were obtained owr a period of 20 minutes while Jupiter 

,·aried in airmass from 1.6 to 1.7. In Fig. 6.1. the spectrum has been re caled from 

T.4. unit to an ab olute brightne temperature u ing a model continuum proYided 

by a radiati,·e transfer model. Thi continuum leYel is in good agreement with the 

measured continuum brightne s temperatures of Jupiter at the relevant millimeter 

waYelengths (as summarized in Joiner and Steffes 1990) of 15 " ± 10 I~ (Colll·tin tf 

a/. 1977) and 166-17-5 I~ (Joiner f.f al. 199:2) at 21-1-21-5 GHz, and 165 ± .., I\: (Clich 

d a/. 19 ' -1) and 169-197 h (Joiner et a!. 1992) at :2:27-:2:30 GHz. A moderate filter 

ripple i present. causing adjacent channels to alternate between high and low values 

aero the spectrum. HmYeYer. there i dearly no trace of a prominent absorption 
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Figure 6.1. J upiter spectrum obtained in the 1300 Jlm filter . :\lode! spectra containing 0.5, 1.0. and 
2.0 ppm P H3 are superposed, and the transition frequency of the P H3 1 - 0 is marked. 

feature in the ,·icinity of the 267 GHz J = 1 - 0 PH3 line. 

To estimate the phosphine abundance required to produce an obserYable line. 

we ran radiative transfer models assuming a constant P H3 mixing ratio with no pho-

tochemical cutoff. Our models indicated that a P H3 mole fraction of 1.0 ppm would 

yield a line obsen·able abow the noise and filter ripple at the 3a le,·el. 'Cnfortunately, 

this li mit is a factor of 1.4-2 .. 5 times larger than the 0.4-0.7 ppm mole fraction cleriYecl 

from infrared pedro copy. In order to impro\·e in the PH3 1 - 0 result . it ,,·as nee-

essary to either reduce the instrumental ripple at low frequencies. or go to the higher 

frequen cy :3-2 tran ition at "00 GIIz. After attempt to reduce reflections inside the 

bolometer de,,:ar and to eliminate off-axis rays by stopping clown the FTS mirrors 

prowcl insufficient to eli minate filter ripples, ne\\' high-frequency measurements were 

undertaken. 
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6.3. Jupiter PH3 3-2 Observations 

Because the J = :3- 2 line falls ,·ery near a strong t erre trial H2 0 feature. it 

wa · necessary to first acquire a filter ,,·ide enough to transmit the :J.jO 11m window in 

its entirety (since the standard CSO filter wa · not wide enough for this purpose). It 

was hoped that the rise in line strength with increasing rotational quantum number J 

would oYercome the difficulty of attempting to obserYe on the edge of an atmospheric 

\Yater line. \Ye therefore ohserwd Jupiter at the C. 0 u ing a custom-designed broad 

bandpass 350 pm filter on June 21-22 .. 199-1 (l'T). The metal-mesh filter was transmis­

siw from 760 to 9.10 GHz. proYiding a passband wider than the rele,·ant atmospheric 

windo,,·. For the e ob erYations. the instrumental field of ,·iew was defined by a 20" 

\ Vinston cone. The cso·s main beam HPB\:V ,·aries from is " .6 to 7.7" for frequencie 

from "00 to 900 GHz. gi,·ing the FT. ' a spatial resolution of 19" o\·er this frequency 

range for the 20" cone. The size of Jupiter during the obsen·ations was -11.3" x 3".6". 

Becau e the on-site water \'apor radiometer was under repair at the time of our ob­

serYations, the terrestrial atmospheric optical depth was not measured. Howe\·er. the 

quality of our ·pectra indicated that opacity was quite good on .) une 21. but poorer 

on June 22. \h.ie therefore used data exclusively from the June 21 in our analysis. 

After conversion to the T.4 scale. the.] upiter spectrum was di,·ided by a spec­

trum of the loon obtained over a similar airmass range. This ratioing procedure 

mo tly eliminated residual terrestrial ozone features not completely remo\·ed by the 

usual on-off calibration procedure (which works perfectly only for an isothermal at­

mosphere). DiYi . ion of the :J.jO pm Jupiter spectrum by the loon ~·ielded a spectrum 

with a smooth continuum and strong absorption feature near "00.5 GHz (Fig. 6.2). 

corresponding to the.] = 3-2 transit ion of PH3 . The FWH11 of the prominent PH3 

line is 9.6 GHz. and its depth is 20<;(. The negati,·e slope apparent in the continuum 

of Fig. 6.2 may be intrinsic to Jupiter. but may aiso be produced by a fallof[' in tele-
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Figure 6.2. Ratio of Jupiter/~loon spect ra (both in uncalibrated T_:t uni ts) at 00 G Hz. The 
J = 3- 2 PH 3 t.ran ition is marked. and a number of residual 0 3 line. not remoYed by the division 
a re ticked. A portion of the spectrum near 35 G Hz ha. been blanked where it is contaminated by 
a terrestrial 0 2 feature. 

scope effi.cienc_Y at high frequencies . Small residual ozone features not removed by the 

:\loon diYision ha,·e been Licked for clarity. but do not ach·ersely affect the spectrum. 

Because weather pre,·ented completion of beam coupling measurements neces-

ary to directly com·ert our obserYations to an ab olute brightness temperature scale. 

we in tead performed the scaling from the .Jupit.er/ 1\Ioon ratio spectrum using the 

continuum le,·el proYided by our radiatiYe transfer model. Because the patial reso-

lut ion of our ob ervations was roughly half the planetary diameter. limb darkening 

reduced beam-\\'eighted whole-disk brightne s temperatures by only ~ 2 I\: compared 

to a imple 1-D model. \\·e fi t a first-order polynomial baseline to the continuum in 

Fig. 6.2. and a econd-order ba eline to the ynthetic . pectrum g i,·en by our model. 

\Ye then rescal<>d the obsen ·ed spectrum by the ratio of the baseline polynomials so 

that the continuum leYel of the data ,,·as forced to match that of the model. This 

procedure presetTes the line/continuum ratio. since beam coupling affects the spec-

trum at each frequency by a gi,·en scaling factor which i, independent of the rcla tin' 
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Figure 6.3 . .Jupiter spectrum converted to brightness temperature units using a radiat ive transfer 
model. l\lodels for 0.3. 0.5. and 0. ppm Pib assuming a constant mixing ratio and cutoff pressure 
Pc = 0.25 bar are overlaid. 

importance of line absorption and continuum emission at that frequency. The result-

ing scaled spectrum (now with a model-derived continuum temperature) is shown in 

Fig. 6.3 on an expanded horizontal scale. together with se\·eral fits to the data. 

The continuum \veighting function determines the deepest level to which our 

observations probe. As shown in Fig. 6.4a, continuum emission six half-widths away 

from the Plh line center (6o, where a is the half-width at half-maximum) has a 

\veighting function which peaks near 0.8 bar. Continuum cont ri butions to the weight-

ing function extend to a maximum pressure of ,....., 1.1 bar. w·hich is the thus deepest 

level to which our observations are sensitive. The strong P H3 line therefore arises 

from tropospheric absorption at p < 1.1 bar. Fig. 6.4b illustrates how the weight-

ing function \·aries as a function of frequency offset from the PH3 line center for t he 

Model A profile discussed below. !\ear the PH3 line center ( ~v = 0). optical depth 

unity is reached w ry high up (near the cutoff pressure PeL while far away from the 

line center ( ~11 = 6o ). the w·eighting function is composed almost en t irely of the 

KH3 contribution. The near line wings therefore contain the most useful information 
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Figure 6 . ..J. Jupiter weighting functions . (a) Continuum weighting functions for Jupiter at 30 GHz. 
The sma ll slope discontinuity at 0.25 bar results from a contribution by the line wings of PH 3. which 
ha been modeled with a constant mole fraction up to a cutoff at this level. The weighting fun ction 
peaks near 0.8 bar , but has appreciable contr ibution down top~ 1.2 bar. (b) \\'eighting functions 
for \·arious frequency offsets from the P lh line center. The upper peak is due to PH3 . and the lower 
peak is due to NH3 continuum emission . 

about the vertical dist ri but ion of PH3 in .J upiter's t ropo. phere, and im·ersion of the 

broad PI-h line is most . ensiti,-e to PH3 arising from p ~ 0.6 bar. 

The absence of an emission core at our 200 }.1Hz resolution (Fig. 6.:3) demon-

st rates that little or no PH3 is pre ent aboYe the cold trap (1 -10 mbar) in .Jupiter, 

consistent \\' ith the upper tropo pheric depletion inferred by Encrenaz d al. (197 "' , 
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Figure 6.5 . Functional forms for the three PH3 models described in the text. 

19 "0) and Tokunaga d a/. ( 1979). The lack of an emission core places a :3cr upper 

limit of"' 60 ppb on the stratospheric PH3 mole fraction (a sumed to be constant) 

in Jupiter. This result is \·irtually independent of the PH3 mole fraction profile used 

to match the tropospheric absorption line. It is also consistent v>ith the lack of an 

observed line core in high resolution 267 GHz heterod.me spectra by Lellouch et a/. 

(19 "-±) and confirmed at the CSO by our own heterodyne measurements. 

The PH3 3 - 2 line profile was modeled in several ways using our radiative 

transfer model. \\"e began with a simple rectangular model (\Iodel A) in which PH3 

was assumed to have a con tant mole fraction q for pressures p greater than some 

cutoff pressure Pc (Fig. 6 .. 5a). This model prO\·ides only a first approximation to the 

actual PH3 profile. which i expected to be roughly con tant at deep levels and to 

fall off to zero near the top of the atmosphere due to U\" photodissociation ( I~unde 

d al. 19 "2) . For p < Pc· the mole fraction of PH3 \Yas set to zero. A simultaneous 

nonlinear lea t squares inver ion for q and pl- yielded a best fit of q = 0 .. 55 ppm and 

Pc = 0.2.5 bar for the nominal Lindal d a/. (19 "1) pre me-temperature profile. To 

examine the sensitivity of this fit to the PH3 mole fraction. models were also run 

for q = 0.:30 and 0. "0 ppm. keeping Pc = 0.2:j bar. The. e models. displayed in Fig. 

6.:3. constrain the PH3 mole fraction to within an estimated uncertainty of "' 0.10 

ppm. We al o im·estigated the sensitivit.v of \Iodel A inversions to the assumed 
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temperature structure of the atmosphere. r sing temperat ure profiles hifted up\\"ard 

and down\\"ard by.) I\:. the corresponding im·ersions ga,·e (p . q) = (0 .72 ppm. 0.26 bar) 

and (0.4:3 ppm. 0.2-! bar ). respecti,·el~·. These profiles haw e ent. ia lly the same Pc· but 

the resultant ,·ariation in the best-fit PH3 mole fraction giYes a further uncertainty of 

,...._, 0.15 ppm. Final!~·. we im·estiga ted sensiti,·ity of the im·ersion to the temperature 

exponent for Yalues bet\\"een n = 0.5 and 0.9 and obtained mole fractions \\"ithin,....., 0.1 

ppm of the nominal n = 0.67 ca e. Adding all these uncertaintie in quadrature. \\"e 

derin" a PH3 mole fraction in Jupiter of OS)± 0.21 ppm for \1odel A. 

Because of the non-phy ical nature of the ,·anishing PH3 cale height in the 

simple l\1odel A. \\"e also considered more general PH3 profiles which allowed a. more 

gradua l falloff. In l\Iodel B . \\"e allowed q to increase linearly from zero \\·ith pressure 

increasing from p0 to Pc· and constrained it to remain constant for p > Pc (Fig. 6.5b ). 

By pecifying ,·ariou ,·alues of p0 and determining the best-fit Yalues of Pc and q. 

""e obtained a series of inYersion gi,·ing a deep PH3 ,·alue of 0.60 ± 0.0-5 ppm. The 

profile obtained using l\1odel B are hown in Fig. 6.6a. \\"here they appear as the first 

three cun·es li sted in the key. Alihougb these profiles show differing falloff slopes. 

they all gi,·e roughly the same deep PH3 mole fraction. In contrast, determination of 

the ·'best"' PI-13 falloff i precluded by the fact that the sum of quare residuals for 

l\Iodel A and all three l\Iodel B fits are comparable. Howe,·er. note that the profile 

obtained for Pc = 250 mbar reproduce. exact ly that obtained with \lode! A. Allowing 

for uncertaintie in the temperature exponent and temperature profile as before. \Ye 

estimate a total uncert ainty in the deep PI-13 mole fraction of ±0.2 ppm. 

In an attempt. to choo e the optima.! value of dq f dp from among the family 

of profile obtained with l\Iodel B. our final model (l\lodel C) parameterized log q 

a a econd order polynomial in log p in the upper tropo phere ( u ing three free 

parameters instead of the two in l\Iodel A and t\YO free plu one fixed parameter in 
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gi\·en by h:unde d al. ( 19 2) for thei r PH3 inversion. 
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~lode! B). !\lode! C' wa further con trained to approach a constant mole fraction 

in the deep atmo:phere below it . inflection point (Fig. 6.-Sc ). Im·er ion u ing ~lodel 

(' ~· i elded the solid curve hown in Fig. 6.6a. again gi,·ing a deep Plh abundance 

of 0.6 ppm. 1'\ote that in the falloff region (,....., 0.:2-0..J. bar), the polynomial slope is 

nearly linear and the curw is virtually indistinguishable from the \ lode! B profile. 

The ~lode! C' synthetic spectrum. shown as the solid line in Fig. 6.1. matche our 

obsen·ed spectrum to within the noise, as do all three ~lode! B spectra. HmYever. 

because the sum of square residuals for l\l oclel C' was comparable to those obtained 

for \ lode! B. l'\loclel C does not pro,·icle an improvement m·er \lode! B. It therefore 

appear that the family of trapezoidal profiles obtained with lode] B pro\·ides an 

adequate sampling of parameter space available to the PH3 profile subject to the 

constraints of our obsen·ations. gi,· ing a deep PH3 mole fraction for p :<; 0 .. ) bar of 

0.6 ± 0.2 and a teep falloff with slope ~ 2 ppm/bar occurring at p,....., 0.3 ± 0.1 bar. 

6.4. Conclusions on PH3 in Jupiter 

High-frequency FTS mea urements ha\·e succeeded in detecting PH3 in Jupiter 

and resolving its lineshape, a llowing a direct determination of its mole fraction and 

vertical eli tribution. 1'\o emis ·ion core was present at our 200 \1Hz resolution. placing 

an upper limit of 60 ppb on the trato pheric PH3 mole fraction. Because the PH3 

lineshape i quite sensiti,·e to the eli . tribut.ion of PH3 in the upper troposphere. we 

\\'ere able to deri,·e information about the molecule's vertical eli tribution. Csing a 

radiati\'E' transfer model \\'ith a mooth PH3 vertical profile con trained to approach 

a con tant mixing ratio in the "'deep" (<: 0.6 bar) atmosphere. we cleriwcl a PH3 mole 

fraction which falls off with increa ing height. Our best-fit deep PH3 mole fraction of 

0.6 ± 0.:2 ppm is consistent with infrared result . but the slope of the PH3 falloff in 

the upper tropo phere is steeper than that inferred from both infrared measurements 

and previous photochemical model . 
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Table \'III summarize prenou PH3 determination in Jupit er. arranged in 

order of decrea ing pressure of the peak ob ·eiTational ensitiYity. l'unde tl a!. ( 19"2) 

and Griffith ct al. ( 1992) deri,·ed their concentrations from inver ion of Voyager IRIS 

spectra. Kunde et al. (1982) normalized their model profiles to their deri,·ed deep mole 

fraction of 0.6±0.2 ppm and obtained a best-fit profile shown as the hea,·y dotted line 

in Fig. 6.6b. Griffith d a!. (1992) u eel a PH3 profile in which the logarithm of the mole 

fraction decreased linearly with the logarithm of pressure (constrained to a constant 

deep mole fraction of 0.6:3 ppm) . We a\·eraged their ··South Tropical Zone Hot .. and 

··South Tropical Zone Cold"' profiles together to obtain a profile repre entali\'e of the 

disk a,·erage. This profile. shown as the light dotted line in Fig. 6.6b. is depleted in 

Pl:h compared to Kunde et al. (19"2) . 

Table VIII. Published Jupiter PH3 abundance . 

f\lixing Ratio ). Author 
(ppm) ( fll11) 

0.5-l .5 -l . .., Larson cl a!. 1977 
0.7 ± 0.1 2-.5 -l. " Bjoraker ti a!. 19 "6 
0.6 ± 0.2 1--l -!.6 I' uncle t.f a!. 19 ..,2 

0.-U ± 0.15 1-2 ·L-5 Dross art ct a/. 19 "2 
0 .. 5-! 1 9.0 Ridgway ct al. 1976 

0.5-l ± 0.10 0.6.5 -!.6 K uncle el a!. 19 ..,2 
0 30+0.23 .. -0.1/ 0.6 "~ .9 Griffith e I a!. 1992 

0.75 ± O.F 0.1-1.0 9.0 h.nacke et a!. 19 ..,2 
o.:r1 ± o.o.5 o .. 5o -! .6 1\: uncle ct a/. 19 "2 

0.1-0.2 0.2-0.6 .., .:3-11.6 Encrenaz eta/. 197 "' . 19 ' 0 
0.09-0.1 .., :::; 0.6 10.2-1:3...! Tokunaga d a/. 1979 

0.6 ± 0.2 < 1.2 :r~o This work 

There are a number of factors \\'hich collectiYely make an unambiguous esti-

mate of minor species mixing ratios ba. eel on infrared measurement ,·ery difficult. 

First of alL because infrared obsen·ations often suffer from a lack of prominent features 

(thi is especially true for P.Ih). it is difficult to separate emission from a giYen line 

from that due to other cont inuum sources. Secondly. infrared obsen·at ions may also 
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be sensiti,·e to reflected solar flux from the fe,,· hundred millibar le\·el. as \\·ell as ther­

mal radiation from sewral bars. finally. infrared abundance inYersions are sensit iYe 

to as umpt.ions about cloud heights and structure. Because millimeter-submillimeter 

obsen·ations are immune from these difficulties. they should. in principle. b.e able to 

proYide more definitive mixing ratios for pecies which exhibit trong rotational lines. 

\\'hile our best ··deep·· PH3 mixing ratio of 0.6 ± 0.2 agrees well with those 

obtained by Ridgway (1976), Dro sart fi al. (19 "2). I\unde ff a/. (19"2) . and I\nacke 

ff al. (19"2) at deep levels . our be t-fit mooth PH3 profile requires more PH3 in 

the upper troposphere than found by these author at the ame le,·els. \Ve also find 

significantly more PH3 in the upper troposphere than derived from the measurements 

of Encrenaz d a/. (197 ". 19"0). Tokunaga eta!. (1979) . and Griffith Ef al. (1992). \ Ve 

ha,·e no rea on to believe that temporal Yariation are responsible for thi eli crepancy. 

e pecialJ_,. since change on a global cale would be required to produce an appreciable 

effect oYer our large beam. Howe,·er. obserYations at 5 flm may indicate that the PH3 

abundance in Jupiter is spatially ,·ariable by a factor of up to two (Drossart et al. 

19 "-L Bjoraker 19"5. Dro sart eta/. 1990). 

Our FTS measurements al o show a much more rapid falloff than the profiles 

of Kunde fi al. (19"2) and Griffith et al. (1992). or the photochemical models of 

Prinn and Lewi (1975) and .'trobel (1971) (Fig. 6.6b) . The discrepancy with the 

infrared-deriYed profile may re ult from errors in the treatment of reflected solar flux 

or cattering b.'· haze layers in infrared models. HoweYer. the relati,·ely small error 

bar giYen by I\ uncle d a!. (19 "2) at the 0 .. 5 bar le,·el ("" ±0.0.5 ppm) would seem to 

suggest that a genuine discrepancy exists between our mea urements and theirs. On 

the other hand. it should al o be noted that the upper tropospheric error bars also 

fail to overlap the profile deriYed by Griffith Ef a/. (1992) from obsen·ations at longer 

infrared waYelengths! \ \'hile we are not entirely sure what the source of discrepancy 
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among the infrared measurements and between the infrared measurements and our 

o\vn may be. the simpler nature of submillimeter radiative transfer modeling and 

spectra (note the clear distinction in line depth and width between the spectra shown 

in Fig. 6.7 which are derived from the various profiles ) lend confidence to our result. 

Cnfortunately. given the factor of,....., 2 discrepancy between the photochemical models 

of Prinn and Lewis ( 191.5) and St robel ( 1977) together with t he rather primitive 

nature of these early models, it appears that they cannot be used to distinguish 

among the various obserYational Plh profiles in Fig. 6.6b. 

In order to examine the consequences of t he rapid PH3 falloff in the upper 

troposphere. we are currently preparing to use the nev.:ly updated version of the 

Caltech/ JPL photochemical model (Landry tf al. 1991 ). This model includes CV 

photodissociat ion of PH3 . chemical reactions of t he dissociat ion products, radiative 

tran fer (including Rayleigh scattering) . and eddy diffusion. Based on preliminary 

results using an earlier w r ion of the photochemical model, we believe it is possible 

that the sudden PH3 falloff marks a transition between rapid and slower eddy diffusion 
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regimes. and furthermore that thi transition is connected with Jupiter"s radiatiw­

con ,·erti ,.e bound an·. 

The radiat i \'e-com·ective boundary is expected to occur at the point \Yhere the 

atmospheric temperature lapse rate first decreases from the com·ectively unstable adi­

abat ic rate to a sub-adiabatic ,-alue. The atmospheric level at which this transition 

occurs delineates the boundary between the well-mixed troposphere and the o\·er­

l~·ing stably stratified stratosphere. The radiatiYe-com·ectiYe boundary thus 1narks 

the true dynamical boundary between the tropopause and stratosphere. although it 

occurs slight ly deeper than the temperature inYersion (which occurs at "' 1-!0 mbar 

in Jupiter). The pressure of the radiative-conwctive boundary suggested by our 

modeling of t he PH3 lineshape i slightly smaller than that predicted by radiatiw­

com·ecti,·e models of Appleby and Hogan ( 19 ~-t ). which suggest the boundary occurs 

in the range -500-700 mbar. Howe,·er. the radiative-com·ective boundary can also 

be estimated as the pressure level corresponding to the obsen·ed ··effecti,·e·' infrared 

temperature of Jupiter. Combining the of 12-t..! ± 0.3 K temperature obsen·ed by 

\"oyager (Hanel d al. 19 "l a) wi th the pressure-temperature profile of Lindal et al. 

(1981) gives a pressure of"' 360 mbar, in excellent agreement with the pressure level 

for the radiati,·e-com·ecti\·e boundary suggested by our measurements . 

Because the microscopic proces es responsible for atmospheric mixing are too 

complex to model in detail. atmospheric modelers generally treat atmospheric mix­

ing as a macroscopic ··eddy"' diffusion process . In this approach, the diffusion rate 

at each pressure len•l is parameterized by a quantity known as the eddy diffusion 

coefficient A' (Chamberlain and Hun ten 1987. pp. 7-5 and 90) . In practice, eddy dif­

fusion coefficients are difficult. to determine experimentally. o a range of theoretical 

values are normally considered by modelers. :\ small eddy diffu ion coefficient in the 

upper troposphere, as implied by our im·ertecl PH3 profile. ha important chemical 
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implication for the upper atmo phere of .Jupiter. since a tagnant (low ]\" ) reg10n 

in the upper troposphere can al o produce enhanced abundance. in chemically in­

act ive specie which flow dO\Yll\Yard through the stratosphere with a cotL tant flux. 

Landry ct al. (1991 ) have shown that this process is capable of producing concen­

trations which are comparable to those generated by rapid up\\·ard mixing from the 

deep troposphere. A decrease in the upper t ropospheric eddy diffu ion rate over the 

\·a lue at deeper le,·els as suggested by our PH3 analysis is therefore compatible with 

possibility that stratospheric photochemical production may provide a substantial 

fract ion of the observed abundances of disequilibrium species at p < :3.50 mbar in 

Jupiter. Such an enrichment in the upper tropospheric concentrations of species such 

as CO, HC)J" , and hyd rocarbons such as C2 H2 increases the likelihood that they will 

be directly detected in the upper troposphere of Jupiter by the Galileo probe neutral 

mass spectrometer ()J"iemann el al. 1992). In the next chapter. we discuss our own 

attempts to detect CO and HC~ in Jupi ter and Saturn using the FTS. 

6.5. Saturn PH3 1-0 Observations 

Although the 1-0 rota t ional transit ion of Plh was not detectable in Jupiter. 

we did detect a very strong pre ure-broadened (FWH~i = 11 .2 GHz) line while 

ob erving Saturn with theFTS in the 1300 pm filter on December 7, 1992 (CT ). The 

line was o strong, in fact, that it ,,·as easi ly detected in less than half a minute of 

ob en·ation! Based on its central frequency, we identified it a t he first rotat ional 

transition of PI-h at 266.9-!-5 GI-Iz. Before our next obsen ·ing run. we acquired a 

new 16 bit A / D. improved the inst rument ·s optical alignment, and removed several 

sources of elect ri cal interference. As a result, we \Yere able to reduce systematic noise 

and greatly improve the data qualit_\·. Observat ions on July 11. 199:3 with the 1:300 

pm filter and :30" \Yinston cone confirmed the December detection (the,...... :30o/c depth 

and 11 GHz width of the two ob en·ation were the arne to within experimental 
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uncertainty ) and pro,·iclecl the spect ra \\'<'present here (pu blished in \\'eisstein and 

Serabyn 199-l). The a\·erage zenith optical dept h through the Earth's atmosphere at 

22.3 GHz was r225 G Hz = 0.12 for the Saturn observations (as measured by an on-site 

water vapor radiometer ) and , a few hours later. r22s GHz = 0.19 for observations of 

\ 'enus (our calibration source) . 

In order to aliO\\' remO\·al of instrumental and beam effects from our data. 

we observed \ 'enus over the same airmass range as Saturn. Fortunately. on July 

11. the angular diameter of Venus (17.6") almost perfectl.v matched that of Saturn 

( 1 "' .:3" x 16.-l". for a geometric mean of 17.-t" ). This ad,·antageous match in size 

allowed a direct di,·ision of the Saturn spectrum by that of \ 'enus. obviating the need 

for detailed beam coupling measurements and calculations. 

Since T.4 differs from the disk-a,·eraged brightness temperature by the multi­

plicati,·e factor 1lc -l according to ( -1.10 ). the beam coupling would normally ha,·e to 

be determined and removed. Ho\\·ever. because the angular sizes of Venu and Saturn 

were so well matched during our observations. we were able to bypas the complica­

tions of beam coupling by simply di,·iding the two planet ar.' · spectra by each other. 

canceling out the coupling efficiency in the process. (This procedure works best if the 

Earth's atmospheric opacity is unchanged beh,·een the two planetary observations.) 

An additional ad,·antage of the division is its elimination of residual optical standing 

waves remaining in the spectra. 

This division process does not account for Saturn 's rings (the sub-Earth lat­

itude on Saturn was 1:3.1° on July 11 ). It a! o ignores differences between telescope 

coupling to the projected ellipse of Saturn's disk and the projected circle of \ 'enus·s. 

Howe,·er, we expect the effects of Saturn· rings and oblateness to be rat her small 

(""' 1 Oo/c and < 19(, respect i ,·ely ) and therefore that the eli ,·ision provide a uccess­

ful calibration to better than the lOo/t le,·el . After di,·ision. the resultant pectrum 
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wa scaled to an absolute brightness temperature scale u ing a linear fit to published 

continuum brightness temperatures for \ 'enus (Table IX) at 150. 2:30. and :300 GHz 

by l-li ch (1981). Clancy and l\l uhleman (1991) . and \\"erner ct a/. (197"). 

Table lX. Published measurements of the \ 'en us brightness temperatures for millimeter wa\·elengths 
(frequencies above 90 G Hz). 

Frequency (GHz) 

1-!2.9 
1:)0.0 
17".6 
2:30.0 
230.0 
:300.0 

• rsed in the li near calibration fit 

:300 ± 21 .0 
29-! ± 22.0 
:31.5 ± 1:3. :) 
2 "0 
2 ""t 
276 ± 1-!.0 

Reference 

Clich 191-! 
Clich 19 "1· 
Rowan-Robinson d a/. 197 " 
Clancy and l\luhleman 19 ".5 
Clanc,· and l\1 uhleman 1991. 
\Vern~r Ef a/. 1978. 

t Provides the best model fit to 1.3 mm CO spectra; no uncert.aint.y quoted 

The reduced spect ra for Saturn and Venus in the standard units of TA are 

shown in Fig. 6. ". A residual ripple due to multiple reflections in the \\"inston cone is 

present in both spectra. but the 261 GHz PH3 line in Saturn stands out prominently. 

The 2:30 GHz CO 2- 1 line is also readily apparent on Venus. although it is quite 

narrow compared to the FTS's resolu t ion. 

Dividing the Saturn spectrum b.\' that of Venus and normalizing as discussed 

above yields the final brightness temperat ure spectrum sho\\'n in Fig. 6.9. in which 

the region near the narrm\' \ 'enusian CO line has been blanked. As can be seen in 

Fig. 6.9. the division \\'as successful in eliminating most of the residual instrumental 

ripple. Of other expected line in Sat urn in the filter bandpass (Bezard d a/. 19"6). 

the 216 GHz H2S line is not apparent. nor is the 2:30 GHz CO :2-1 line (Figure 6. "a) 

or t.he 266 GHz HC - :3 - 2 line. 

\\"e first compare our cleriwd Saturn continuum brightness temperatures to 

pre,·iously published measurement ·. In spite of the ,·ariations introduced by a ring 

geomet ry which differs among the publi bed obsen·ations. the agreement of our de-

rived continuum level \\'ith previous broadband measurements is quite good . Fitting 
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Figure 6.". Atmospheric and hot spilloYer-correc ted antenna temperatures measured in the 1300 Jllll 
filter in units of Tri for (a) Sa turn. with a total of 48 scans "on" source, gi\·ing an "on" integration 
time of 35 minutes and (b) Venus. with a total of 40 scans taken over 29 minutes. The rippiP 
visible over the entire passband resul ts from reflective standing waves in the Winston cone light 
concentrator and is not. removed by the usual ca libration procedure for the 1300 Jllll filter . 

a linear slope to the continuum. we obtain a saturnian bright ness temperature of 1:39 

I...: at 195 G Hz (1.5 rnm ) and 1-18 I...: at 29.5 GHz (1.0 mm), consistent with the 137 ± 

11 K sat urn ian system brightness temperature reported by Ulich ( 1981) at 150 G Hz 

and the 14.5 ± 7 E temperature quoted by \Verner ef a/. (1978) a.t :300 GHz, but 
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slightly larger than the 13~1.2 ± :3.2 I\: temperature giwn by Hildebrand et a!. ( 19 -.5) 

at :310 G I-Iz. 

There are a number of factors ,,·hich could influence the continuum level and 

' 
slope of our Saturn spectr um. The first. as already discussed. is the uncertainty 

present in the brightness temperature of \ 'enus. the calibration source. In particular, 

the brightness temperature of Venus at 150 GHz (Ulich 19 "1) has an appreciable un-

certainty and could potentially skew the slope used to convert the flux scale of Saturn 

to brightness temperature units . Secondly. the continuum level and lope are affected 

b~· the contribution of r ing emission. which itself has a slight (but poor!~· determ ined) 

slope (:\luhleman and Berge 19 ' 2). A third factor is the approximat ion Bhot ~ Bsk~· 

used to deri,·e (-1.10). which will not be correct if there is a mall difference between 

Tsky and T hot · In light of t hese uncertainties. \Ye adopt 1-1-1 !\:- the awrage measured 

continuum temperature- as our best e timate of Saturn 's brightne temperature 
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(including ring con.tributions) in the 19.) to 29.) GHz frequency range. 

Since Dopple r broadening is negligible (making considerat ion of a Voigt profile 

unnecessary) . we first fit a Lorentzian lineshape with a linear baseline to the PH3 

line (Figure 6.9) using a nonlinear least quares algorithm. We fit the spectrum ( 1) 

allowing all parameters (line center. width. and depth; continuum a,·erage and slope ) 

to var.'·· and (2) with the line center fixed at the Plh tran it ion frequency (dashed 

curve in Figure 6.9). The two fits both gave a F\\"Hl\1 of 11.2 GHz. a line center depth 

of 4 .., 1\: ('"'"' :3-l% of the continu um. giving a brightness temperature at line center of 

'"'"' 98 K ). and an integrated area of ".J.O h GHz. \\'hen the line center frequenc~· was 

allowed to vary. the solution com·erged to 110 = 267 .. ) GHz. Because of the small 

resultant frequency offset from the t rue line center ( < .)% of the line's F\ '\'Hl\I and 

< :3 resolut ion elements) and accompanying agreement to better than 1 o/c in both 

F\VH\1 and depth between t he two trials. the derived line parameters appear to be 

quite reliable. 

In order to determine the PH3 mole fraction indicated by our data, we used our 

radiative transfer code to generate model spectra for various PH3 mole fractions and 

cutoff pressures. In this model. ring absorption and emission are included to generate 

a disk averaged brightness temperatu re for Saturn and its rings. The disk averaged 

continuum brightness temperat ure predicted by this Saturn model is 1:37 I\: at 200 

GHz. falling slightly to 1:36 I\. at 29.5 GHz. These model temperatures are reasonably 

close to the measured "' 144 1\: temperature, although the continuum slope of the 

model ( "·hich is rat her sensit i,·e to the assumed frequency dependence of the ring 

brightness temperature ) is appreciably smaller than that m easured. In addition to 

agreeing well with our obsen·ations. the model i. also consistent with the prediction 

of other published Saturn models. In fact. when we suppre s disk awraging and ring 

contributions to our model. we obtain brightnes. temperatures wi thin sewra l 1\: of 
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t.lto e predicted by the model of Lellouch d a/. (19"-!) at our frequencie . . 

Potential uncertainties in our Saturn " ·hole eli k brightne s temperature model 

include the assumed l\H3 mixing ratio, uncertainties in the :\ Il3 inYersion lineshape 

and Saturn pressure-temperature profile, and inaccuracies inherent in ring model­

mg. Because :\H3 i the primary opacity source in the continuum of Saturn near 

200 GHz. the :\H3 distribution determines the continuum le,·el. Howe,·er, since tro­

pospheric 'H3 is assumed to follow a saturation law down to the base of the l\H3 

cloud. and because the atmospheric optical depth at frequencie between 195 and 295 

GHz exceeds unity while still in the saturation region of I\H3 (G rossman 1990). Yary­

ing the . H3 mole fraction has a negligible effect on t he model continuum brightness 

tem perature. Similarl~·, despite ,·ariations in the atmospheric pressure-temperature 

profile of up to 10 1..,: with latitude (Prinn et a/. 19 -!, Linda! €f al. 19 ~5 ), the model 

brightness temperature i almost independent of the particular profile chosen. The 

explanation lies once again in the l\H3 saturation law. which allows the NH3 cloud 

to mo,·e in altitude in response to a temperature offset to a new pressure which 

corresponds to the original temperature (Grossman 1990 ). Unlike the JH3 mixing 

ratio and pressure-temperature profile. the nature of the model used to characterize 

emission and absorption by the rings is capable of producing appreciable (;S 10%) 

d ifference in whole disk model brightness temperatures. as are different as umptions 

about the lineshape of the far 'H3 im·ersion linewing (Fig . .5.6b). Although our 

simple ring model appear to match our obserYations adequate!~', better experimental 

measurements of the :\H3 irwersion lineshape would be very helpful. 

\\·e concentrate now on the distribution of PH3 in Saturn·s atmosphere. Be­

cause PH3 is destroyed by ll \ ' photolysis in the upper atmosphere, there is reason to 

belieYe that there exists some altitude aboYe which all PH3 i effectiYely destroyed. 

\\"e call the pressure corresponding to thi altitude the PH3 cutoff pres ure. Pc· and 
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Figure 6.10. 1\Iodel PH3 central line cores for various atmospheric cutoff pressures. The line cores 
have been convolved to our instrumental resol ution of 205 :'1-IHz. 

assume PH3 is present only at pressures p > Pc· Since Saturn ·s atmosphere has a 

temperature inversion at ,....., 60 mbar. any PH3 present at p ressures less t han 60 mbar 

wou ld be seen as an emission spike at line center (superimposed on PH3 absorption 

in the wings). No such emission core is observed in our data. so comparison wit h 

models generated for various cutoff pressures (Fig. 6.10 ) indicates that . in order for 

t he emission spike not to haYe been detectable(::; 3o-). Pc .<. 13 mbar. This result 

is consistent with the UV obserYations of \Vinkelstein et al. (19"3 ). v.-hich imply an 

absence of PH3 aboYe the 2-5 mbar level. 

Finally. we discuss the actual pressure-broadened lineshape of Plh. The high 

PH3 absorption coefficient near line center makes Saturn's atmosphere highly opaque. 

so brightness temperat ure measurements nea.r line center probe the atmosphere at 

pressures only slightly greater than t he t rue cutoff pressure (note tha t the Yalue for 

Pc given abo,·e is a lower limit only ). In the troposphere. the depth of the absorption 

becomes smaller as Pc (and the corresponding temperature) is increased. The obserYecl 

central line depth is therefore a good indicator of t he atmospheric cutoff level. :\iodels 
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with PH3 cutoff pressures in the range 50-400 mbar were inwstigated (Fig. 6.11 ). A 

cutoff pressure of 100 mbar was found to reproduce the observed line depth most 

accurately but, allov,·ing for uncertainties in the data. models \\'ith Pc up to 1-10 mbar 

are capable of reproducing the observed line depth. For larger Pc· the predicted line 

depths are too small to agree with our measurements. Combining \\'ith t he previous 

results. we thus find 13 mbar < Pc < 1-10 mbar. 

Using our best Yalue of Pc = 100 mbar. we ran models for a suite of PH3 

mole fractions, each assumed to be constant at pressures p > Pc· PH3 is expected to 

undergo rapid depletion with altitude. resulting in a deplet ion scale height of"" 3.5 km 

for an eddy diffusion coefficient of f{ '"'"'104 cm2 s-1 ( I~aye and Strobel 198-1) . Since 

the depletion scale height is small compared to the pressure scale height of "' -10 km 

(and because the ripples remaining in the data after calibration relatiYe to .Jupiter 

likely make attempts at more detailed modeling futile), the simplest PH3 model. 

consisting of a constant mixing ratio belo\\' the cutoff pressure ("" pressure of peak 

photodissociation ). is expected to provide an adequate fit to our observations. In light 
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modt>l predictions for 1.5 , 3.0. and 5 .0 ppm PI-1 3 . TlH' region immediate ly surrounding 230 G Hz has 
been blanked to remove the effects of the narrow CO line observed in Venus. 

of the slight continuum slope difference between our nominal model and observations. 

we remo,·ed linear baselines from the eli k average brightnes temperatures generated 

by our model and reinsert ed ba eline matching the measured Saturn spectrum. 

As revealed by Fig. 6.12. which bows model curve for three PH3 mole frac-

tions superimposed on the Saturn spectrum. the observed lin n cidlh i quite ensitive 

to the abundance of Plh because of opacity in the line wings. The observed PH3 

linewidth therefore provides a robu t indicator of PH3 mole fraction. By performing 

chi- quarecl tests of the fit s. we obtained a be t-fit PH3 mole fraction of :3.0 ppm (see 

Table X ). Ba eel on the sensitivit~· of the fit to the model mole fraction, we estimate 

the uncertainty in our PH3 determination to be "' ± 1.0 ppm. 
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Table X. Chi- quared residua ls for various PH3 fit. to the 1 - 0 line in Saturn with a 100 mbar 
cutoff. 

PH3 \Jole Fraction Line Depth F\\'1-L\I \ 
2 

(ppm) (h ) ( Cllz) ( I~ l) 

1..5 -1-1.5 / .. so 2 .. 5 ., 
2 .0 -16.2 ". "0 1.62 
2 . .., -17...1 10.7 1.1:3 
:3.0 -17.6 11.2 1.11 
:3.2 -17.7 11.6 1.1:3 
-1.0 -1" .1 1:3.2 1.-15 
5. 0 4 ".2 14.9 2.10 

NoJI and LarsonM -16.0 10.9 1.:3" 

"1 ppm for I ' mbar < p < 400 mbar. 7 ppm for p > 400 mbar 

Becau e the temperature line-broadening exponent for the 267 GHz PH3 tran-

sition has not been measured in the laboratory. our models assumed the same expo-

nent a for Klh (Berge and Gulkis 1976 ). n = 0.67. \\'e also inYestigated model using 

\·alues of n ranging from 0. 5 to 1.0. The change in linewidth obtained b~· \·arying n 

in our model y ielded PH3 mixing ratio retrie\·als which differed from our nominal :3 .0 

ppm by± 0.3 ppm. much less than our estimated uncertainty of± 1.0 ppm (see Table 

XI ) and negligible "·hen combined with it in quadrature. Therefore. our determina-

tion of the Pih mole fraction in Saturn is rather insen itive to the precise numerical 

\·alue of n . 

Table XI. Best-fi t Plh molt"' fr actions in Saturn for various temperature broadening exponents 11. 

PH3 Temperature Best-fit ~dole 
Broadening Exponent Fraction (ppm) 

o .. so :3.:3 
0.60 :3 .1 
0.67 :3 .0 
0. "0 ·) -

-· I 

0.90 2.6 

\\'ith a Plh mole fraction of :3.0 ppm. the pressure at which PH3 a bsorption 

occurs are illust rated in the weighting function plots shown in Figure 6.1:3. In the 

continuum ( ~v = lOa: Figure 6.Ua). a lmost all emission comes from :'-!H3 in\'ersion 
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Figure 6.1:3. Saturn weighting functions for (a) 210.9 GHz ( ~v = lOa). (b) 25 _;) GHz ( ~ 11 = 1.5o ), 
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function slope at Pc = 100 mbar result s from our a sumed PH3 cutoff leYel. 

line \\'ings at a pre sure of ,....., 1.-! bar. ~ear the PH3 line center. on the other hand. 

the line originates from higher up, as a re ult of the large PH3 opacity. \ 'ery close 

to line center at ~v = O .. )a (Figure 6.1:3d) . the \\'eighting function peak at roughly 

1-50 mbar. but at one half width a\Yay from line center at ~~~ = a (Figure 6.1:3c ). 

we see to several hundred mbar. At ~v = 1.5a (Figure 6.1:3b ). the PH3 \\'eighting 

func t ion is decreasing in strength and mo,·ing downward, so the contribu tion from 

l\ II3 dominates the weighting funct ion (although PI·h contributes down to,..._, 1 bar). 

The predominant contributions to Plh opacity therefore arise from pressures of ,..._, 

100-1000 mbar, varying across the line profile. Because all these contributions t.o 

Saturn's opacity a ri se abo,·e the cloud decks ("·hich form at pressures > l..f bar), we 
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need not consider the effects of clouds. 

6.6. Saturn PH3 3-2 Observations 

We ob ·en·ed Saturn at the C'SO on .] une 22. 199-! u ing the broad :3.50 11m filter 

and 20" \\' inston cone. obtaining 61 "on .. scans with a resolution 191 :.IHz. Because 

the on-site water Yapor radiometer was down for repair . the terrestrial atmospheric 

optical depth was not measured. However. obserYations of Jupiter on the 21st and 

22nd suggest that weather was poorer on the 22nd. _ eYertheless. we detected a very 

broad absorption centered near the Plh :3- 2 transition frequency of ~oo GHz. \Ye 

obserwcl the !\loon over a s imilar airmas range \Yith the intention of using it as a 

division cali brator in order to remow residual atmospheric effects in the T.: spectrum. 

Howewr. the lightly different airmasses of the \loon and Saturn resulted in differing 

spectral slope near the edge of atmospheric window (where transmission through 

the Earth's atmosphere fall off rapidly ). 

Since presen·ing the lineshape of the extremely broad PH3 feature is essential 

m order to be able to scale the the raw Saturn spectrum shmm in Fig. 6.1-! to 

brightness temperature unit . we did not divide by the Moon . The T.4 spectrum is 

shown in Fig. 6.1-l. "·here the region from ":30- -..J-5 GHz (which is obscured by an 

atmo pheric 0 2 line and an 0 3 bandhead) has been blanked, and features in the 

:-.:-. o_ :-.90 GHz region (discu·sed in the following chapter on theFTS Jupiter/Saturn 

submillimeter line sun·ey) appear to correspond to the 10- 9 transition of HC' -. 

The best-fit Lorentzian+linear baseline fit to the broad absorption feature over the 

frequency range -.00-900 GHz (shown as the dotted line in Fig. 6.14-) clearly sho"·s t he 

obserwd Pl-h line to be asymmetrical. presumably clue to the low-frequency cutoff in 

atmospheric transmission. The Lorentzian ha. an apparent F \\'Hl\I of :31 GHz and 

an absorption of"' 2.)<,?( at line cen ter. 

Because beam coupling measurements have not vet been completed. it is not 



Section 6.6 

0 
N 

o:J 

,...-.... <.0 
~ 
'--" 

* <( 
I-

'>t 

N 

0 

I 
PH3 

800 

11-! Saturn PH3 :3-2 Observations 

850 
Frequency (GHz) 

900 

Figure 6.14. Saturn 350 J-Lm spectrum divided by a l\loon spectrum. The average central frequency 
of the J\. = 0. 1. and 2 transitions of the J = 3- 2 PH3 line is marked. The dotted line is a best-fit 
Lorentzian+linear baseline for the region 800-900 GHz. excluding the region near 880-890 GHz. 

yet possible to convert the observed spectrum to an absolute temperature scale eli-

rectly. Unfortunately, the atmospheric cutoff at 800 GHz means that we have no 

information on the continuum level on the lo\\'-frequency side of the line. Although 

we could use the spectrum obtained in the 4-50 fl.lll filter to estimate the low frequency 

continuum level. this approach is not reliable because the baseline slopes between fil-

ters sho\\' a tendency to change discontinuou ly between fi lters. 

The PI-h distribution inferred from the 267 GHz J = 1- 0 line would produce 

a line with a F\\"Hl\I of 5 GHz and an absorption at line center of :31%. If less 

PH3 were actually present , the line width would decrease. Howewr, as long as a 

cutoff occurs at or above the tropopause, the PH3 line core will be optically thick 

at line center for any (constant) concentration <. 0.-5 ppm and would therefore reach 

the cold trap (tropopause) temperature of 82 I\. (Fig. 6.1-5). giving roughly the same 

absorption depth for any reasonable concentration. The obserwd absorption depth of 

2-5o/c seems to imply that the line is not saturated at center, but the continuum may be 

hard to estimate given the large width of the PH3 line. In order to match the observed 
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line width using a Lorentzian lineshape. a concentration of < 1 ppm is then needed 

according to our radiative transfer models. Hovvever. such a. distribution results in a 

1-0 line with an integrated line area too small to be consistent with the measured low 

frequency line . Discrepancies between the assumed and actuallineshape parameters , 

including the assumption of a Lorentzian lineshape and use of the J = 1 - 0 line 

broadening coefficient (the only one for which laboratory measurements are available) 

for the 3- 2 line, may account for some of this mismatch. 

6. 7. Conclusions on PH3 in Saturn 

By comparing the \'.·idth of the observed PH3 J = 1 - 0 transit ion in Saturn 

with that modeled for various abundances using a radiative transfer code. we obtain 

an estimate of the saturnian PH3 mole fraction of :3 .0 ± 1.0 ppm in the pressure range 

from "' 1 bar to 100 mbar (a suming a constant mole fraction at pressures greater 

than a."' 100 mba.r cutoff pressure). This abundance represents an enrichment of 

more than 5 times the solar value of (P / H ),: = 2. 7 x 10-7 (Anders and Grevesse 

1989) and is larger than the saturnian PH3 abundance cleri,·ed from previous infrared 
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measurement at these pressures . This abundance also represents a factor of ,....,_ .5 

enrichment oYer the mole fraction deriYed for Jupiter using the :3 - 2 line. \ \'bile 

.Jupiter' smaller phosphorus abundance might be partially explained by Jupiter's 

greater gas retent ion during its formation. it seems likely that other factors. such a 

the conYective transport rate from the deep atmosphere. may play a role. The non­

detection of a narro"· stratospheric emi sion core at the line center of the J = 1 - 0 

PH3 rotational transition in Saturn pro\'ides a lower limit on the PH3 cutoff pressure 

in Saturn ·s stratosphere of at lea t 1:3 mbar, consistent with a low stratospheric P H3 

mixing ratio. The depth of the absorption line also places an upper limit of 1-!0 m bar 

on the P lh cutoff pressure, with J 00 mbar prO\·iding the best fit to our observations. 

Although we have also detected the P H3 J = 3-2 line in Saturn , the extreme width 

of the line combined with it s unfortunate po it ion relati,·e to a strong terrestrial H20 

feature ha\'e thus far precluded a quantitati,·e analysis. 

A summary of saturnian P H3 abundances inferred by \'ariou ob en·ers is given 

in Table XII. \lost infrared obserYa t ions of Saturn prior to 19 "-! were at \\'aYelengths 

of :3 and 10 fllll . These obser\'ations sampled the saturnian atmo phere at pressures 

of p"' 400-700 mbar and obtained P H3 abundances between 0. " and 2.0 ppm (sum­

marized in Prinn ei a/. 19 "-J. ). Howe,·er. measurements by Bezard d al. (1987) at 5 

pm- a more transparent region of the spectrum-suggested that the P H3 concentra­

tion was significantly higher at the "" -! bar leYel. Similarly. ~oll and Larson ( 1990) 

reported a best fit to 3 and 10 fll11 infrared ob er\'ations- taking into account e,·idence 

for higher abundances at the pressures sampled by .5 pm measurement - \Yith a PH3 

mole fraction of l ppm for I -. m bar < p < 400 mbar and ~~~ ppm for p > -tOO mbar 

(where the transition pressure is that of the upper cloud in their two-cloud model). 

Howe,·er. the model of ~oll and La r ·on \\'a not optimized for the upper troposphere 

(i.e .. that portion of the atmosphere abon' the base of the :\'l-h clouds at pressures 
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~ 1.4 bar ). 

Table XII. Published saturnian PH3 mole fractions· from infrared/ millimeter ob erva tions. 

PH3 ~lole Pressures .\ Instrument Reference 
Fraction (ppm) Probed (mbar) (pm) 

.:G 0. "t 400-700 10 CF\\'S Gillet and Forrest 1974. 
> 0.2 400-700 10 CGS Bregman et al. 19/.5 

0.9 .500-1000 :3 FTS Larson tf al. 19 "0 
1.6 1000-:3200 .J FT. Larson tf al. 19 "0 

> 0. " 400-700 10 CGS Tokunaga tf al. 1!PO. 1981 
1.0 400-700 10 IRIS Hanel et a!. 19 ~ 1 b 

1.:3 ± 0. ~ 400-700 10 IRIS C'oUt·tin et al. 19 "4 
0.6+0.6 -0.3 < 100 100 CGS Haa. et a!. Pf' .5. 19 =>6 

.s.ot 4000 .s FTS Bezarcl Ei al. 19 "7 
:3.0 1000-:3200 .J FTS _ oil 19 "7 

- o+3.o /. - 2.0 > 400 .) FTS _ oil and Larson 1990 
:3.0 ± 1.0 100-1000 1100 FTS \Veisstein and Serabyn 1994 

"concentrat ions gi\·en relative to the hydrogen abundance have been converted assuming an H2 mole 
fraction of 0.963 

ttentative detection 
tthis best current value (Bezard , pers . comm. 1994 ) is sl ightly higher than the published 4.0 ppm 
C F\\'S: cooled filt er-wheel spectrometer 
CGS: cooled grat.ing spectrometer 
FTS: f ourier transform spectro meter 
IRIS: \ 'oyager infrared interferometer spectrometer (an FTS) 

Infrared obsen·a.tion - uffer from a lack of prominent P H3 features. making it 

difficult to isola te PH3 emission from that clue to other continuum sources. An excep-

t.ion is the 1972 cm-1 Q-branch observed at .) pm in Saturn by Bezard et a!. (19"7). 

C'ompari on with the laboratory measurements of Tan·ago ct a!. (1992) allowed these 

authors to deri n ' a PH3 mole fract ion of""' 5 ppm in the deep saturnian atmosphere. 

Howe,·er. thf' anal.\·si. of .5 pm ob ervations of Saturn is complicated by their sen-

siti,·ity to rf'flectecl solar flux from a fe\\' hundred millibar in addition to thermal 

radiation from se\·eral bar . ioll and Larson u eel micro-windo\\'s in the 2000-2160 

cm-1 region to determine the 7 ppm lower tropospheric P H3 mole fraction for their 

model. Although ::-Joll and Larson were able to fit portions of their spectrum (\\'hich 

contains nearly 2000 PH3 lines) quite well. they had difficulty matching the entire 
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spectru m, pos ibly as a result of the discontinuou vertical mole fraction profile they 

used. Finall_,., infrared abundance im·ersion are sensiti\'e to assumptions about cloud 

heights and st ructure. All these factors conspire to make an unambiguous estimate 

of the true PH3 mixing ratio from infrared measurement. very difficult. although 

these measurements do gi ,·e convincing e,·iclence for a drop in PH3 abundance with 

increasing al ti t ucle. 

nlillimeter measurements a\·oicl the complications inherent in infrared work be­

cause they are sensit.i,·e only to thermal emission from the upper troposphere (pres­

sures < 1...! bar: see Fig. 6.13 ) and are unaffected by reflected olar flux (\\'hi ch is 

negligible at millimeter wavelengths). The presumed "upper cloud·· at 400 mbar 

(Tomasko tf al. 19"-±) can also be ignored since it opacity is negligible at wa,·e­

lengt.hs longer than infrared . The constant PH3 mole fraction of 3.0 ± 1.0 ppm which 

we derive i intermediate to the :3/10 f.LITl and -5 pm-cleriwcl values eli cu sed above. 

However. this is not clue to our sam pling of pressures intermediate to the two IR 

bands. since the central portion of the 267 GHz PH3 line arises from higher in the 

atmosphere than do t he IR lines. A a result. our measurements imply a PH3 mole 

fraction in the upper tropo phere of Saturn '"hich is considerably larger than the 

pre,·iously pu blishecl value . 

In order to make a more direct comparison of our observation with the two­

step PH3 abundance profile derived by oll and Larson (1990). we a lso ran atmo­

spheric models using the profile suggested by the e authors. \Ve found that a mole 

fraction of 1 ppm for I " mbar < p < -! 00 mbar and I ppm for p > -!00 mbar resulted 

in a PH3 line width somewhat too narro\\' and a line depth too small to be consi tent 

\\'i th our observations (Figure 6.1 6) . as confirmed by a chi-squared test (see Table 

:\ ). Howe,·er. the difference from our best one-step model is not large. It should 

in principle be possible to model the PH3 line with various abundance profiles and 
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Figure (:U 6. Dotted line: data from Fig. 6.9. Solid line: model spectrum for the mixing ratio given 
by \Toll and Larson ( 1990). 1 ppm for 7" mbar 0 < p < 400 mbar , 7 ppm for p > 400 mbar. Dashed 
line: model spectrum for a constant PH3 mixing ratio of 3.0 ppm for p > 100 mbar (cent ral curve 
from Fig. 6. 12 ). 

to use chi-squared testing to determine the profile matching our obsen·a.tions most 

closely. For example. we could use more complicated exponential profiles such as 

those adopted by Tokunaga et al. (1979 ). Tokunaga. tf al. (1980). Haas ef al. (1985) , 

or Griffith d a!. (1992). Unfortunately, although the central portion of the obserYed 

PH3 absorption line can be fit fairly cleanly, the remnant ripple eYident in Fig. 6.9 

would make it difficult to distinguish small differences in the lineshape, implying that 

our data do not yet warrant a. parameterization beyond the first-order one-step a.p-

proximation. The simple one-step PH3 model we use is already consistent with a 

com·ecti,·e origin for tropospheric PH3 in Saturn. since conYect.ion should result in a 

well-mixed. nearly constant t ropospheric PH3 mixing rat io up to the leYel at ,,·hich 

PH3 is most effectiYely dest royed by photodissociation. making it adequate for our 

analysis. Until further progress is made in the analysi s of t he J = :3 - 2 line near 

800 GHz. or in reducing the \Vinston cone-induced ripple in the 1300 {tm filter, more 

detailed modeling does not appear warranted for Saturn. 
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Fina ll_, .. we address the question of time dependence. The ··Great \\"hite Spof' 

equatori al atmospheric disturbance that occurred in Saturn in late September of 1990 

( \\"estphal d a!. 1992) may ha,·e resu lted in an increase in the transport of PH3 to 

the atmospheric levels at which we obserTed it. Because we ha,·e no data prior to 

December 1992. we are unable to compare obsen·ations before and after the e \·ent in 

order to adclres thi possibili ty. HoweYer. our 1300 pm obserYations with the FTS 

indicate that no substantial change ha. occurred in the millimeter pectrum of Saturn 

between December 1992 and September 1995. 
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Chapter 7 

Jupiter and Saturn Submillimeter Line Surveys 
···}"es indeed.· said the unicorn . . . . ·lrflat can we measurt? . .. ll"t are £xperts in 
the theory of measurement. not its practice··· 

- J . L. Synge {Xandelman·s Erim) 

7.1. Introduction 

In addition to Nih and PI-h. other molecules expected to play an important 

chemical role in the atmospheres of Jupiter and Saturn are H20. H2S. HCN, HCP, 

CH4 , CH3 D. and CO. Additional possible constituents of jo\·ian atmospheres include 

the hydrogen halides HBr and H Cl and the alkali hydrides LiH and 1\ aH. Of the 

molecules just listed. the submillimeter transitions of ~H3 • H20, and CH4 cannot 

be observed from the ground because NH3 and H2 0 are obscured by the Earth's 

atmosphere and CH4 has only extremely weak transit ions . However. the remainder 

of these species haYe rotational transitions lying at the millimeter and submillime-

ter wavelengths accessible to ground-based obsen·ation. The presence of appreciable 

quantities of any of these molecules in t he tropospheres of t he giant planets would 

therefore result in absorption features at their rotational transition frequencies. and 

the lineshapes of such features could be inverted to deri\·e the atmospheric concen-

tration (and. in the best of circumstances, the vertical distribution) of the detected 

molecules. 

Because the intensities of molecular rotational transitions increase with fre-

quency as ] 3 for linear molecules. where J is the rotational quantum number, the 

highest frequency lines usually provide thf' tightest constraints. HoweYer. the higher 

frequency lines fall in poorer atmospheric transmission w·indows, and so a combination 

of large line absorption and optimal atmospheric transmission is needed to proYide 
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the tighte t const raints. 

\\"e used the FTS to sun·ey the spectra of .Jupiter and Saturn in all a\·ai lable 

submi llimeter atmospheric "·indows between :300 and 1000 GHz (1000 and :300 pm ). 

The molecules which were searched for include the saturated molecules PH3 and H2S. 

the h~·drogen halides HCJ and HBr. the alkali hydrides LiH and ~a.I-L a well as HC:\" 

and HCP. The strong absorption feature detected in both Jupiter and Saturn at "00 .. ) 

GHz. corre ponding to the J = :3- 2 tran ition of PH3 . ha already been discussed. 

Feature coincident \Yith the J = 1 - 0 transition of HC'l and the 10- 9 transition of 

HC · were al o tentati,·ely ob erved in Saturn. 1\o other molecule were detected in 

either planet. etting stringent limit. on mo. t of the specie li ted abO\·e. SeYeral of 

the e limit are the first obserYational constraints on these molecules in Jupiter and 

'aturn. and most of the remainder are ubstantial improYements over existing limits. 

For the mo t part. the limit are lower in Saturn than in Jupiter. primarily as 

a re ult of Saturn's weaker graYity. Because the column mass abundance U c aboYe a 

pre ure pis given by U c = pjg (where g i the graYitational acceleration). the column 

abundance for a fixed minor species concentration aboYe a given pressure leYel is larger 

in Saturn than in J upiter. The major continuum opacity source in both planets is 

'H3 , which condenses deeper in Saturn due to colder t ropospheric temperatures. As 

a result. optical depth unity is reached at roughly the same pressure in Jupiter and 

Saturn (Fig. 5.10a-b). but the latter's graYity is 2 .. 5 times weaker. }.linor specie are 

therefore detectable at smaller concentrat ions in Saturn than in Jupiter. In practice. 

Saturn · maller flux decrea e the signal-to-noise ratios of obsen·ations. canceling 

out thi. effect t.o some extent. 

7.2. Observations 

\\'e obserwd .Jupiter and Saturn at the C'SO on June 21-2·-L 199-! (l'T ) using 

the FTS. For these broadband ob en·ations. we used two broad bandpass metal-
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nwsh filters which coYer the high frequency :3:50 and -!-50 pm atmo pheric \\"indo\\"s 

in their entirety. Our molecular line ear-ch made use of these :350 11m and L50 fll11 

filters. as \\"ell as the standard CSO 600 and ~oo pm filters. Table \.. Il l ummanzes 

the obsen·ations obtained in each filter for both planet · and the l\loon ( \\"hich \\"as 

used a · a di,·ision calibrator; see belo\\"). The number of scans in indi,·idua.l filters wa 

selected in order to yield comparable R~IS noi e in each filter. Fig. 7.1 plots again the 

atmospheric transmission abo,·e .\launa Kea for 1 mm precipitable H20 (Fig. 7.la). 

together \\"ith the normalized transmissions of our suite of filters (Fig. 7.1 b ) and model 

spectra of .J upiter (Fig. 7.lc) and Saturn (Fig. 7.ld). In Figs. 7.lc and 7.ld. theFTS 

obserYations to be discu eel in detail below haYe been scaled to and superpo eel on 

these model spectra in order to proYide an o\·erYie\\· of the obserYational frequency 

co\·erage. The higher noise apparent in the Saturn spectrum relatiYe to .Jupiter results 

from a combination of poorer atmospheric transmission and smaller planetary flux . 

Table XIII. Summary of the observations constituting the FT .) up iter and Saturn submillimeter 
line sun·ey. 

Filter Date Jupiter \loon 
(pm) 

LIT Airmass "On" Scans CT Airmass "On·· Scans 
800 June 23. 1994 09:41-09:56 1.83-1.97 6 13:2.)-13:28 1.91-1.98 2 
600 J une 24. 1994 06:42-09:29 1.1 -1.7-1 4 09:35-09:43 1.43-1.43 4 
450 June :n. 1994 09:05-09:37 1.50-1.6 8 10:32-10:46 1.59-1.65 4 
350 I June 21. 1994 07:57-08:36 I. 26-1.36 8 08:46-08:52 1.31-1.32 2 

Filter Date Saturn l\ loon 
(pm) 

L"T Airmass .. on·· Scans UT Airmass ··On .. Scans 
800 June 2-L 1994 11:40-18:20 1.13-1.92 80 07:54-08:02 2.09-2.18 '2 
600 .June 23. 1994 12::34-1 :45 1.13-1.92 111 1l:37-11:40 1.40-1.40 '2 
450 I June :.!1. 1994 1 12:;)8-16:0-1 J.l.)-1.41 6 10:32-10:46 1.59- 1.65 2 
:350 June 2:.!. 199-1 ! 12:-10-18:15 1.1:3-1.60 61 08:42-08:56 1.34-1.34 '2 

For these obserYations. the instrumental field of Yiew was de fined by a '20" 

aper ture \\"inston cone. Since the C'SO' main beam HPBW varie from '20" at :3-±.5 

Gllz to 7.:3" at 950 GHz. the FTS has a patial resolution decreasing from 2-±" to 19" 
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Figure 1.1. (a) l\Iodel atmospheric transmission above l\-launa 1\.ea for 1 mm precipitab le H~O. gen­
erated using the program AT (Grossman 19 ~9). (b) The set of four filters used for the Jupiter/Saturn 
submillimeter line survey. From left to right. they are referred to in the text as the 800 pm , 600 
J.Llll. -150 pm. a nd 350 pm fil ters. (c) Radiatiw transfer model spectrum of Jupiter with FTS data 
superposed. The raw data (0.2 G Hz resolution) has been scaled to lie along the model continuum, 
but the signal-to-noise ratio is preserYed. illustrating the frequency range covered and the relatiw 
noise in each of the atmospheric windows. (d) Radiative transfer model spectrum of Saturn wi th 
FTS data superposed in like fashion, except that the 450 pm (~ 600- 100 G Hz) data haYe been 
binned to 0.5 G Hz. 
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OYer this frequenc~· rangf' (Serabyn and \Veis tein 1996). The size of .Jupiter during 

the obsen·ations was -!1.:3" X r.6". and of Saturn. 17.6" X 15.7". 

7 .3. Calibration 

The re uHanl Jupiter and Saturn pectra obtained in each fi ltf'r were divided 

by a spectrum of the l\ Ioon obtained o\·er a similar airma range ( ee Table XIII ). 

T his ratioing procedure div ides out the ~loon coupling efficiency (that fraction of 

the forward beam ·s solid angle which hits the \loon) and nearly eliminate residual 

terrestrial ozone feature · "·hich were not completely removed by the T.4 calibration 

procedure ('vhich works perfectly only for an isothermal atmosphere) . E,·en ·o. the 

division is not perfect. witl1 a number of small ozone features remaining in the spectra. 

Becau e humid weather in a _ ub equent obsen·ing run preYented completion 

of beam coupling measurements nece sary to direct]~· convert our observations to 

an absolute brightness temperature scale, we instead numerically caled from the 

Jupiterj \loon and Saturnj\Ioon ratio spectra u ing the continuum )eye] pro,·ided by 

our jovian planet radiati,·e transfer model. The radiative transfer calculation wa 

done using the Planck law, and the output intensity was converted to thf' blackbody 

(or ·'brightnes ·· ) temperature TB corresponding to the calculated inten it.\·. T\ext. 

we fit piecewi e linear ba eline to the measured planetary continua in each of our 

measured spectra, and to the . ynthetic pectra given by our model. \\"f' then re. caled 

the obsen·ed spectra by llw ratio of the continua so that the data continuum levels 

matched tho e of the model ·. The overall re ult are hown in Figs. /.lc and /.lei. 

These figures summarize the obsen·ation . but the absolute temperature cale on 

the ,·ertical axes should not be construed to imply that our data ha. been ab olutely 

calibrated. The temperature scale in Figs. /.lc and /.lei is based on radiative tran fer 

modeling and was not derived from obsen·ation . 

For small absorption features superposed on continuum emission. this proce-
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dure pre ·erTe. the line/continuum ratio mce beam coupling affect the spectrum 

at each frequenc~· by a giwn scaling factor \\'hich is independent of the relatiw· im­

portance of line ab orption and continuum emission at that frequency. The scaling 

procedure doe. remove intrin ic information on absolute planetary fluxes. bJJt allows 

a straightfon\·ard comparison of observations with radiati\·e transfer models. In the 

absence of calibrated beam coupling measurements (which we cont inue to pursue). 

and given that the uncertaintie on exi ting ubmillimeter Jo\·ian brightnes tempera­

ture measurements are comparable to thee timated uncertainties in radiati\·e transfer 

models (due to uncertainties in line parameters and spectrallineshapes. especially for 

\"H3 ). the aboYe scaling procedure gives ufficiently accurate continuum temperatures 

to allow the determination of accurate upper limits. 

7.4. Results/Upper Lhnits 

Table :\.I\ ' lists. in alphabetical order. the molecular species considered in this 

paper \vhich have submillimeter transition falling within one or more of our filter 

bandpasses. Column 1 lists the names of the molecules. and column 2 gives their 

electric dipole moments p (in Debye). The range of frequencies 0\·er which RMS noise 

\\'as computed for the highest signal-to-noise transition of each molecule is given in 

column :3. and column-! giws the R~1S noise o\·er this frequency range. The frequency 

range must be chosen carefully for transitions falling near the edge of an atmospheric 

window o as to include a much bandpa s as possible \\'hile excluding frequencies 

strongly affected by atmospheric absorption. Column .5 present.s the :30" upper limit 

obtained from our FTS measurements for the mole fraction of each undetected species 

(cli:cu sed in detail belo\\') and the best-fit concentrat ion for the detected molecules. 

Column 6 give the be t previou ly a\·ailable ob ervational upper limits. 
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Tab le XI\' . :3u upper limits fo r variou molecular species in Jupiter a nd Sa turn. 

Species J1 Freq . Range 
(D ) (GHz) 

C H3D 0.0056 690.0-710 .0 
C'O 0. 109' 800.0-815.0 
H ~s 0.97-1 6 '0.0-694.0 
HBr 0. 2 ~ 490.0-510.0 
HC' l 1.109 623 .7-630.0 
HC ·. condens. 2.98-1 70.0-900.0 
HC ·. no condens. 2.984 ~ 70 .0-900.0 

HC P 0.039 665.0-6 1.0 
Li H 5 .. 2 ~ 70.0-905.0 

~aH 6.7 '60.0-' 0.0 
P H3 0.57-1 

Species J1 Freq. Range 
(D) (GHz) 

CH3D 0.0056 455.0-4 73.0 
co 0.1098 340.0-364.0 
H2S 0.974 6/.'i .0-693.0 
HBr 0.82~ 490.0-51 0.0 
HCl 1.109 624 .1-635.0 
HCJ\. conden . 2.9 ' 4 34 .0-360.0 
HCJ\. no condens. 2.9 4 34 .0-360.0 
HC P 0.039 345.0-364.0 
LiH 5. '2 "'0.0-892.0 

aH 6.7 ' 55.0- 0.0 
P H3 0.574 

So/ts. 

Jupite r 

R.\lS FTS t pper Limit 
( 1\ ) (or mole fract ion) 
4.6 < t\. X 10- " 
:2.~ < 1.:3 X 10- 7 

:2.6 < 2.9 X 10- 8 

2.7 < 1.0 X 10- ~ 

5.2 < 5.0 X 10- 9 

2.3 < 2.0 X 10- ~ 

:2.3 < 3.0 x w- to 
1.7 < 2.2 X 10- 8 

:2.4 < 1.1 X 10- ll 
:2.0 < 8.0 X 10- 1:? 

6.0 X 10- .. (c) 

Saturn 
R\'lS FTS l'pper Limi t 

(K) (o r mole fraction) 
3.6 < 3.6 X 10-
U5 < 3.3 X 10- ~ 

9.0 < 1.6 X 10- S 

4.0 < 1.1 X 10- ~ 

10.2 1.1 X 10- ~ 

1.9 < 1.5 X 10- 8 (d) 
1.9 < 4.0 X 10- 10 (e) 
1.7 < 5.0 X 10- 9 

7.0 < 1.2 X 10-ll 
3.5 < 5.0 X IQ-l:? 

3.0 X IQ- 6 (f) 

Previous Best Limit 
(or mole fraction) 
1.6-2.4 X JQ-• 

1.0 - 1.6 X 10-9 

< 3.3 x 10-8 (a) 

2~~ X 10-9 (b) 

2.6-9.3 X 10-7 

Previous Best Limit 
(or mole fraction ) 
3.9±2 .. 5x10- ' 
1.0 ± 0.3 X 10- 9 

< 2.0x10- 7 

< I X 10-9 

0.9 - 10.0 X 10- 6 

In column.) . an·= · indicates a n FTS detection. while a·<· indicates a n upper limit. In column 6. an 
·=· indicates a previous de tection. a ·<' indicates a previous upper limits. and an·- · indicates 
a molecule fo r which no pre\·iou limit o r detection exists. 

a This \·alue is a 1u limit. 
b This observation i apparently in erro r. 
" The 0.6 ppm concentration quoted here is derived from the J = :3 - 2 line. 
d The line is o broad that thi limit i que~ tionable. If present . the line might have been removed 

by ba -eline rescaling. 
t Thi. upper limit is the concentration be t matching the observing spectra l feature a t the frequency 

of the HCJ\ 10 - 9 transition. The lack of detec table HC~ features in lower frequency windows 
give a more stringent upper limit. of < 1. 1 X 10- I O. 

1 The 3 ppm concentrat ion quoted here i deri wcl from the .]= 1 - 0 line at 267 GHz (Weisstein 
a nd Sera byn 1994). 
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Figure 1.2. Ju piter non-detection . . The histograms art> the obsen·ed spectra at 200 ~1Hz resolution. 
and the curve are radiative tran fer models convoh ·ed to the instrumental resolutio n of 200 1Hz. 
The middle (solid ) model curve give the 30' upper limits. (a) HCr\ with no condensation. (b) HCN 
including condensation. The terre trial 0 3 fea tures at 3 and 8 9 GHz were not included in the 
spectral R .\IS and ha\·e been blanked in Figs. 1.2a and 7.2b. (c) HC P. (d) H2S. Residual 0 3 features 
near 6"4 GHz have been ti cked. 

7.4.1 HCN 

Our ob erYations co,·ered the-!- :3 (:3.5-! .. 5 GHz) . ~ -7 (70 ' .9 GHz). 9 - " (797.4 

GHz) . and 10- 9 (8"6.0 GHz) transition of the HC\ molecule. :.Jone of the e line 

were detected in .Jupi ter. In . aturn. a feature i present at the frequency of the 10-9 

transition (Fig. 7.-! ). but no other HC:.J lines were detected. \\"e therefore computed 

models to e. timate the HC' - concentration required to produce the ob en·ed line 

in Saturn and to place upper limits on the HC · concentrations based on the non-

detection in .Jupiter and Saturn. The models assumed broadening coefficients as 

mea ured by Rohart eta/. (19 "1) for HC'15
:\. 
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Figure 7 .3. Saturn non-detections. The histograms are the observed spectra and 200 \1Hz resolu tion, 
and the curves are radiative transfer models convolved to t he instrumental resolution of 200 l\IHz. 
The middle (solid) model curves give the 3a- upper limits , except fo r HCI, where it gives the model 
consistent with a 3a- detection. (a) HCl\ , not including condensation. (b) HC~ with condensation. 
(c) HCP. Terrestrial 0 3 features with strengths > 10-4 nm~ l\'IHz and excitation temperatures 
< 1000 I\ haw been t icked in Figs. 'i.3a-7.3c. (d) H~S. The increased noise at high frequencies 
occurs near the edge of the atmospheric window. 

case of Saturn, howe\·er. the line is so broad that it is qui te difficult to separate HCl\ 

line wing emission from the continuum. a problem exacerbated by the baseline fitting 

and rescaling procedure d iscussed above which has been applied to the spectrum. 

Furthermore. the limits in the case of HC'l\ condensation are subject to rather large 

uncertainties because the HC':\' ,·apor pressure is highly sensit i,·e to temperature near 

its saturation point (Bezard d a!. 199-5). l\ot only are t he temperature profiles 

known to Yary patially (and probably temporally as well). but the saturation Yapor 

law is al ·o poorly determined. The HCN Ya.por pressure measurements used here 

are those of SmalL which ha,·e been fit by A trey a ( 1986) with an equation of the 

form \ ~ = a - bj(T - c). \\'here \ ~ is vapor pressure. However. Small· data. only 
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Figure I .3. Sat urn non-detections. con ·t. (e) HC I. Tlw frequencies obscured by a te rrestrial H20 
feature centered a t 620.7 GHz. in the middle of the bandpass. have been blanked. hut result in 
g reatly increased noise near this feature. As can be seen by comparison with t he middle model 
curve. the spectrum is con isten t with an HCI detection at. a concentration of 1.1 ppb. (f) HBr. 
The 2 GHz ripple results from reflect ive standing waws which did not divide out in this frequency 
range. (g) LiH. A small emission core arises from st ratospheric LiH in the a tmospheri c model. The 
baseline in the c "0- 90 G Hz frequency range is noticeably disturbed by eit her an instrumental ripple. 
terrestrial weather variation . or perhaps an unknown line in Saturn. The frequencies of strong 0 3 
transitions ha,·e been indicated with tick marks. (h) :'>laH. The haseline in this frequency range is 
also somewhat ripply. 

extend down to a temperature of 202 I\. and o the curn:- is an extrapolation at lo\Yer 

temperatures. 

We now turn to the "'5.97 GHz HCI\ 10- 9 transition in Saturn . As can be 

een in Fig. 7. :3g (to be discu ed in more detail in §7.-1.-5 ). which ho\\·s the re le ,·ant 

spectral region. the baseline between ""0 a.ncl ' 90 GHz is not fiat - the sp<"ctrum is 

consistent with two to three broad absorption features. or a single eYen broader ab-

sorpt ion with a superposed baseline ripple. In .Jupiter (Fig. 7.2g) no analogous feature 

is present. This suggests that the spectral dips originate in Saturn · spectrum and 

arf' not an artifact produced by terrestrial absorption features not entirely remo\·ecl 
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Figure 1.4. Observed Saturn spectrum (histogram curve) in the spectral reg ion cor responding to 
the 10-9 transition of HC~. rebinned to 1..5 G Hz channels. and model spec tra for 0.2. 0.4. a.nd 0.6 
ppb HCl\ (smooth cun·es). The binned spectrum has not been divided by the ~loon. but has been 
scaled to the continuum level of the radiative transfer models. In t he model spectra. HC~ has been 
distributed with a constant mo le fraction throughout the stratosphere and troposphere. The model 
spectra have a lso been convolved to a resolution of 1.5 G Hz. A mole fraction of 0...1 ppb HC N fits 
the observed spect rum best. 

by the calibration procedure. This conclusion is further bolstered by the fact tha t re-

cent re-obserYations of Saturn in the rele,·ant 350 l lll1 filter consistently sho\Y a broad 

absorption in the same frequency region. In order to improYe the signal-to-noise ra-

tio and to better accentuate broad features. we thus re-binned our 0.2 GHz spectral 

resolution data to a resolution of 1.-5 GHz. Fig. 7A shows the prominent absorpt ion 

feature which results . 

The broad absorption line e\·ident in in Fig. 7.-! is centered at 887.0 GHz (as 

obtained by fitting a Lorentzian lineshape), in reasonable but not perfect agreement 

with the HC · 10 - 9 transition frequency. \\"e thus also searched the line catalog 

of Pickett d al. (1992) for additional line candidates centered near " ... 6 GHz. but 

no plausible nearby transitions were found . making HC:\" the best candidate for pro-

clueing the observed feature (see howe,·er §7.4. -5 for a discussion of LiB ). As models 

\Yhich include HC:\" condensation produce lines too broad and shallow to reproduce 
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the obserYed feature. we ran radiatiYe transfer models usmg a Yarieh· of constant 

HC'\1 mole fractions to determine the possible effect of HC\1 on this part of the spec­

trum. As shmn1 in Fig. 7.-J- (where the superposed model spectra. have been conYolYed 

a. resolution of 1.5 GHz. corresponding to the bin size of the data). a. mole fr.action of 

0.-:1- ppb HCK gives good agreement with the data. This Yalue is four times the upper 

limi t obtained from non-detections of the lmver frequency HCK li nes. implying that 

the lower frequency transitions (and the 3- 2 line in particular: see Fig. /.3a) should 

have been observable if HC'\1 were distributed with a constant HCN mole fraction. 

\i\"e attempted to resoh·e this discrepancy by considering models in which HC\1 

was restricted to a vertical layer characterized by a given concentration, cuton pres-

ure. and cutoff pressure. Surprisingly. no combination of these parameters was capa­

ble of reproducing the required contrast in line area between the 3 - 2 non-detection 

and the possible 10- 9 feature. In fact. all models gave very similar absolute depths 

for the two lines, although the continuum levels at 350 a.nd "80 GHz differ from 

one another by """ 30 K (and arise from different pressure levels) . Given the conflict 

between the lo\\' abundance limit obtained from the 3 - 2 line and the higher con­

centration implied by the observed 10 - 9 feature. the detection of HC'N in Saturn 

cannot yet be considered certain, and so we adopt the 10 - 9 best-fit concentration of 

0.4 ppb as the overall upper limit for a constant troposphere and stratosphere HCK 

profile in Saturn. Despite the difficulty of reaching a unique interpretation of our 

Saturn HC\1 data. the 0.4 ppb limit still proYides a considerable impro,·ement over 

the best published infrared upper limit. 

HCK can be produced by equilibrium chemistry in the deep troposphere of 

Jupiter (Fegley and Lodders 199-l), by coupled photochemistry of CH-1 and -lh 

in the upper troposphere (h: aye and Strobel 198-l). or by a combination of the two. 

Chemical models of Jupi ter predict upper tropospheric HCK concentrations of 0.6-2.6 
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ppb for ecld_,. diffusion coefficients in the range 101 -109 cm2 s- 1 (Fegley and Lodders 

199-t ). Howe\·er. photochemist ry can also produce concentrations in tlw same range 

if ,·ertical mixing is slmY (1\ . ......, 10-t cm1 s- 1
) in the upper troposphere . Our upper 

limit of 2 ppb on Jupiter can therefore not rule out either process. 

Our HC\" upper limit on Jupiter is . howeYer. incon istent with the reported 

HC\" detection on Jupiter by Tokunaga eta/. (19 "1). Thee authors ident ified three 

infrared line which they interpreted as arising from tropospheric HC~ at a concen­

tration of 2!i ppb. Conden ation of HC::-; was ignored in their model. which also 

neglected po ible emis ion due to strato pheric HCT\. In cont rast, our ··no conden-

ation·· profile a sumes a con tant HC' · mole fraction in the stratosphere a well as 

the troposphere. This allows the existence of an emission core. which decreases the 

line depth when conYolYed to our instrumental resolution. hence pro,·iding a more 

consetTatiYe upper limit. Our HCT\ upper limit of 0.:3 ppb limit in the ab. ence of 

condensation is significantly lower than the Tokunaga ct a/. (19 1) ,·alue, and we 

therefore belieYe that the detection reported by Tokunaga ff a/. ( 19 "1) wa likely 

spunous. This conclusion i further supported by a recent remeasurement and re­

assessment of the purported infrared detections by Bezard fi a!. (199-5) , who found 

no feature at the tran ition frequencies obsen·ed by Tokunaga et al. (19"1) . Based 

on these non-detections. Bezard el a/. ( 1995) haYe obtained an HC' upper limit of 

1.0 ppb, ignoring condensation. (A weaker limit of 6.0 ppb results if condensation 

is included.) It therefore appears that H C'~ is significantly less abundant in the up­

per atmosphere of Jupiter than reported in the work of Tokunaga fi a/. (19 "'1). It 

also appears that submillimeter obsen·ations are capable of proYiding the tightest 

constraints on high dipole moment molecules uch as HC'~ in the JoYian planets . 

7.4.2 HCP 

The HCP molecule , a disequilibrium ~pecie in t.lw atmospheres of the giant 
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planets expPcted to form from the photodissociation products of CH4 and PH3 (haye 

and Strobel 19 ' -!). has many rotational transitions in our spectral bands. Based on 

our non-detections of the HCP 9-8 (:3.59 .5 GHz). 10-9 (:399.-! GHz) . 12- 11 ( -!79.:3 

GHz ), 16 - 15 (6:3"'.9 GHz). 1 I - 16 (618.' GHz). and 22- 21 (878.0 GHz) lines. 

we are able to place :317 upper limits of 22 ppb and 5.0 ppb on its mole fract ion in 

the upper atmospheres of Jupiter (Fig. 1.2c ) and Saturn (Fig. 7.:3c) . respectiYely. For 

Jupiter. the best limit is obtained for the 17 - 16 line. while the 9- " line prO\·ides 

the tightest constraint for Saturn. In the absence of laboratory data, we assumed 

the same broadening coefficient of 2100 .l\1Hz/bar and temperature exponent of 0.6 

as for CO (see below). Our Jupiter limit is higher than the ,...., 9 ppb predicted 

by photochemical models of I\.aye and Strobel (19"-! ) and assumed in the radiati,·e 

transfer models of Bezard et al. ( 1986). However. our 5 ppb limit for Saturn is smaller 

than this value. indicating that existing photochemical models predict an excess of 

HCP for this planet. 

7.4 .3 H 2S 

Despite the many strong millimeter-submillimeter lines which should betray 

the presence of H2 S in Jupiter 's and Saturn·s atmospheres. this molecule remains 

undetected, presumably because it is remo,·ed by the forma t ion of NH4 SH clouds in 

their deep atmospheres and exists in equilibrium only at unobservable levels beneath 

this cloud deck (A trey a 1986). Although H2S has been suggested as a cloud chro­

mophore in Jupiter (Lewis and Prinn 1970). its lack of detection calls this hypothesis 

into question. Unsuccessful searches in Jupiter ha,·e been carried out by Larson d 

al. (198-!) in the infrared and Joiner tf al. (1992) in the millimeter. The best current 

upper limit in Jupi ter i that of Larson et a!. (198-!). :3:3 ppb at the 117 lewl. In the 

case of Saturn. Owen eta/. (1971) give a.n upper limit of 200 ppb. 

In our FTS spectra . we searched for but did not find the strong 22 .1 - 2u 
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(-50-5.6 GI-lz). 4.u- -h.2 (6-50.-l GI-Iz), and 2o.2- 1u (6.,7.:3 GI-lz) H2S transitions in 

Jupiter and Saturn. In our models. we used a line broadening of 

(
300 I--.:)0.67 (300 I--.:)0.67 

~v = ]JH2 (1960 ~1Hz/bar) -y + ]JHe(1-t25 MHz/bar) -T- ( 7.2) 

where the broadening coefficient for I-I 2S-H2 was taken as that found for the 216 

GI-lz line by Joiner et al. (1992). the H2S-He broadening coefficient was taken from 

the measurement of the 16 " GI-Iz line by Willey ti al. (1989), and the temperature 

exponent was taken as 0.67 folJowing Joiner eta!. (1992). :v1odeling of the 20.2 - 1u 

line assuming H2S to be uniformly mixed in the upper troposphere gives a 3o- upper 

limit of 29 ppb in J upiter (Fig. 7.2d) and 16 ppb in Saturn (Fig. 7.:3d). These \·a.lues 

are 30% smaller than the 1o- limit obtained by Larson ei al. in Jupiter and more than 

an order of magnitude smaller than Ov,·en d a/."s value in Saturn. For both planets. 

our new limits are more than three orders of magnitude smaller than the meteorit ic 

sulfur abundance of 33 ppm (Anders and Grevesse 19 '"'9). This large depletion is 

consistent with the removal of sulfur as I\H4SH in the deep atmospheres. and fur ther 

lessens the likelihood tha.t. H2S is a significant contributor to cloud coloration. 

7.4.4 Hydrogen Halides 

In J upiter and Saturn. the maJor halide reservoirs at the temperatures of 

the deep troposphere ( > -tOO h ) are expected to be the hydrogen halides (Fegley 

and Ladders 199-t). The fundamental J = 1 - 0 rotational transitions of both HBr 

and HCl fall within a.Ya.ilable atmospheric windows. (The fundamental transit ion of 

the lightest halogen halide. HF, falls at 1232 GHz. well aboYe the highest frequency 

submillimeter atmospheric window.) These transitions are both hyperfine triplets. 

but the components are closely spaced in frequency. The HBr molecule exists in two 

isotopic forms, H 79Br and H81 Br. with transitions falling at 500.6 GHz. while the HC! 

molecule exists as either H35Cl or H31CL with transitions at 625.9 and 62-5.0 GHz. 
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re pectin'!.'·· Solar system isotopic ratios arc 19 Br/ 8 1Br = 1.02 and 3
·
5Clf 31

('] = :3. 1 

(Anders and Gre\·e se 19 ~9) . Because of the small separation in the isotopomer 

transition frequencies and the large pressure-broadening produced in the atmospheres 

of .Jupiter and Saturn. tropospheric lines of each pair of isotopomers are expected to be 

blended together. (Stratospheric emission spikes, if present. would be well-separated.) 

In FTS observations at the appropriate frequencies. we did not detect HBr 

or HCI in Jupiter or HBr in Saturn. but did tentati,·ely detect HCl in Saturn. For 

the non-detections, we have determined upper limits for the molecular abundances. 

\\'e han' also modeled HCI in Saturn in order to determine the abundance giYing 

the best match to our data. In our models. we used an HC'l pressure-broadening 

coefficient of 201:3 1Hz/bar as measured for the J = -! - :3 rotat ional transition in 

an .\! 2 atmosphere at ambient temperature and a pressure of 6- " torr (Chance et 

a/. 19 ..,6 ). and a temperature exponent of n = 0. "5, as determined for the :3 .. 5 pm 

infrared 1 t-- 0 band by Bellard e./ a/. (19 .... 5). In the absence of laboratory data. 

these same parameters were also used for the J = 1 - 0 transition of HBr. Based 

on the non-detection of an absorption feature. we derive a :30' upper limit of .} ppb 

for total HCI (both isotoporners) in Jupiter 's troposphere (Fig. 7.2e) . Assuming a 

temperature-broadening exponent of n = 0 . ... 5. we a.lso place an upper limit of 7.0 

ppb for HBr in Jupiter (Fig. 1.2f) and 1.1 ppb in Saturn (Fig. 7.:3[). -either the 

HC'l nor the HBr limit is sensiti,·e to the exact value used for n. and both remain 

unchanged if n = 0.6 is used in tead. 

For Saturn. our spectrum i. con istent (at the :3.50' le,·el) \\'ith an absorption 

feature corresponding to a tropo pheric HC'I mole fraction of 1.1 ppb (Fig. 7.:3e). 

Despite the atmospheric cutoff near 621 GHz (a t the edge of a terrestrial water line) 

and re ultant high noise near thi s cutoff. thi absorption feature is present in data 

taken both on .June 21 and .June 2-i (although atmospheric tran ·mission wa inferior 
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Figure 1.5. (a). 'uperposed Saturn and .\loon spectra binned to 0. -5 G Hz channels. with the rotational 
transition frequencies of the HCI isotopomers indicated. The ,\loon has been scaled by a constant 
fact or to place it on the same w·rt ical scale. The baselines for both spectra a re quite flat away 
from the 620. 7 G Hz H20 line. An absorption feature near the HCJ t ransition frequency at 625 
G Hz appears in the Saturn . pectrum. but not the .\loon spectrum. The terrestria l atmospheric 
tra nsmission cut off due to H20 between 616.9-624.5 GHz. as marked . (b) Ra tio of the spectra 
shmm in (a) (sol id histogram ). a smooth fit to the ba eline (dotted nnw). and a model spectrum 
containing 1.1 ppb HC I (solid curve). The absorption feature at 625 G Hz is well-matched to the 
frequency of the HC I 1 - 0 rota tional transition . 

on the 2-Jth relatiYe to the 21 t), but absent in l\Ioon spectra taken the ame nights. 

ugge ting that it i real. Spectra from .June 21 which sho"· an absorpt ion near 62-5 

C Hz in Saturn but no such featu re in t he l\Ioon are presented in Fig . 1.5a. In this 
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figure. both spectra ha,·e been binned to 0. :) GHz spectral channels to reduce random 

noise. and the \loon spectrum has been scaled b:y a factor of 0.086 to allow a direct 

comparison with the Saturn spectrum. The absorption feature stands out strongly in 

the Saturnjl\loon ratio spectrum shown in Fig. / .. )b. which has also been binned to 

0.5 GHz. \\ie therefore tentatiYely report the detection of HCl in Saturn at the 1.1 

ppb le,·el. Additional obserYations are planned to confirm this identification. 

These results represent t he first spectroscopic upper limits or detections ob­

tained for halides in the atmosphere of any giant planet . Our Cl limit in Jupiter and 

detection in Saturn are factors of 66 and :300 smaller. respectiYely, than the mete­

oritic Cl mole fraction of :3:32 ppb (Anders and Grewsse 19"9), indicating that Cl 

is strongly depleted in both planets. At the cold temperatures of the upper jo,·ian 

tropospheres. halides are predicted to be remoYed as ammonium ha lide condensates 

(Fegley and Ladders 199-!). The strong depletions indicated by our upper limit in 

Jupiter and tent a tiYe detection in Saturn are consistent with condensation . HoweYer. 

the tentative detection of HC'l in Saturn suggests that Yertical mixing may be rapid 

enough in this planet to maintain a small resen·oir of HC'l in equilibrium with the 

expected -:-l"H_1C'l condensate. For Br. on the other hand, our upper limits are greater 

that the solar Yalue of 0.71 ppb (Anders and GreYesse 1989), so a comparison \vith 

solar abundance is not yet possible. Ho\'Vever. the current Saturn HBr limit of 1.1 

ppb is within a factor of 1.5 of the solar Br Yalue. 

7.4.5 Alkali Hydrides 

In the upper tropospheres of Jupiter and Saturn. the group IA (alkali) metals 

ha,·e recently been predicted to be removed by the condensat ion of sulfides (Fegley 

and Lodders 199-!). At higher temperatures, the major alkali gases are halides and 

hydroxides. The alkali hydrides 1\aH and KH (but not LiH) are also expected to form 

in the deep troposphere. but the predicted mole fractions are quite small (Fegle~· and 
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Lodders 199-!). As a result. despite their large rotational dipole moments (e.g .. 6. 7 

D for 1\aH and .5.882 D for LiH). metal hydrides are unlikely to be present in great 

enough quantities to produce obserYable spectral features. Identification of I\: H is 

also made difficult by the lack of published frequencies for its rotat ional trQ,nsit ions. 

Meteoritic abundances of Li and 1\a are :3.-1 ppb and :3.-! ppm. respectively (Anders 

and GreYesse 19"9). and we emphasize that the solar Li abundance is actually a 

factor of 140 smaller than the meteoritic Yalue due to nuclear processing. 

LiH exists as the isotopomers 6LiH and 7 LiH. with 7 Li j6Li = 12.:3 (Anders and 

Grevesse 1989). The rotational transitions of LiH and 1\aH which fall in aYa.ilable 

atmospheric windows are 7 LiH 2 - 1 and ~aH :3- 2. occurring at frequencies 8 "'7.2 

GHz and 868.6 GHz. respectively. (The 6 LiH 2 - 1 transition at 905.7 GHz is \Yell­

separated from 7 LiH transition and expected to be much weaker because of the large 

7Lij6Li isotopic rat io.) As anticipated. no line is apparent in the Yicinity of these 

frequencies. allowing us to place :3o- upper limits of 11 ppt for (total) LiH in J upiter 

(Fig. 7.2g). and 12 ppt in Saturn (Fig. 7.:3g). For 1\aH. the :3o- limits are 8 ppt in 

J upiter (Fig. 7.2h) and.) ppt in Saturn (Fig. 7.3h) . The LiH and 1\aH limits are more 

than two and fiye orders of magnitude. respectively. below meteori tic abundances of 

the respecti,·e alkalis . and are therefore consistent with condensation of these alkali 

hydrides . In the absence of laboratory measurements. pressure broadening of 2000 

.\1Hz/bar and a temperature exponent of 0.6 \vere adopted and hyperfine splitting 

ignored in the radiative transfer calculations. 

The analysis of the Saturn spectrum shown in Fig. 7.:3g is complicated by the 

presence of strong absorptions on either side of the 7 LiH transition frequency. As 

discussed in §7.-!.1. the most likely candidate for these excursions belO\,. a constant 

baseline is a broad HC~ 10- 9 absorption at 886.0 GHz. \vhich has been corrupted 

by baseline ripple. Because we ha,·e not been able to reconcile the strength of this 
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apparent HC -feature \\"ith much \\"eaker lower frequency HC'\" lines in Saturn- and 

because the \\"idth of the expected LiH line is much narrower than the breadth of 

the absorption feature pre umably due to HCl\- our LiH upper limit in Saturn has 

been computed using seYeral simplifying assumptions. vVe did not superimpose an 

LiH line on an I-IC'\" absorption . but simp)_,. found the Lil-1 mole fraction which would 

ha.,·e produced an obserYable line. assuming no HC~. and treating the possible HC\1 

absorption as noi e. This assumption yields a rather conserYati ,·e upper limit. 

7.4.6 Molecules with Small Rotational Dipole Moments (CO and CH3 D ) 

The small rotat ional dipole moment . of CO and C'H3 D (0. 109" D and 0.0056 

D. re pecti,·ely) relatiw to their strong vibrational dipole moments render submil­

limeter. earche of the .JoYian planets inferior in ensitiYity to tho e made at infrared 

waYelengths. In particular. while CO has been detected on J upiter (\loll cl a!. 198". 

Bjoraker et a!. 19 "'6) with a mole fraction of 1.0-1.6 ppb and on Saturn (\"oil d a!. 

19 "'6, -oll and Larson 1990) with a mole fract ion of 0. 7-1.3 ppb. our non-detections 

of the 0 :3-2 (3-!.S." GHz). 4 - :3 (-!61.0 GHz) _ 6-5 (691.5 GHz). and 7-6 ( "06.1 

G Hz) lines only yield a 3CT upper limit of ]:30 ppb on Jupiter (ba eel on t.he highest 

frequency line) and 33 ppb on Sat urn ( ba ·eel on the 3 - 2 line). In our model. the 

broadening coefficient \\"as taken a 2100 :\[Hz/bar and the temperature exponent 

as n = 0.6 ( -oll et al. 19" "' ). Similar)_, .. while C'H3 D has been detected in infrared 

obsetTations (Bjoraker ff a!. 19 "6. h unde d a!. 19"2. Drossart et al. 19"2) at a con­

centration of 0.16- 0.2-! ppm in .J upiter and at 0.1-!- 0.64 ppm in Saturn (Fink and 

Larson 197 ". C'ourtin d a!. 19"-! . .\oil and Larson 1990). "·e did not detect t.he 2- 1 

(-!6-5.2 GHz) or :3- 2 (697. ' GHz) lines. and are only able to set an upper limit of 

-. -. ppm in Jupiter (based on tlw :3- 2 line) and :3.6 ppm in Saturn (based on the 

2- 1 line). These values were deriYecl assuming the same broadening coefficient and 

temperature exponent a for CO. 
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7 .5. Conclusions 

Our measurements set an upper limit of 0.:3 ppb on the HC · mole fraction 

in .Jupiter if HCN is distributed with a constant mixing ratio. Thi concentration is 

significantly lo>ver than the purported infrared detection of Tokunaga c/ al. ( 1981 ). 

\i\ 'e ha\·e apparently detected the 10 - 9 transition of HC · in 'aturn . HoweYer. 

because this concentration is in conflict with the lo\\' abundance limit obtained from 

the :3- 2 line. the detection of HCI\ in Saturn cannot yet be considered certain. and 

so \Ye adopt the 10 - 9 best-fit concentration of 0..! ppb as the overall upper limit 

for a constant troposphere and stratosphere HC\' profile in Saturn. If condensation 

of HC · i included. t.he deep tropospheric HC:.J limits are increased to 2 ppb for 

Jupiter and ,....., 15 ppb for Saturn. \ i\'e set a tropospheric HCl upper limit. of 5 ppb 

in Jupiter. and haYe tent.atiYely detected this molecule at a mole fraction of 1 ppb 

in Saturn. \ \'e set HBr upper limits of 7 ppb in Jupiter and 1.1 ppb in Saturn. To 

our kno\\'ledge. t hese are the fir t spectroscopic limits on the halides in any joYian 

planet. They indicate that Cl is trongly depleted relati,·e to the solar abundance in 

the upper tropospheres of .Jupiter and Saturn. but the tentatiYe detection of HCl on 

Saturn suggests that vertical transport is rapid compared to the chemical lifetime of 

HCl. We also obtain upper limits of 29 ppb (Jupiter) and 16 ppb (Saturn) for H2S 

(the latter is an order of magnitude improvement oYer existing measurements). and 

22 ppb (Jupiter) and .5 ppb (Saturn) for HCP. For Saturn. this is nearly a factor of 

t"·o mailer than the value suggested by photochemical models of Kaye and Strobel 

(19 "-!). Finally. we obtain upper limits of 11 ppt (Jupi ter) and 12 ppt (Saturn) for 

LiH. and " ppt (Jupiter ) and .j ppt (Saturn) for :.JaH . These are the first tropospheric 

upper limit to be placed on alkali metal in the troposphere of the .JoYian planets. and 

indicate that both Li and . a are strongly depleted relati,·e to meteoritic abundances. 
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Chapter 8 

Uranus and Neptune 
·"flmttr a malhonailCia1l who said. ·J do uot /.:nou· as much as G'od. but I h10 u• as 
much as G'od d1d at my age, .. 

-~lilton Shulman 

8.1. Introduction 

Thermodynamic equilibrium models predict that C'H4 and :\Ha should be the 

primary carbon and nitrogen resen·oir in l. ran us and ~eptune (. Iarten et a/. 199:3). 

as well as in .Jupi ter and Saturn (Fegley and Lodders 1994:). Although both of these 

molecules conden e in the upper tropospheres of Uranu and :\Teptune . CH.t has been 

detected spectroscopical ly in both p lanets. and t he presence of ·Ha is inferred in-

directly based on the obsen·ed centimeter-wavelength continuum temperatures (Hof-

stadter and :.1uhleman 19 .., ... . de Pater tf al. 1991). The detection of thermochemically 

unstable carbon- and nitrogen-bearing specie · such as CO and HC. (or more exotic 

species uch as PH3 . GeH-1. and AsH3 ) in the upper atmosphere of t he jovian planet 

therefore reveals the existence of significant eli seq uili bri um processes. 

Com·ectin:, mixing and stratospheri c photochemi. try of infa lling material are 

the two most commonly invoked processes for explaining ob en ·ations \\'hi ch are in-

compatible with equi librium chemistry models. If the source of a disequilibrium 

species is com·ect.ive mixing from below. the molecule is said to have an internal ori-

gin. Similarly. if eli equilibrium species or their precursors enter an atmo phere from 

t he top (e.g .. vi a infa lling meteorite (.\loses 1992) or the loss to the upper atmosphere 

of ionized particles trapped in the magnetosphere after e caping from a clo e-01·biting 

satellite) . t hey are said to be of external origin. Observations can potentially distin-

guish between these two mechanisms by inferring a vertical distribution \\'hich may 
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be incompatibl t> with one or the other. For species which are determined to originate 

internally. determination of a w·rt ical abundance profile can also pro,· ide constraints 

on the eddy diffusion coefficient. which is potentially Yer~- useful for the testing of 

interior model. . 

In Jupit er and Saturn. CO. PI-h. GeH-1. AsH3 . and many other disequilibrium 

species haw been detected. }.lost are believed to haYe an internal origin. In l . ranus 

and )Jeptune, all these molecules (including HC'. ) are expected to condense out in the 

cold tropospheres with iht e.rception of CO (Bezard fi a/. 19 6). Howe,·er. kinetics 

arguments suggest that relati,·ely small tropospheric CO concentrations of less than 

1 ppb should be expected in Uranus and ·eptune (Fegley and Prinn 19 ..., 6). making 

these molecules \'ery difficult to detect. It was therefore a great surprise when the 

narrow (;S :30 }.1Hz) and weak(,..._, 0.1-0.6 I~ ) stratospheric emission core of CO was 

detected at the ppm le,·el in Neptune by l\'Iarten et al. (199:3) using the CSO and 

JC IT. The CO line core was subsequently re-measured by Ro enqYist tf a/. (1992) 

using the IRA.l\1 30-m telescope. If the CO molecule has an internal origin. the e 

detections require eddy diffusion coefficients which are se\·eral orders of magnitude 

higher than predicted by mixing length theory (which appears to work reasonably 

\Yell for Jupiter and Saturn). unles H20 in ~eptune is enhanced b_,. a factor of ;c, 200 

over solar ( Lellouch et a!. 1994). 

}.lore surprising still was the detection of HC~ line cores in Neptune by the 

same authors . despite the fact that the saturation ,-apor pressure of HCI\ indicate 

that it should condense at the cold temperatures of the lower stratosphere and upper 

troposphere of ~eptune. As a result of condensation. HCI\ should exist at concen­

trations 22 orders of magnitude smaller than obserYed! 

-either C'O nor HC:\l was seen in l ranus. allowing l\larten ct a!. (199:3) to 

p lace a stratospheric upper limit of :30 ppb for CO and 0.1 ppb for HC ·. while 
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Rosenqvist tf al. ( 1992) derived upper limits c!O ppb for CO and a much weaker limit 

of 1.) ppb for HC\. 

8.2. Previous Observations of CO and HCN in Neptune 

~Iarten ct al. (199:3) ob en·Pd CO "2-1 (at the C'SO). C'O 3- 2 (at the .JC~IT ) . 

and HC:'-J -1--:3 (at both the CSO and JCl\IT ). RosenqYist tl a/. (1992) detected CO 

2- 1 and HCI\ 3-2, and Lellouch et a/. (199-1 } subsequently re-observed HC:'-J :3 - 2 

in the :'-Jeptunian stratosphere. Based on their measurements, Marten et al. (199:3) 

deri,·ed a CO mixing ratio (assumed to be uniformly mixed in the stra tosphere and 

troposphere) of 1.2 ± 0.-1 ppm, and an HC · mixing ratio (between 0.00:3-:30 mbar ) 

of 1.0 ± 0.:3 ppb HC:'-J. Rosenq,·ist et al. ( 1992) deriYed somewhat different ,·alues 

of 0.65 ± 0.:35 ppm CO (between 1-200 mbar). and 0.30 ± 0.15 ppb HCI\ (betw·een 

0.:3-:3 .. ) mbar). In a paper discussing ne\\· HC:\ measurements. assessing the earlier 

detections. and cleYeloping a rather extensive photochemical model. Lellouch et a!. 

( 199-1-) found 0.:32 ± 0.0 " HC:'-J ppb at 2 mbar with an exponential falloff scale height 

of 25o:rfg km in the 0.1-:3 .0 mbar region. They ascribed reasons for the differing 

CO and HCI\ concentrations obtained by RosenqYist fl a/. (1992) and l\Iarten d 

a!. (199:3) to a combination of obserYational differences. higher ~Iarten et a/. (199:3) 

model continuum temperatures, and neglect of limb emission in the model of ~1arten 

d a/. (199:3) . Because all of thee factors happen to push the concentrations of larten 

el a!. ( 199:3) in the same direction . a relatiYely large discrepanc~· resulted. 

Ba eel solely on the high-resolution srnall-bandpas. heterodyne stratospheric 

obsen·ation . it was not possible to make a clear case in fa,·or of a purely internal 

or external source for either CO or HC:'\ in · eptune. Estimates of external oxygen 

ource . eem to be seYeral order of magnitude too lo\\' to account for the obsen·ed 

C'O concentrations (Ro enq,-i t tf a/. 1992). but thermochemical tran port model 

predict abundance at lea t a factor of :30 mailer than ob en·ecl (Fegley and Prinn 
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Figure 8.1. (a) Plateau de Bure interferometer CO 1-0 measurements ofGuilloteau i l al. (1993). 
The model spectra superposed on the data points were generated by our own radiati \·e transfer 
model. which give slightly \\·armer temperatures than predicted by the model of ?\Iarten ff a/. 
( 1993) (which is plotted in Gui lloteau ff a/. 1993). (b) J C:\IT FTS CO 3- 2 measurements of 
. aylor tl a/. ( 1994 ). The spectrum has been scaled by a constant factor 0.9 in order to bring the 
continuum into agreement with our radiative transfer model. The spectral resolution of the FT 
data i 1. ~ GHz. lo which our model CO pectra have also been convolved. 

19"6). For HC~ in 1\eptune. r.. Iarten et al. (199:3) favored internal origin (impact of 

galactic cosmic rays on up,,·elling ' 2 ) . Rosenqvist et al. ( 1992). an external origin 

(transport of neutral~ from Triton followed by ionization and trapping in I\eptune·s 

magnetosphere). and Lellouch eta/. (199-!), a combination of the two. An internal 

origin could explain the lack of CO and HC · detections in Cranus. since this p lanet 

is thought to ha,·e a smaller interior heat ource than 1\eptune, therefore inhibiting 

strong com·ection (Guillot et a/. 199-!: but see also Guillot 199-5). Howewr. the lack 

of a Triton-like atellite a an external · source for Cranus could also be responsi-

ble for the lack of observed strato pheric HC ·. \i\'hile HC~ shou ld condense in the 

upper troposphere of I\eptune. making it difficult to observe. the question of an in­

ternal ,·ersus external origin for CO in I\ ept une could be resoh·ed by the detection of 

tropo pheric CO absorption lines. 

Because t ropospheric lines are much too wide t..o be detected using the "' 1 

GHz banclpa . e of heterod~·ne recei,·ers. other techniques are required . By t Lming the 

IRA \ 1 Plateau de Bure interferometer to four discrete frequenc ies spaced :3 GHz apart 

between 106 and 11.) GHz (in double sideband mode), Guilloteau et a/. (199:3) made 
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a tentati\'e detection of a .=).:3 ± 0. "'lc absorption feature in l\eptune at the frequency 

of the CO 1 - 0 transition (Fig. ".1a). Based on their observations, the. e author 

deriYed a tropospheric abundance between 0.6 and 1.5 ppm. with 0.6 ppm gi,·ing the 

best fit. Cnfortunately. the three frequencies falling on the putatiYe CO line,ying were 

all on a single side (lower frequencies) of the line center (since terrestrial atmospheric 

absorption preYents obsen·ations on the other side) . so a rise in temperature on the 

high frequency side of line was not obserYed (Fig. ".1a). 

A second measurement of tropospheric CO in \"eptune was made with the 

.JCl\IT FTS at a resolution of 1." GHz. In this measurement. ~a~· lor et a/. (1994) 

spectroscopically detected a wide absorption feature coinciding with the CO J = 

:3- 2 transition frequency of :3-±5 GHz (Fig. ".1b). Their data "·as consistent with 

a tropospheric CO mixing ratio of 0.1-1.3 ppm, in agreement with the stratospheric 

\·alues inferred by Rosenq,·ist Ef a/. (1992) and ~Iarten tf al. (1993). l"nfortunately. 

the spectra of both Uranus and :\Teptune obtained by ~aylor et a/. (1994 ) suffer from 

Yery large instrumental ripples across the entire bandpass (Fig. ".1b). The ripples 

are especially worrisome because the absorption feature identified as CO appears 

to correspond Yery closely to two ripple periods. In addition, the data reduction 

technique described by "\lay lor el al. ( 1994) does not correct for atmospheric or filter 

transmission. and therefore doe not pro,·ide a continuum !eYe! with \\"hich to compare 

their absorption feature. (The pectrum falling outside the frequencies plotted in Fig. 

".1b is essentially a filter transmission curn" with superposed terrestrial atmospheric 

absorption.) The continuum leYel of the published spectrum of ~aylor Ef al. (1994) 

was therefore determined from the l"ranus rad iatin" transfer model of l\ larten Ef al. 

( 199:3). In order to bring the continuum [e,·el of the (arbitrarily scaled) spectrum 

of );aylor cf a/. ( 1994) into agreement with our own radiatiYe transfer modeL the 

spectrum shown in Fig. ".lb has been scalf'cl by a constaut factor 0.9. 
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Because of the limitations in the obse1Tations of Guilloteau fl a/. (199:3) and 

· aylor ct a/. ( 1991). we belie,·e that additional well-calibrated mea urements of :\ep­

tune are called for in order to definitiYeh· e tablish the depth and width of the tro­

pospheric CO line. Low frequency observations in the 1:300 pm window can also 

search for thE'.]= 1- 0 linE' of PH3 . the .] = :3- 2 line of HC:-J . and th 216 and 

300 GHz transitions of H2S. In a rapidly conn.•cting troposphere. PH3 could be trans­

ported up to obsen·able leYels. and would be detectable in the tropospheres of Cranus 

and \leptune assuming a mole fraction higher than '""" 10 ppb (Bezard et a/. 19"6). 

HoweYer. both Plh and HC · should conden e in the upper atmosphere of Uranu 

and -eptune. rendering them potentially difficult to obserw and. due to the lack of 

low-temperature Yapor pres ure measurements, hard to accurately model. 

8.3. FTS Observations 

\Ve first obserwd Cranu and Neptune on July 22-24. 1995 (UT) (Encrenaz 

el a/. 1996). Celestial mechanic made this a propitiou time to obserYe because. 

in addition to C ranus and "\leptune, \Iars and the \loon were also a\·ailable a flux 

calibrators. Because of their weak fluxes (which decrease as a function of frequency). 

C ranus and Neptune were obserYed in the 1300 11m atmospheric window using the 30" 

\ \"inston cone. Ho,YeYer. becau. e of poor atmospheric transmission ( Tns GHz = 0.0"-

0.16 on .July 22 and 0.09-0.11 on July 2-!) resulting from relati\·e high humidity (2:)­

:JOo/c and 2-5-:369( .. respectively). the 1:300 pm :\eptune flux le\·els were not consistent 

beb,·een the two nights. \\"e therefore re-ob en·ed Cranus and "\leptune on , eptember 

19. 199-5 using the 1:300 pm filter only. On this night. both zenith optical depth 

(Tns GHz = 0.02-0.06) and humidity (1-!-16%) were much lower. giving low-noise data 

with antenna temperatures comparable to the Jul.'" da.ta for l -ranus. and the average 

of the two July nights for \leptune. 

During the September obserYing run. we collected a total of 82 two-sided scans 
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Figure .2. lnterferograms of Uranu and ~eptune. The plots on the left a re ra \\ . .. on .. _ .. off .. 
interferograms. The plots on the right have heen Fourier transformed , frequencies below 100 and 
a bove 600 G Hz have been blanked. and the resultant spectra inver e Fourier transformed. 

of Uranus and 2 -.2 of ·eptune OYer a 3 hour period . The scan length wa kept to a 

short. -5 .9 em , gi,·ing a resolut ion of only :3.1 GHz, but reducing the length of t ime 

between .. on .. and '·off .. scans . At the time of observation. Uranus and ·eptune had 

equatorial diameters (at the 1 bar le,·el) of :3.67" and 2.30". re pecti,·ely. Fig. ".2 

shows the on-off difference interferograms obtained by a\·eraging all the Uranus and 

\"eptune cans and their corresponding off scans. );ote the mall amplitude of the 

difference interferograms (10m\ · for Cran us and .f mV for ·eptune) compared to 

the "' 1 \' of the sky ( .. off .. ) interferogram. The plots on the left show rav\· mea-

sured intcrferograms, \Yhile the plots on the right sho\\' the interferograms obtained 

after blanking of high- and low-frequency noise falling outside t he filter bandpass. 

(The blanking was done in spect ra l space. and the resulting pectra then im·erse 

transformed. ) The result of thi procedure is interferograms corresponding to the sig-
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nal which would ha,·e been measured if more restricti,·e bandpass filtering had been 

performed prior to t he A/ D. 

Fig. ~ .:3 sho\\·s the spectra obtained by Fourier transforming and processmg 

the interferograms of Fig. ".2. The signal-to-noise ratio is ,...., 20 for Uranus and "' 10 

for 1\eptune between 200 and 2-50 GHz. Although the 1:300 pm windo\\" includes 

transit ions of CO 2- 1 (230 GHz) . HCT\ :3 - 2 (266 GHz). PH3 1 - 0 (261 GHz ), 
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measurements of Griffin and Orton ( 1993) (dashed lines) and the brightness temperatures predicted 
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and transitions at 216 and :300 GHz due to H2S. none of these molecules was detected 

in either planet. In addition to placing upper limits on the potent ial abundances of 

the undetected molecules, the measurement of t.he continua of Uran us and -eptune 

has allo,.,·ed the whole disk Neptune/Cranus temperature ratio- as well as absolutely 

calibrated temperatures of Cranus and -:'-Jeptune separately- to be determined. 
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Prior to analysis of l. ran us and \"ept une spectra for spectral line . it "·as 

neces ary to first com·ert the ob ervations in Fig. ' .:3 to an absolute temperature scale 

using .\Jar as a calibrator. The procedure is described in Serabyn and Weisstein 

(1996), and the final results are reproduced in Fig. ' A. lT ing this spectroscopic 

technique. a. opposed to the wide-band filter mea urements of pre,· ious ob en·ations. 

whole disk average temperature Yery clo e to those of Griffin and Orton ( 199:3) were 

obtained between 200-:300 GHz (Serabyn and \\"eisstein 1996). 

8.4. Upper Lhnits 

ln thi s sect ion. radiatiw transfer models for ,·arious molecular pecies of inter­

est are presented for C ranus and . eptune. As in Chapter 7. the mole fract ion gi,· ing 

an absorption line corresponding to a 3cr detection threshold (after convolution to the 

in trumental re olut ion of :3.1 GHz) is identified as the :3cr upper limit. The analysis 

pre ented below represents an initial analysi of these spectra. The data ha,·e been 

further analyzed by Encrenaz , Serabyn. and \\"ei stein ( 1996). who obtain Yirtually 

identical limits on CO and Plh. ln the analysis of Encrenaz fl al. (1996), however. 

t he spectra were proce sed at a degraded re olution of 6 GHz in order to provide the 

greatest possible signal-to-noise ratio for b road tropospheric line . Encrenaz ct al. 

( 1996) al o did not place upper limit on HCJ\ . although they did con icier H2S. 

8.4 .1 co 

In \"eptune. radiati,·e tran fer model et a :3cr upper limit of 1.4 ppm on the 

tropospheric CO abundance (Fig. ' .:Sa). (Encrenaz tl al. 1996 ·et a slightly more 

stringent upper li mit of 1.0 ppm by folding the spectrum about t. lw CO line center.) 

Although CO was not detected with our FTS. the 1.-! ppm upper limit is consistent 

with the low- to mid-range of the 0.6-l..j and 0.7-1.:3 ppm CO concentration reported 

by Guilloteau ef a/. (199:3) and .\aylor fi al. ( 199-l) . respecti,·ely. \\"hi le these pre,·ious 
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measurement were unable to const rain the abundances respon i ble for the ob en·ed 

spectral feature · to better than a factor of ,....., 2 due to lack of knowledge of the 

continuum level. the upper limit obtained here unambiguou ly indicate that the 

tropo pheric C'O concentration cannot be as high as 1.-1 ppm . Although the non-

detection doe not allow any ne\\' conclusions about the origin of CO in · eptune to 

be drawn. future observation using stronger. higher frequency transition. of CO may 

provide more conclu ive information. 

In Uranus. the upper limit obtained on the tropospheric CO abundance is 0.5 

ppm (Fig. -. .. 5b). Thi is the first upper limit to be placed on tropo pberic CO in 

l' ran us. 

8.4.2 PH3 

Because PH3 is expected to condense in the upper tropo phere of l' ranu 

and ~eptune at altitude. abo,·e the ,....., 1..) bar le,·eL gaseous PH3 can exi t only in 

the deep t ropospheres in the absence of supersaturation. As a result. PH3 lines are 

expected to be ,·ery highly pre sure broadened (,....., 50 GHz) and very weak. making 

them al'most im po. sible to detect. Fig. ' .6 sho\\'. model spectra containing l and 

10 ppm PH3 . uperposed on the obsen·ed pcctra of l'ranu and l\eptune (which 
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have been scaled to the continuum level of our radiatiw transfer models). Becau se 

of the extreme width of the lines in Figs. 8.6a and 8.6b, it is not possible to place an 

upper limit on PH3 if it does follow the assumed saturation \·apor pressure law (Orton 

and 1\.aminski 1989). However. since the cold temperatures of the lo·wer stratosphere 

and upper troposphere of Neptune (and l.Tranus) can se\·erely limit the effectiveness 

of homogeneous nucleation to the point that particle formation will not occur until 

large supersaturations are achiewd (~loses d a!. 1992) . we also computed models 

for PH3 assuming that condensation did not occur. Although foreign condensation 

nuclei or ions can also act as nucleation centers. heterogeneous nucleation is difficult 
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to model due t.o the complicating effects of chemistry and mixing. and also as a result 

of insufficiently complete laboratory measurements (:\loses ct a/. 1992). If PH3 were 

to exhibit st rong supersaturation such that its mole fraction were roughl~· constant 

in the upper tropo pheres of l"ranus and ·eptune. it would likely be detectable. Our 

non-detection of spectral features due to PH3 therefore allows u to obtain upper 

limits of 0.:2 ppm in Cranus and 0.-l ppm in ·eptune for a constant tropo pheric PH3 

mole fraction . ruling out strong supersaturation in both planets in the presence of 

substantial conYective transport. 

8.4.3 HCN 

HC\f is expected to condense aboYe the "' 5 bar leYel in the tropospheres of 

C ranu and -eptune. eYen deeper than PH3 . Since the 266 GHz weighting functions 

for Cranus and :'\eptune ha\·e almost no contribution at such deep lewls and because 

tropospheric HC. lines originating from such le,·els would be pressure broadened to 

fantastic widths. HC · is not expected to be obserYable in the tropo. phere. HoweYer. 

if we assume HC\f does not condense. upper limits of 2 ppb and :3 ppb are obtained for 

Uranus and \'eptune (Fig. ' .I ). These upper limits are considerably larger than the 

ob en ·ed st ratospheric HCJ\ mole fraction of 0.:3 ppb in :'\eptune. o our sensiti,·itY 
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to tropospheric HC\' is insufficient to distinguish between an internal and external 

origin for thi molecule. 

8.5. Conclusions 

Our obserYations at 1300 {Lm did not succeed in detecting CO in :'-Jeptune. 

despite the fact that the obsen·ations were obtained under ,·ery faYorable weather 

conditions. The observation of Guilloteau et al. ( 1993) and . · aylor et al. ( 199{) 

can therefore not be confirmed, although our FTS measurements do reveal that the 

tropospheric CO concentration must lie below L! ppm in ·eptune. The best way 

to do to improYe this limit is tore-observe Uranus and I\eptune using the CSO FTS 

in the 800 pm window. Since CO line strength inCI·ea es with increasing quantum 

number. measurements of the :3 - 2 line under requisite good weather conditions 

should yield improved sensitiYity. We hope to make these new measurements in the 

near future . 

Our observations did not detect tropospheric CO in t :ranus. nor PH3 or HC 

in either Uranus or :'-Jeptune. 'vVe obtained a tropospheric upper limit of 0.5 ppm CO in 

C ran us. the first tropospheric upper limit to be placed on CO in this planet. Although 

condensation of PH3 and HC:-J would render these molecules unobserYable in Cranus 

and Neptune, we haw obtained upper limits in the case of extreme supersaturation 

with an assumed constant tropospheric mixing ratio. For Uranus. we cleri,·e upper 

limits of 0.2 ppm {PH3) and 2 ppb {HCN ), and for :-Jeptune, we derive 0.-1 ppm (PH3) 

and :3 ppb (HCI\) . 
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Chapter 9 

Conclusions 
"A really good . cicn flst i one who !..·1wws hate to drau· correct conclusions from 
wco1Tect assumptions . .. 

- Otto Frisch { ll'hal Lzttlt 1 Remember) 

"H'hat i the mwnwg of tt '? . . . ll must t end to some end. or else our unit•e rse is 
ruled by chance u:l11 ch ts uuthinl.:ablt. But tdzat end? That 1s th e great standing 
pertnnial problem. to wh1ch human nason is as far from an an u·er a et•er ... 

- Sir Arthur Conan-Doyle ( The Adt·e ntttre of th e Cardboard Box) 

-Th ert is no conclust011. l!'hat ha~> concluded that u·e mtght conclude m regard to 
ill There art no fortunes to be told. and 110 adria to be gtl'tll. Farewtll ... 

- \\' illiam James 

"Plain stuptdity ts the only thing that can git'e them such as ura11ct. .. 
- Franz KafKa (The Trial) 

9.1. Sun1n1ary 

The construction of a Fourier tran form spectrometer operating at millimeter-

submillimeter wa\·elengths has opened up the previously unexplored submillimeter 

waveband to intermediate re olution planetary spectroscop~·. C ing our FTS. exten-

sive intermediate resolut ion (0.2-:3.0 GHz) observations of the tropospheres of Jupiter. 

Saturn. Uranus, and I\eptune ha.Ye been made for the fir t time. These observations 

haw detected wide. pre ure-broadened lines of PH3 in Jupiter and Saturn. and ha\·e 

al o pro\·ided tight limits on the abundances of many undetected pecies in all four 

jO\·ian planets. 

The detection of PH3 in Jupiter and Saturn has prO\·ided information about 

thi pecie . \'ertical distribution which is roughly compatible with the .. deep" (;c. o .. ) 

bar) mole fractions derived from infrared observations. but. appear to imply a more 

rapid falloff in Jupiter's upper troposphere than predicted by exi ting measurements 

and photochemical model . The deri\·ation of new upper limit. for H2 • ' . HBr. HCI. 

HC.\. HCP. LiH .. and I\aH provides chemical constraints on the upper tropospheres 
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of Jupiter and Saturn. In particular. the strong depletion of HCI relative to the solar 

abundance is consistent with the low-temperature condensation of Cl as :'\H4 Cl in 

the upper tropospheres of Jupiter and Saturn. although the tentative detection of 

HCl in Saturn suggests that ,·ertical mixing may be vigorous enough to maintain 

a reservoir of HCl in equilibrium with the expected l\H-1Cl condensate. Likewi e. 

Li and ~a are strongly depleted. consistent with possible condensation as Li 2 S and 

l\ a2 S. The depletion of H2 S on Jupiter and Saturn is consistent with condensation 

of ~H-1SH. and makes a significant role for sulfur compounds as chromophores in 

the jo,·ian planets unlikely. Our upper limit for HCl\ in Jupiter is 7 times smaller 

than the concentration derived from the only claimed detection to elate, suggesting 

that this measurement may be in error (in the absence of temporal variations). FTS 

observations have also provided a 3a upper limit of 1...1 ppm CO on -eptune. and 

0 .. 5 ppm on l'ranus. Although both Guilloteau et al. (1993) and Kaylor et a/. (1994) 

haw previously reported detections of CO at the 0.5-1.5 ppm level. the potential for 

systematic instrumental effects in both of these observations strong!.'· supports the 

need for independent confirmation. 

9.2. Future Work 

Although a great deal of jO\·ian planet spectra have been obtained, there is still 

much left to do. We anticipate that future FTS observations with longer integration 

times vrill provide e\·en tighter constraints on tropospheric concentrations of molecules 

in the tropospheres of .Jupiter and Saturn. In addition. our measurements of Uranus 

and Neptune have thu far only covered the lowest frequency 1300 f.Lm filter. so 

observations at higher frequencies ("'·here rotational line strengths are expected to be 

stronger) can yield better constraints on tropospheric CO. 

A major observational project currently in its early stages is the determination 

of accurately calibrated submillimeter continuum temperatures for all the planets. 
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e pecially .Jupiter and Saturn . at relati,·ely high resolution. \\"ide-band bolometric 

measurements haYe proYided the best continuum temperature re ults so far. but the 

large widths of the filter bandpasses combined with the often poorly known filter 

transmission funct ions can renclf'r thesf' results inaccurate. In particular. the pres­

ence of st rong absorpt ion feature (such a.· the tropospheric line of PI-h in Jupiter 

and Saturn or CO in :Keptune) in the filter passband can render bolometric results 

in error by sewral percent. in addition to the errors already introduced by a fluctu­

ating atmo phere and calibration inaccuracies. \\"i th a resolution of 200 ~!Hz. the 

FTS a\·oicl these pitfalls by re oh·ing pre ure-broaclenecl atmospheric lines and accu­

rately determining the shape of the fi lter bandpass. Furthermore. unlike the chopping 

method employed by bolometric obserYer , the On/ Off/ Hot obsen·ing technique used 

by theFTS effectiYely measure and removes atmospheric ab orption. making spectra 

more insensit i,·e to changes in atmo pheric opacity and airma . The 1 0...! meter CSO 

eli h al o gi\'e much better source coupling than a\·ailable in earlier measurement 

using smaller telescopes (such as Hildebrand et al. 19"5 ). FTS measurements can. in 

theory. yield calibrated continuum temperature which are accurat.e to within a. few 

percent. superior to those obtained to date with bolomet.ric measurements. alt hough 

y tematic uncertainties clue to unknown surface propertie of ~Iars. the pnmary 

calibration ource. will still remain. 

Calibration is Yery difficult at millimeter/submillimeter waYelengths. primar­

ily becau e the telescope beam pattern must be known with high accuracy. Changing 

emi·sion and absorption by the temporally ,·arying Earth's atmo pherf' also compli­

cate measurements. Since the absorpt ion by the Earth's atmosphere also changes as a 

function of airma . bolometric observations must. obserYe both source and a calibra­

tor at the same position on tlw sk_, .. In practice. obsen·ation are often made oYer a 

range of airmasse such that sourcf' and calibrator ha,·e the same ··a,·erage·· airmass . 
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One or more planets are usually used a primary flux standard because their intrinsic 

brightne ses can be estimated a priori with the aid of thermal model . Planets are 

the only bodie bright enough at submillimeter wawlengths to pro,·icle good flux cal­

ibrator . and the most accurate flux models can be constructed for planets with solid 

surfaces and tenuous atmospheres. ~·I ars and the l\loon are therefore the compact and 

extended calibrators of choice. Both Moon and planetary ob en·ations are necessary 

in order to extricate the beam coupling efficiency and ~loon coupling (I..: utner and 

Clich 19 .., 1) from measurements of different sized planetary disks. The best exist­

ing thermal models for these bodies are the Rudy ~Iars model (Rudy 19 ..,7) and the 

I\iehm Moon model (deYelopecl for COBE calibration and a\·ailable on-line at .JPL). 

These models give absolute surface brightness temperatures which, in their rauge of 

applicability. are accurate to within '"'-' .5 - 10o/c and '"'-' 1 <Jc 0\·er all seasons/phases 

of 1\lars and the l\loon. respecti,·ely. Calibration of high-quality submillimeter con­

tinuum temperatures would therefore also im·oh·e use of these thermal models and 

consideration of what. if any. modifications are required at submillimeter wavelengths. 

Additional modeling of the PH3 profile in Jupiter is needed in order to inter­

pret the inferred falloff in Plh abundance in Jupi ter's upper tropopause. This can 

be clone using the newest incarnation of the Caltech/ .JPL jo,·ian photochemistry and 

transport model. which now include the capability of including Rayleigh scattering. 

Earlier modeling attempts with a pre,·ious version of the photochemical model ap­

peared to demonstrate that the PH3 profile can pro,·ide useful con traint on Jupiter·s 

tropo ph eric eddy diffusion coefficient. 

Finally. there are sewral in trumental improYements which could be made 

to the FTS itself. By encasing the F1 S in Yacuum jacket. differential phase errors 

caused by water Yapor passing through the interferometer·s two arms could be elimi­

nated. Because the quality of pectra we obtain appears to be better correlated with 
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ground-le\·el humidity than zenith opacity. we believe that this modification could 

greatly improve the quality of our spectra. especially during less-than-ideal weather. 

Another useful modification would be to fold the optical path length t raYersed by 

the phase-shifted beam by a factor of two or three. This modification \Yould achiew 

high enough resolution to allow spectroscopic studies of narrm,· CO lines in the atmo­

spheres of Venus and .r-. Iars. which we can currently detect. but do not have sufficient 

resolution to allow im·ersion for vertical abundance profiles. High resolution would 

also allow broadband line searches for undetected millimeter-submillimeter transitions 

of molecules such as SO. S0 2 • HCl. or H2S0 4 in the atmosphere of Venus. 
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Appendix A: Beamsplitter Transmission Function 
.. Just thmk, the definzftons and dtducttrt mtihods wl11ch crcryone learn . leacltc . 
and uses in mathemallCS. the paragon of truth and ccrtttudf. lead to absurdtf ies.' If 
mathunat1 calthmkm g 1 defe ctn•t. when an u·i to find truth and certitude? .. 

- Da,·id Hilbert 

The transmission of a dielectr ic beamsplitter is most simply calculated in the 

approximation that the dielectric slab is infinite in extent . The geometry is then that 

of a Fabr~·- Perot etalon. Let a wa\'e with electric field ampli t ude £ 0 impinge obliquely 

on a slab of thickness d wi t h index of refract ion n immersed in a medium wi t h index 

of refract ion n 0 < n (Figure :\.1 ). 

n d 

Figu re A.l. Ray diagram for a Fabry-Perot etalon. 

E tr.J t ' 
0 

Let r and t be the internal amplitude reflection and transmis ion coefficients and 

r' and t'. the external amplitude reflection and transmission coefficients . Then the 

electric field amplitudes of the reflected ray are 

E1 r = Eor 

E E t 't' -i8 2 r· = o r e 

E - E I .'3t' -2il< 3r - 0 I ( 

E _ £ t J (2n-3)l' -(n- l )i~ 
nr - 0 1 f . 

where the phase difference between adjacent reflected rays is 

8 = 2o - oo. 

(A.l ) 

( .4.2 ) 
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Figure A.2 . Diagram showing two adjacent parallel reflected rays emerging for a Fabry-Perot etalon. 
An analogous diagram holds for the t ra nsmitted rays. 

Referring to Fig. A.2, 

I 1l I o = d /,_· = - d k0 ( A .3) 
no 

is the phase a.d,·ancement for one pa s t hrough the slab, and 

Qo = hko (A.-!) 

is the phase advancem ent in air which the reflected ra.y undergoes in ··catching up'" 

to perpendicular of the transmitted ray at the point where it exits the slab. k0 is the 

wavenumber in medium n 0 . A m inus sign has been explicitly added to <Po since it is 

the difference of the phases bet\\"een adjacent rays which is significant. Consult ing 

Figure A.2 gi,·es 

:; = d tan e (A.5) 

1 d d 
d = -- = ---;::.===:== 

cos e J1 - sin2 e 
( .4.6) 

h = 2.: sin eo = 2d tan e sin eo. (A.. I) 

where e and ()0 are connected by Snell's law. 

n 0 sin00 = nsinB. (A..S) 
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Plugging (:\.:3 ) through (A./ ) into (A.2 ) and using (A. ") gi,·e 

, (2d'n - lm 0 )1.:0 :2;;- ( 2dn . I . ) 
u = = -,- --() - 2G no tan fJ s111 fJ0 n0 n0 A 0 cos 

-!Trd( n ()'e) ..J.'ifdn - nosinfJsinfJo = - - -- - n0 tan 111 o = ---------,----
lloAo cos 0 n0 A0 cos() 

1Trd 1 n2 - nn0 sin 0 sin 00 

noAo V1- inl () n 

-!Tr d 1 .7 ·} • ) -br d ( n ) 
2 

= -- (n-- no- sm- fJo) = - -
nnoAo /1 ~ · 2() Ao no y - n 2 Sln o 

in2 00 . (A.9) 

If the beamsplitter is at a fJ0 = -1.)0 angle to the incident ray, then sin ()0 = 1/ .Ji and 

(A. 9) become. 

8 = -!;od c:~) 2 

.Kow combine the Stokes Relations. 

I 
T = -T 

1 - 7'
2 = tt' 

t.o obtain the identity 

1 

2 
(.,-L 10) 

(A.ll ) 

(A.12) 

(.4 .13) 

If the parallel reflected ray in Figure A.2 are brought to a focus, the total electric 

field is gi \·en by umming (A .1) owr order to obtain 

00 

Er = L Em = {T + r'tl'c- i6 [l + (r'2e- io ) + (r'2e - i8 )2 + ... + (rf2e - i8t-2 ]}Eo 

n=l 

(A .l-1) 

where (A.B ) ha · been used in the last tep. The complex amplitude reflection coef-

ficient is therefore 
VR; (1 - ci'l ) 

1 - R pe- it. 
(.4. 1.5) 
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\\"here 

(.4 .16) 

is the Fresnel reflection coefficient for polarization p (either .l. or II) . 

( 

E cos 0 - J E - sin2 0 ) 
2 

R11 = 
E co 0 + Jc - s in2 0 

Rj_ = ( cos 0- Jc- sin
2 e) 1 

cosO+JE-sin2 0 

(.4.17) 

(.4.1 "') 

and E the dielectric constant. Similarly. the electric field of the t ran mitted rays in 

Fig. :\.1 are 

E1t = Eott' 

E - E tt' , 12 -i,~ 2t - 0 1 E 

E - E tt' J4 -2iS 31- 0 I ( 

E _ £ it' t2( n -1) - (n -I)i.> 
n t - 0 r E . (A..l9 ) 

Bringing the transmitted rays to a focus and again using (.-\ .1:3) giYes the total trans-

mit ted electric field 

(A .20) 
n =I 

T he complex amplitude transmission coefficient is t herefore 

" = Et _ 1 - Rp ( 4 ) ) 
l p - - . . .:..1 

Eo 1- Rpci<> 

If tlw reflected and transmitted rays are no\\· allowed to reflect off t\yo mirrors 

\11 and l\12 at d istances lt/2 ancl/2 /2 from the beamsplitter (the optica l path lengths 

[ 1 and /2 arc twice as large). and then recombined and focu eel (Fig . A.:3 ). the total 



Appendix A 167 Beamsplitter Transmission 

Ml 

detector 

Figure A.3. Ray paths for the perpendicular beams which are split by the beamsplitt.er (BS) . 
reflec ted off the mirrors l\11 and :\12, and then recombined . The optical paths are twice the physical 
separations of the mirrors since the rays travel this dista nce once in each propagation direction. 

where 

l\ov; use the identities 

to obtain 

jl- R pt:-i0 j
2 = l + R/ - 2Rp cos o = (1 - Rp)2 + -±RP sin2

( ~ o) 

11 - t: - i.sl 2 = -! sin2
( ~o) 

( A.23 ) 

( A.2-! ) 

(.4..25) 

(A .26 ) 

where cis the speed of light and to is the permittiYity of free space. But (A.26) ca.n 

be broken up into 

(A.27) 

where Tp( k) is the beamsplitter transmission function 

. _ 16 ( l - Rp)2Rpsin2 (~o ) 
Tv(k) = [(1- Rp) 2 + -!RP sin2 ( ~ o JF · 
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l p(/.:) = lEal/ is a term proportional to the incident flux. and 1 + cos(k~l) is an 

interference term. The expression for a single polarization then becomes 

For an unpolarized source, J1. (k) = J 11( k) = J (l.:)/2. so 

h(~l) = [TJ.(/;) JJ.(/>) + Ili( k)JII(k)H[l + cos(k~l)] 

= 0[TJ.(k) + Tll( k)]J ( /.· )}{~[1 + cos(k~l)]}. 

(-4.29) 

(A.:30) 

and the net transmission is an a\·era.ge of the transmissions in each of the two polar­

izations, 

(.4.31) 

Plugging (:\.31) into (A .:3Q ) then giYes 

h(~l) = {T( k )) J (!.· ){HI + cos( k~ l )]} . (A.:32) 
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Appendix B: Winston Cones 
··Logic is int•inciblc b~:causf in orde7' /o combat logic it is necessary to use logic.·· 

- Pierre Boutroux 

··}"ou can only find truth with logic if you haN alnady found truth without il. ·· 
- G. 1\:. Chesterton 

The equation of the surface of a \Vinston cone is given in (r' . .:-') coordinates 

(Fig. B .l) by the normal form equation of a parabola, 

(B.1) 

From the geometry of Fig. B.L 

1"~ = 0 (B.2) 

::;~ = -f, (B.3) 

so (B.1) becomes 

,-12 = -±f( :::' + f) . (BA) 

To express in ( r . .:-) coordinates, rotate the axes to obtain 

(B.-5) 

Invert ing then giYes 

[ 
·r' ] = [ co~ 0 
::;' - Sll1 0 

sin. 0] [ r + a'] _ [ ( 1· + a') cos 0 + :::sin 0 ] 
cosO ::: - -(T+a')sinO+:::cosO (B.6) 

Plugging (B.-±) into (B.6) and simplifying giYes 

(r cos 0 + ::: sin Of+ a'r( 1 +sin 0)2
- 2a' .:-cos 0(1 +sin 0 ) - a '2 (:3 +sin 0)(1 +sin 0) = 0. 

(B .I ) 

With r = J:1·2 + ::: 2 . (B. I ) is a fourth order surfacP. Such surfaces a.re difficult to 

manufacture. but techniques haw been deYeloped which allo\\" \Vinston cones to be 

commerciall y produced at rPasonable cost. 



Appendix B 170 \Vinston Cones 

/ 

~---------L----------•, 

Figure B.l. Schematic diagram of a \~'in ston cone light concentrator. The entrance and exit aper­
tures a re of radius a and a' , respecti\·ely. F is t he focus of the upper parabola segments, and f 
is its focal length. The length of the cone is L. The diagram on the right shows the origins and 
orientations of the focus-centered and symmetry axis-centered coordinate systems discussed in the 
main text. 

Of the parameters a (entrance apert ure radius) . a' (exit aperture radius). f 

(focal length), L (cone length). and () (opening half-angle) . only two are independent. 

The equation of a parabola. in polar coordinates centered at t he focus F i 

2f 
p( ¢) = -1---c-o-s -o (B .") 

Now. \\"hen o = () + r. /2, the radius vector points in the r direction and has length 

2a', so 

Solving for .f giYes 

From Fig. B.l. 

so 

2.f 
p( () + ~ 7r) = --------.....,....--

1- cos(()+ ~1r) 

f = a'(l +sin B). 

a+ a' 
tan () = --L- . 

2.f 
----'--- = 2a'. 
1 + sin() 

L = (a + a') cot B. 

(B .9) 

(B.10 ) 

(B .ll ) 

(B.12 ) 
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The final relationship is deri,·ecl from 

2{ 
p(2B ) = · = JL 2 +(a+ a') 2 . 

1 - cos(28) 
(B.B) 

wht>re the r ight-hand side of the equation follows from the Pythagorean theorem. 

Plugging in (8.10) and (8.12) then gi,·es 

2a'( l +sinO) , J 2 , 
. 2 = (a + a ) 1 + cot' e = (a + a ) esc e. 

2 sm e (B.l-! ) 

Soh·ing for a' finally gi ,-es 

o' =a sinO. (B .1-5). 

The \.Yi n ton cone is there completely specified by the length L and the geometric 

fie ld of ,-iew 

Gc = 28 = 2sin-
1 

( ~~'). (B.16) 
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Appendix C: Beam Coupling 
·-so far as th t thwrems of mathnnalics an about rtaltfy. th ey are uot certain: so 
far as th ey art certain. th ey arc not about reality ... 

- Albert Einstein 

Approximating t.he telescope beam pattern b\· a Gaussian giYes an area-nor-

ma.lized primary beam 

P (p) = -. _1_. e _ P2 /2a2 . 

2iicr2 

where p is the radial offset from beam center and 

HPBW 
CT = -== 

2)2ln2 

( C.l ) 

(C.2) 

the Gaussian standard deviation, with HPB\i'/ the half-power beam\Nidth. (C .l) is 

normalized so that 

(C.:3 ) 

Lt>t the beam center be pointed an angular distance R away from the center of a field 

of ,·iew of diameter 0. In polar coordinates, the law of cosines relates Rand p to the 

center of the field of ,·iew by 

( C.4) 

Therefore. 

(C.5) 

The response of the instrument to a. point source an angular distance R away from 

the pointing center is therefore given by integrating (C . .S) o\·er the Winston cone·s 

circular field of ,·iew. 

dr. (C.6) 
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But 

11" Io( .r) = - tJ.·cosO d() 
71 0 

(C I ) 

(Arfken 198.5 . p. 6E>). where ! 0 is a zeroth order modified Bessel funct ion. so 

( C.8) 

and plugging (C.8) into (C.6 ) gives 

dr. ( C.9) 

_ ote that although this equation i functionally identical to t he response of a Ga us-

sian beam to a uniform brightness disk , for our instrument. (C.9) gives response 

function of the FTS to a point source. It must be convolved with t he source bright -

ness distribution to obtain the actual response of our instrument. 

Although (C.9) cannot be integrated analytically, it gives a simple answer for 

a point source centered at R = 0. In this case. (C.9) simplifies to 

(C.10) 

In order to find the half-power beamwidth ll ' = R 1; 2 , set F (CJ,R.8 ) equal to 

half of the peak beam response. 

F(CJ, l F. 8 ) = ~F(CJ, 0. 8 ). (C.ll) 

Plugging in (C .9) and (C.lO) gives 

(C.l2) 

which can be soh·ed by looking for the roots of 

(C. B) 
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To soiYe using ~ewton-Raphson iteration. we also need the deri,·atiYe dj jdlF. which 

IS 

(C.l-1) 

But 

(C.15) 

so 

(C.16) 

The deriYatiYe off is therefore 

d.f 1 [ I e . e l dl-l" = (72 F ( (7 , R. - ) - H F ( C7. R. - ) , (C.ll) 

where 

I e) - t 2 - r2 /2a2 I r ' d -lF2/2a2 1 0/2 ( 11') 
F(r7.R, = r72 

0 
re 1 r72 r. (C.18) 

Equation (C.l3) can no\N be solved numerically for lL although care must be 

taken in e\·aluating F and F 1 since the I0 (:r) and I1 (.r) functions blow up for .T ~ n . 

By using the as~·mptotic form 

I ( 1 2" 

n·r) ~ ~e 
v2rr.r 

( C.19) 

for .r ~ n. the integrals can be clone acceptably. Therefore, with :r = TR/r7 2
• the 

kernal of F becomes 
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Similarly. 

(C.21 ) 
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