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ABSTRACT 

Spectroscopic observations of Jupiter at 5 microns were ana

lyzed in order to derive the gas composition and vertical cloud struc

ture for the 2 to 6 bar portion of the Jovian troposphere. Two infra

red data sets were used. The first one consisted of high spectral 

resolution observations of Jupiter between -40 and +40 latitude 

acquired from the Kuiper Airborne Observatory. The second data set 

consisted of high spatial resolution measurements of Jupiter's belts 

and zones using the Voyager 1 Infrared Interferometer Spectrometer and 

Radiometer (IRIS). 

A spectrum synthesis program was used to calculate the emer

gent radiance from Jupiter's atmosphere between 1800 and 2250 cm-l • 

The temperature-pressure profile and spectroscopic line parameters for 

seven molecules were specified. Gas mole fractions were adjusted until 

the calculated spectrum agreed with the observations within error 

limits. 

Molecular hydrogen is an important absorber at 5 microns. 

Absorption coefficients were generated as functions of frequency and 

temperature. Unit optical depth at 5 microns due to H2 takes place 

between 5 and 7 bars in Jupiter's atmosphere. 

The airborne spectrum was used to infer the mole fractions of 

NH3' PH3 • CH4. CH3D. CO, GeH4' and H20 for the 2 to 6 bar portion of 

Jupiter's troposphere. Elemental ratios were calculated and compared 

xi 



xii 

with model predictions. The NIH ratio is 1.5.:t0.2 times the Lambert 

(1978) value for the Sun. The PIH ratio is 1.0.±.0.1 times the Anders 

and Ebihara (1982) meteoritic value. The CIH ratio is 3.6.±.0.7 times 

solar. The nIH ratio is 1.2xl0-5• The mole fractions of CO and GeH4 

are (l.O.:tO.3)xl0-9 and (7 .0+_'txl0-I0, respectively. 

The mole fraction of H20 was found to be the same in Jupiter's 

belts and zones, except for a factor of 2 depletion in the North 

Equatorial Belt Hot Spots. The H20 mole fraction for the 2 to 4 bar 

region is (4.0.±.1.0)xl0-6 • This value increases with depth to 

(3.0.±.2.0)xlO- 5 at 6 bars. The H20 ice cloud would be located near 

2 bars. The OIH ratio at P=6 bars is depleted by a factor of 40 with 

respect to the Sun. 

The thermal emission signature at 5 microns of optically thick 

clouds was used to develop a one-dimensional cloud model for Jupiter. 

The belt-to-zone variation in 5 micron flux is attributed to a massive 

cloud layer at 2 bars, T=200 K, composed of NH4SH and H20 ice. A lower 

cloud at 5 bars is inconsistent with the IRIS data. Continuum absorp

tion by H2 determines the penetration depth at 5 microns, not a lower 

cloud layer. 



CHAPTER 1 

INTRODUCTION 

Jupiter's 5~ m spectrum is a very diagnostic observational 

tool to probe the troposphere of this giant planet. The low opacity at 

5 ~m of the principal gaseous absorbers, H2 and CB4, as well as the 

1 ow part i c u 1 ate o p a c it y in s e 1 e c ted ''Hot S p o t " r e g ions a 11 ow s u s t o 

see deeper into Jupiter's atmosphere in this spectral region than at 

any other wavelength from the ultraviolet (A•0.10~ m) to the microwave 

( ~10 em). The presence of strong vibration-rotation bands at 5 ~m for 

many gases combined with long path lengths and higher tropospheric 

temperatures permits a sensitive test of trace quantities of many 

cosmochemically important molecules in Jupiter's atmosphere. These 

advantages have been exploited in ground-based, airborne, and space

craft observations to reveal the presence of CB3n, H2o, PBJ, CO, and 

GeH4 (Beer and Taylor 1973, 1978a, Larson£t.!.l.1975, Larson.tl_.!l 

1977, Beer and Taylor 1978b, Fink.!.! .!.1. 1978, Kunde £1 Al 1982, 

Drossart and Encrenaz 1982, Drossart et Al 1982). All of these obser

vations were made using Fourier Transform Spectrometers at resolving 

powers ranging from 500 to 20000. In addition to information on gas 

composition, this portion of the Jovian spectrum exhibits a very large 

spatial variation in brightness temperature due to major differences 

in cloud opacity present in Jupiter's belts and zones (Westphal 1969, 

Terrile 197 8). 

1 
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This dissertation addresses three fundamental questions relat

ing to the physical and chemical state of Jupiter's troposphere. What 

is the global gas composition of Jupiter at atmospheric levels below 

the visible clouds? What is the abundance and vertical distribution of 

H20 and how does it vary between Jupiter's belts and zones? Finally, 

what is the vertical structure of Jupiter's lower cloud layers and how 

does the cloud opacity vary spatially between different regions of the 

planet? All of these questions require detailed information about 

Jupiter's deep atmosphere. 

We used two observational datasets in order to provide Some of 

the answers to these questions. One consists of high spectral 

resolution observations of Jupiter at 5 l1m from the Kuiper Airborne 

Observatory (UO). The other consists of Voyager 1 spatially resolved 

measurements of Jupiter's belts and zones using the Infrared Inter

ferometer Spectrometer and Radiometer (IRIS). This dataset covers the 

thermal infrared spectrum from 4.5 to 50 iJIl. We used the 4.5 to 5.5 11 m 

portion of this spectrum in which thermal radiation originates at 

levels between 2 and 6 bars in Jupiter's troposphere. This combination 

of spectroscopic data at high spectral resolution with broad band 

observations at high spatial resolution provides a wealth of informa

tion about processes in Jupiter's troposphere. 

In Chapter 2 we describe the airborne data and the calibration 

procedure used to derive an absolute radiance scale for the 5 l1 m 

Jupiter observations. In addition, we describe the selection procedure 

used to produce ensembles of IRIS spectra which characterize diverse 
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regions on .. lupiter ranging from transparent ''Hot Spots" to the cloudy 

zones in which 5 ~m brightness temperatures are substantially colder. 

The size of the spectral ensemble is a tradeoff determined by minimiz

ing the instrumental noise while at the same time maintaining_a homo

geneous sample of particular spatial regions on Jupiter. We developed 

a homogeneity index to characterize each of the four IRIS ensembles 

used in this study. 

In Chapter 3 we describe the spectrum synthesis program that 

we used to calculate synthetic spectra for comparison with 5 lJll obser

vations of Jupiter. We discuss the radiative transfer algorithm which 

calculates the emergent radiance from planetary atmospheres as a 

function of wavenumber across Jupiter's 5 ~m window. The primary input 

to this computer program is a spectroscopic atlas which contains the 

positions, strengths, and lower state energies of thousands of vibra

tion-rotation lines for many molecules known to absorb at 5 ~m. Other 

input parameters include the temperature-pressure profile for Jupi

ter's atmosphere and the appropriate spectral line shape, such as 

Doppler or Lorentz. This algorithm is used iteratively; the molE 

fractions of gaseous absorbers in Jupiter's atmosphere are specified 

and then adjusted until the calculated spectrum matches the observa-

tions. 

Molecular hydrogen is an important gaseous absorber in Jupi

ter's atmosphere at thermal infrared wavelengths, especially between 

10 and 100 ~m. Rydrogen is a homonuclear diatomic molecule, so dipole 

transitions are forbidden by symmetry. However, at sufficiently high 
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densities, pressure-induced absorption becomes a significant opacity 

source. The pressure-induced absorption coefficient for H2 is largest 

at the frequencies of the rotation lines at 17 and 28 ~m, but absorp

tion in the far wings of these lines is significant at 5~ m. In 

Chapter 4 we describe the theoretical expression developed by Birnbaum 

and Cohen (1976) for the absorption coefficient of H2 as a function of 

frequency. We used new laboratory measurements of HZ at 5 ~m by Bachet 

tl & (983) to calculate the empirical parameters required in the 

Birnbaum and Cohen expression. This, in turn, was used to generate 

5 ~ m HZ absorption coefficients as functions of temperature for use in 

our models of Jupiter's troposphere. We infer that unit optical depth 

due to HZ takes place between 5 and 7 bars across Jupiter's 5~ m 

window, or equivalently, between 275 and 300 K. 

In Chapter 5, we infer the mole fractions of seven gases in 

the 2 to 6 bar portion of Jupiter's atmosphere using airborne spectro

scopic observations at 5 ~m. Knowledge of the abundance of these gases 

provides information on chemical and physical processes in Jupiter's 

troposphere. Measurements of ammonia (NH3) provide infor~ation on the 

global nitrogen abundance, as well as the locations of the NH3 ice and 

NH 4SH clouds. Phosphine (PH3) is not expected to be observable in 

thermochemical equilibrium and thus may serve as a tracer of both the 

oxidation state and convective transport from the deep atmosphere. 

Phosphorus, in the form of P4 derived photochemically from PH3' may be 

responsible for the red and orange colors observed in the clouds 

present in Jupiter's belts and in the Great Red Spot. 
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Knowledge of the abundance of methane (CH4) at deep tropospher

ic levels yields a value for the global C/H ratio in Jupiter's atmo

sphere which is important for models of Jupiter's origin. Deuterated 

methane (CH3D) measurements, in conjunction with measurements of CH4 

at the same pressure level, give information on the D/H ratio in 

Jupiter's atmosphere. This ratio may provide constraints to the equi

libration temperature at the time of Jupiter's origin. If it is repre

sentative of the solar nebula, it may then be used as a tracer of 

galactic evolution and cosmology as well. 

Carbon monoxide (CO) and germane (GeH4) are not expected to be 

present at detectable levels in Jupiter's atmosphere, but they have 

been detected at the part per billion level using 5 ~m spectra. An 

analysis of the vertical distribution of CO permits a quantitative 

test of models which explain its presence by an extra-Jovian source of 

oxygen, or alternatively, by a convective transport model from the 

deep troposphere. We have confirmed the presence of GeH4 in Jupiter's 

atmosphere through the identification of new absorption features at 

5 ~m. 

In Chapter 6 we describe the analysis of the abundance of 

water vapor (H20) in Jupiter's atmosphere. We used the airborne obser

vations to infer the vertical distribution of H20 in Jupiter's tropo

sphere. We analyzed Voyager 1 IRIS spectra to measure the spatial 

variation of H20 between Jupiter's belts and zones. These measurements 

strongly constrain the location of the proposed water ice cloud in 

Jupiter's atmosphere. The observed similarity in the H20 mole fraction 
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in Jupiter's belts and zones suggests that Jupiter is globally de

pleted in oxygen at pressure levels less than 6 bars. Dynamics may be 

less important in controlling the spatial variation of H20 than had 

been previously suspected. 

In Chapter 7 we discuss the belt-to-zone variation of Jupi

ter's 5 ~m spectrum using Voyager I IRIS data to model the cloud 

op~city in the lower troposphere and the spatial variation in gas 

composition. We infer the location, optical thickness, and possible 

chemical composition of Jupiter's cloud layers by modeling their 

effect on the continuum of the Jovian 5 llm spectrum. We compare the 

line to continuum ratios of absorption features in the IRIS zone and 

belt spectra to assess the influence of clouds on the inferred gas 

composition as well as to measure the spatial variation of H20, PH3' 

and GeH4' A comparison with the airborne observations of Jupiter's 

5 ~ spectrum indicates that the mole fractions for the gases that we 

studied vary by no more than a factor of 2 between belts and zones. 



CHAPTER 2 

FIVE MICRON OBSERVATIONAL DATASETS 

In this study we analyzed two independent observations of 

Jupiter's 5 lllll spectrum. One set was the earth based high spectral 

resolution (0.5 cm- I ) observations of Jupiter obtained using the NASA 

Kuiper Airborne Observatory (KAO) in December 1975. The other was the 

high spatial resolution Voyager 1 IRIS (Infrared Interferometer Spec

trometer and Radiometer) dataset acquired during closest encounter in 

March 1979. This combination of high spectral resolution observations 

with a complementary set of high spatial resolution 5 pm spectra of 

Jupiter provides a unique data base from which to develop one dimen

sional models of the Jovian troposphere. 

The need for both datasets is illustrated by two major problems 

which have complicated the interpretation of 5 ~m observations in 

previous studies. First of all, there are hundreds of absorption 

lines in this part of Jupiter's spectrum due to the vibration-rotation 

bands of at least seven gases. This requires sufficient spectral 

resolution to resolve blends of spectral features from more than one 

molecule. This is especially important in determining the vertical 

profile of non-uniformly mixed gases in the Jovian atmosphere. The 

other problem is a consequence of the huge variation in 5 ~m cloud 

opacity between belts and zones. The gas composition derived from low 

spatial resolution observations whose field of view encompasses both 

7 
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belts and zones is difficult to inte~pret. The mixing ratios deter-

mined from these observations may be applicable to Jupiter as a whole; 

alternatively, they may apply only to the belt regions which contri-

bute most of the 5 ~m flux. 

Basically, we used the KAO observations to derive a globally 

averaged gas composition and the vertical profile for non-uniformly 

mixed gases, and we analyzed the IRIS data to measure the belt to zone 

variation of both gas composition and cloud opacity at 5 ~m. In 

particular, the thermal emission from optically thick clouds in Jupi-

ter's zones has a prominent signature at 5 ~m which was used to con-

strain the location of the principal cloud layers in the Jovian stmo-

sphere. This information was used to develop one dimensional models of 

the vertical cloud structure and gas composition of Jupiter's tropo-

sphere. 

The Airborne Data 

The airborne observations of Jupiter were conducted using a 

rapid scanning Fourier spectrometer (Larson and Fink 1975) on the 

90 cm telescope. aboard the Kuiper Airborne Observatory (KAO). The 

spectrum analyzed in this study is an average of observations on the 

nights of 1975 Dec. 10,12, and 13 DT of the central 25" of the 41.4" 

disk of Jupiter. These observations therefore represent an average 

o 
over all longitudes of the region from -40 to +40 latitude on Jupi-

ter. An InSb photovoltaic detector cooled to liquid N2 temperature 

was used with a spectral bandpass from 1800 to 2250 em-I. The unap

odized spectral resolution waS 0.5 em-I. The Doppler shift between 
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Jovian and telluric lines was +0.17 cm-1 where the plus sign indicates 

that Jupiter was receding from the Earth at the time. The average 

spectrum has a peak signal to rms noise ratio of about 100. 

Earlier analyses of this dataset revealed the presence of PH3 

(Larson .tl.ll 197 7), GeH4 (Fink .tl..!.l 197 8), CO (Larson llll 197 8), 

and a number of upper limits were set to trace constituents on Jupiter 

(Treffers ll_ al 1978). In these previous studies the observed spec

tral features were compared with room temperature laboratory spectra 

of various gases in order to fit one molecule at a time. The absolute 

intensity, or radiance, of Jupiter's 5 11m continuum was not preserved 

in the data reduction process. In this study we interpret the 5 llm 

spectrum using a radiative transfer model to fit all of the observed 

spectral features simultaneously, thereby determining the global gas 

composition in Jupiter's troposphere in a more self-consistent manner. 

We used the Voyager IRIS data and an airborne lunar comparison 

spectrum to calibrate the airborne planetary spectrum on an absolute 

radiance scale. The high altit!-lde spectrum of the Moon at 5 llm was 

recorded with the same spectrometer used for the Jupiter observations 

at a comparable airmass. The ratio JUPITER/MOON removes both telluric 

spectral features and wavelength dependent response of the spectrome

ter from the data. As the atmospheric transmission was uniformly very 

high at the 12.5 km altitude of the KAO, the resulting ratio spectrum 

does not have any discontinuities due to division by saturated tellu

ric absorption lines. Thermal emission of the Moon, however, must be 

removed by ratioing the lunar spectrum to a black body whose 
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temperature must be determined. Thermal modeling of the infrared 

brightness temperature of the Moon (Saari & & 1972) constrains the 

permissible range of temperatures to between 200 and 350 K. In prin

ciple one could average the 5 flm brightness temperature of the Moon 

over the instrumental field of view from the KAO. Unfortunately, the 

Moon's brightness temperature is a sharp function of solar elevation 

angle, and the airborne lunar observations were near the termitL:ltor. 

Thus, the uncertainty in effective temperature for our viewing geome

try is large. We therefore chose to leave the lunar 5 f.IID brightness 

temperature as an adjustable parameter in the following exercise. 

We fir st smoothed the average spectrum JUPITER/ (MOON/Black 

Body) to 4.3 cm-l to match the spectral resolution of the Voyager IRIS 

data. We next selected a set of 1703 pre-encounter Voyager 1 IRIS 

spectra whose field of view on Jupiter closely matched that observed 

from the KAO. The large number of spectra insured both good signal

to-noise (SNR = 60) and an average over all Jovian longitudes. The 

smoothed airborne data were then fitted to the IRIS pre-encounter 

average by iterating the 5 flm lunar black body temperature. The best 

fit was for an effective lunar temperature of 240 K. The resulting 

fit placed the airborne data on an absolute radiance scale and also 

determined a lunar 5flm brightness temperature consistent with the 

permissible range in Saari gt& The accuracy of this method depends 

on the assumption that, averaged over all longitudes as well as over 

the -40 to +4<f latitude range, Jupiter's 5 flm spectrum was the same 

in March 1979 as in December 1975. Terri1e and Beebe (1979) showed 
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that on small spatial scales Jupiter's 5 ~m flux changed considerably 

over this period. However, for our data the assumption of a time 

independent spectrum should be reasonable. 

One way of measuring the degree of homogeneity of Jupiter's 

511 m spectrum at large spatial scales is an analysis of the variance 

of the 1700 spectra comprising the Voyager pre-encounter ensemble that 

we used to determine the absolute intensity of the airborne Jupiter 

data. Because these data were acquired Over several Jovian rotation 

periods, longitudinal variations in 5 ~m flux should be evident in a 

comparison of each of the spectra in the ensemble. Later in this 

chapter we describe a statistical technique for determining both the 

SNR and homogeneity of ensembles of 5 11m IRIS spectra used in this 

study. 

The Voyager IRIS Data 

The IRIS spectrometer abo,ard the Voyager 1 spacecraft acquired 

25,000 planetary spectra during its closest encounter with Jupiter in 

March 1979. These data have the advantages of freedom from telluric 

absorption, absolute radiance calibration, and a spatial resolution as 
o 

high as 1.2 of Jovian latitude at closest approach. The IRIS measure-

ments cover the spectral range from 180 to 2250 cm-1 (4.5 to 55 11m) 

with a spectral resolution of 4.3 cm- l • In this section we briefly 

describe the instrument and then we describe in detail the datasets 

that we used to characterize several diverse regions on Jupiter. 

The Voyager IRIS instrument combines a Michelson interferome-

. ter with a visible and near infrared radiometer, both of which share a 
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50 cm diameter Cassegrain f/6 telescope. An off axis spherical di

chroic mirror transmits light in the spectral range 0.33 to 2 flm to 

the radiometer, while radiation with ;I.>2.5fl m is reflected into the IR 

spectrometer. The long wavelength radiation proceeds through a cesium 

iodide beamsplitter and the interference pattern of the interferometer 

is focused onto a four element thermopile. The detector records the 

fringe pattern modulated by the movable mirror. Each infrared frequen

cy from 180 to 2250 cm-1 is modulated at a frequency between 1.3 and 

16 Hz. The output from the detector is digitized and broadcast back to 

Earth. Later, the interferogram is symmetrized, Fourier transformed, 

and calibrated to produce a spectrum suitable for analysis. Additional 

information about the IRIS experiment was given by Hanel & & (1980). 

The chief drawback of the IRIS spectrometer is due to the 

relatively high noise level of the thermopile detector. The twelve 

year mission lifetime and the radiation environment near Jupiter made 

it impossible to use highly sensitive cryogenically cooled detectors 

on Voyager. The IRIS instrument was therefore detector noise limited 

at all wavelengths. Consequently, it had a multiplex advantage with 

respect to scanning spectrometers. 

In this study we used the portion of the IRIS spectrum between 

1800 and 2250 cm-1 (4.5 to 5.5 flm) to measure the spatial variation of 

cloud opacity and gas composition in the 2 to 6 bar pressure range in 

Jupiter1s troposphere. The SNR of an individual IRIS spectrum of 

Jupiter at 5 fl m is approximately 1, so it is necessary to average a 

number of spectra for analysis. The instrumental noise is lower in 
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large ensembles but the variation in radiance between spectra compris

ing the average may be quite large. This is especially true if the 

ensemble includes data from both cloudy and relatively transparent 

regions on Jupiter. The tradeoff between SNR and homogeneity of the 

IRIS 5 ~m data is discussed in the next section. In this investigation 

we selected spectral averages to characterize four diverse regions of 

Jupiter as well as one global average for use in the calibration of 

the airborne data. We now describe each ensemble and the criteria used 

to select individual IRIS spectra spectra for inclusion in each data-

set. 

We selected ensembles of Voyager 1 IRIS 5 ~m spectra to char

acterize the following regions on Jupiter : the Hot Spots in the North 

Equatorial Belt (NEB-Hot), South Equatorial Belt Hot Spots (SEB-Hot), 

the Equatorial Zone (EQZ), and an average of the regions on the planet 

which have the coldest 5 ~m brightness temperatures (Cold Zones). The 

Cold Zone ensemble includes spectra from the North Tropical Zone and 

the cloudiest portions of the Equatorial and South Temperate Zones. A 

fifth ensemble (Calib) has the same spatial r'eso1ution as the observa

tions of Jupiter conducted from the KAO. This dataset waS used to 

calibrate the 5 ~m absolute radiance of the airborne data. 

We summarize in Table 1 the characteristics of each of the 

five ensembles. The radiance in continuum portions of Jupiter's 5 ~m 

spectrum varies by a factor of 20 from the NEB-Hot to Cold Zone 

ensembles. Consequently, the size of the ensemble must be larger for 

Jupiter's zones than for the Hot Spots in order to maintain an 
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adequate SNR. The SNR ranges from 41 in the NEB-Hot sample to only 8 
o 

in the Cold Zones. The average emission angle varies from 14 to 26 • 

The median spatial resolution in degrees of Jovian latitude ranges 
o 0 

from 2.6 for the NEB Hot Spots to 65 for the calibration ensemble, 

which was chosen to approximate the field of view on Jupiter of the 

opectrometer aboard the KAO. 

Table 2 indicates the criteria used to select IRIS spectra for 

inclusion in our 5 ~m ensembles. We used a combination of geographical 

and brightness temperature criteria to distinguish between Jupiter's 

belts and zones in this study. Ground-based maps of the Jovian disk at 

s~m (Terrile 1978, Terrile rtg1979) show an enormous variation 

between belts and zones. Therefore, the value of Ts' the brightness 

temperature of Jupiter at 5 ~m in the IRIS data, was the primary 

criterion in selecting our spectral ensembles. We used the brightness 

temperature averaged over the 1950 to 2150 cm-1 portion of Jupiter's 

spectrum. Hot spots were defined as regions in which Ts was greater 

than 240 K, while IRIS spectra with Ts<210 K were included in the Cold 

zone ensemble. The second criterion was latitudinal extent. The center 

point of the IRIS field of view was restricted to a small range of 

latitudes for inclusion in the NEB-Hot, SEB-Hot, and EQZ eI1sembles, 

while the Cold Zone and Calib ensembles include spectra whose center 
o 0 

point extends from -41 to +41 latitude. Spectra of all Jovian 

longitudes were included in each ensemble. 
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Table 1 

Description of IRIS 5 ~m Ensembles 

Number of 
Name Spectra SNR H e 6"A 

med 

NEB-Hot 51 41 9.0 15.8 0 2.6 0 

SEB-iiot 29 25 2.8 17 .2 0 4.0 0 

EQZ 259 15 1.7 19.5 0 7.2 0 

Cold Zones 501 8 >10 25.9 0 5.7 0 

Ca1ib 1703 60 >10 13.9 0 65 0 
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Table 2 

Selection Criteria for IRIS 5 ~m Ensembles 

Name T5 T45 6 LAT lIl'max tI, 
min 

NEB-Hot >250 >149 <300 5, 150 5.50 1.2 ° 

SEB-Hot >240 >147 <30° -24,-6° 7.20 1.6 ° 

EQZ <230 <147 <34° -10,+8 0 9.0° 1.20 

Cold Zones <210 <147 <45 0 .:t4P 9.5° 1.2° 

Calib <30° ±.40 ° 76° 59° 
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Three additional criteria were applied in this investigation. 

The emission angle was initially chosen to be less than 30°, but it 

was necessary to relax this restriction to 34° for the EQZ and to 45-' 

for the Cold Zone ensembles to ensure an adequate SNR. Similarly, the 

spatial resolution, expressed in degrees of projected Jovian latitude, 

was initially -r but it also was relaxed to 9.s<' for the zone ensem

bles. The best spatial resolution at closest approach was l.~ of 

latitude. The Calib ensemble included spectra whose field of view on 

Jupiter encompassed the .±.30' to .±.400 latitude range for use in cali

brating the airborne observations. Finally, we applied another bright

ness temperature criterion to improve the homogeneity of the ensem

bles. The brightness temperature at 45 llm, T45, is sensitive to the 

presence of cloud opacity near the NH3 condensation level at 0.7 bars. 

This additional criterion helps to ensure that spectra of cloud-free 

and cloudy areas are not averaged together in our Hot Spot and zone 

ensembles. 

The application of these criteria has led to a set of 5 llm 

IRIS spectra of several diverse regions of Jupiter. In the next 

section we describe a statistical technique that we used to determine 

the SNR and degree of homogeneity for each of the IRIS ensembles. 

Homogeneity .Qf the IRIS .2. fl!!! data 

In this study we developed a quantitat ive ''homogeneity index" 

for Voyager IRIS spectra to aid in the interpretation of ensembles 

consisting of 30 to 1700 individual spectra averaged together. Large 

ensembles have a small instrumental noise component but possibly at 
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the expense of a significant systematic variation due to averaging 

spectra of cold cloudy regions with spectra of warm, relatively cloud

free areas. This tradeoff between SNR and homogeneity is particularly 

severe at 5 llm where the SNR of an individual spectrum ranges from 

perhaps 6 in a "hot spot" to as low as 0.3 in the North Tropical Zone. 

By smoothing IRIS data in the spectral domain, we were able to sepa

rate the contr.ibution to the standard deviation of the ensemble due to 

random instrumental noise from that due to spatial variation in Jupi

ter's 5 lJm radiance. 

We first smoothed individual spectra from 4.3 to 10 cm-1 spec

tral resolution and then we compared plots of standard deviation as a 

function of wavenumber across the 5 llm window for both original and 

smoothed data. Theoretically, random instrumental noise should be 

reduced by a factor of 00/4.3)1/2 c 1.5. Systematic radiance varia

tion due to selecting spe~tra from cloudy and relatively cloud-free 

regions should be relatively unaffected by this process. In the 5 lJm 

region there is a saturated NH3 band near 1800 cm-l , a region of high 

molecular transmission from 1950 to 2150 cm- l , and a saturated PH3 

band near 2250 cm-I • Within the saturated molecular bands there is 

little spatial variation on Jupiter - both belts and zones are equally 

black. Consequently, the variation between spectra at these wave

lengths should be almost entirely due to random instrument noise. In 

the middle of the 5 lJm window, however, there should be a prominent 

feature in the standard deviation plot due to systematic "target" 

variation. 
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We illustrate these features in Figs. 1 and 2. The top figure 

is a standard deviation plot of the twenty-nine IRIS spectra compris

ing our SEB-HOT sample at the full 4.3 cm-1 resolution. Below it is 

the same plot at 10 cm-1 resolution. The smoothed standard deviation 

plot shows a clean separation between random and systematic compo

nents. In the saturated bands the standard deviation is reduced by 

the predicted factor of 1.5 while the center of the 5 ~m window is 

dominated by the systematic component. Consequently, we define for 

each IRIS ensemble used in this study both a signal to noise ratio SNR 

and a homogeneity index H. The expression for SNR is 

SNR Rmax (N-l)1/2 (6v/ov)1/2 / NESR(Instrument) (2.1) 

where Rmax is the maximum radiance of the average spectrum, 

NESR(InstLument) is the noise equivalent spectral radiance due to the 

instrument alone, N is the number of spectra in the ensemble, 6v is 

the smoothed spectral resolution, and OV is the original spectral 

resolution. The homogeneity index is defined by 

H ~ Rmax/SDIV(Target) (2.2) 

NESR (Instrument) and SDIV (Target) are added in quadrature to yield 

the total standard deviation SDIV. 

Values of Hand SNR for each of the IRIS ensembles used in 

this investigation are shown in Table 1. The NEB-Hot ensemble has a 

relatively high homogeneity index thanks to the excellent spatial 

resolution of the data and the pre-planned targeting of the spacecraft 
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for special observational sequences of the NEB. The Hot Spots in the 

SEB are in a region of greatly varying cloud cover and the spatial 

resolution was not as good, hence H is smaller. The spatial resolution 

of the EQZ and Cold Zone ensembles is comparable but H is much lower 

in the EQZ. This is indicative of greater intrinsic variation in cloud 

cover in Jupiter's equatorial zone. The Cold Zone ensemble includes 

many spectra near +2if latitude in the North Tropical Zone. This 

regiou appears uniformly white in visible images of Jupiter and its 

high homogeneity index indicates that the cloud responsible for atten

uating 5 ~m radiation has a fairly uniform optical thickness as well. 



CHAPTER 3 

THE SPECTRUM SYNTHESIS PROGRAM AND ITS INPUT PARAMETERS 

In this caapter we discuss the procedure used to generate 

synthetic spectra for comparison with Jupiter's observed 5 ~m spec

trum. First, we describe the radiative transfer algorithm which calcu

lates emergent radiance from a planetary atmosphere as a function of 

frequency. We discuss input parameters to the program and improve

ments in the model atmosphere in comparison with previous studies, 

such as the treatment of the far wing molecular line shape. New 

laboratory spectra of gaseous 5 ~m absorbers at both room and dry ice 

temperatures have been essential in modeling Jupiter's 5 ~m spectrum. 

We therefore describe in detail the molecular line parameters used to 

generate 5 ~m spectra for comparison with observations. Finally, we 

summarize our model of Jupiter's atmosphere. We indicate the pressure, 

temperature, and integrated column abundance for hydrogen and seven 

other gases as functions of altitude above a reference level in 

Jupi ter' s troposphere. 

Radiative Transfer Techniques 

The basic procedure for interpreting Jupiter's infrared spec

trum at 5 ~m consists of generating a synthetic spectrum from a radia

tive transfer model, comparing it to the observed airborne or Voyager 

22 
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data, and iterating parameters in the model atmosphere until the 

synthetic spectrum agrees with the observations within error limits. 

The equation of radiative transfer for a purely absorbing 

gaseous atmosphere in local thermodynamic equilibrium is: 

where 

" "" frequency 

I g " = emergent radiance from gas-only atmosphere at v 

10" = radiance at reference altitude z = zo 

~,,(z) = gas optical depth at v from 00 to z 

~"o = gas optical depth at reference altitude zo 

V = cosine of the emission angle 

g" c exp(-Tv'V) gas transmission from z to 00 

go" = exp(-.O" Iv) gas transmission from Zo to 00 

B (T) 

" 
Planck function at frequency", temperature T 

We approximate eq. 3.1 by a sum over a layered atmosphere: 

(3.1) 

(3.2) 

In order to model Jupiter's 5 V m spectrum, we used a spectrum 

synthesis program developed by Kunde and Maguire (1974). This a1go-

rithm computes the monochromatic absorption spectrum by numerically 

summing the contributions of many individual molecular absorption 

lines. The direct integration method avoids the limitations and ap-
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proximations necessary when using band models and empirical represen

tations for absorption coefficient calculations. The average transmit

tance, gv ' or radiance, Iv. is computed for frequency intervals which 

are much smaller than the instrumental resolution. Synthetic trans

mittances or radiances are then obtained by convolving the computed 

spectrum with the instrument function. We used a frequency interval of 

0.1 cm-1 for our analysis of Jupiter's 5 ].lm spectrum.· The calculated 

radiances were convolved to 0.5 cm- l for comparison with the airborne 

data and to 4.3 cm-1 for the IRIS observations. 

Several parameters serve as input to this program. First of 

all, a temperature - pressure profile of Jupiter's atmosphere is 

specified. Fig. 3 displays the profile obtained by inversion of far 

infrared rad iance s of Jup iter us ing IRIS da tao This figure is fr om 

Kunde n Al (1982). The temperature at 1 bar is 165 K (Lindal .tl..!!l 

1981) and the dashed line is an extrapolation to deeper levels along a 

2.0 K km-1 adiabat. Thermal radiation originates near the 6 bar level 

in portions of Jupiter's 5 ].lm spectrum, so the calculated radiance at 

5 ].lm is not sensitive to the stratospheric temperature profile, but it 

does require knowledge of the profile for P>l bar. We calculated the 

adiabatic lapse rste using a hydrogen mole fraction of 0.897 (Gautier 

nAl 1981) and we took into account the variation of the specific 

heat of H2 with temperature. At the left of Fig. 3 the three cloud 

layers proposed by Weidenschilling and Lewis (973) are shown for 

reference only. In Chapter 7 we present a cloud model inferred from 
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the IRIS observations that differs substantially from this equilibrium 

condensation model. 

Next, we specified the location of 35 layers in the Jovian 

model atmosphere. The pressure at the top of the atmosphere was 0.01 

millibars and the base was at 12 bars. Since nearly all of the Jovian 

absorption features at 5 ~m are formed between 1 and 7 bars, the model 

calculations are insensitive to these boundary cond.itions. The atmo

spheric transmission, giv' between layer (i) and the top of the 

atmosphere was calculated as a function of frequency using the molecu

lar data described later in this chapter. The volume mixing ratio 

profiles of nine gaseous absorbers at 5 ~m were specified. The hydro

gen and helium mole fractions were prescribed (Gautier et g198l), 

while the mole fractions of the other seven gases were left as adjust

able parameters. These gases are NR3' PR3' CH4, CR3D, CO, GeH4' and 

H20. Finally, the program reads in a molecular line atlas containing 

thousands of absorption line positions, strengths, and lower state 

energies for the wavelength interval of interest. The output is a 

synthetic spectrum which is then compared to the observed spectrum. 

The mole fractions of the gases listed above were iterated until an 

acceptable fit was obtained. The vertical profiles of the mixing 

ratios of NH3 and H20 were constrained not to exceed saturation. 

The shapes of absorption lines were described by the Voigt 

line shape for pressures less than 0.1 bar and by the collisionally

broadened Lorentz shape for pressures greater than 0.1 bar. Essential

ly all Jovian absorption features at 5 llIIl are formed at P>l bar. In 
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fact, Jupiter's atmosphere is so transparent at certain frequencies 

that unit optical depth due to gas absorption is reached only at the 

6 bar level. Consequently, accurate knowledge of the far wing line 

shape of pressure-broadened infrared absorbers is needed to model 

Jupiter's 5~ m spectrum adequately. Unfortunately, this line shape is 

poorly understood (Kunde 1982). We approximated the sub-Lorentz beha

vior of the far wing line shape by using a Lorentz profile from the 

line center to a specified number of half widths; beyond this pointwe 

set the absorption coefficient to zero. Values of the Lorentz cutoff 

parameter range from 30 cm-1 for the v 4 band af CR4 (Gautier llll 

1982) to 250 cm-1 used by Kunde £tAl (1982) to characterize all 

lines in the 5 ~ m region • We selected a value of 50 cm-1, which 

should be more realistic than the Kunde ~ Al value. Many of the 

conclusions of this study and others (Gautier ~ AI, Kunde £tAl, 

Drossart.!.! Al1982) depend on assumptions about the far wing line 

profile. Laboratory measurements of this profile under Jovian condi

tions are urgently needed. 

Molecular Li~e Parameters at 2 ~m 

We present in Table 3 a summary of the molecular line parame

ters that we used to generate infrared synthetic spectra of Jupiter. 

The vibration-rotation bands of seven molecules known to have absorp

tion features in Jupiter's 5 ~m spectrum are listed in the table. 

Band intensities were calculated by summing the strengths of indivi

dual lines over the wavenumber interval specified in the table. In 

some cases this interval includes all lines stronger than a particular 
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Table 3 

Summary of Molecular Data for Jovian 5 ~m Absorbers 

\>mllx 
Blind Intensity 

\>min Line 296 K (x-H 2+He 1 
Gas Band (cm- l ) (cm- l ) Count (cm-l /cm-lIJ:1sgat) (cc-1 lIttr,- ) Note 

CH4 \>3-'.1 4 1850 2000 7S 4.04xl0-3 0.071 

CH3D \)2 P 2029 2193 210 5.62xl00 0.071 

\>2 Q 21B1 2200 210 6.16dOO 0.071 

\>2 R 2207 2359 231 9.96xl00 0.071 

'"2 2029 2359 651 2.17xl0 1 0.071 

1-11) 'j S 
4 1204 1998 801 5.46xl0 1 0.068 

'j 4 8 1229 2056 81B 5.42xl01 0.068 

2'.1 28 1219 1967 362 5.73xl0-1 0.068 

2')2' 1541 2154 359 2.10xl0-1 0.066 2 

PH3 1926 2162 621 3.B6xl00 0.06B 

2162 2184 36 5.67x10 0 0.068 

vI 2184 2446 410 1.36ld02 0.066 3 

'.13 2184 2446 827 4.67110 2 0.06E 

H2O '.1
2 640 2822 1806 2.79xl0 2 0.08 

12CO 1-0 196B 2267 79 2.64x10 2 0.07 

74GeB 4 \>3 1937 2225 824 1.10xl03 0.09 4 

Lower limit-includes only port ion of R branch of CB4 
\, \' 
3- 4 

2 Upper limit 

3 Includes Dtrength of 2\>4 band of PH) 

4 Blind intensity applieD to DUm of all GeB4 isotopic & pe c ie& 
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cutoff value and therefore the tabulated value is a good estimate of 

the total band strength. In other instances, however, lin~ strengths 

we:re measured for the 5 IJm window only. In this case the wavenumber 

interval includes only one portion of the band. A final case is where 

theoretically calculated line strengths exist over a large wavenumber 

interval, but laboratory measurements are available only at 51-1 m. The 

reported band intensity represents a sum over all lines in the atlas 

and therefore includes lines whose strengths have not been verified in 

the laboratory. We note in Table 3 whether the reported band strength 

is an upper or a lower limit in the cases where laboratory data are 

incomplete. 

The Lorentz pressure broadening coefficient is also indicated 

in Table 3. Pressure broadening is an important process in this spec

tral region because most Jovian absorption lines at 5 IJm are formed at 

pressures of 2 to 5 bars. The tabulated value is a weighted average 

of the coefficients for H2-broadened and He-broadened molecules using 

the helium mole fraction measured by Gautier ~~ (1981). Many of the 

broadening coefficients used here are the same as those reported in 

Table 3 of Kunde tl.ll (1982). 

The line parameters for the v3- ~ hot band of CH4 were ob

tained from room temperature spectra acquired using the 40 m multiple 

pass White cell at the Lunar and Planetary Lab at the University of 

Arizona. Line positions and strengths were obtained from 0.3 cm-1 

resolution lab spectra of CH4• Quantum assignments and lower state 

energy levels were estimated with the help of K. Fox 0983, private 
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communication) a3d a list of CH4 line positions by Pascaud and Dang

Nbu (1978). These authors reported line positions for the v3-v4 band 

from the PlO manifold near 1550 cm-l to RIO lines near 1884 em-I. We 

extended this line list up to the R17 manifold near 2000 em-I. Agree

ment between our measured CH4 line positions and the list of Pascaud 

and Dang-Nhu is very good in the overlap region. The band intensity 

listed in Table 3 refers only to the R8 through R17 manifolds for 

which lab data are available; we have no estimate for the total band 

strength. 

The molecular parameters for the v2 band of CH3D were gen

erated using symmetric rotor theory (Allen and Cross, 1963; Allen and 

Plyler, 1959). Initially, we used CH3D line intensities reported by 

Kunde tlll (1982) which were based ()u the analysis of Sarangi and 

Varanasi (1975). Recently, Chackerian and Guelachvili (1983) reported 

a complete analysis of the v2 band including improved line strengths. 

These new line parameters are not yet available in machine-readable 

form, so we calculated line strength correction factors for the CH3D 

lines on the Goddard line atlas. An average strength multiplier was 

calculated for each J multiplet from P13 to PI, for the Q-branch, and 

for the RO to R7 manifolds. lole list the intensity of the P-, Q-, and 

R-branches of the v 2 band separately in Table 3. These band strengths 

are 1.11, 1.21, and 1.36 times the strengths used by Kunde tl a1 lole 

used only the P-branch lines to derive the CH3D abundance on Jupiter. 

The molecular parameters for NH3 came from two sources. The 

GEISA spectroscopic data bank (Husson ~ ~ 1982) contains line 
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positions, quantum assignments, and line strengths for both the v4 and 

2v2 bands. Drossart and Encrenaz (982) and Kunde n& (1982) noted 

that theoretical line strengths for the 2v2 band were overestimated, 

based on Voyager data. We therefore acquired new laboratory spectra 

of NR3 at 5 ~ at 0.3 cm-l resolution using a one pass 40 m absorption 

cell at the Lunar and Planetary Lab. Several of these NH3 spectra 

were displayed by Fink n& (1983). Using these spectra we applied 

line by line correction factors to the GEISA NH3 line strengths for 

both the v4 and 2v2 bands between 1825 and 2154 em-I. In some cases 

the observed line strengths are factors of 10 to 100 smaller than 

theoretical values. 

The NH3 molecule undergoes an inversion process where the 

nitrogen atom quantum mechanically tunnels through a potential barrier 

to the other side of the plane defined by the three hydrogen atoms. 

This leads to a splitting into symmetric (s) and antisymmetric (a) 

energy levels. Theref are, the v 4 and 2; 2 bands each have (s + a) and 

(a + s) transitions. In Table 3 we use the notation 2\)2 s to denote 

the transition 2\)2 a + OS;t:,J=O,.:!:..l. The band strength tabulated for 

2V2s is an upper limit because the line strengths from 1541 to 

1825 cm- l have not been measured. Theoreti cal line strengths may be 

overestimated for these lines as well. 

The molecular parameters for PH 3 were obtained from three 

sources. Room temperature measurements of PH3 line positions and 

strengths for the 1926 to 2162 cm-1 region were from Goldman (1980). 

No quantum assignments were made, so this data set alone does not give 
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the temperature dependence of these PHJ lines. We therefore built a 

one meter absorption cell that can be cooled to 195 K using dry ice. 

We acquired 5 ~m spectra of PRJ using a Fourier spectrometer at 

O.J cm-1 resolution at both 195 and 300 K. Lower state energies were 

inferred on a line by line basis using the Goddard spectrum synthesis 

program. Laboratory conditions such as the temperature, pressure, gas 

abundance, and path length were specified. Molecular parameters from 

Goldman were used, and the lower state energy of each line was iter

ated until the synthetic spectrum matched the laboratory data. 

These empirical lower state energies have allowed us to iden-

tify three vibration-rotation bands in this interval. The 2V2 band is 

centered near 2000 cm-1, the v2 + v4 band is very prominent at 

2100 cm-1, and the 2v4 band is responsible for low energy lines in the 

2150 to 2200 cm-1 interval. This latter interval also contains high 

energy lines of v1 and v 3 whose band centers are near 2JOO cm-1. 

The molecular constants for the v1 and v3 bands of PRJ ob

tained by Baldacci et al (1980) reside on the GEISA line atlas (Husson 

ll al 1982). Baldacci llll measured the line positions, strengths, 

and lower state energies for v>2184 cm-1. Unfortunately, the 2v4 band 

of PH3 also is present in the 2184 to 2250 cm-1 interval but it is not 

available on the GEISA line atlas. A rough estimate of its effect on 

the v1 and v3 bands was made by comparing LPL spectra of PHJ at 300 

and 195 K to synthetic spectra generated using the GEISA line atlas in 

the 2184 to 2250 cm-1 regio~ Line strengths on the atlas were sys

tematically underestimated and lower state energies were 
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overestimated. This is consistent with the presence of a moderately 

strong 2v4 band of PR3 centered near 2200 cm- l in the laboratory data 

that is not accounted for on the GEISA atlas. The absorption in the 

cold lab spectrum is dominated by low J lines of the 2v 4 band while 

the high J lines of VI and v 3 are substantiallY weaker than in the 

room temperature data. At the 0.3 cm-l spectral resolution of the lab 

data lines of VI' v3' and 2v4 are all blended together. Therefore, for 

the immediate purpose of modeling Jupiter's spectrum, rather than 

thoroughly understanding the spectroscopy of PR3' we adjusted the line 

strengths and lower state energies of the GEISA lines until synthetic 

spectra agreed with lab data at both 195 and 300 K. The tabulated 

band intensity for both VI and V 3 is therefore larger than on the 

original GEISA atlas because of these adjustments near 2200 em-I. 

Finally, there is a short gap between Goldman's study and that 

of Baldacci ll1!.l for which no information of any kind is available 

for PR3• This interval is from 2162 to 2184 em-I. We used LPL PR3 

data at dry ice and room temperatures to fill in this gap. Because 

the spectral resolution is only 0.3 em-I, the measured line positions 

and strengths represent blends of many PR3 lines. Nevertheless, these 

measurements now permit analyses of PR3 for both Jupiter and Saturn to 

be performed across the entire 5 II m window of each planet. 

The molecular parameters for R20 and CO are from the AFCRL 

Atmospheric Line Parameters Compilation (McClatchey g! al 1973). The 

molecular parameters for the v 3 band of GeR4 are from the GEISA line 

atlas and they are the same as used by Kunde g! ale A major limitation 
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is that only lines of the 74GeB4 isotope are present on this atlas. 

Lepage £1 al (1981) analyzed the v 1 and v 3 bands for the five natural

ly occurring isotopic species of GeB4' Isotopic shifts as well as 

shifts between v3 and the weaker vI band are large compared to the 

spectral resolution of the airborne Jupiter data. A thorough analysis 

of GeB4 on Jupiter will require that improved data, such as that of 

Lepage £1~ be made available in machine-readable form. 

Finally, molecular hydrogen is an important absorber not shown 

in Table 3. Absorption coefficients were calculated for H2 using the 

theory developed by Birnbaum and Cohen (1976) and the lab measurement s 

of Bachet &~ (1983). This is explained in detail in Chapter 4. 

Summary of the Jovian Model Atmosphere 

In this section we summarize the model atmosphere that we used 

to generate synthetic spectra for comparison with observations of 

Jupiter's 5)..lm spectrum. Table 4 displays the pressure, temperature, 

and altitude above the 12 bar level for twenty layers of our model of 

Jupit,er's tropospbere. In addition, it also indicates the integratec 

column abundances above each layer for eight gaseous absorbers in 

Jupiter's atmosphere. The temperature - pressure profile is also shown 

in Fig. 3. This profile was calculated using an adiabatic extra

polation of the prof ile measured by the Voyager 1 radio occultation 

experiment in the 0.5 to 1 bar portion of Jupiter's atmosphere (Lindal 

.tl..!!.l 1 9 8 1 ) • 
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Table 4 

Jovian Column Abundance Vertical Profiles 

Presaure Temp z B2 CH4 Jm3 !20 PB3 co CeH4 CH3D 
(mb) (l) (k:m) (em-am) (em-am) (em-am) (em-c) (em-am) (cm-m) (em-~) Cec-a=) 

661 144.2 110 2.69£+6 7.31£+3 3.25£+1 3.54£-6 3.94£-1 2.99£-3 1.20£.-3 5.991-1 

814 154.2 105 3.31£+6 9.00£+3 1.51£+2 6.16£-5 6.22£-1 3.68£-3 1.47£.-3 7 .37£.-l 

988 164.4 100 4.01£+6 1.09£+4 3.56£+2 7.71£-4 1.12t+O 4.47£-3 1.79£.-3 8.95E.-l 

1186 174.4 95 4.82£.+6 1.31E+4 5.89£.+2 7.05£-3 1.75£+0 5.37£.-3 2.15£.-3 1.0:-r~c 

1410 184.4 90 5.72E+6 1.56£+4 8.52£+2 5.04t-2 2.46t+O 6.38£.-3 2.55£.-3 l.26E•C 

1660 194.3 85 6.74E+6 1.84£+4 1.15£+3 2.89£-1 3.25£+0 7.52£-3 3 .OH-3 Lsor~c 

1940 203.8 80 7 .88£+6 2.14£+4 1.48£•3 1.38£+0 4.14£+0 8.78£-3 3.51£-3 1. 7or~o 

2250 213.6 75 9.13£+6 2.49£+4 1.84£+3 5.47I+O 5.12£+0 1.02£-2 .:..07£-3 2.04E+O 

2593 223.2 70 1.05E+7 2.87£+4 2.24£+3 1.17£+1 6.21£+0 1.17£-2 4.69£.-3 2.3sr~c 

2971 232.4 65 1.21£+7 3.28£+4 2.69E+3 1.85£+1 7 .40£+0 1.34E-2 5 .38!-3 2.69r~o 

3386 242.0 60 1.37£+7 3. 74£+4 3 .18£+3 2.60£+1 8.71E+O 1.53£-2 6.13£.-3 3.06£•[' 

3839 251 .3 55 1.56£+7 4.24£+4 3.71E+3 3.42E+1 1.02£+1 1. 74£-2 6.95£.-3 3.4i:E..,.C 

4334 260.7 50 1.76£+7 4.79£•4 4.29E+3 4.31E+1 1.17£+1 1.96£-2 7.84£.-3 3.9:E•O 

4871 270.0 45 1.98£•7 5.38E+4 4.92£+3 5.78£+1 1.34£+1 2.20£-2 8 .8lt-3 4.41£•(' 

5453 279.2 40 2.21£+7 6 .02E+4 5.60£.+3 8.95£•1 1 .53 I+ 1 2.47£-2 9.86£.-3 4.93r~c 

6083 288.4 35 2 .47£+7 6. 7 2£+4 6.34£+3 1.58£.+2 1.72£+1 2.75£-2 1.10£.-2 5.sor~o 

6762 297.8 30 2. 74E-t7 7 .46E+4 7 .14£+3 3 .06E+2 1. 94E-t1 3.06£.-2 1.22£-2 6 .1n~o 

8277 316.3 20 3.36£+7 9.14£+4 8.92E+3 7 .44£+2 2.42£+1 3.74£-2 1.50£-2 7 .4SE .. C 

10020 334.2 10 4.06£+7 1.11!+5 1.10E+4 1.25£+3 2 .97£+ 1 4.53E-2 1.81£-2 9.05£+0 

12000 353 .o 0 4.86£+7 1.32E+5 1.33£+4 1.82£+3 3.59£+1 5.42!-2 2.17£-2 1.osr~1 
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The column abundances for hydrogen and seven other gases 

constitute our baseline model of the Jovian atmosphere. We used the H2 

mole fraction of 0.897 inferred by Gautier ~ ~ (1981). The abun

dances of CH4' Nil3' H20, PH3' CO, GeH4' and CH3D were calculated in an 

iterative manner by comparing synthetic 5 ~ spectra to the airborne 

Jupiter spectrum. The mole fractions of each gas were adjusted until 

the synthetic spectrum agreed with the observations. This procedure is 

described in detail for each of these gases in Chapters 5 and 6. 

Table 4 provides a useful reference not only for the 2 to 6 bar region 

of Jupiter's atmosphere where 5 ~m thermal radiation originates, but 

it also predicts gas abundances at other altitudes that may be tested 

using other observational techniques. For example, the gas abundances 

calculated for the pressure levels at 661 and 814 mbars were based on 

5 ~m measurements sensitive to physical conditions at deeper levels. 

Reflected solar radiation in the visible and near infrared penetrates 

roughly to the base of the Nil3 cloud near 0.7 bars. The values given 

in Table 4 for the gas abundances may therefore be compared to mea

surements of solar radiation reflected from Jupiter. Generally, these 

observations must be interpreted using sophisticated scattering models 

such as those developed by Sato and Hansen (1979). Finally, our infer

red gas composition will be tested independently at very deep levels 

between 6 and 12 bars using in situ measurements from the Galileo 

entry probe. 



CHAPTER 4 

PRESSURE-INDUCED OPACITY OF H2 AT 5 MICRONS 

The principal gaseous continuum absorber in Jupiter's atmo

sphere in the middle and far infrared is molecular hydrogen. The 

pressure-induced rotation-translation band of H2 is strongest at 28 ~m 

and 17 ~m in the centers of the SO(O) and SOO) lines, respectively, 

but under Jovian conditions it is an important opacity source fro~ 

5 ~ to beyond 300 l-ID\. Recent advances in the theory of the far wing 

line shape in pressure-induced absorption (Birnbaum and Cohen 1976) 

and new laboratory measurements of H2 absorption coefficients from 5 

to 300 ~m (Bachet g1 £1 1983) now permit a substantial improvement in 

model atmospheres of Jupiter. In this chapter we first briefly des

cribe a simple picture of the physics of pressure-induced absorption. 

We then discuss the wavelength and temperature dependence of H2 opaci

ty at 5 ~m. Finally, we evaluate the temperature and pressure at the 

level in Jupiter's atmosphere in which unit optical depth due to H2 

occurs at 5 lJIll. 

Molecular hydrogen is a homonuclear diatomic molecule which by 

symmetry possesses no permanent electric dipole moment. A dipole 

moment is induced, however, during collisions with other molecules. 

Consider the general case of diatomic molcule A colliding with mole

cule B (where A is H2 and B is He or another H2 molecule, for exam

ple). Molecule A has a permanent quadrupole moment whose electric 

37 
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f ~eld induces a trans ient di pole moment in B. The magnitude of the 

induced moment is proportional to the quadrupole moment of A and the 

polarizability of B, and it is inversely proportionsl to the fourth 

power of the internuclear distance R. Because of the strong depen

dence of the induced moment on R, the dipole moment is modulated by 

the translational motion of both molecules as well as by the rotation 

of A, resulting in absorption. The absorption spectrum consists of 

rotation lines at frequencies corresponding to the selection rule tJ=2 

for molecule A accompanied by a continuum due to the change of trans

lational states. 

In addition to quadrupolar induction there is a second process 

which induces a dipole moment and therefore contributes to pressure

induced absorptio~ For small internuclear separations, R, the elec

tronic cloud of the system of two molecules will be asymmetrically 

distorted due to overlap forces and therefore a dipole moment will be 

induced. Van Kranendonk and Kiss (959) have found that the overlap 

forces falloff exponentially with R and that their contribution to 

the H2 absorption coefficient at room temperature, for example, is 

much smaller than that due to quadrupolar inductio~ 

In order to calculate a synthetic infrared spectrum of Jupi

ter, knowledge of the monochromatic absorption coefficient of H2 8S a 

function of wavenumber and temperature is required. The intensity of 

the induced absorption depends on the number of colliding pairs and, 

therefore, on the square of the number density. Birnbaum and Cohen 
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(1976) have developed the following expression fot the absorption 

coefficient of H2 as a function of frequency: 

where 

w c 2ncv angular frequency 

n c number density 

fi c Planck's constant/2n 

c c velocity of light 

v c frequency (cm-l ) 

k Boltzmann's constant 

T c temperature 

(l-exp(-tiw/kT» SeT) 

SeT) = strength parameter, defined below 

r c lineshape function, defined below 

(4.1) 

Tl c empirical collision time parameter controlling half 

width of resonant lines 

'2 ~ empirical collision time parameter controlling wing 

behavior 

The above formulation is semi-empirical because the theory does not 

start with the equations of motion governing the interaction between 

colliding molecules. Rather, it requires knowledge of three parame

ters S, '1' and '2 as functions of temperature. Birnbaum and Cohen 

define the strength parameter S as follows: 



where 

00 

S IZ <l-l:(R» C 6j.;ze 2 R-8 g(R) 4'11'R 2dR 

o 

\.ls(R) = induced dipole moment 

R m molecular separation 

;;-2 It:: mean square polarizability of H2 

e c scalar magnitude of tbe quadrupole moment of H2 

g(R) It:: exp (-V(R)!kT) 

VCR) c Lennard-Jones intermolecular potential 
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(4.2) 

In principal S can be evaluated from equation (4.2), but in practice 

uncertainties in the intermolecular potential are such that S is best 

determined by fitting experimental measurements of the H2 absorption 

coefficient at different temperatures. Birnbaum and Cohen introduced 

two collision time parameters '1 and '2 to describe the frequency 

dependence of the H2 absorption coefficient. The half width of the 

resonant rotation lines is controlled by Tl' wbile '2 determines tbe 

exponential falloff of the far wing line shape. Tbis line shape has 

proven to be successful in fitting collision-induced absorption spec-

tra for HZ-He. He-Ar, N2-CH4, as well as for H2-H2' 

Tbe lineshape function r, first defined in Birnbaum and Cohen 

(1976), is expressed here using the notation of Bachet tlg (1983). 

r (w_) It: ('qhr> exp <-rZ!q) exp (TO w_) 

• z Kl (z) ! (1+TiW~) (4.3) 



where 

W = W - wif 

Wif c (Ef-Ei) I ~ resonant frequency 

TO == 1l/2kT 

z c (I +T f W: ) 1/2 (1" ~ +T ~ ) 1/2 /-q 

Kl(z) c (1+1.6l9lz)1/ 2 exp(-z)/z 
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The theoretical foundation for calculating H2 absorption coef-

ficients in the infrared is therefore well established. The new 

contribution of the work presented here is the use of new laboratory 

measurements of Bachet £i a1 (1983) at 5 ~m and measurements by Dore 

£i ~ (1983) at various temperatures to derive the temperature depen-

dence of S, T1' and 1"2. Once these parameters are obtained by fitting 

experimental data, we then use the Birnbaum and Cohen expression 4.1 

to generate H2 absorption coefficients from 1800 to 2250 cm-1 for use 

in models of Jupiter's 5 ~m spectrum. 

There are two recent, broadband laboratory measurements of H2 

absorption coefficients at various temperatures at infrared wave-

lengths. Dore ~ a1 (1983) measured the absorption coefficient of H2 

from 80 to 900 cm-l at seven temperatures ranging from 77 K to 297 K. 

They fitted each of their spectra with values of S, 1"1, and 1"2~ anel 

they reported a power law depecdence on temperature for each parame-

ter. The other dataset consists of measurements by Bachet tl.!li of 

the H2 opacity from 30 to 2000 cm-1 at 195 K and 297 K. They alse 

reported values of S, 1'1, and 1"2 for these two temperatures. Both 

investigations were concerned with fitting the observed spectrum over 
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a very large wavenumber range, so they did not focus on the 5 ~m 

region. 

In this study we found that the reported values of these 

three empirical parameters did not provide an acceptable fit to the 

laboratory measurements of Bachet £tAl in the 5 ~m region. We 

therefore conducted a parameter study to improve the 5 ~m fit. The 

5 ~m B2 absorption coefficient is very sensitive to changes in S and 

't2, while it rem a ins nearly insensitive to 't 1• Since A is propor

tional to S at all wavenumbers, any changes in S to improve the 5 ~ m 

fit will have a disastrous effect at the center of the resonant s0(o) 

and So(l) lines where the absorption coefficient is several hundred 

times as strong. Since -r 2 governs the exponential falloff of the far 

wing line shape, changing -r 2 should improve the 5 ~m fit without 

substa·ntially altering the computed coefficients near the resonant 

rotation lines. Furthermore, a determination of this parameter from 

data farther out in the wings at 2000 cm-1 should be more accurate 

than the estimate of Dore JtlAl which used data for v < 900 cm-l if, 

in fact, one value of -r 2 is sufficient to calculate A at all frequen

cies. 

In Table 5 we compare: (1) values of the strength and of the 

two time parameters at 297 and 195 K obtained using the power law of 

Dore.!!. al, (2) the fit to the broadband spectrum reported by Bacbet 

.J.1. .A!, and, (3) the values derived here to fit the 5 lJm region. By 

convention, the strength parameter is tabulated as S/k, where k is 

Boltzma.nn's constant. The analytic expression for S/k, T 1, and T 2 as 
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a function of temperature derived from this work is reported in Ta

ble 6. We now discuss how each of these expressions were obtained. 

The strength parameter (S) represents a fit to laboratory 

measurements of the H2 absorption coefficient over a large wavenumber 

interval. S has been evaluated at seven temperatures by Dore n & 

and two temperatures by Bachet n~. The expression for strength 

shown in Table 6 is a simple linear fit to these nine independent 

measurements in strength-temperature space. Room temperature measure

ments were given a higher weight than measurements at colder tempera

tures for two reasons. First, the signal to noise ratio of the 5 ).lm 

measurements is better at room temperature than at dry ice tempera

tures. The H2 absorption coefficient measured by Bachet ~~ at 

1900 cm-l , for example, is five times as large at 297 K as at 195 K. 

Second, for the specific application of Jupiter's 5 ).lm spectrum, unit 

optical depth occurs at pressures of about 5 to 7 bars and tempera

tur.es of 270 to 300 K. Cons-equently, it is important to match rOOD 

temperature measurements of H2 opacity to model adequately Jupiter's 

5 ).lm spectrum. A different weighting may be more appropriate for 

modeling Saturn and the outer planets, where temperatures are colder. 

The two time parameters were treated differently in our 5 ).lID 

parameter study. Because "1 governs the width of the SO(O) and sO(l) 

resonant lines at 354 and 587 cm- I , respectively, and it has little 

effect at 2000 cm-I , we therefore adopted the power law of Dore ~ ~. 

The second time parameter was determined by iteration until the calcu

lated H2 absorption coefficient matched the laboratory measurements of 
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Table 5 

Strength and Time Parameters for H2 Absorption 

Temperature Parameter (unit) Dore Power Law Bachet This work 

297 S/k (KA6) 286.6 299.0 299.5 

297 To 
J. 

(10-14 s ) 4.45 4.23 4.45 

297 T2 00-14s ) 2.12 2.61 2.83 

195 Silt OU6 ) 259.6 244.0 257.8 

195 '"[1 (10-14 s ) 5.74 5.71 5.74 

195 '"[2 00-14 8 ) 2.74 3.31 3.66 
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Table 6 

Temperature Dependence of H2 Strength and Time Parameters 

Parameter Expression Unit 

(Ilk) SeT) c: 178.0 + 0.04091 T K A6 

T 1 (T) J:: 4.68 (T/273.lS)-·605 10-14 s 

T 2(T) 2.98 (T/273.1S)-·607 10-14 s 
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Bachet tl.& for the 1800 to 2000 cm-I region shown in their Fig. 3. 

The exact normalization point was 1930 em-I, which represents a trans-

mission maximum in Jupiter's spectrum, but the agreement between 

calculated H2 coefficients and measured values at 297 K is excellent 

for the entire 5 II m window. The analytic expression for T 2 as a 

function of temperature is the power law of Dore &!!.l multiplied by a 

constant. The fit to the laboratory data of Bachet & ~ at 195 K at 

5 llm is not as good as the fit to rOOm temperature data. The calcu

lated H2 absorption coefficient agrees with measurements at 1900 em-I, 

but the laboratory coefficients falloff more rapidly at higher wave-

numbers than the values computed using equation (4.1). Changing T 2 

does not improve the fit to the 195 K H2 absorptions coefficients. 

We now evaluate the level in Jupiter's atmosphere where unit 

optical depth due to pressure-induced abGorption by H2 occurs. We 

select the 1980 cm- I IImini-window" in Jupiter's spectrum where gas 

transmission is very high and where laboratory measurements exist at 

both dry ice and room temperature. We first use the definition of 

opt ical depth T 

00 

T "" (n (j (n) dz 
JzO 

(4.4) 

(4.5) 

T _"to2 exp(-(z-ZOl/Hl2 dz (4.6 ) 

T '" (joDo 2 H/2 (4.7) 



where 

c number density at reference level 

0:: reference altitude 

= noO absorption cross section 

= measured absorption parameter for H2 

0:: .RT/ll g atmospheric scale height 
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We use equation (4.7) to approximate the H2 optical depth in 

Jupiter's atmosphere. Since real planetary atmospheres are not like a 

laboratory absorption tube the values of 00 and H must be suitably 

averaged over an interval of the atmosphere. To find the density at 

which unit optical depth occurs we solve for nO 

The scale height at T=273 K in Jupiter's troposphere is 44 km. We are 

assuming that pressure-induced absorption takes place in a half scale 

height interval somewhere near this level. If we pick a base in our 

atmospheric model where P=6.5 bars and T=294 K, then a half scale 

height above this level would correspond to P=3.9 bars and T""253 K. 

The H2 absorption parameter, 00' evaluated at 1980 em- l and T=273 K, 

the mid-point temperature, is about 1.6xlO-8 em··l amagat-2• Solving 

equation (4~) we obtain nOc5~ amagats. This corresponds to a level 

where P""5.5 bars and T-=280 K. 

Knowledge of H2 absorption coefficients is critical to the 

interpretation of both Voyager and airborne observations of Jupiter at 
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5 ~m. In particular, the upper limit to the 5 ~m brightness tempera

ture in the Hot Spots in the North Equatorial Belt observed by the 

IRIS spectrometer should be no higher than about 280 K at 1980 cm-I . 

This would correspond to a spatially reGo1ved cloud-free region with 

R2 opacity only. Peak brightness temperatures of about 260 K were 

actually observed~ so an overly ing cloud may be present (see Chap

ter 7 for details of cloud modeling). The wavelength dependence of H2 

opacity also controls the appearance of the long wavelength end of 

Jupiter's 5 ~m spectrum. Thus, these new laboratory measurements of 

H2 absorption coefficients should permit major improvements in models 

of Jupiter's atmosphere, including significant revision of this plan

et's deep cloud structure. 



CHAPTER 5 

THE GAS COMPOSITION OF JUPITER 

Knowledge of the gas composition of Jupiter is not only useful 

as a description of the present state of the upper envelope of this 

planet's atmosphere, but it also serves as a key indicator of various 

physical and chemical processes that occur on Jupiter. In this chap

ter we report an analysis of the abundance of NH3, PH3, CH4, CH3D, CO, 

and GeH4 in the 1 to 6 bar pressure range in Jupiter's troposphere. 

All of these molecules were detected in previous spectroscopic obser

vations and their abundances have been estimated in various ways. The 

new contribution of this study is a self-consistent determination of 

the abundances of all of these molecules at the same physical level in 

Jupiter's atmosphere from one high spectral resolution dataset. A 

radiative transfer model is used to measure simultaneously the abun

dances of these six gases across the 5 micron window of Jupiter. In 

the following section we first present an overview of Jupiter's 5 ~ 

spectrum. This is followed by analyses of each of the six gases. We 

discuss how the inferred abundance of each molecular species contrib

utes to our understanding of the physical and chemical processes 

occurring in Jupiter's troposphere. After the discussion of H20 in 

Chapter 6, we review several theories of Jupiter's origin and we dis

cuss some of the ways in which our measurements of the global gas 

composition may constrain these models. 
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Overview 

We present in this section an overview of Jupiter's 5 ~m 

spectrum to indicate the principal absorbers as well as to locate the 

pressure level where most of the absorption takes place. Fig. 4 

displays the npectrum of Jupiter's 5 llIII window observed from the KAO. 

Jupiter's 5 ~ window is formed as a result of the simultaneous low 

opacity of the major gaseous absorbers Hi, CH4' and NH3 as well as 

from the high transmission of thermal infrared flux in selected ''hot 

spot" regions. The overall shape of the 5 llm window is determined by 

the far wing absorption of sat~rated vibration-rotation bands of NH3 

and PH3 • The long wavelength end of the window is dominated by the v 4 

band of NH3 with an additional contribution due to the pressure

induced rotation-translational opacity of molecular hydrogen. The 

short wavelength end of the 5 llm window is controlled by the VI and V3 

fundamental bands of PH3' Individual spectral absorption lines from 

1850 to 1900 cm- 1 are primarily due to the '.)4 and 2 v2 bands of NH3 

with lines of the latter band extending to 2080 em-I. Water lines 

belonging to the v2 band occur in the 1900 to 2100 cm-1 interval. 

Phosphine absorbs across much of the 5 II m window with absorption near 

2000 cu- l due to the 2v2 band, a prominent absorption near 2100 cm-1 

due to v2 + v4' and a progression of lines of increasing strength from 

2150 to 2250 cm-1 due to the VI' v3' and 2v4 bands. The v2 fundamen

tal of CH3D do'minates the spectrum from 2100 to 2200 cm-I while the 

1-0 fundamental of CO and the v3 fundamental of GeH 4 influence the 

2050 to 2150 cm-1 region. Finally, we report here the first detection 
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of the "Teak \13-\14 hot band of CH4 which has absorption features vi

sible in the Jovian spectrum from 1900 to 1980 em-I. 

Using the model atmosphere described in Chapter 3, we calcu

lated gas transmittance as a function of wavenumber and of pressure 

level in Jupiter's atmosphere. We then convolved the transmittances 

with a theoretical instrumental line shape.(sin x/x) to reproduce the 

0.5 cm-l spectral resolution of the airborne Jupiter observations. In 

Fig. 5.we show the pressure level in the model atmosphere where the 

gaseous optical depth equals unity as a function of wavenumber across 

the 5 lJ m window. The maximum contribution to the thermal emission 

originates at the indicated pressure level at each wavenumber. We 

therefore have a set of weighting functions to sample pressure levels 

in the 1 to 6 bar range in Jupiter's troposphere. Inspection of 

Fig. 5 shows that, although a few strong lines are formed at 

p < 1 bar, the vast majority of spectral features are formed in the 2 

to 5 bar region. Because strong and weak lines sample different alti

tudes in Jupiter's atmosphere, the vertical distribution of trace 

gases may therefore be deter.mined in some cases. For example, in 

Chapter 6, we use the information in Fig. 5 to derive the vertical 

distribution of water vapor on Jupiter. High spectral resolution is 

needed both to resolve blends of spectral features and to exploit the 

large variation in absorption coefficients from line core to continuuD 

in order to measure a height dependent mixing ratio. 

Before discussing individual gases it is instructive to see 

how well the radiative transfer model fits the 5 lJm spectrum of 
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Jupiter as a whole. In Fig. 6 'tie compare the observed spectrum of 

Jupiter to the best radiative transfer model synthetic spectrum 

calculated in this study. Certain features of the observed spectrum 

are well matched by the synthetic spectrum, such as the slope of the 

continuum at both the long and short wavelength ends of the window as 

well as the absolute radiance of the continuum regions. The agreement 

of specific spectral features is discussed in detail for the 

individual gases in the following sections. 

We used the following criteria to determine the abundance of 

each of the 5 pm absorbing gases on Jupiter. In Figs. 7 to 25 we 

compare the observed spectrum of Jupiter from the KAO with a baseline 

model. This ''best fit" was produced after many iterations of gas mole 

fractions and cloud parameters in the radiative transfer model (see 

Chapter 7 for details of the cloud modeling). We then perturbed one 

parameter of the baseline model, such as qNH3' to see the effect on 

the calculated spectrum. We use the notation qNH3 to denote the mole 

fraction of gaseous ammonia in Jupiter's atmosphere. In general, each 

figure shows the preferred mole fraction in the baseline model as well 

as values higher and lower for comparison with the observed data. The 

absorption lines of the gas of interest are identified by inspection 

as the line to continuum ratio changes dramatically. Blended lines 

are analyzed by observing the same feature in figures for two or three 

different gaseous absorbers. This approach therefore uses not only 

the many isolated lines, but it employs the blended lines as well. 

This is particularly important in studying complicated features due to 
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the superposition of lines of many gases, such as the 2111 cm-l fea

ture discussed in the GeH4 section. 

In summary, the overall fit between observed and synthetic 

spectra is very good. The large number of absorption lines per mole

cule permits a more precise determination of mixing ratios than in 

previous studies. We summarize in Table 7 the tropospheric composi

tion that we have inferred for the 2 to 6 bar portion of Jupiter's 

atmosphere. The observed mole fractions of nine gases are compared to 

predicted values based on chemical equilibrium models. Nearly all of 

the inferred abundances differ substantially from model predictions; 

therefore they provide information on disequilibrium chemical proces

ses and physical conditions in Jupiter's deep troposphere. The impli

cations of the observed enhancement in carbon and nitrogen, but pOSSi

ble depletion of oxygen in Jupiter's atmosphere with respect to the 

photosphere of the Sun, are discussed at the end of Chapter 6. 

Jupiter's 5 ~m spectrum is so rich that there may be molecules 

that remain undetected in our airborne data. By understanding the 

effect of changing the mixing ratio of known absorbers on the spectrum 

we can in principle attribute subtle differences between observed and 

synthetic data to new molecules. In practice, this procedure is only 

as good as the labor at ory spe ctroscop ic data used in the synthe ti c 

spectrum. Improvements in the laboratory data, discussed in Chap

ter 3, have made an important contribution to the overall fit of high 

resolution spectra. Future observations of Jupiter's 5 ~ m spectrum at 

higher spectral resolution may result in the discovery of new 



Table 7 

Summary of the Tropospheric Composition of Jupiter from 5 ~m Airborne Observations 

Enhancement 
Jovian ~ Fraction Solar over 

Molecule OblSl'rved Predicted Value Solar Value Co=entll 

8 2 0.90~O.02 0.88 0.88 a 1.0 Gaut ier II .!!l 
(1981) 

He 0.10~0.02 0.12 0.12 a 1.0 Gaut ier ll1!l 
(1981) 

CH4 3.0~O.6xlO-3 8.3dO-4 8.3xlO-4 b 3.6~0.7 

fIR) 2.6z.0.4:d0-4 1.7xl0-4 1.7x10-4 b 1.5z.0.2 

"20 4.0z.1.0dO-6 1.5xlO-3 1.5dO-3 b 2.7~O.7z10-3 Upper tropoopbere 
(2-4 barB) 

).Oz.2.0zl0-5 1.5zl0-3 1.5:d0-3 b 2.0~1.411l0-2 Lower troposphere 
(6 barD) 

PH3 7 .Oz.1 .0:dO-7 <10-30 4.4dO-7 a 1.6~O.2 Diaequil ibrium 

6.9dO-7 
opeciea 

c 1.0z.0.1 

CH3D 2.0~0.4xlO-7 D/H" 1.2xlO-5 

CO 1.0~O.3xIO-9 '<10-18 Diaequi 1 ibrium 
opeciell 

GeH4 7 0+4.0dO-IO <!0-20 7.9dO-9 • 8.9:~:~ll10-2 DiuequilibriuD • -2.0 speciell 

., Cameron (1982) 

b) LllDbert (J 978) 111 
0\ 

c) Anders and Ehihsra (1982) 
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molecules as well as new isotopic forms of currently known molecules 

in the Jovian atmosphere. 

Ammonia 

In order to determine the global NR3 abundance on Jupiter it 

is necessary to probe below levels where condensation and photochemis

try take place. The 5 fl m region of Jupiter's spectrum is ideally 

suited for this task because thermal radiation originates in the 1 to 

6 bar pressure range, well below the ammonia clouds. In Fig. 5, NH3 

absorption is responsible for most of the spectral features from 1850 

to 1900 cm-1 and for individual lines extending to nearly 2100 cm-1• 

Strong lines of the v4 band and the Q branch of the 2v2 band at 

1880 cm-1 are formed in the 1 to 2 bar region. The strong Rl and R2 

lines of the 2v2 band at 1920 and 1939 cm-1, respectively, also sample 

atmospheric levels at P < 2 bar. However, analysis of the much 'weaker 

R3 through RIO lines at 1957 to 2082 cm-1 .provides information on the 

tropospheric nitrogen abundance in the 3 to 5 bar pressure range. 

These measurements should provide a good test of models which predict 

an NIH ratio equal to that in the solar atmosphere. This is because 

these weak NH3 lines are formed below the level of the NH4SH clouds 

thought to be present near the 2 bar pressure level on Jupiter. 

The principal absorbers on Jupiter between 1940 and 2100 cm -1 

are H20, PH3' and NH3' We have divided this region into three wave

number intervals and have plotted Jupiter's spectrum in Figs. 7, 8, 

and 9. In each figure we show the observed Jupiter spectrum obtained 



58 

from the RAO and three synthetic spectra calculated using the radia

tive transfer model described in Chapter 3. The center synthetic 

spectrum is the baseline model of Fig. 6 plotted on an expanded scale. 

This spectrum represents the best overall fit to the entire 5 ~m 

spectrum of Jupiter. Plotted on the same scale are synthetic spectra 

calculated from the same model atmosphere, but for q1~3 c 1.8x10-4 and 

3.6xlO-4• For each of the three synthetic spectra the NH3 distribu

tion of Kunde &.!!l is used for P < 0.7 bar since the 5 \.lm spectrum is 

not sensitive to the NH3 profile above this level in Jupiter's upper 

troposphere. Approximately 30 NH3 lines are apparent in Figs. 7 ~ 8, 

and 9. In particular, the R3 line at 1957 cm-1 (Fig. 7), the R7 

manifold near 2025 cm- 1 (Fig. 8) and the RIO line at 2082 cm- 1 (Fig. 

9) all require a consistent value for qNH3 of 2.6xIO-4 in the deep 

atmosphere. The corresponding global NIH value is 1.45xI0-4 , or 1.5 

times the solar value of Lambert (1978). 

We now discuss the error estimate in our abundance determina

tion. We used the 16 prominent NH3 lines denoted by arrows in Figs. 7 

through 9 to compare the synt~etic spectrum of distribution (b) to the 

observed airborne data. We estimated the lower and upper limits to the 

NH3 abundance to be the mean value of qNH3 for profiles (a) and (b) 

and for distributions (b) and (c), respectively. We therefore adopt 

the value qNH3 0: (2.6.:!:.0.4)x10-4• We attribute this error primarily to 

uncertainties in the laboratory NH3 absorption coefficients. Randon 

noise in the airborne Jupiter spectrum is very small (SNR c 100) and 
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therefore does not contribute significantly to our abundance error 

bar. 

Systematic errors are difficult to quantify, but we identify 

two categories and qualitatively assess their impact on our derived 

mole fraction. The first category consists of uncertainties that 

affect the slope of the continuum. Our abundance estimate relies 

primarily on the line to continuum ratio for individual NH3 lines and 

has the advantage of being quite insensitive to this type of systema

tic error. Thus uncertainties in the far wing line shape of NH3 and 

PH3' in the wavelength dependence of cloud opacity, and in the abso

lute flux calibration procedure all affect the continuum level but not 

the line to continuum ratio. 

The second category of systematic error is more serious. The 

line to continuum ratio depends on the temperature of the cloud which 

attenuates 5 )l m radiation. For example, the line formation region for 

the NH3 lines used in this study is approximately 3 to 5 bars. A 

cloud located at 2 bars would attenuate both the line center and 

continuum radiation equally, thereby preserving the line to continuum 

ratio that would be present ~n a cloud-free atmosphere. On the other 

hand, a haze mixed with the gas at 4 bars would attenuate the con

tinuum more than line center, and so would reduce the contrast of the 

observed lines. The other source of systematic error is in the uncer

tainty of the lower boundary of the 5 )lm line formation region. This 

depends on gas continuum opacity, such as H2' as well as on the 

possible existence of a lower cloud layer. The location of this 
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boundary determines the column abundance of H2' which is needed to 

convert an NR3 columnn abundance to a mole fractio~ 

The abundance of ammonia der ived from 5 ~ m observa t ions of 

Jupiter is of particular interest because NH3 is a tracer of many 

physical and chemical processes -occurring in Jupiter's atmosphere. 

First of all, 5 ~m measurements probe levels of the atmosphere below 

both the NR3 and NH4SH clouds which have depleted the amount of NH3 in 

the gas phase by chemical reaction and condensatio~ These measure

ments below both cloud layers provide the best global NIH abundance 

which can in turn constrain models of Jupiter's origin. Second, 

measurements of the partial pressure of NH3 in combination with an 

improved temperature-pressure profile of Jupiter's atmosphere can be 

used to predict the location of both the NH4SH and NH3 clouds in 

thermochemical equilibrium models. Third, a combination of 5~ m air

borne spectra with Voyager IRIS measurements at 45 fllll and 10 ~ m (Kunde 

~ ~ 1982) defines the vertical distribution of NH3 in Jupiter's 

troposphere over the extended pressure range from 5 bars to 0.2 bars. 

Finally, the release of latent heat in phase changes at the NH3 cloud 

level may be important in atmospheric dynamics. 

We now compare our 5 ~ m estimate of Jupiter's ammonia abun

dance to measurements at other wavelengths. We summarize in Table 8 

some of the recent observations of NR3 in Jupiter's atmosphere. Since 

the abundance of NH3 is height dependent due to photochemistry and 

condensation, measurements at wavelengths that sample different lev

els in Jupiter's atmosphere will yield very different abundances. 
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Table 8 

Recent Measurem'ents of NH3 on Jupiter 

Wavelength Pressure 
Transition Region Level qNH3 Reference 

?, 5VI 0.55~0.65).lm 1 bar 2.S.:t.0.9xlO-4 Sato and Hansen (1979) 

2v2 4.8 - 5.1).lm 5 bars 2.6.:t.0 •4xlO-4 This study 

'.12 9 ).lm 0.8 bar 3.0.:t.1 .5xlO-4 Knacke .tl. II (1982 ) 

Rotation 45 ).lm 1 bar 1.8.:t.O.9x10-4 Kunde .tl. II (1982) 

Inversion 1.3 em 0.7 bar 2x10-4 Klein and Gu1kis 
(1978) 

Inversion 1-11 em 1-6 bars 0-4)x10-4 Marten ~ II (1980) 

Inversion 6-21 em 2-10 bars (2-4)xlO-4 de Pater ~ II (1982) 

Inversion 13 em 1 bar 2.2.:t.O.8x10-4 Lindal .tl. II (1981) 
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Thus far, the only measurements of Jupiter's NH3 abundance that apply 

to pressure levels greater than 2 bars are radio observations at 

wavelengths longer than 6 Cm. Marten ~ ~ (1980) modeled radio 

observations at 6 and 11 cm to derive a deep tropospheric NH3 mixing 

ratio of 4xlO-4 , decreasing to 1.3x10-4 near the 1 bar level. These 

abundances are based on radio observations reported in Berge and 

Gulkis (1976) corrected for nonthermal radiation from Jupiter's magne

tosphere. The principal opacity at radio wavelengths is due to the 

pressure-broadened NH3 inversion band centered at 1.25 cm. In parti

cular, observations at 11 cm probe to about the same level as at 5~ m. 

Higher spatial resolution measurements by de Pater ~ al (1982) using 

the Very Large Array at 6, 11, and 21 cm also indicate an NIH ratio 

between 1 and 2 times the solar value. 

Numerous measurements have been made of the NH3 abundance near 

the 1 bar level on Jupiter. Sato and Hansen (1979) used a two cloud 

scattering model to interpret spectra of strong and weak NH3 bands on 

Jupiter near 6000 A. They reported an NIH ratio of 1.5j:O.5 times the 

solar value for the 0.7 to 2 bar region on Jupiter, in excellent 

agreement with our results for the 5 bar level. Klein and Gulkis 

(1978) found a solar abundance of nitrogen on Jupiter based on obser

vations at 1 to 2 cm near the inversion band of NH3. Lindal ~ ~ 

(1981) estimated that qNH3 c: (2.2j:0.8)xlO-4 from radio occultation 

measurements using the Voyager S band (~13 cm) radio signal. These 

measurements apply to the 1 bar level at one point on Jupiter's equa

tor in the Central Equatorial CUrrent. Infrared observations of this 
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region at 45 ~m by the Voyager IRIS instrument suggest that the region 

is zone-like with a greater ammonia cloud opacity than in the nearby 

North Equatorial Belt. Kunde tl & (982) analyzed IRIS spectra of 

the North Equatorial Belt and reported a solar NIH ratio at ~he O~ to 

I bar level. Finally, Knacke tl & (1982) found a mixing ratio 

[NH3 ] / [H2] of (3.3±.1.7)xI0-4 at the one bar level. All of these 

recent observations indicate a deep atmospheric NIH ratio between 1 

and 2 times the value measured in the solar photosphere. 

There still is some uncertainty over whether the NH3 mole 

fraction changes at the level of the NH4 SH clouds. Marten tl & 

(1980) reported an ammonia mole fraction which drops by a factor of 3 

from the 10 bar to the 2 bar level which they suggest is evidence for 

a condensed form of nitrogen. De Pater tl & (1982) also reported a 

possible drop in Jupiter's NH3 abundance by a factor of 2 between the 

values at 10 bars and at 2 bars. Measurements at 21 cm sample very 

deep levels (P=lO bars) but the signal to noise ratio is lower than in 

radio observations at shorter wavelengths because non-thermal magneto

spheric radiation dominates the atmospheric thermal component. In 

addition, the presence of other opacity sources, such as H20, affects 

the interpretation of the radio data. For these reasons the NH3 pro

file inferred from radio observations remains uncertain. Depending on 

the sulfur to nitrogen ratio on Jupiter, a modest falloff in the NH3 

abundance would take place as NH3 reacts with H2S to form the NH4SH 

cloud. Larson tl & (984) set a stringent upper limit to qH 2S on 

Jupiter above the I bar level, a result that is consistent with the 
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efficient removal of sulfur from the gas phase to form an NH4SH cloud. 

Using a solar mixing ratio of s/H in the deep atmosphere and the NIH 

ratio derived here the resultant drop in the abundance of gaseous 

ammonia in forming an NH 4 SH cloud would be only about 10%. Such a 

small change in qNH3 would be difficult to detect in our 5 llm data. 

However, a change as large as that proposed by Marten ll.!!.l would be 

evident in the 1850 to 1950 cm-l portion of Jupiter's 5 llID KAO spec

trum. an effect that is not observed. We therefore believe that a 

constant mole fraction of NH3 in the 1 to 5 bar pressure range pro

vides a good fit to this spectral region. as shown in Fig. 6. 

Phosphine 

Phosphine is a prominent gaseous absorber across much of 

Jupiter's 5 llm window. Five vibration-rotation bands contribute to 

the complex spectrum of PH3 in this region. Absorption features froo 

1950 to about 2050 cm-1 are due to the weak 2"2 overtone. The spec

trum from 2050 to about 2150 cm-1 is influenced by the v2 + v 4 band 

with a prominent series of lines near 2100 em-I. Beyond 2150 cm- 1 

there is a complex superposition of 2v4. VI. and v3 lines whose ab

sorption determines the sharp falloff of the short wavelength end of 

the 5 ).Illl window. \ole show in Fig. 5 that most weak lines in Jupiter1s 

spectrum from 1950 to 2150 em-I. including all of the PH3 lines in 

that interval. originate near the 5 bar level. The 2150 to 2200 em-1 

region samples the 2 to 5 bar level while in the 2200 to 2250 em- 1 

region most of the radiation originates near the 1 bar level. In Figs. 

10 through 15 we show the observed spectrum of Jupiter. compared to 
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three synthetic spectra representing PH3 mixing ratios of 4x10-7, 

7x10-7, and lxlO-6 in the deep atmosphere. The 5 1.1 m opectrum is not 

sensitive to the distribution of PH3 for P < 1 bar; we adopt the 

distribution of Kunde £! ~ (1982) for Jupiter's upper troposphere in 

our radiative transfer model. 

We now focus on Fig. 13 where approximately 20 PH3 lines are 

clearly evident. The agreement between the observed spectrum and the 

baseline model, curve (b), is very good in this spectral region. 

Therefore, at the 5 bar level qPH3 ::: 7xlO-7• In Fig. 14 we show a 

transition region of Jupiter's spectrum in which PH3 and CH3D lines of 

increasing strength lead to a rapid decrease of the pressure in the 

line formation region. Fig. 5 indicates that the continuum near 

2150 cm-1 is formed near 5 bars while the line core at 2200 cm-l is 

formed near 0.4 bar. In Fig. 14 the agreement between observed and 

synthetic data is not as good as in Fig. 13; nevertheless, a constant 

value for qPH3 of 6x10-7 provides a reasonable fit to this portion of 

Jupiter's spectrum. Kunde ~ Ai showed that qPH3 decreases with 

height above the 1 bar level. Fig. 14 provides no compelling evidence 

for a height dependent mole fraction at deeper levels in Jupiter's 

troposphere. Figs. 10 through 12 provide additional evidence for a 

value of qPH3 E 7xlO-7 from features in the 1950 to 2100 cm-l region. 

Analysis of the 2200 to 2250 cm- l region, shown in Fig. 15, gives 

information on the PH3 distribution near the 1 bar level but because 

of low signal to noise we do not assign as large a weight for this 

region in this study. We therefore adopt the value qPH3 m (7~1)x10-7 
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for the 2 to 5 bar region of Jupiter's troposphere. As in the case 

for the NHJ abundance, systematic errors in the laboratory absorption 

coefficients and model atmosphere rather than random errors in the 

observations determine the accuracy of our .result. The global P/H 

ratio becomes (J.9+0.6)xlo-7 or approximately 1.6.±.0.2 times the solar 

P/B ratio of 2.44xlo-7 (Cameron 1982). 

We indicate in Table 9 some of the abundance estimates for 

phosphine on Jupiter that have been made in previous studies. These 

include both earth-based and Voyager observations at 5 and 10 microns. 

Larson ~ al (1977) reported a column abundance of 25 em-am on Jupi

ter in their analysis of the same airborne spectrum used in this 

study. They compared room temperature laboratory spectra of PRJ to 

the series of prominent Jovian lines near 2100 cm-1 in Fig. lJ. Beer 

and Taylor (1979) compared room temperature PRJ data to ground-based 

observations in the 2150 to 2250 cm-1 region. They matched the slope 

of the continuum of the Jovian spectrum with a column abundance of J 

to 5 em-am. Much of the discrepancy between the two reported column 

abundances can be explained by referring to Table 4 in Chapter 3. 

There we presented the model atmosphere used in the radiative transfer 

model which generated the baseline synthetic spectrum in each of Figs. 

7 to 25. At 6 bars the column abundance of PH3 is 17 em-am, while at 

2 bars the overlying abundance is about 5 em-am. Because the penetra

tion depth is changing very quickly from 2150 to 2200 cm-1, it is not 

appropriate to use room temperature data and a single column abundance 

to characterize this region. At 2100 cm-1 the penetration depth does 
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Table 9 

Recent Measurements of PH3 on Jupiter 

t>1ave1ength 
Transition Region ~ 

"2+ 'J4 4.8 

'J4 9.0 

V], , "3 4.6 

V], , "3 4.5 

Pressure 
Level 

5 bars 

1 bar 

1-4 bars 

1-2 bars 

Reference 

7.0.:t.1.0x10-7 This study 

7.5.:t.1 .8x10-7 Kna eke .tl. .e1. (1982) 

6.0.:t.2 .Ox10-7 Kunde .tl..e1. (1982) 

4 .1:!:.1. 5x1 0-7 DrOS6art .tl. ~ (1982) 
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not change rapidly with frequency and the base of the line forming 

region is coincidentally close to room temperature, thus allowing the 

result of Larson ~.!.1 to be fortuitously close to the PH3 abundance 

obtained here using radiative transfer techniques. 

Drossart ~ .!.1 (1982) used a radiative transfer model to fit 

the 2200 to 2240 cm-1 region of the Voyager IRIS data. They reported 

a mixing ratio of (4.5~1.5)xlo-7 for [PH3 /H2]. Unfortunately, the 

signal-to-noise ratio in this spectral region is only about 3 due to 

the low flux from Jupiter and the relatively high noise equivalent 

spectral radiance of the IRIS spectrometer (see Chapter 2 for a dis

cus s ion of the IR I S d a t a). The res u 1 t s of Dr o s s a r t & .!..!. in d i c a t e a 

solar P/H ratio, while our analysis and other studies shown in Table 9 

indicate an enhancement by a factor of about 1.5. Knacke ll..!.l (1982) 

reported a [PH3/H2] mixing ratio of (8.3~2.0)xlo-7 at the 1 bar level 

from observations of the v4 band at 9 llm. Finally, using a radiative 

transfer model to fit IRIS data at 4.5 and 9 llm, Kunde et Al reported 

that qPH3 ~ 6xlo-7 in the 1 to 5 bar region and it falls off to 2xlo-7 

at about the 0.4 bar level. 

Phosphine on Jupiter is of particular interest because of its 

role as a source of phosphorus, a possible cloud chromophore, and as a 

tracer of tropospheric convection. The presence of PH3 at spectro

scopically observable levels in Jupiter's atmosphere is not expected 

from equilibrium thermochemical models. Barshay and Lewis (1978) 

calculated an equilibrium mole fraction of PH3 that drops from 4xlo-7 

at 1000 K to less than 10-20 at 300 K. Phosphine should be oxidized 



78 

to P406 gas in the 800 to 1000 K range and then, for T<385 K, this 

product in turn reacts with NH3 and H2o to form particles of 

NH4 u2Po4• These calculations assume an 0/H ratio of 8~x1o-4, which 

is the value in the photosphere of the Sun (Lambert 1978). Some PH3 

could survive to observable levels if the deep atmospheric abundance 

of H20 is insufficient to oxidize all of the PH3 • This mechanism 

could work if the H20 mole fraction is less than 6/4 that of PH3• 

Using the value for qPH3 of 7x1o-7 derived here places an upper limit 

to qR 20 of l:xlo-6. This is well below the Jovian H20 abundance esti

mates by Kunde ll..Jli., Drossart and Encrenaz (1982), and our analysis 

discussed in Chapter 6 so this process is probably not responsible 

for the observed PH3 abundance. 

The currently accepted explanation for abundant PH3 on Jupi

ter, proposed by Prinn and Barshay (1977), is that vertical transport 

in Jupiter's troposphere is rapid enough to quench chemical reactions 

that would otherwise destroy PH3• This same mechanism has also been 

used to explain the presence of CO and GeB 4 on Jupiter. Prinn and 

Barshay calculated that an eddy diffusion coefficient of K 1: 2xl08 

cm2/sec would be sufficient to transport CO on a time scale shorter 

than the conversion time to the low temperature form of carbon - CH4• 

Recently, Fegley and Prinn (1983) studied the kinetics of PH3 oxida

tion and they concluded that the eddy diffusion coefficient deduced 

from the observed CO abundance implies that PH3 oxidation is quenched 

at about 1300 K. This is comparable to the 1100 K quench level 

obtained for CO by Prinn and Barshay. This corresponds to 
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P c 600 bars, or 5 pressure scale heights below the 5 vm line forma

t ion region. 

Clearly, convective motion in Jupiter's atmosphere must extend 

to deep levels in order for this disequilibrium chemistry to operate. 

Busse (1976) and Ingersoll and Pollard (982) discussed the idea of 

long thin columnar cells aligned parallel to Jupiter's spin axis. 

These columnar convection cells may provide a mechanism for bringing 

up disequilibrium species from great depth as well as delivering 

internal heat to observable levels in Jupiter's atmosphere. Alterna

tively, Williams (1978, 1979) was able to reproduce many of Jupiter's 

belt and zone dynamical features with a model relying on solar heating 

in a relatively thin layer in Jupiter's upper atmosphere. In addi

tion, the lower boundary of the sunlit layer was considered to be 

impermeable with a significant increase in density of the atmosphere 

below. Evidence for vertical transport of disequilibrium species frOD 

500 bars to 5 bars is consistent with the Busse hypothesis of de~p 

convect1ve transport. If other dynamical evidence favors the theory 

of Williams', then the 5 vm observations would place constraints on 

the location and permeability of the lower boundary. Phosphine ap

pears to be well mixed in the 1 to 5 bar region. Consequently, any 

barrier to mass motion would lie much higher, perhaps at the NH3 cloud 

layer, implying that most of the dynamical phenomena evident in Voya

ger images pertains to high levels in Jupiter's atmosphere. 

The role of phosphorus as a possible cloud chromophore has 

been investigated both theoretically and experimentally. Prinn and 
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Lewis (1975) proposed that red phosphorus (P4) might be responsible 

for the coloration of the Great Red Spot and perhaps of Jupiter's 

belts as well. They proposed a reaction sequence which can be sum

marized as 

Ultraviolet photons with wavelengths between 1800 and 2350 A produce 

PH2 which then either forms PH in a disproportionation reaction or 

forms P2B4· However, Ferris and Benson (1980) reported that P2H4 is 

the principal intermediate rather than PH in the formation of red 

phosphorus. This presents a problem because at the low temperatures 

near the tropopause of Jupiter and Saturn P2H4 condenses out (Ferris 

and Bossard 1983) and undergoes no further chemical processing to 

produce P4. Another mechanism to create the intermediate radical PH2 

is the reaction 

This reaction was found to be very slow at Jovian temperatures (Bosco 

ll. al 1983). It therefore seems more difficult to manufacture red 

phosphorus under Jovian conditions than bad initially been expected. 

Noy ~ al (1981) produced P4 in the laboratory under simulated Jovian 

conditions and concluded that the visual appearance of the product is 

usually yellow and not red. However, very small particles about 

0.05 llm in size can reproduce the visual spectrum of the Great Red 

Spot. Somewhat larger particles are orange while particles whose size 
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is larger than 0.5 ~m are yellow in appearance. Prinn and Lewis also 

noted that strong upward mixing with the eddy diffusion coefficient 

K > 106 cm 2/sec is required to prod'uce the observed coloration. A 

good review of the photochemistry occurring in the atmospheres of the 

outer planets is found in Strobel (1983). 

In summary, one result of this study is that there is an 

adequate supply of phosphine available on Jupiter to manufacture 

chromophores. Kunde £!.l!.l have shown that qPH3 falls off above the 

NH3 cloud, presumably due to photochemistry. Under special conditions 

that may only exist in selected regions, such as the Great Red Spot, 

P4 may be formed. Depending on the particle size, an overall red, 

orange, or yellow color may result. 

Methane 

Methane is certainly the most thoroughly studied molecule on 

Jupiter; nevertheless, its abundance is still not known with great 

certainty. The C/H ratio in Jupiter's atmosphere is of considerable 

interest as it provides an important constraint in models of the 

formation and subsequent evolution of the outer planets. An estimate 

of the mixing ratio of CH4 at deep levels in Jupiter's atmosphere may 

help distinguish between homogeneous models which predict a solar C/H 

ratio, or accretion models which predict a substantial enhancement in 

carbon with respect to the sun. 

We report here the first detection of the very weak v3-v4 hot 

band of CB4 in Jupiter's 5 ~m spectrum. A hot vibration-rotation band 
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is one in which transitions originate from an excited vibrational 

quantum state (v>O) rather than from the ground state. The fraction of 

molecules in the vibrational state v is 

where 

fv = exp(-hcv(v+O.5)/2kT)/qvib 

h = Planck's constant 

c = speed of light 

v = vibrational frequency 

v = vibrational quantum number 

k = Boltzmann's constant 

T :: temperature 

qvib c vibrational partition function 

qvib = exp(-hcv/2kT)/(1-exp(-hcv/kT» 

(5.1) 

Equation 5.1 is strictly applicable only to diatomic molecules, but it 

illustrates the frequency and temperature dependence of the excited 

state population. For the v3-v4 band of CH4, it is clear that the 

population of the lower vibrational state is very temperature sensi

tive and it is much smaller than the ground state popUlation at typi

cal planetary temperatures. This band is weaker than other infrared 

CH 4 bands and, therefore, indicative of the physical state of Jupi

ter's troposphere at very deep levels, in much the same way as are the 

weak lines of other absorbers in Jupiter's 5 )lm spectrum. In this 

section we measure the deep tropospheric abundance of CH4 using the 
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same procedure we have used to fit the NH3 and PR3 absorption features 

discussed earlier. 

The presence of a hot band in the atmosphere of a cold outer 

planet i~ initially quite Burprising. Its existence is a direct 

consequence of the great depth of line formation in the 5 ~m region. 

This band provides an independent indication of the depth of the 5 ~m 

line formation region on Jupiter because of its extreme sensitivity to 

temperature. Spatial mapping of the strength of these CH4 absorption 

features in Jupiter's belts and zones should provide a good test of 

tropospheric cloud models, such as those described in Chapter 7. 

Currently, these absorption features are only visible in the globally 

averaged Jupiter spectrum from the KAOj they are unfortunately unre

solved in the Voyager IRIS data and therefore new observations will be 

required to address this problem. 

We have identified seven lines in the Jovian spectrum be-

longing to the R-branch of the v3-v4 hot band of CH4 between 1899 and 

1978 em-I. We again refer to Fig. 5 to infer that the line formation 

region is between 4 and 6 bars for this portion of Jupiter's 5 ~m 

window. The principal absorbers in this spectral region are H20 and 

NH3' The spectrum of Jupiter is shown on an expanded scale in Figs. 

16 to 18. In Fig. 16 the strongest components of the RII and R12 mani-

-1 
folds of the v3-v4 band of CH4 are evident at 1899.7 and 1915.6 cm 

respectively. In Fig. 17 we show four components of th~ R13 manifold 

between 1929 and 1935 em-I. The strong isolated line at 1931.2 cm-1 

provides the best evidence for the presence of this band in Jupiter's 
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spectrum. Finally, in Fig. 18 we attribute a weak feature at 

1978.2 cm-l to the strongest component of the R16 manifold. This line 

is especially temperature sensitive and serves as an indicator of 

penetration to levels near room temperature on Jupiter in this very 

transparent portion of the spectrum. 

It is especially important to understand the influence of NH3 

absorption because high J lines of the v 4 band of NH3 are adjacent to, 

or in some cases blended with, the CH4 lines of interest. Recent 

improvements in the line positions and strengths of NH3 (Fink ll1!1. 

1983) have given us confidence that the Jovian spectral features 

discussed here are in fact due to CH4 and not due to NH3' Further 

laboratory measurements of NH3, especially at cold temperatures, are 

still needed in this region. 

Three synthetic spectra of Jupiter are shown as curves (a), 

(b), and (c) in each of Figs. 16, 17 and 18. Curve (a) shows the 

effect of setting qCH4 to zero. This curve shows the positions and 

strengths of absorption lines due to NH3 and H20 in the baseline 

model. Curves (b) and (c) represent values for qCH 4 of 2.4xlO-3 and 

3.0xlO-3 , respectively. Ammonia absorption at 1900, 1929, and 

1935 cm- l is evident in Figs. l6a and l7a; therefore, the Jovian 

spectrum is a blend of CH4 and NH3 at these wavenumbers. The rema~n

ing four Jovian features identified in Figs. 16 through 18 are CH4 

lines that are relatively isolated; they are therefore especially 

sensitive to changes in the CH4 mole fraction. These lines are at 

approximately 1915.6,1930.1,1931.2, and 1978.2 cm-I . Curve (c) 
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provides the best overall fit to these particular CH4 features. We 

therefore adopt the value qCH4 c (3.0±.0.6)xI0-3 • The C/H ratio be

comes (1.7±.0.3)xI0-3 or 3.6.±.0.7 times the solar value of Lambert 

(1978). The error bar is primarily due to the uncertainty in the 

strength of the CH4 absorption feature at 1931 em-I. Our inferred CH4 

abundance depends strongly on this feature because it is relatively 

free of blending with NR3' 

We now compare our c/H ratio to only a few of the many studies 

of CH4 on Jupiter that have appeared in the literature. In Table 10 

we show some of the most recent determinations of Jupiter's c/H ratio. 

In all cases the solar value of Lambert (1978) of c/H = 4.7xI0-4 is 

used. Three basic techniques have been used to calculate CH4 abun

dances. The first, and most model dependent, technique is to match 

both strong .and weak lines by a two cloud scattering model. Sato and 

Hansen (1979) used such a model to fit the strong 8900 A CH4 band as 

well &s the much weaker 8490 A band. Buriez and de Bergh (1980) 

performed a careful analysis of the 3\13 band at 1.1 \lm and fitted 40 

CH 4 lines in a high resolution spectrum of Jupiter with a two cloud 

model. Another technique developed by Combes and Encrenaz (1979) 

involves selecting CH4 and H2 lines which ideally are formed in the 

same level of the atmosphere and undergo the same scattering proces

ses. They used CH4 lines in the visible and at 1.6 \lm for comparison 

with the 4-0 Sl quadrupole line of H2 at 0.64 \lm. 

Whereas the previous methods involved analysis of reflected 

solar radiation, another technique relies on measurements in the 



Table 10 

Recent C/H Determinations for Jupiter 

Wavelength Pressure C/H Enhancement 
Transition Region ~ Level over Solar Value Description 

? 0.85, 0.89 0.5 bar 2.0.±.0.4 Scattering model 

3v
3 1.1 0.5 bar 3. 2.±.1. 5 Scattering model 

3v
3 1.1 0.5 bar 2.6.±.1.0 Line Ratios 

v 4 8 0.5 bar 2.32.±.0 .18 Voyager IRIS 

v
4 8.5 0.8 bar 2. 7.±.0.4 Ground Based IR 

v r v
4 5.2 5 bars 3 .6.±.0. 7 Airborne IR 

Reference 

Sato and Hansen (1979) 

Buriez and de Bergh (1980) 

Encrenaz and Combes (1982) 

Gautier and'Owen (1983a) 

Knacke et 81 (1982) 

This study 

co 
\0 
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thermal infrared. Radiative transfer models have been used to synthe-

size Jupiter's 8 ~ spectrum in order to analyze both ground based and 

Voyager observations. Gautier ~ ~ (1981) analyzed Voyager IRIS 

spectra of Jupiter in the region near 8 )lm where the v4 band of CH4 

absorbs. They reported a [CH4/H2J mixing ratio of O.95.±.0.22)xlO-3 in 

the upper troposphere of Jupiter. which was later revised to 

(2.18.±.0.18)xlO-3 by Gautier and Owen (1983). By selecting high spa-

tial resolution observations of areas on Jupiter where the NH3 cloud 

is expected to be optically thin, Gautier et al hoped to minimize the 

influence of aerosols on their CH4 measurements. Knacke et al (1982) 

analyzed ground based observations of Jupiter at 8.5)l m where radia

tion originates in the 0.5 to 1 bar region. They reported a [CH4/H2J 

mixing ratio of (2.5.±.0.4)xlO-3• 

All of the recent studies cited above indicate an enhancement 

of the Jovian C/H ratio by a factor between 2 and 4. This contradicts 

earlier beliefs that the atmosphere of Jupiter has an essentially 

solar composition. This study provides additional independent obser

vational evidence for a significant enhancement of carbon in Jupiter's 

atmosphere with respect to the Sun. Our CH4 measurements have the 

advantage of higher spectral resolution than the IRIS data used by 

Gautier ~.~ and they are less model dependent than the Sato and 

Hansen and Buriez and de Bergh studies. Our measured value of C/H at 

5 )lm is near the high end of the values in Table 10, but still within 

the error bars. 
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It is especially important to consider processes that change 

gas abundances as a function of height when comparing observations 

that pertain to different pressure levels in Jupiter's atmosphere. 

Our observations of CH4 pertain to much deeper levels (near 5 bars) 

than the other measurements cited in Table 10, which refer to pres

sures less than 1 bar. We do not attribute differences in the c/H 

ratios summarized in Table 10 to a height dependent CH4 distribution, 

despite differences in the pressure level of the line formation re

gion. Methane is not expected to condense or react chemically in 

Jupiter's troposphere. Photochemistry depletes the Jovian CH4 abun

dance, but only at pressures less than a few millibars in the strato

sphere (Strobel 1983). All of the measurements summarized in Table 10 

should provide consistent estimates of the global C/H ratio, since 

they sample the well-mixed portion of Jupiter's atmosphere. We con

clude from the combined evidence of these six studies that Jupiter's 

atmosphere is globally enhanced in carbon by about a factor of 3 with 

respect to the solar photosphere. 

Deuterated Methane 

The abundance of deuterium in the atmospheres of the outer 

planets serves as a tracer of planetary evolution as well as providing 

an observational test of cosmological models. Due to Jupiter's large 

mass and low exospheric te~perature, measurements of the present 

deuterium abundance should be representative of the composition of the 

Bolar nebula 4.6 billion years ago. Independent measurements of the 

abundance of HD and CH3D provide information on the fractionation of 
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deuterium between those molecules on Jupiter. The temperature depen

dence of fractionation may be used to infer an equilibration tempera

ture at the time of Jupiter's formation. 

We report here measurements of the v2 band of CH3D in our 

airborne spectrum of Jupiter. The P-branch of the v2 band of CH3D is 

responsible for the series of strong absorption lines in the 2100 to 

2200 cm-1 portion of Jupiter's infrared spectrum. Twelve J lines are 

evident in our airborne data. We show the six most promine~t lines in 

Fig. 19. The PlO manifold near 2120 cm-1 through the P5 multiplet 

near 2160 cm-1 are clearly shown. Most of the remaining lines are due 

to PH3 with a few weak lines of CO and GeH4 also present. Reference 

to Fig. 5 indicates that the base of the line formation region is at 

6 bars, with unit optical depth in the cores of the strong CH3D lines 

occurring between 1 and 3 bars. Three distributions corresponding .to 

values for qCH3D of 0, 2 and 3)xlO-7 are shown in Fig. 19. The best 

overall fit is provided by qCH3D ::: (2.0±.0.4)xlO-7 as shown in curve 

(b). We have used a constant mole fraction in our model since the 

abundance of CH3D is not expected to change with height due to chemis

try, condensation, or photolysis in Jupiter's troposphere. 

In order to convert our CH3D abundance to a D/H ratio the mole 

fraction of CH4 and the fractionation factor describing partitioning 

of deuterium between HD and CH3D must be known. The D/H ratio by 

number is given by 
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where f is the deuterium fractionation factor and the factor of 4 

accounts for the replacement of anyone of the four H atoms in CH4 by 

one D atom. Beer and Taylor (1978) report an f value of 1.37.:!:.O.07 

based on a hypothesis of deep convective mixing and an equilibrium 

temperature of 700 K. Using our "best fitt! value for qCH4 of 

3.0xlO-3 , our DIH ratio becomes (l.2~':jxlO-5. The principal uncer

tainty comes from the CH4 abundance. 

We summarize in Table 11 the measurements of Jupiter's D/H 

ratio that have appeared in the literature. Two studies have focused 

on the \)6 band of CH3D at 8.7 lJm, four investigations have relied on 

the HD 4-0 PI line at 0.747 lJID, and five studies have used the \)2 band 

at 4.7 llm. Most of the revisions to the DIH ratio have come from 

different approaches to modeling Jupiter's atmosphere and from im-

provements in molecular parameters. Beer and Taylor (1973) first 

detected CH3D in ground-based observations at 4.7 llm and they acquired 

higher resolution spectra reported in 1978. For consistency in com-

paring DIH values we have converted their reported column abundance to 

a mole fraction using the Curtis-Godson approximation and our model 

atmosphere shown in Table 4.· Since the base of the line formation 

region is at 6 bars, the column abundance of CH3D must be divided by 

the hydrogen and helium column abundance at 3 bars. The resulting 

CH3D mole fractions are 1.9x10-7 and 2.9xIO-7 for Beer and Taylor's 

1973 and 1978 data, respectively. Using Voyager IRIS observations of 

Jupiter, Drossart & & (982) inferred that qCH3D "" 1.8x10-7 for the 

o 
region between -30 and +30 latitude, while Kunde & & (1982) 
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Table 11 

ltecent Measurement• of D/H for Jupiter 

C/B Enhancement 
Molecule Wavelength \UD qCH3D :d07 over Solar Value D/B x10S leference 

CH3D 4.7 1 9 +1.1 
• -o.7 2.3 1 8 +1.0 

• -o.7 leer and Taylor 0973) 

CH3D 4. 7 2.9 +1.7 
-1.2 

2.3 2. 7 +1.6 
-1.1 

Beer and Taylor (1978) 

CH3D 4.5 1 8 +1. 4 
• -0.9 2.3 1 7 +1.3 

• -o .9 I>roasart et al (1982) 

CH3D 4.7, 8.5 3 5 +1.0 
• -1.3 2.3 3.2 +0.9 

-1.3 
Kunde _!! a 1 (1982) 

CH3D 8.7 3.6 z.0.5 2.7 3 0 +1.1 
• -o.a ~na eke _!! ..!1 (1982) 

CH3D 4. 7 2.0 :!;.0.4 3.6 1.2 +0.5 
-0.3 

This investigation 

HD 0.747 2.1 z.O .4 Trauger_!!...!.! (1973) 

RD o. 747 5.6 z.1.4 McKellar et al 0976) 

RD 0.747 5.1 z.O. 7 Trauger _!! ~ 0977) 

HD 0.747 2.6 2 0 +1.1 Encrenaz and Combes • -o.s (1982) 
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reported a value of 3.5xlO-7 for the Hot Spots in the North Equatorial 

Belt. 

Some of the variation in the CH3D mole fractions tabulated in 

Table 11 is due to the use of different line intensities for the \)2 

band at 4.7 11m. This thesis takes advantage of substantial improve

ments in the molecular parameters for both CH3D and PH3' Chackerian 

and Guelachvili (1983) accurately measured absolute line intensities 

for the \)2 band of CH3D and we have incorporated these improvements in 

our radiative transfer model. Chackerian (1983) estimated the effect 

of his new laboratory measurements of CH3D on previously reported D/H 

ratios. Upon applying a correction factor accounting for the differ

ence in strength of the P-branch of the \) 2 band, Chackerian obtained 

discordant results for the CH3D mole fractions inferred from the Beer 

and Taylor, Drossart tl1!l. , and the Kunde.!Lt II studies. Because 

in the present study we initially used the same molecular data as in 

Kunde .!Lt~, and we later adopted the Chackerian and Guelacbvili 

(1983) line strengths, we have independently assessed the effect of 

the new data on Kunde .!Lt 1!l. 's measurements. Whereas Chackerian 

suggested that the CB3D mole fraction ~btained by Kunde tl~ should 

be increased by 40%, we find that, on the contrary, qCH3D should be 

decreased by 11%. Using our correction factor we find better agree

ment between all of the studies of the \)2 band of CH3D. In Table 11 

we have chosen not to correct the values of qCll3D reported in the 

literature for the revised CH3D line intensities because of uncertain

ties in the appropriate correction factors. The uncorrected values of 
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qCH3D are in agreement to within a factor of two for the v2 band 

measurements as well as in agreement with the v6 band measurements at 

8.7 J.im by Kna cke llll (1982) and Kunde tl a L 

Comparisons of D/H ratios derived from different bands are 

difficult because, in addition to differences in line strengths and 

model atmospheres, there is the problem of assuming a c/H ratio as 

well as a deuterium fractionation factor. For internal consistency we 

show in Table 11 DIH ratios derived from the measured CH3D mole frac

tions using updated estimates for the c/H ratio. For those studies in 

which the C/H ratios were derived in the same analysis, we used them 

to calculate the D/H ratios in Table 11. Otherwise, the value of 2.3 

times solar for c/H reported by Gautier and Owen (1983) was used. In 

all cases a deuterium fractionation factor of 1.37 (Beer and Taylor 

1978a) was assumed. The D/H ratios derived from CH3D measurements 

range from 3.2xlO- S (Kunde tlll ) to 1.2xlO- S (this investigation) 

with the variation due principally to the measured CH4 abundance. 

An independent approach to calculating Jupiter's D/H rstio is 

to measure HD and H2 lines in the reflected solar portion of Jupiter's 

spectrum. Trauger II II (1973) measured the P4(1) line of HD at 

0.747 llm and by comparison with the S4(l) line of H2 inferred a nIH 

value of (2.1±.0.4)xlO-S• This value was revised by McKellar II .!!l 

(1976) to yield (S.6±.1.4)xlO-S using new laboratory data. Trauger & 

II (1977) remeasured the same HD line with greater accuracy and re

ported D/H c: (S.1±.O.7):xlO-S• Combes and Encrenaz (1979) developed a 

technique for determining abundance ratios which requires using lines 
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of very nearly equal strength to insure that the scattering path is 

the same for both lines. They used the Trauger llll (1977) llD data 

in conjunction with measurements of a nearby CH4 line to derive a Die 

ratio of (1.0-2.7)xlO- 2• Encrenaz and Combes (1982) then used their 

technique to derive a C/ll ratio for Jupiter that is 2.6 times the 

Lambert (1978) value for the Sun. Combining the two results (Die and 

C/ll) they deduced a DIH ratio of (2.0~6·.~xlO-5. Thus, the application 

of the Combes and Encrenaz technique to the HD data has led to an 

inferred Jovian DIH ratio which is nearly equal to that derived froID 

CH3D studies. 

In summary, measurements of Jupiter's DIH ratio range from 

(1.2-5.6)xlO-S, as shown in Table 11. These values have a higher 

dispersion than do other measurements of Jupiter's composition because 

the DIH calculation depends on three independent parameters, each of 

which has its own measurement uncertainties. These are : (1) the e/H 

ratio for Jupiter, (2) the deuterium fractionation factor f, and (3) 

the mole fraction of either HD or CH3D. If the Combes and Encrenaz 

technique is applicable to all measurements of the HD abundance, the 

dispersion in measurements of the Jovian DIH ratio is reduced to 

(1.2-3.2)xlO-S• Our calculated DIH ratio is at the low end of this 

range because we inferred a smaller value of qCH3D and a larger e/H 

ratio for Jupiter than in previous studies. 

We will only briefly discuss measurements of the DIH ratio LO 

other solar system objects and the interstellar medium (for a detailed 

comparison see Kunde II II 1982). In general, the inner solar system 
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is substantially enhanced in deuterium while Jupiter and Saturn have 

retained the deuterium abundance representative of the solar nebula. 

Hubbard and Macfarlane (1980) predicted that the Jovian and Saturnian 

DIH ratio should be close to primordial regardless of the formation 

scenario, while Uranus and Neptune should exhibit significant deuter-

ium enhancement due to equilibration at very low temperatures. Obser

vations do not yet exist for Neptune but measurements of DIH for 

Saturn range from 2xlO-5 to 5x10- S (Fink and Larson 1978; Macy and 

Smith 1978) and values for Uranus also lie between 3x10-5 and 5xlO-5 

(Macy and Smith 1978; Trafton and Ramsay 1980). The observations of 

Uranus raise some questions as to the equilibration process since 

Hubbard and MacFarlane have predicted DIH ratios > 10-4 for both 

Uranus and Neptune. Observations of the interstellar medium indicate 

a galactic DIH ratio near 2xlO-5 (Bruston tl & 1981), although a 

value of 0.5xlO-5 has been suggested in a recent determination (Vidal

Madjar tl .!!l 1983). 

In summary, the DIH ratio in the atmospheres of the outer 

planets appears to be in the (1-3)xlO-5 range. This may be represen

tative of the deuterium abundance in the solar nebula although the 

mechanisms to enhance deuterium via fractionation are not well under

stood. The galactic DIH ratio appears to be near the low end of this 

range, consistent with the concept of stellar processing of D to He3• 

Measurements of a relatively unaltered reservoir of deuterium, such as 

in Jupiter's atmosphere, are of cosmological interest because deute

rium is believed to be produced only during the Big Bang. Gautier and 
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Owen (1983b) and Kunde et al (1982) have discussed the cosmological 

implications of Jupiter's deuterium abundance in detail using the D/H 

ratio to constrain the mass density of the early universe. 

Carbon Monoxide 

We report here an analysis of the 1-0 vibration-rotation 

spectrum of CO in airborne observations of Jupiter. Carbon monoxide is 

not expected to be present in observable quantities in Jupiter's 

atmosphere (Lewis 1969), yet it was observed in both ground-based 

observations (Beer 1975, Beer and Taylor 1978b) and in airborne spec

tra (Larson~ Al 1978). The new contribution of this study is a 

comparison of the Larson et al airborne spectrum to radiative trans

fer models of both tropospheric and stratospheric distributions of CO 

on Jupiter. We have used improved molecular parameters for phosphine, 

which is the principal absorber in the 2050 to 2150 cm-1 region where 

CO absorbs. The combination of relative freedom from telluric ab

sorption, better molecular data and an improved model atmosphere have 

permitted us to make a quantitative comparison between the strato

spheric distribution proposed by Beer and Taylor (1978b) and the well 

mixed tropospheric profile suggested by Larson et al (1978). 

In Figs. 20, 21, and 22 we show the observed spectrum of 

Jupiter with arrows indicating the position of twenty eight CO lines 

of the 1-o vibration-rotation band. Below the observed spectrum are 

three synthetic spectra corresponding to three possible distributions 

of CO in Jupiter's atmosphere. Curve (a) illustrates the effect of 

setting qCO to zero. Distribution (b) places CO entirely in the 
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stratosphere with a mixing ratio of 4xlO-8 above the 110 millibar 

level at the tropopause. The integrated column abundance is 0.02 cm

am. Curve (c) is a uniformly mixed distribution of CO for a mole 

fraction of lxlO-9• The integrated column abundance above the 3 and 6 

bar levels is 0.013 and 0.OZ7 em-am, respectively. 

The presence of stratospheric CO in Jupiter's 5 flm spectrum 

would be indicated by absorption rather than emission lines, as shown 

by curve (b) in Figs. 20 to 2Z. This is an unusual radiative transfer 

problem because molecules that are preferentially concentrated in 

Jupiter's stratosphere, such as CZHZ and CZH6, are observed in emis

sion in the lZ to 14 fl m wavelength region. The contrast between the 

atmospheric temperature where unit optical depth occurs in the line 

core and the temperature where the continuum is formed determines 

whether the line appears in absorption or emission. Near 12 1.1 m the 

continuum is formed near Jupiter's temperature minimum at the tropo

pause and so the presence of stratospheric gas opacity is indicated by 

emission lines. At 5 1.1 m the continuum is formed at deep levels where 

T>Z50 K so if CO were confined to the stratosphere, where T<170 K, 

absorption lines 'would be observed. Consequently, in order to distin

guish between distribution (b), where CO is confined to Jupiter's 

stratosphere, and curve (c), in which CO is uniformly mixed, it is 

necessary to make a quantitative comparison of line strengths rather 

than relying on obvious changes in line profiles. 

A comparison between the observed spectrum of Jupiter and 

distributions (a), (b), and (c) is made on a line by line basis in 
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Table 12. Of the twenty eight lines from P17 to R10, twelve provide 

no information due to severe blending ldth NH3 , PH3' GeH4' and CH3D. 

Eleven lines indicate the presence of CO, but either a stratospheric 

or t~opospheric distribution provides an acceptable fit. In all cases 

distribution' (a) can be excluded by comparison with the observed data, 

confirming that the total absence of CO is inconsistent with the data. 

For the eleven lines showing positive evidence of CO, however, uncer

tainties in line strengths of other absorbers or, in some cases, the 

noise level in the observations do not allow one to distinguish be

tween a tropospheric or stratospheric CO distribution. 

Our evidence for a tropospheric component of CO rests on five 

lines in Jupiter's spectrum: P16, P14, PU, P9, and P5. These are 

isolated lines, and they therefore exhibit maximum sensitivity to 

changes of the model abundance of CO. For lines PII, P9, and P5 a 

uniform value for qCO of lx10- 9 (curve c) provides a significantly 

better fit to the Jovian spectrum than does the stratospheric distri

bution (curve b). Lines Pl6 and Pl4 also provide evidence for a tropo

spheric distribution because these high-J lines &re transitions from 

energy levels populated only at high temperatures. A value for qCO 

larger than IxIO-9 appears to be needed to fit these lines, however. 

In summary, Jovian absorption features at the position of co 

lines between PS and PI6 are consistently stronger than the strato

spheric distribution in (b). We tried varying the value of qeO in 

Jupiter's stratosphere in a range about distribution (b) but we were 

unable to fit high and low-J lines simultaneously. Distribution (b) 
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Table 12 

CO 1-0 Vibration-Rotation Lines in Jupiter's Spectrum 

J-Value Isolated/Blended* Best Fit CO Distribution + 

Pl7 Bl-NH3 N 

Pl6 I c 

PlS Bl-NH3 N 

Pl4 Sh-H2o c 

Pl3 Bl-H2o N 

Pl2 Bl-PH3 BC 

Pll I c 

PlO Bl-PH3 BC 

P9 I c 

P8 Bl-GeH4 N 

P7 Bl-PH3 BC 

P6 Sh-CH3n BC 

PS I c 

P4 Bl-CH3n N 

P3 Bl-GeH4, PH3 BC 

P2 Bl-CH3n N 

P1 Bl-PH3 BC 

RO Sh-PH3 BC 

Rl Bl-PH3 N 

R2 Bl-PH3 BC 

R3 Bl-PH3 BC 
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Table 12--Continued 

" 

J Value Isolated/Blended Dest Fit CO Distribution 

R4 BI-CH3D, PH3 DC 

R5 Dl-PH3 N 

R6 BI-CH3D N 

R7 I BC 

R8 BI-CH3D N 

R9 Bl-PH3 N 

RIO Bl-PH3 N 

-Ie I "" isolated line, DI c blend, Sh c shoulder 

+ A: no CO 

D: Qcoc 4xlO-8 in stratosphere only 

C: QcOc:lxlO-9 in troposphere only 

DC: CO clearly present, distr ibut ion D or C possible 

N: no information 
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\ias chosen to fit the RO line \iithin error bl'lrs. A stratospheric co 

mole fraction higher than 4%.10-8 is requir~d to !fit PU, P9, and PS 

but then the calculated RO line strength wou~d bel much stronger than 

in the observations. The \iell mixed co profile of Furve (c) provides a 

good fit to fourteen relatively unblended abaqrptiQn lines from P12 to 

R7, but its mole fraction is too small to match th~ P16 and P14 lines. 

We find that neither distribution, (b);nor (c) match the 

airborne data exactly. A tropospheric, well '/Iluedl, distribution with 

qCO = (1.0~O.3)xlO-9, provides a better fit to mqst features in our 

data than do stratospheric distributions. Thereforle, we conclude that 

our observational data provide suggestive evidenc,e for a well mixed 

component of CO in Jupiter's troposphere. Tllis c~)nclusion should be 

tested by future high altitude observations a~ higher spectral resolu

tion •. 

Two disequilibrium mechanisms have beenl proposed to explain 

the presence of CO in the observable portion of Jupiter's atmosphere. 

Prinn and Barshay (1977) suggested that CO is transported from great 

depth in Jupiter's troposphere on a time seal, shorter than the chemi

cal conversion time to reduce CO to CH4• In tq.ermoc:hemica1 equilibrium 

qCO should exceed 10-9 only in the deep trollosph~re where T>lOOO K. 

The conversion time between the oxidized and, redulced forms of carbon 

depends on temperature because thermal energy is Qsed to break chemi

cal bonda. At the "quench level" the temperature lis cold enough that 

the reaction time equals the time to transport CO convective1y to 

higher, colder altitudes. The location of _he quench level and the 
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resulting CO mole fraction above this level depend on the H20 abun

dance. This mechanism is attractive because it can also explainthe 

presence of PH3 and GeH4 at observable levels in Jupiter's atmosphere. 

Alternatively, CO can be produced photochemically from CR 4 

provided there is an oxidizing agent such as OR. This pro ces s is a 

source of CO in the Earth's atmosphere. Unfortunately, ultraviolet 

photons and oxidizing agents are not located in the same place on 

Jupiter. Methane photolysis only occurs in the Jovian stratosphere 

while H20 is confined to levels deeper than about 2 bars in the tropo

sphere. Consequently, this process can work only if a source of 

oxygen is introduced into the Jovian stratosphere. Two sources have 

been suggested. Prather llll (1978) proposed that the ablation of 

meteroids could supply the necessary oxygen while Strobel and Yung 

(1979) suggested that the Galilean satellites inject oxygen atoms into 

the Jovian magnetosphere which, in turn, are ionized, diffuse inward, 

and penetrate to the mesopause level in Jupiter's atmosphere. Voya

ger's observations of oxygen in the 10 plasma torus (Bridge £1 II 

1979, Broadfoot tlll 1979) as well as Pioneer observations of the 

meteoroid flux at Jupiter (Humes 1976) lent support to an extra-Jovian 

source of oxygen. Strobel (1983) estimated the oxygen source rate 

required to produce the observed CO column abundance and he concluded 

that ablation of meteroids can supply enough oxygen while the Galilean 

satellite source requires an infall rate near current upper limits. 

Both external sources introduce oxygen at about the 1 microbar level 

on Jupiter 8S this is the level in which the column abundance of R2 is 
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sufficient to stop oxygen ions or to cause meteors to ablate. Subse

quent photochemistry, principally via the reaction 

OH + CH3 -+- CO + 2H2 

would convert each oxygen atom to a CO molecule. Strobel (1983) 

discussed the photochemistry of oxygen compounds on Jupiter in more 

detail than we present here. 

In summary, there are theoretical frameworks capable of ex

plaining the presence of CO preferentially in the stratosphere as well 

as uniformly mixed in Jupiter's troposphere. The current study of CO, 

PH3, and GeH4 in Jupiter's atmosphere provides support to the convec

tive transport mechanism proposed by Prinn and Barshay (1977). The 

value for qCO of lx1o-9 derived in this study implies an eddy diffu

sion coefficient, K, ·of 2x108 cm2sec-l in Jupiter's deep atmosphere. 

Prinn and Barshay found this value to be in agreement with estimates 

of K derived from measurements of Jupiter's heat flux. Additional 

work by Fegley and Prinn (1983) on the kinetics of PH3 also supports 

the idea of vertical transport of disequilibrium species in Jupiter's 

troposphere. We cannot, however, exclude the role of oxygen photo

chemistry in Jupiter's stratosphere. Further high altitude, high 

spectral resolution observations at 4.7 1-1m will be needed to resolve 

this problem. 

Germane 

In this section we present spectroscopic evidence which con

firms the presence of GeH4 on Jupiter and we infer its mole fraction 

using our radiative transfer model. Germane bas been identified in two 
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independent observations of Jupiter's 5 ~m spectrum. Fink £! ~ (1978) 

first detected GeH4 by comparing room temperature laboratory data to 

the same airborne spectrum of Jupiter that we are using in this study. 

Kunde llll (1982) and Drossart llll (1982) analyzed Voyager I IRIS 

spectra of Jupiter and found evidence for GeH4 as well. All of these 

studies have relied on one absorption feature in Jupiter's spectrum -

the strong Q-branch of the v3 band of GeH4 at 2111 em-I. We report 

here the identification of three additional GeH4 absorption features 

as well as suggestive evidence for another five spectral features. We 

also study the 2111 cm- l absorption feature in detail in order to 

separate quantitatively the contributions of the four molecules kno~n 

to absorb near this frequency. 

Germanium has five na turally occurring isotopes with atomic 

weights of 70, 72, 73, 74, and 76. The terrestrial isotopic percent

ages are 20.7, 27.5, 7.7, 36.4, and 7.7, respectively. We used the 

same molecular parameters for GeH4 as Kunde ll!!l (1982). In their 

analysis, Kunde 111!.l used the positions, lower state energies, and 

relative strengths for vibration-rotation lines of the v3 band of 

74GeH4 because line parameters were not available for the other four 

isotopic species. The band intensity was normalized to the laboratory 

value appropriate to the sum of all five isotopic species. Hence the 

absolute line strengths for'74 GeH4 were 1/(0.364), or 2.75 times the 

correct value, and the other four isotopic species were omitted. The 

isotopic splitting for this band is bet~een 1 and 2 cm-l between the 

lightest and heaviest isotope. This is smaller than the spectral 
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resolution of the IRIS data, which is 4.3 em-I, and so this approxima

tion was adequate for mOdeling the IRIS spectra of Jupiter. "Ie have 

modeled the higher spectral resolution airborne data ';'sing the Kunde 

~~ line parameters. However, the isotopic splitting for the v3 band 

of GeH4 is large compared to our resolution element; consequently, our 

analysis is preliminary until better molecular data are available. 

Lepage ~ al (1981) measured the line parameters for all five isotopic 

species for both the VI and v3 bands of GeH4' The availability of 

these data in machine-readable form would greatly aid in the interpre

tation of the Jupiter spectra at 5 ~ m. 

We display the 20S0 to 2200 cm-I region of Jupiter's spectrum 

in 50 cm-l sections in Figs. 23 to 2S. The Jupiter spectrum observed 

from the KAO is shown at the top of each figure. There are three 

synthetic spectra shown below the observations corresponding to three 

different abundances of 74GeH4• In curve (a) the GeH4 abundance is set 

to zero. This synthetic spectrum shows the contribution of CO, H2 0 , 

PR3 , and CH3D to Jupiter's complex spectrum in this wavelength region. 

The mole fractions for each.of these gases constitute our baseline 

model; they are summarized in Table 7 at the beginning of this chap

ter. We display in curves (b) and (c) synthetic spectra corresponding 

to values for q74GeH4 of 2.SxlO-10 and 7.0xlO-10 , respectively. We 

empt.asize that these values apply only to 74GeH4' the only isotopic 

form for which we have molecular line parameters. The total abundance 

of GeB4 on Jupiter is calculated by dividing q74GeB4 by 0.364 if the 

germanium isotopes have the same relative abundances on Jupiter 8S 
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they have on Eart~ We illustrate the effect of isotope splitting of 

the \13 band of GeH4 in Figs. 23 to 25 by marking the po sitions of the 

P-branch and R-branch lines with an arrow and a horizontal bar. The 

arrow marks the position of the 74GeH4 absorption feature, while the 

length of the bar estimates the spread in absorption between the 

lightest and heaviest isotopic forms of GeR4 using data in Lepage ~ 

We describe below our evidence for the three new absorption 

features due to GeH4 in our airborne Jupiter datLThe most prominent 

of these features is the R3 multiplet of GeR4 at 2134 cm-1, shown in 

Fig. 24. Curve (a) shows that absorption due to other molecules is 

small at this frequency. Curve (c) has too much GeH4• while the base

line model shown in curve (b) matches the observed feature fairly 

well. The second new feature is the R6 manifold at 2150 cm-1• Unfortu

nately, this feature is on the boundary between Figs. 24 and 25 and a 

visual comparison between the observed and synthetic data is diffi

cult. There is independent evidence for the presence of both features 

in the ground-based high resolution (0.1 cm- l ) observations of Jupiter 

of Beer and Taylor (1978a). In their Fig. 1 they showed a composite 

spectrum of Jupiter, a comparison star, and a synthetic spectrum which 

includes absorption due to CH3D on Jupiter and H20 and CO in the 

Earth's atmosphere. Additional features in Beer and Taylor's Jovian 

spectrum not accounted for by their model are due to PH3 and GeH4' The 

feature due to the R3 multiplet of GeHL~ at 2134 cm-1 is quite promi

nent, while the R6 feature is blended even at a resolution of 
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0.1 em-I. A synthetic spectrum with q74GeH4 m 3xIO-IO, using our model 

atmosphere and convolved to a spectral resolution of 001 em-I, fits 

Beer and Taylor's Jupiter spectrum quite well. 

The third new transition of GeH4 that we have identif ied in 

Jupiter's spectrum is blended with the complex 2111 cm- l feature 

originally assigned by Fink ~ ~ to the ~3 Q-branch. It is now 

possible to examine this feature more critically. The 2111 cm-1 fea

ture in Jupiter's 5~ m spectrum is actually a complex superposition of 

no less than five absorption features due to four different molecules. 

The composite spectrum in Fig. 6 of Fink £.ill (1978) shows that 

Jovian CO, CH3D, and GeH4 all contribute to the observed planetary 

feature. Phosphine absorbs here as 'Well. We identify the fo11o'Wing 

vibration-rotation absorption features in the interval between 2109 

and 2112 em-I: the P8 line of the 1-0 band of CO, the Pll multiplet 

of the ~2 band of CH3D, three unassigned rotation lines of the v2 + v4 

band of PH 3 , the Q-branch of thev 3 band of GeH 4 , and the Q-branch of 

the VI band of GeH4. Our inclusion of the Q-branch of the vl band of 

·GeH4 in this list identif ies the third ne'W GeH4 transition that we are 

reporting in this research. Germane is a tetrahedral molecule like CH4 

and so from symmetry considerations the VI band is "forbidden". How

ever, Lepage II ~ identified many weak absorption lines of the VI 

band in their laboratory spectra. Daunt £1 ~ (1978) and Lepage ~ ~ 

noted that these linea are perturbation-allowed ~ I transitions, be

cause the energy difference between the V 1 and v 3 vibration modes is 

very small in the GeH4 molecule. The strength of the Q-branch of VI is 
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enhanced because all five isotopic forms of GeH4 absorb at the Same 

frequency (2110.71 em-I). The absorption in the much strongerv 3 Q

branch is spread out between 2110.73 cm-1 for 76GeH4 to 2112.03 cm-1 

for 70GeR4• These positions are listed in Table 1 of Lepage ~ ~. 

We have to examine the Jovian 2111 cm-1 feature carefully to 

find the barely resolved signatures of both Q-branches of GeH4 01 and 

v3)' In Fig. 24a we show a synthetic spectrum of Jupiter in which tbe 

GeR4 abundance is zero. Tbis figure illustrates a powerful feature of 

the spectrum synthesis program. We are able to make a quantitative 

estimate of the contribution of Jovian CO, CH3 D, and PH3 to the ob

servp.d 2111 cm-1 feature even though this feature is not resolved. The 

observed Jovian feature displays two barely resolved components at 

2110.5 and 2111.3 em-I, respectively. Figs. 24b and 24c show the 

effect of adding absorption by 74GeR4• A value for q74GeH4 of 

2.5xlO-lO is sufficient to fit the 2111.3 cm- l feature wbile the 

larger abundance of Fig. 24c (q74GeH4=7.0xlO-lO) is required to fit 

the 2110.5 cm-1 feature. We attribute this discrepancy to absorption 

by the VI Q-branch at 2110.71' em-I, which is present in the observed 

Jovian spectrum but not in the synthetic data. We anticipate that the 

addition of the v 1 line parameters to our model will permit one value 

of q74GeH4, indicated in Fig. 24b, to fit both components of the GeH4 

absorption feature at 2111 em-I. This conclusion is supported by the 

agreement between Fig. 24b and the observed data for the R3 and R6 

lines. Fig. 24c is too strongly absorbing to match these features at 

2134 and 2150 em-I. A rigorous test of this conclusion will require 
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the use of line parameters for the vI and v3 bands for all five 

isotopic forms of GeH40 

We now present suggestive, but not conclusive, evidence for 

GeH4 absorption at five additional frequencies. Jovian absorption fea-

tures at the positions of the P7. P4, and P3 vibration-rotation lines 

in Fig. 23, the R4 line in Fig. 24, and the R7 multiplet of GeH4 in 

Fig. 25 all are matched better by curve (b) than by distribution (a), 

which has no GeH4 absorption. In all cases figure (c) is too strongly 

absorbing. Although individually these features are not conclusive, 

the combined evidence we have presented should leave no doubt that 

GeH4 is present in Jupiter's atmosphere. In the absence of evidence to 

the contrary, we assume that the relative isotopic abundances of 

germanium are the same on Jupiter as on Earth. Our inferred mole 

fraction for all isotopic forms of GeH4 is (7~~)xlO-l0. The corre

sponding Ge/H ratio is 3.9xlO-10 , which is 0.1 times the value in C1 

chondrites (estimated by Cameron 1982) that is thought to characterize 

the solar nebula and bulk composition of Jupiter. 

Our inferred GeH 4 mole fraction is in very close agreement 

with the three previous estimates of its abundance in Jupiter's atmo-

sphere. Fink ~ Ai (1978) estimated that qGeH4 c 6xlO-lO , Kunde ~ gl 

inferred a value for qGeH4 of 7xlO-lO , and Drossart llll (982) ob

tained a [GeH4)/[H2) mixing ratio of 1.OxlO-9• 

Germane should not be observable at all in Jupiter's atmo-

sphere. Harshay and Lewis (1978) calculated that in thermochemical 

equilibrium GeH4 should react with H2S.and H20 to form GeS and GeO in 
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the deep troposphere. The presence of GeB4 at temperatures of 200 to 

300 K in Jupiter's atmosphere lends support to the disequilibrium 

convective transport model of Prinn and Barshay (1977), which we 

discussed earlier in the PH3 and CO sections. 

Studies of the spatial variation of GeH4 in Jupiter's atmo

sphere should provide the most sensitive test of the Prinn and Barshay 

model. This is because the strength of the Q-branch of GeB4 permits 

the detection of variations in its abundance on Jupiter of only a few 

parts in 1010. Variations in the PRJ and CO abundance are harder to 

measure in the Voyager IRIS observations of Jupiter's belts and zones 

than variations in the GeH4 abundance. This is because the spectral 

features of CO and PB3 are blended with those of other 5 ~m absorbers 

at the 4.3 cm-1 resolution of the IRIS spectra, but the GeH4 Q-branch 

remains prominent. In Chapter 7 we note that the GeH4 absorption 

feature is stronger in the IRIS ensemble of Equatorial Zone spectra 

than in the Bot Spots in the North Equatorial Belt. This is consistent 

with the idea that zones are regions of upward convective motion in 

which disequilibrium species might be brought up more efficiently than 

in quiescent regions. 



CHAPTER 6 

WATER VAPOR IN JUPITER'S ATMOSPHERE 

Water vapor is an important indicator of many physical proces

ses occurring in Jupiter's atmosphere. Measurements of the H20 abun

dance in Jupiter's troposphere help to provide answers to a number of 

fundamental questions. What is the global oxygen abundance and ho,,"' 

does the OIH ratio constrain models of Jupiter's formation? Where is 

the H20 ice cloud on Jupiter and what is its mass? Is this cloud 

responsible for the huge variation in 5 11m brightness temperatures 

observed between belts and zones? How does the oxidation state of the 

atmosphere affect the stability of disequilibrium species such as PH3 

and CO which are believed to be transported from great depth tc· ob

servable levels? Do zones contain a hidden reservoir of H20 such that 

-the OIH ratio is nearly solar? How important is the role of dynamics 

in controlling the spatial variation of H20? 

In this chapter we report an analysis of the global abundance. 

vertical distribution, and spatial variation of H20 in the 1 to 6 bar 

portion of Jupiter's troposphere. We use high spectral resolution 

o b s e r vat ion sat 5 11 mac qui red fro m the KA ° to de r i vet he a v era g e 

abundance of H20 for the region on Jupiter between -40 and +4~ lati

tude. Analyses of strong and weak H20 lines in this spectrum yield a 

height dependent profile for qH20 in Jupiter's lower troposphere. We 

also examine Voyager 1 IRIS 5 11m spectra to measure the spatial varia-

121 
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tion of H20 from the most transparent Hot Spots in"the North Equator

ial Belt to the cold, cloudy areas in the Equatorial and North Tropi

cal Zones. Finally, we review several theories of Jupiter's origin. We 

discuss some of the ways in which our measurements of the oxygen, 

carbon, and nitrogen abundances in Jupiter's troposphere may constrain 

these models. 

~ Abundance and Vertical Distribution of ~~Q 

In this section we illustrate how strong and weak H20 lines in 

Jupiter's 5 llm spectrum provide information on the vertical distribu

tion of H20 in the Jovian troposphere. The H20 absorption features 

visible in the airborne and Voyager IRIS Jupiter data belong to the v2 

fundamental vibration-rotation band centered at 1595 cm-I . The 1900 to 

2100 cm-I portion of Jupiter's spectrum is the best region.for analy

sis of isolated H20 lines. Strong NH3 absorption dominates the 1800 to 

1900 cm-l end of the 5 llm window and strong PH3 lines interfere with 

the few remaining weak H20 lines at frequencies higher than 2100 em-I. 

In Fig. 26 we show the pressure level where gaseous optical 

depth equals unity as a fu~ction of wavenumber for the 1900 to 

2100 cm-l portion of Jupiter's spectrum. This figure is a reproduction 

of the central portion of Fig. 5, plotted on an expanded scale. The 

procedure that we used to calculate the pressure of the line forming 

region on Jupiter was described in connection with Fig. 5 in Chap

ter 5. Fig. 26 displays 28 H20 lines between 1900 and 2100 cm- l in 

Jupiter's spectrum. The strongest lines, marked by "s", originate near 

2 bars on Jupiter while the weakest lines, indicated by "10''', are 
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formed near 5 bars. Water lines are denoted by arrows; the unlabeled 

spectral features are due to NH3, PR3, and CR4' 

l-le investigated four vertical distributions of H20 in Jupi

ter's troposphere by comparing model calculations to the airborne 

observations. In Figs. 27 to 30 we show Jupiter's spectrum between 

1900 and 2100 cm- l in segments of 50 cm- l • Each figure displays the 

observed Jovian spectrum and synthetic spectra corresponding to three 

of the four H20 vertical profiles. The strong H20 features shown in 

Fig. 26 are present in the 1900 to 2000 cm-l region while most of the 

weak H20 lines are located between 2000 and 2100 cm- l • We therefore 

divided the spectrum at 2000 cm-l to investigate separately the beha

vior of strong and weak H20 lines to changes in the H20 vertical 

profile for various models. 

The synthetic spectra shown in Figs. 27 to 30 were calculated 

using a model atmosphere in which the gas composition and cloud struc

ture were specified. For gases other than H20, we used the mole frac

tions summarized in Table 7 of Chapter 5. We included a mass ive ab

sorbing cloud with a normal optical thickness of 2.93 at 5 \.lm and a 

base at 2.1 bars, where T=2l0 K. The optical thickness was calculated 

by adding sufficient particle opacity to our gas-only model atmosphere 

until the calculated radiance at 2080 cm-l matched the observed value 

in the airborne Jupiter spectrum. The cloud base temperature was 

inferred by matching observed and calculated values of the continuum 

radiance at the long and short wavelength ends of Jupiter's 5 \.lm 
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window. ~e describe this procedure in detail in our discussion of 

cloud modeling in Chapter 7. 

We therefore have a baseline model in which the gas composi

tion, excluding H20, and cloud structure are prescribed. We investi

gated the effect of changing qH 20 at various pressure levels in our 

model atmosphere. In Figs. 27 and 28 we varied qH20 in the 2 to 4 bar 

region of Jupiter1s atmosphere to fit the strong H20 lines between 

1900 and 2000 em-I. In a complementary fashion, we changed the H20 

abundance between 4 and 7 bars to match the weakest lines shown in 

Figs. 29 and 30 between 2000 and 2100 em-I. We summarize in Table 13 

the vertical profiles of H20 for the four model atmosphere calcula

tions representing Jupiter's troposphere between 1.4 and 12 bars. 

Table 13 contains values for qH20 at 16 different pressure levels in 

Jupiter's troposphere for the four candidate distributions. The tem

perature, altitude above the 12 bar level, and integrated column 

abundance of H2 are shown for each pressure level. The H20 abundances 

at each level are indicated in parts per million. All profiles are 

constrained to follow the smaller value of either the saturated vapor 

pressure relation or the prescribed H20 partial pressure. The integra

ted H20 column abundance in cm-amagat is listed in Table 14 for each 

of the four profiles. 

We now discuss each of these H20 profiles in detail. We begin 

at the top of Table 13 with a comparison of the four H20 profiles for 

pressures less than 2 bars and then we proceed to comparisons of the 

Jovian H20 abundance at deeper levels. All four profiles folIo,,' the 
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Table 13 

Jovian H20 Mole Fraction Vertical Profilea--KAO Data 

H2O Hole Fraction 

H Profile Profile 2 Profile 3 Profile 4 
Pressure Temperature Altitude Abunaance 0 '* <> 0 

(mb) (K) (kID) (km-8lIlIlgat) (ppm) (ppm) (ppm) (pPlt) 

1410 184.4 90 57.2 0.09 0.09 0.09 0.09 

1660 194.3 B5 67.4 0.40 0.40 0.40 0.40 

1940 203.B BO 7B.8 l.~ 1.5 1.5 1.5 

2250 213 .6 75 91.3 4.0 4.0 2.0 4.0 

2593 223 .2 70 105 4.0 4.0 2.0 4.0 

2971 232.4 65 121 4.0 4.0 2.0 4.0 

3386 242.0 60 137 4.0 4.0 2.0 4.0 

3639 251.3 55 156 4.0 4.0 2.0 4.0 

4334 260.7 50 176 4.0 4.0 4.0 4.0 

4671 270.0 45 196 4.0 8.0 B.O 16 

5453 279.2 40 221 4.0 16 16 64 

6063 286.4 35 247 4.0 32 32 250 

6762 297.8 30 274 4.0 64 64 1000 

B277 316.3 20 336 4.0 64 64 1000 

10020 334.2 10 406 4.0 64 64 1000 

12000 353.0 0 . 486 4.0 64 64 1000 
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Table 14 

Jovian H2O Column Abundance Vertical Prof iles-KAO Data 

H2o Column Abundance 

H2 Prof ile 1 Profile 2 Profile 3 Profile 4 
Preasure Temperature Altitude Abundance 0 * <> p 

(rob) (lr:) (Ian) (Ian-Ilmllga t) (cm-lIlIlagat) (cm-lIlIlagat) (cm-amagat) (cm-amaga t ) 

1410 184.4 90 57.2 0.05 0.05 0.05 0.05 

1660 194.3 85 67.4 0.29 0.29 0.29 0.29 

1940 203.8 80 78.8 1.38 1.38 1.38 1.38 

2250 213.6 75 91.3 5.47 5.47 4.11 5.47 

2593 223.2 70 105 11.7 11.7 7.21 11.7 

2971 232.4 65 121 18.5 18.5 10.6 18.5 

3386 242.0 60 137 26.0 26.0 14.4 26.0 

3839 251.3 55 156 34.2 34.2 18.5 34.2 

4334 260.7 50 176 43.1 43.1 25.2 43.1 

4871 270.0 45 198 52.8 57.8 39.8 67.6 

5453 279.2 40 221 63.4 89.5 71.5 174 

6083 288.4 35 247 74.7 158 140 6~4 

6762 297.8 30 274 87.0 306 288 2550 

8277 316.3 20 336 114 744 726 9390 

10020 334.2 10 406 146. 1250 1230 17300 

12000 353.0 0 486 182 1820 1800 26200 
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saturated vapor law for T<204 K, where P<2 bars. Larson et al (1984) 

aet a stringent upper limit to qH 20 of 3x10-9 for the 0.7 to 1.2 bar 

region while several studies (Larson et al 1975, Drossart snd Encrenaz 

1982, and Kunde ~ ~ 1982) found that qH20>10-6 at deeper levels 

where P>2 bars. We therefore adopted the H20 prof i1e following the 

saturated vapor pressure relation as the simplest explanation for the 

observed falloff of the H20 abundance between the 2 bar and 0.7 bar 

levels. 

Next, we investigated the H20 mole fraction in the 2 to 4 bar 

region of Jupiter's atmosphere, where temperatures are between 210 and 

260 K. Fig. 26 indicates that many H20 lines between 1900 and 

2000 cm-1 are formed in this region so we now focus on Figs. 27 and 28 

where this part of Jupiter's spectrum is shown. We compared Profile 2, 

marked by asterisks, in which qH 20 c 4x10-6 to Profile 3, which is 

denoted by diamonds and where qH20 I: 2x10-6. Water lines are indicated 

by arrows and the special symbols that identify each synthetic spec

trum are printed at intervals of 1 cm-1• Absorption features at 1904, 

1945, 1946, 1955, 1966, 1988, and 1999 cm-1 are all matched quite 

closely by the synthetic spectrum generated from Profile 2, while 

Profile 3 consistently underestimates the H20 abundance required to 

fit these lines. We therefore exclude Profile 3 from further consider-

ation. 

Proceeding to deeper levels, we investigated the H20 mole 

fraction in the 4 to 7 bar region, where temperatures are between 260 

and 300 K. Weak H20 lines originate in this pressure range. so we 



133 

examine Figs. 29 and 30 where many of these lines are shown. We 

compared Profile 1, marked by circles, to Profile 2 (asterisks). 

Profile 1 is the simplest distribution in which qH20=4xl0-6, indepen

dent of altitude for P>2 bars. Profile 2 is identical to Profile 1 for 

P<4 bars, but at higher pressures qH20 increases to a value of 

6.4xlO-5 at 7 bars. We now compare the observed data to model calcula-

tions for the following weak H~O lines in Figs. 29 and 30 : 2023, .. . 

2060, 2066, 2074, 2087, and 2090 cm- l • All of these absorption fea-

tures are stronger in the observed data than in the synthetic spectrum 

calculated using the height-independent H20 distribution of Profile 1. 

We therefore exclude Profile I from further consideration. Profile 2 

provides an acceptable fit to the strong and medium strength lines 

that we examined in Figs. 27 and 28 and it also matches the weak H2 0 

lines formed between 4 and 6 bars in Jupiter's troposphere. 

Thus, we have just shown that some form of height-dependent 

H20 distribution is required to fit strong and weak lines simultane

ously. We now describe Profile 4, a limiting case in which qH 20 io-

creases very rapidly with depth in Jupiter's atmosphere. The H20 mole 

fraction is constrained to be about 4x10-6 for P<4 bars in order to 

fit medium and strong H20 lines, so Profile 4 is identical to Pro-

file 2 in this pressure range. However, in Profile 4 qH 2 0 increases 

from 4xlO-6 at 4 bars to lxlO-3 at 7 bars. Jupiter's 5 11m spectrum is 

not sensitive to physical conditions at P>7 bars. This distribution 

represents an attempt to reconcile observations that H20 is greatly 

depleted at P<4 bars with expectations that the OIH ratio in Jupiter's 
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deep atmosphere is equal to that in the solar photosphere. The prin

cipal effect of Profile 4 is a change in the continuum level of 

Jupiter's 5 ~m spectrum adjacent to H20 absorption lines. Fig. 26 

indicates that the continuum in many 5 ~m mini-windows is formed near 

6 bars, while the H20 line cores are formed at higher altitudes. 

Consequently, the large value of qH2o in the 6 to 7 bar pressure range 

of Profiie 4 strongly increases the absorption in the wings of the H20 

lines at 5 ~ m. Wing absorption plays an important role in def-ining the 

continuum in our model because we assumed a Lorentz profile out to 

50 cm-1 from the line center. 

Profile 4 bas a larger amount of continuum absorption at deep 

levels in Jupiter's atmosphere (P=6 bars) than does Profile 2. How

ever, both distributions are normalized to the same continuum radiance 

at 2080 cm-1, where Jupiter's gas transmission is very high. Conse

quently, we added a smaller amount of overlying cloud opacity to the 

gas-only model atmosphere of Profile 4 than we did for Profile 2 to 

obtain the same emergent radiance at our normalization frequency. The 

cloud optical thickness required in Profile 4 is 2.5, while a value of 

2.93 was needed for Profile 2. A comparison of the distribution of 

continuum opacity in Profiles 2 and 4 indicates that there is more 

absorption at warmer levels in Profile 4 due to a large value of qH2o 

at the T~300 K level, while the continuum opacity at the T~200 K level 

is smaller. The effect on Jupiter's 5 ~m spectrum is equivalent to 

adding a 300 K grey-body radiator to Jupiter's atmosphere. The radi

ance of a grey-body is equal to the radiance of a black-body at the 
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same temperature times an emissivity factor less than 1. At 5 lJm we 

are observing the steep Wien slope of a 300 K black-body because its 

emission peaks near 10 lJm. Consequently, we compared the continuum 

radiance calculated for Profiles 2 and 4 at the long wavelength end of 

Jupiter's observed 5 lJm spectrum in order to find the thermal emission 

signature of a continuum absorber near T=300 K in Jupiter's tropo-

sphere. In Fig. 27 we display synthetic spectra generated from H2 0 

Profile 4, denoted by Gquares, and Profile 2, marked by asterisks. The 

line to continuum ratios are comparable because these H20 lines are 

formed primarily in the 2 to 4 bar pressure range where qH20=4xlO-6 

for both profiles. However, the continuum level is significantly 

higher at 1930 cm-1 for Profile 4, which is the frequency of a '~ini-

window" with very high gas transmission. Thus, profile 2 provides a 

better continuum fit to the observed airborne spectrum of Jupiter. 

We therefore adopt Profile 2 for our inferred H20 vertical 

distribution in Jupiter's troposphere. It successfully reproduces the 

observed line to continuum ratios for twenty-eight relatively unblend

ed H20 absorption lines in our airborne data and its predicted con

tinuum level is in good agreement with the observations. To summarize 

this profile, the H20 mole fraction is saturated for P<2 bars, 

qH20=4xlO-6 in the 2 to 4 bar range, and it increases to 3xlO- 5 at 

6 bars. Profile 2 specifies a value for qH 20 of 6xlO- 5 at 7 bars. 

However, the spectrum calculated from this profile is not very sensi

tive to qH20 between 6 and 7 bars and we have no information at all on 

the H20 abundance for P>7 bars. The corresponding H20 scale height is 
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7.2 km for the 4 to 7 bar pressure range, or equivalently, between 260 

and 300 K. 

In Fig. 31 we display a comparison of the H20 vertical distri

bution that we have inferred from our airborne observations of Jupiter 

with the profile predicted by \~eidenschi1ling and Lewis (1973). The 

H20 mole fraction is indicated as a function of pressure for the 1 to 

6 bar portion of Jupiter's troposphere. We divided the twenty-eight 

H20 absorption features indicated in Fig. 26 into three categories. 

Strong lines are formed between 2 and 3 bars, medium strength lines 

are formed near P=4 bars, while the weakest H20 lines are formed near 

the 6 bar level in Jupiter's troposphere. A fourth data point is shown 

for the airborne observations of Jupiter's 2.7 llm spectrum. Larson rt 

~ (1984) reported an upper limit to qH20 of 3x10-9 for a pressure 

level in the 0.7 to 1.2 bar range. Our observations therefore indicate 

that qH20 changes by four orders of magnitude in the spectroscopically 

accessible levels of Jupiter's atmosphere, that is from 3x10- 5 at 

6 bars to less than 3x10-9 at 0.7 bars. 

In contrast, the thermochemical equilibrium model of Weiden

schilling and Lewis predicts a substantially higher H20 abundance 

throughout the pressure range on Jupiter probed by 5 llm observations. 

In Fig. 31 we indicate by a dashed line the saturated H20 mole frac

tion as a function of pressure in Jupiter's atmosphere using the vapor 

pressure relation. If the OIH ratio at the 6 bar level in Jupiter's 

atmosphere were the same as in the solar photosphere, the correspond

ing value of qH20 would be 1.4x10-3• This is shown as the vertical 
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dashed line in Fig. 31. At the 5 bar level, where Tc:273 K, the satu

rated mole fraction of H20 equals the predicted value of qH20 for a 

solar composition atmosphere. This is where Weidenschilling and Lewis 

estimated that a massive water ice cloud would form in Jupiter's 

atmosphere. However, our observations show that qH20 at the 5 bar 

level is no higher than 10-5, a value that is undersaturated by a 

factor of 100. We therefore exclude the presence of a massive water 

ice cloud at the 5 bar level in Jupiter's atmosphere. This conclusion 

is strengthened in the next section where we analyze the IRIS observa

tions of Jupiter's 5 ~m spectrum. In addition, in Chapter 7 we find no 

evidence for the thermal emi~sioD signature of an optically thick H2 0 

cloud in the 250 to 300 K portion of Jupiter's atmosphere, or equiva

lently, between 4 and 7 bars. 

We use our inferred height dependent H20 distribution to 

predict where the water ice cloud would be located on Jupiter. For a 

value of qB20=4xlO-6, condensation of water ice would take place near 

the 2 bar level, where Tc 204 K. We indicate the presence of the water 

ice cloud in the portion of Fig. 31 marked "Inferred Cloud Structure". 

This is, coincidentally, the level in which NH3 and H2S should react 

to form a massive NH 4SH cloud. In Chapter 7 we report evidence for 

some kind of cloud layet' near 2 bars based on its thermal emission 

signature at 5 ~m. 

We discuss briefly some of the implications of s height

dependent H20 profile for physical processes occurring in Jupiter's 

atmosphere. We have just presented spectroscopic evidence from weak 
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H20 lines for a higher value of qR20 at 6 bars than at higher al ti

tudes. However, there is no obvious mechanism for changing the H2o 

mole fraction between 4 and 6 bars in Jupiter's atmosphere. Condensa

tion readily explains the falloff between 2 and 1 bars, but at deeper 

levels some as yet unidentified chemical processes may be required to 

explain the observations. We present below some speculations on pro

cesses which might change qH20 as a function of height near the 4 bar 

level in Jupiter's atmosphere. Photochemistry is not operative in this 

region because ultraviolet radiation does not penetrate this deep into 

the Jovian atmosphere. In order for chemical reactions to reduce qH2o 

from Jxlo-5 to 4xlo-6 near the 4 bar level, the proposed chemical 

reactants would have to be at least as abundant as H2o, unless a 

catalytic cycle is involved. In a catalytic cycle small quantities of 

one chemical species can destroy large amounts of another. The classic 

example is the destruction of ozone in the Earth's atmosphere by small 

amounts of the oxides of nitrogen and chlorine. 

We first consider chemical reactions involving molecules that 

are more abundant than H2o on Jupiter. In Table 7 we summarized the 

gas composition of Jupiter's troposphere inferred from our airborne 

data. The only molecules in Jupiter's atmosphere known to have a mole 

fraction larger than Io-5 at the 6 bar level are H2, Be, CH4, NH3' and 

H2o. Hydrogen sulfide has not yet been detected in Jupiter's atmo

sphere, but if the S/H ratio equals that in the solar photosphere then 

qH2s would be about Jxlo-5 at P>2 bars. Thus, there are very few gases 

with abundances high enough to deplete the H20 abundance noticeably by 
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chemical reactions. One possible reaction might involve NH3 and H20. 

Lewis (1969) showed a phase diagram for aqueous ammonia oolutions in 

the atmospheres of the out.er planets. Our inferred H20 and NH3 mole 

fractions plot in the H20 ice stability field,'so phase changes in

volving H20 on Jupiter result in the condensation of pure water ice, 

not an aqueous ammonia solution. Jupiter is too warm for an aqueous 

ammonia cloud, so this mechanism is probably not responsible for the 

observed H20 profile. 

Another reaction might involve a dimer of the water molecule 

(Lewis 1983, private communication). The dimer of molecular hydrogen 

has recently been detected on Jupiter (Gautier et ~ 1983, Frommhold 

£!.1!.l1984). If there is a frequency shift between the "'2 vibration

rotation band of the dimer with respect to ordinary H20, then large 

quantities of H20 dimer might be present on Jupiter without contribut

ing new absorption features to the 5 ~m spectrum. 

Finally, the chemistry of PH3 and its oxidized form, P406' is 

not well understood under Jovian conditions. A catalytic cycle involv

ing the oxidized and reduced forms of phosphorus may be operative in 

Jupiter's atmosphere, possibly affecting qH 20 (Kunde 1983, private 

communication). In situ measurements conducted from the Galileo entry 

probe may ultimately resolve some of these questions. 

The Spatial Variation of Water Vapor on Jupiter 

In the preceding section we used the airborne observations at 

5 ~m to characterize the average H20 abundance for the region between 

-40 and +400 latitude on Jupiter. However, from 5 ~m imaging (Terrile 
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1978), Jupiter is known to exhibit enormous variations in brightness 

temperatures on spatial scales of only a few degrees of latitude. High 

spatial resolution measurements are needed to determine if the gas 

composition also varies between Jupiter's belts and zones. In the 

following sect ions, we use the Voyager IRIS observations at 5 ll m to 

measure the spatial variation of H2o between several diverse regions 

of Jupiter's atmosphere. These range from the most transparent Hot 

Spots in the North Equatorial Belt to the cloud-covered zones with the 

coldest 5 llm brightness temperatures. 

Spatial mapping of H2o on Jupiter is important in studies of 

dynamics in the Jovian troposphere. Zones are believed to be regions 

of upward motion in which parcels of the atmosphere become saturated 

in H20 and form water ice clouds. Belts, on the other hand, are 

thought to be regions of downward motion in which atmospheric parcels, 

depleted in H20 vapor, are transported to deeper levels to complete 

the cycle. This dynamical argument predicts that more H2o should be 

present in zones than in belts. Thus, measurements of the H20 abun

dance in 5 llm spectra of zones should allow us to discriminate between 

two very different interpretations of the distributions of H20 on 

Jupiter that have been previously mentioned, but never critically 

analyzed. 

One idea is that zones represent a bidden reservoir of H2o in 

which the 0/H ratio is very nearly equal to that in the solar photo

sphere. This model attempts to reconcile whole disk measurements of 

H20, which indicate a substantial depletion, with expectations that 
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the deep atmosphere of Jupiter has a solar D/H ratio. CUrrent theories 

for the formation of the giant planets predict qH 20 > 10-3• vIe have 

just shown with the RAO data, however, that the globally averaged 

value of qH20 is no more than 4x10-6 in the 2 to 4 bar region. In the 

"hidden reservoir" scenario, this discrepancy in H20 abundance is 

explained in the following way. Jupiter's zones are considered to have 

essentially featureless 5 ~m spectra; or, at most, they contribute 

very little 5 ~m flux to a globally averaged spectrum because of cold, 

optically thick clouds. Whole disk observations would contain informa

tion only about the H20 abundance in the belts and Hot Spots where all 

of the 5 ~m flux originates. According to this model, belts are ex

tremely desiccated with respect to the adjacent zones. Condensation 

efficiently removes nearly all of the H20 from the gas phase, and 

subsequent downward motion in the belts returns very dry "air" to the 

deep troposphere. In order for zones to have a solar O/H ratio, dynam

ical processes must somehow prevent mixing between belts and zones and 

they must be capable of changing qH20 by a factor of 300 between ihese 

regions. 

As an alternative to the "hidden reservoir" model, the ob

servable levels of Jupiter's atmosphere may simply be depleted in 

oxygen by a factor of the order of 100. In this model atmospheric 

dynamics is less impo~tant in characterizing the spatial variation of 

H20 since belts and zones would have roughly comparable, but substan

tially depleted, amounts of H20 at lower tropospheric levels. 
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Clea!ly, it is important to measure qH20 at the same pressure 

level in both belts and zones to distinguish between these two hypoth-

eses. Recall thst in our model atmosphere a massive cloud is located 

near the 2 bar level in Jupiter's zones. An important implication of 

this result is that the 5 ~m line formation region is at the same 

level for belts and zones. This pressure level is frequency dependent 

across the 5 ~m window, but it is the same in Jupiter's belts and 

zones. Thermal radiation at 2080 cm- I , for example, originates at 

6 bars in the zones but it is simply attenuated to a greater degree by 

the thicker overlying cloud. We defend this cloud model in Chapter 7. 

Consequently. a comparison of the strengths of specific H20 lines in 

zone and belt spectra gives information on the H20 abundance at the 

same pressure level in both regions. 

We present here an overview of the high spatial resolution 

Voyager IRIS spectra which we used to measure the belt to zone varia-

tion of H20 on Jupiter. In the following sections we discuss indi

vidual spectra in more detail. We selected ensembles of Voyager 1 IRIS 

5 ~m spectra to characterize the following regions on Jupiter: the 

Hot Spots in the North Equatorial Belt (NEB-Hot), South Equatorial 

Belt Hot Spots (SEB-Hot), the Equatorial Zone (EQZ), and an average of 

the regions on the planet which have the coldest 5 ~m brightness 

temperatures (Cold Zones). This latter ensemble includes spectra of 

the North Tropical Zone and the cloudiest portions of the Equatorial 

Zone and the South Temperate Zone. The median spatial resolution of 

o. h 50 the IRIS ensembles used here ranges from 2 1n t e NEB Hot Spots to 
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in the Cold Zones. Details of the selection criteria, signal-to-noise 

ratio, and degree of homogeneity were given in Chapter 2. 

We report here the first identification of H20 in spatially 

resolved spectra of Jupiter's zones. In Figs. 32 to 35 we show the 

IRIS spectra of each of four ensembles characterizing both belts and 

zones on Jupiter. Below each observed spectrum is a "best fit" syn

thetic spectrum generated from the radiative transfer model described 

in Chapter 3. The positions of twelve pro~inent H20 lines are marked 

by arrows. The apodized spectral resolution is 4.3 em-I. One sigma 

error bars are indicated at 1850 and 2200 cm- l for each figure. The 

noise equivalent spectral radiance of the IRIS instrument increases 

monotonically with wavenumber in this spectral region. Because the 

signal-to-noise ratio for the Cold Zone ensemble is only about 8, we 

smoothed this spectrum to a resolution of 10 cm- l and we show the 

smoothed ensemble along with a synthetic fit in Fig. 36. 

The diversity of these regions is shown by the radiance scale 

on the Y axis of Figs. 32 to 36. The peak radiance is a factor of 20 

higher in the NEB-Hot ensemble than in the Cold Zone average. With 

such an enormous variation in radiance between belt and zone spectra, 

one might expect substantial diffel;'ences in the appearance of the 5 ~m 

spectra between these four spatial regions. However, when each spec

trum is plotted on a scale normalized to its peak radiance, Figs. 32 

to 34 appear nearly identical. The smoothed spectrum of the Cold Zones 

in Fig. 36 also has the same shape as the other ensembles. For exam

ple, transmission peaks at 1930, 1980, 2080, and 2130 cm-l are evident 
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as well as approximately 30 absorption lines. The implications of the 

similarity in belt and zone spectra for cloud mOdeling are discussed 

in Chapter 7. 

The synthetic spectra in Figs. 32 to 36 were generated using 

the cloud parameters summarized in Table 15. We included an absorbing 

cloud whose normal optical thickness ranged from 1.24 in the NEB Hot 

Spots to 4.27 in the Cold Zone ensemble. The pressure level of the 

absorbing cloud for Jupiter's zones was inferred to be near 2 bars, 

where T=200 K. The Hot Spots were interpreted to be regions where this 

cloud is thinner and dynamically depressed to deeper levels with 

respect to clouds in the adjacent zones. The cloud parameters were 

iterated to match the observed continuum level in each of the four 

IRIS ensembles using a procedure described in detail in Chapter 7. The 

agreement between the observed and synthetic spectra in Figs. 32 

through 36 is very good. 

We now examine in detail the twelve absorption lines due to 

H20 that are visible in the IRIS spectra between 1887 and 2090 cm-l. 

These are blends of H20 lines with other features that are seen in the 

higher spectral resolution airborne data. In Table 16 we estimate the 

degree of blending of each H20 absorption feature. Ammonia and PH3 

lines are also present throughout this spectral region. Only those 

features in which 50% or more of the absorption is due to H20 were 

chosen for analysis; several more Jovian features are blends in which 

H20 is only a minor component. Strong H20 lines in the IRIS data are 

formed between 2 and 3 bars in Jupiter's atmosphere, while weak lines 



Table 15 

Cloud Parameters Used to Generate 5 ~m Synthetic Spectra 

Normalized Normal 
Spectral View Normalized Brightness Cloud Base Cloud 5 lJ m 
Ensemble Angle Radiance Temperature Temperature Optical Thickness 

(0) (lO-8Wcm-2sr-1/cmll) (K) TB 1" 

NEB-Hot 15.8 14.2 266.5 250 1.24 

SEB-Hot 19.5 10.0 258.4 230 1.65 

!{AO 15.8 2.5 230.8 210 2.93 

EQZ 19.5 2.0 226.9 200 3.13 

Cold 25.9 0.61 208.1 195 4.27 
Zone 

Slant Path 
Cloud 5 lJm 
Transmission 
hcexp ( - 1"/ ~) 

0.28 

0.17 

0.048 

0.036 

0.009 

I-' 
.s::
\0 
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Table 16 

Blending of Jovian H20 Lines in the IRIS Data 

Wavenumber Fraction of Absorption Due to H2O Other Absorbers 

1887 0.6 NH3 

1911 0.7 NlI3 

1921 0.7 NH3 

1944 0.8 NlI3 

1957 0.5 NH3 

1968 0.9 PH3 

1992 0.9 PH3 

2018 0.6 PH3 , NH3 

2044 0.6 PH3 ' NH3 

2059 0.5 PR3 , NH3 

2066 0.8 PH3 

2090 0.7 PH3 
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are formed between 4 and 5 bars. Consequently, the IRIS data allow one 

to distinguish between height dependent and constant H20 profiles for 

Jupiter's belts and zones. 

We begin with a comparison of the IRIS 5 llm spectra of Hot 

Spots in Jupiter's North and South Equatorial Belts. In Fig. 37 we 

display a superposition of the IRIS spectra of both regions. The 

observed radiance in the NEB ensemble is consistently higher than in 

the SEB, so we normalized the displayed spectra so that the continuum 

levels match in the 2000 to 2150 cm-l interval. The absolute radianCE 

scale for the NEB spectrum is indicated on the left hand Y axis, while 

the SEB radiance is shown on the right. This procedure permits a 

direct comparison of the line to continuum ratios of the twelve H20 

absorption features indicated by arrows in Fig. 37. All of the H2 0 

f ea tures are stronger in the SEB than in the NEB Rot Spot s, but the 

discrepancy in line strengths is greatest for the absorption lines for 

\)<2050 em-I. The H20 lines at 2066 and 2090 cm- l are of comparable 

strength. Because these lines are formed at deeper levels in Jupiter's' 

atoosphere (between 4 and 5 bars), the H20 profile for P>4 bars should 

be very similar for both the NEB and SEB Hot Spots. In contrast, qH20 

for P<4 bars is significantly less in the NEB than in the SEB Hot 

Spots. 

In Table 17 we list the vertical H20 profiles that were used 

to generate the synthetic spectra in Figs. 32 to 36. The vertical 

distribution that provided the best fit to the high spectral resolu

tion airborne data, Profile 2 of Table 13, also provides an excellent 
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fit to the SEB Hot Spot, Equatorial Zone, and Cold Zone ensembles of 

IRIS 5 ~m spectra. Significantly, a smaller value of qH20 for P<4 bars 

is required to match the observed absorption features in the NEB Hot 

Spots. 

In Table 18 we indicate the integrated column abundance of H20 

at sixteen levels in Jupiter's troposphere for the profiles which 

provided the best fit to each of the four IRIS spectral ensembles. 

There is a small difference between the values shown for the Coldest 

Zones and the ones listed for the SEB and EQZ ensembles. This is 

because the column abundances are calculated for a slant path corre-

sponding to the average emission angle rather than a vertical path. 

The average emission angle was slightly higher for the Cold Zone 

o 0 
ensemble than for the other IRIS datasets (25.9 vs. 19.5 ). 

We interpret the 5 \.lm spectrum of the Cold Zone ensemble as 

indicative of physical processes at levels deeper than the massive 

absorbing cloud at 2 bars, a conclusion that is supported by evidence 

presented in Chapter 7. It is significant that Profile 2, the H20 

distribution inferred from the globally averaged airborne data, pro-

vides the best fit to the CC!ld Zone ensemble as well as the SEB Hot 

spots, regions on Jupiter that differ enormously in the degree of 

c loud cover. 

We conclude that the ''hidden reservoir" hypothesis, in which 

the OIH ratio in Jupiter's cloud-covered zones is very nearly equal to 

the value observed in the solar photosphere, is inconsistent with the 

5 \.lm IRIS spectra shown in Figs. 35 and 36. The H20 mole fraction 
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Table 17 

Jovian H20 Mole Fraction Vertical Profilea--lRIS Data 

H2o Mole Fraction 

H NEB SEB Equatorial Coldest 
Pressure Temperature Altitude Abunasnce Hot Spots Hot £pOtB ZODe ZODes 

(mb) (K) Oem) (km-amsgat) (ppm) (ppm) (ppm) (ppm) 

1410 184.4 90 57.2 0.016 0.09 0.09 0.09 

1660 194.3 B5 67.4 0.032 0.40 0.40 0.40 

1940 203.8 80 78.B 0.063 1.5 1.5 1.5 

2250 213.6 75 91.3 0.13 2.0 2.0 2.0 

2593 223 .2 70 105 0.25 2.0 2.0 2.0 

2971 232.4 65 121 0.50 2.0 2.0 2.0 

3366 242.0 60 137 1.0 2.0 2.0 2.0 

3839 251.3 55 156 2.0 2.0 2.0 2.0 

4334 260.7 50 176 4.0 4.0 4.0 4.0 

4871 270.0 45 196 B.O 8.0 8.0 B.O 

5453 279.2 40 221 16 16 16 16 

6083 288.4 35 247 32 32 32 32 

6762 297.8 30 274 64 64 64 64 

8277 316.3 20 336 64 64 64 64 

10020 334.2 10 406 64 64 64 64 

12000 353.0 0 466 64 64 64 64 
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Table 18 

Jovian H20 Column Abundance Vertical Prof iles--IRIS Data 

H2O Co1\lIl)o Abuodance 

B2 NEB SEB Equatorio1 Colden 
Pressure Temperature Altitude Abuodaoce Hot Spots Bot Spots Zooe Zones 

(mb) (t) (Jan) (1tm-lllIIogat) (cm-mnagat) (cm-lllIIagat) (cm-runagat) (cc:-ruo5t;at) 

1410 184.4 90 57.2 0.02 0.05 0.05 0.05 

1660 194.3 85 67.4 0.05 0.30 0.30 0.31 

1940 203.8 80 78.8 0.11 1.41 1.41 1.46 

2250 213 .6 75 91.3 0.24 4.20 4.20 4.40 

2593 223 .2 70 105 0.53 7.36 7.36 7.71 

2971 232.4 65 121 1.17 10.9 10.9 11.4 

3386 242.0 60 137 2.59 14.7 14.7 15.4 

3839 251.3 55 156 5.68 18.9 18.9 19.8 

4334 260.7 50 176 12.4 25.7 25.7 27.0 

4871 270.0 45 198 27.0 40 .7 40.7 42.6 

5453 279.2 40 221 58.7 73.0 73.0 76.5 

6083 288.4 35 247 127 143 143 150 

6762 297.8 30 274 275 294 294 30E. 

8277 316.3 20 336 713 741 741 776 

10020 334.2 10 406 1220 1250 1250 1314 

12000 353.0 0 486 1790 1640. 164(- 1 ~. ~ 
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between 2 and 4 bars is 4xl0-6 , a value that is a factor of 100 less 

than the saturated mole fraction at the 4 bar level predicted by the 

solar composition model of Weidenschilling and Lewis (1973). The 

similarity in values of qH20 in the SEB Hot Spots and Jupiter's zones 

is surprising because these regions are thought to be quite different 

dynamically. Only the NEB Hot Spots have an H20 abundance which varies 

significantly from the global average in the 2 to 4 bar portion of 

Jupiter's troposphere. 

We conclude that the NEB Hot Spots are depleted in H20 with 

respect to Jupiter's zones and Hot Spots in the South Equatorial Belt. 

The integrated column abundance of H20 at the 3 bar level is a factor 

of 10 smaller in our profile for the NEB Hot Spots than in Profile 2, 

which represents the globally averaged H20 vertical distribution. At 

deeper levels the profiles are in closer agreement. At 4.3 bars where 

T=260 K, the column abundances differ by only a factor of 2. The 

observed depletion is consistent with the idea that the NEB Hot Spots 

are desiccated by dynamical processes in Jupiter's atmosphere. The 

efficiency of this mechanism is such that the observed depletion is 

only a factor of 2 or 3 at the 4 bar level, not 100 as would be 

required in the ''bidden reservoir ll hypothesis. 

This study is an extension of two previous analyses of H20 in 

the 5 )..1m IRIS spectra. Improved knowledge of the absorption coeffi

cients for gases known to absorb in Jupiter's 5 )..1m window haG resulted 

in significantly better models of the 2 to 5 bar portion of Jupiter's 

atmosphere. Kunde ~ ~ (1982) analyzed 5)..1m IRIS observations of the 
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NEB Bot Spots, using the same average of 51 spectra that comprised our 

NEB ensemble. Their model included an opaque lower boundary at Tc279 K 

and a uniformly mixed gray haze at higher altitudes. They inferred a 

distribution in which qH2o increased from lxlo-6 at 2.5 bars to 3xlo-5 

at 4 bars. This height dependent distribution resembles our inferred 

H2o profile. The principal difference is in the pressure level at 

which the increase in qH20 takes place. Our profile requires an in

creasing H2o abundance at levels deeper than 4 bars. The level at 

which this change in mole fraction takes place is model dependent 

because of different boundary conditions and a different distribution 

of cloud opacity. 

The other previous study of H2o on Jupiter using the 5 ~m IRIS 

spectra was by Drossart and Encrenaz (1982). These authors examined 

three IRIS ensembles to infer the H2o abundance for a global average 

between -30 and +30°latitude on Jupiter, as well as for areas in the 

North and South Equatorial Belts. Although their globally averaged 

spectrum included contributions from Jupiter's zones, Drossart and 

Encrenaz did not analyze regions with 5 ~m brightness temperatures 

less than 210 K. They inferred values for [R20]/[B2 l of 4xlo-6 for the 

global average and for the NEB Bot Spots, while the value for the SEB 

Bot Spots was 7.2xlo-6. Drossart and Encrenaz adopted a height inde

pendent profile for H2o in Jupiter's atmosphere. They concluded that 

uncertainties in H20 linewidths did not allow them to distinguish 

between uniformly mixed profiles and ones in which there is a larger 

u2o abundance at great depth in Jupiter's atmosphere. 



158 

It is certainly imp?rtant to have accurate values for the 

Lorentz line width parameter because 5 llm observations probe to very 

deep levels where P=6 bars. However, our conclusion that qR20 in

creases with depth in Jupiter's troposphere relies primarily on our 

0.5 cm-1 resolution airborne data. The higher spectral resolution 

permits a more sensitive test of height dependent gas distributions. 

Our data clearly show that a constant value of qR20 does not fit 

strong and weak lines simultaneously, but a constant mole fraction 

does provide an acceptable fit to CH3D and PH3. It is unlikely that 

the Lorentz half widths are any worse for H20 than for these other 

molecules. Nevertheless, laboratory measurements of the linewidths for 

all of the 5 llm absorbers as well as their far wing line shape are now 

necessary for further improvements to models of Jupiter's troposphere. 

We now briefly return to the questions that we posed at the 

beginning of this chapter. To summarize, we have inferred that the 

mole fraction of H20 in the 2 to 4 bar portion of Jupiter's tropo

sphere is 4x10-6 for a globally averaged spectrum as well as for 

spatially resolved regions in the SEB Hot Spots, the Equatorial Zone, 

and an 'average of regions with the coldest 5 llm brightness tempera

tures. This value of qH20 is undersaturated by a factor of 100 at the 

4 bar level with respect to an atmosphere in which the OIH ratio in 

Jupiter's deep troposphere is equal to the value in the solar photo

sphere. The H20 ice cloud is located near the level where T=210 K, and 

P=2.1 bars, and it is significantly less massive than the cloud pro

posed for the 5 bar level by Weidenschilling and Lewis. Bezard et al 
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(1983) calculated the mass per unit area and the corresponding 5 )lm 

optical thickness for H20 ice clouds in equilibrium with H20 vapor for 

values of the Jovian O/H ratio ranging from 1 to 10-3 times solar. 

They concluded that H20 ice can only marginally explain the observed 

spread in 5 )lm brightness temperatures between Jupiter's belts and 

zones. On the other hand, Bezard et al found that NH 4 SR can easily 

provide the required 5)lm opacity. Our results indicate that H20 ice 

and NH4 SH would both be present at the 2 bar level on Jupiter. The 

composition of the cloud may therefore include both of these sub

stances. We exclude a massive H20 ice cloud near 5 bars because the 

H20 gas abundance is undersaturated by a factor of 100 or more at this 

level in Jupiter's belts and zones. The NEB Hot Spots appear to be 

desiccated by a factor of 2 or 3 with respect to the global average at 

4 bars, consistent with a dynamical mechanism that "dries out" regions 

that have significantly smaller cloud opacity at 5 )lm. The increase in 

the H20 mole fraction that we inferred for the region betlo.'een 4 and 

6 bars in Jupiter's atmosphere may continue to deeper levels. In this 

case Jupiter may still retain a global O/R ratio similar to that of 

the Sun. However, if the inferred value of qR20 at 6 bars is represen

tative of the deep atmosphere, then Jupiter may be globally depleted 

in oxygen by a factor of 20 to 40. This has significant consequences 

for models of Jupiter's origin, as discussed in the next section. The 

O/H ratio also affects the stability of the observed disequilibrium 

opecies, including PR3 , CO, and possibly GeH4' A depletion of oxygen 

would increase the stability of PR3 and GeH4' but it would make CO 
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less stable. Further studies of the kinetics of chemical reactions 

under Jovian conditions is required to under st and the convers ion of 

phosphorus and germanium from their reduced to their oxidized forms. 

Compositional Constraints .t.Q. the Origin of Jupit.er 

Measurements of the abundance of CH4, NH3 , and H2 0 in Jupi

ter's atmosphere provide useful constraints in models describing the 

interiors of the giant planets. They also help to provide quantitative 

tests of various theories of planet formation. In this section we 

discuss some of the implications of our conclusions that Jupiter's 

atmosphere is globally enhanced in carbon and nitrogen, but perhaps 

depleted in oxygen with respect to the solar photosphere. A full 

theoretical analysis of the ways in which elemental abundances con

strain models of Jupiter's origin is beyond the scope of this thesis. 

Here we simply cite Bome recent models and we compare our inferred gas 

composition to model predictions in the few instances where quantita

tive estimates have been made. 

In this thesis we have presented observational evidence for 

the enhancement of the global C/H ratio on Jupiter by a factor of 

3.6~0.7, an enhancement of NIH by 1.5~0.2, and the depletion of OIH by 

perhaps a factor of 20. We now examine some recent models of Jupiter's 

internal structure to see if the spectroscopic evidence for global 

enrichment in carbon and nitrogen is independently supported. Hubbard 

and Horedt (1983) used recent improvements in measurements of Jupi

ter's gravity field, helium mass fraction, and temperature profile to 

develop new models of Jupiter's interior. Their model consists of an 
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inner "rock" core of iron and magnesium silicates, an outer "ice" core: 

of H20, CH 4 , and NH3' and an outer hydrogen rich envelope. They de

rived a pressure-density relation for Jupiter which is inconsistent 

with a solar composition envelope. The helium mass fraction must be 

either larger than derived by Gautier & &. (1981), or, more likely, 

CH 4 and NH3 must be enhanced by a factor of about 6. The actual value 

depends on the equation of state in the 105 to 5xl06 bar pressure 

range in Jupiter's interior. Their model is sensitive to the Jovian 

gas composition only in this pressure range, but throughout the con

vective region the atmosphere is expected to be uniformly mixed. 

We now examine two theoretical frameworks that have been 

proposed to explain the origin of the giant planets to see how mea

surements of the abundances of C, N, and ° in Jupiter's atmosphere may 

help to distinguish between various models. Cameron (1978) proposed 

that the solar nebula fragmented into numerous giant gaseous proto

planets. De Campli and Cameron (1979) and Bodenheimer tl.!!l. (980) 

investigated the structure and evolution of such gaseous protoplanets. 

These objects are assumed to be chemically homogeneous condensations 

of solar composition gas and dust present in the primordial solar 

nebula. A small core forms later through sedimentation of grains 

toward the center of the planet. 

An alternative scenario is provided in the nucleation model 

developed by Perri and Cameron (1974) and Mizuno (1980). In this model 

grains in the solar nebula accrete to form an initial core. When the 

mass of the core reaches a critical value the surrounding gaseous 
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envelope undergoes hydrodynamic collapse onto the core. Internal heat

ing could cause some of the ices to erode from the core, and subse

quent convection would redistribute this material to enrich the outer 

atmospheric envelope. 

An enrichment of carbon and nitrogen in the atmosphere of 

Jupiter is difficult to reconcile with either of the two theories of 

planet formation outlined above. The homogeneous collapse, or giant 

gaseous protoplanet scenario, predicts a solar composition atmosphere; 

it is therefore in disagreement with available compositional data. The 

nucleation, or accretion model, has independent observational support 

from studies of Jupiter's gravity harmonics, J 2 and J 4• Jupiter is 

believed to have a core of about 15 to 30 Earth masses (Hubbard and 

Horedt 1983). The homogeneous collapse model may not produce a core at 

all, or at least, the resulting core is smaller than that required by 

available gravity data, while the accretion model predicts a massive 

core for all of the outer planets. 

Gautier and Owen (1983a) argued that the enhanced C/H ratio in 

Jupiter's atmosphere provides strong compositional evidence for the 

accretion model. The accretion model may be correct, but three condi

tions must be satisfied in order for it to explain the observed en

richment of carbon and nitrogen in Jupiter's atmosphere. First, the 

core of proto-Jupiter bad to contain not only silicates and water ice, 

but ammonia and methane as well, perhaps in the form of a clathrate. 

Second, after hydrodynamic collapse a significant amount of redistri

bution of core material had to take place in order to enrich the 
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atmospheric envelope. Finally, this enrichment process had to enhance 

preferentially the abundance of CH4 and NH3 with respect to H2 0. 

However, lack of knowledge of the oxygen abundance at pressures 

greater than 6 bars on Jupiter makes this third restriction much less 

stringent than the first two. 

The composition of Jupiter's core is not known. Refractory 

material certainly condensed to form a rocky inner core, but the 

composition of the outer core is model dependent. An important para

meter is the temperature of the solar nebula at Jupiter's distance 

from the Sun. According to models of the temperature gradient in the 

solar nebula (Lewis 1974), water ice very likely condensed, but it is 

not certain that more volatile ices condensed at 5 AU. Lewis noted 

that a comparison of the regular satellite systems of Jupiter and 

Saturn provides an important clue. Ganymede and Callisto have incor

porated water ice, but Titan was able to include CH4 and NH3 ices or 

clathrates as well due to its formation at a lower temperature. This 

may explain why Titan has an atmosphere containing large amounts of 

nitrogen and carbon (in the form of N2 and CH4) whereas Ganymede and 

Callisto do not have atmospheres at all, despite being about the same 

size as Titan. This presents a problem for the composition of Jupi

ter's core, however, because if the proto-Jovian nebula did not incor

porate CH 4 and NH3 ices in its satellites, the temperature may have 

been too high for the Jovian core to condense significant amounts of 

the more volatile ices. 
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Lewis and Prinn (1980) suggested that carbon and nitrogen in 

the solar nebula were primarily in the form of CO and N2• This creates 

an even worse problem for the accretion of volatiles onto the proto

Jovian core, because CO and N2 condense at even colder temperatures 

than CH4 and NH3. Carbon and nitrogen would remain in the gas phase at 

a heliocentric distance of 5 AU. Once hydrodynamic collapse onto Jupi

ter's core takes place, CO and N2 would be converted quickly to CH4 

and NH3 in the atmospheric envelope. However, this scenario predicts 

that the Jovian CIH and NIH ratios would be the same as in the solar 

nebula. This example illustrates that there are accretion models which 

do not lead to an enhancement in carbon and nitrogen in Jupiter's 

atmosphere. 

Podolak (1977) investigated the possibility that Jupiter is 

globally depleted in H20. A hot proto-Jupiter could have caused H2 0 

ice to vaporize off infal1ing material so that only the rocky portion 

was accreted into the planet. Podolak proposed a number of models of 

Jupiter's interior which contained large amounts of rocky materials in 

the outer core instead of H20. He concluded that a given mass of H2 0 

in Jupiter's outer core may be replaced by an equal mass of rock and 

still satisfy the available gravity data for Jupiter. According to 

this scenario, Jupiter's core would have virtually none of the vola

tile NH3 and CH4 ices and only a small amount of H20 ice. This may 

explain the observed depletion in the OIH ratio in Jupiter's atmo

sphere. However, the observed enhancement of carbon and nitrogen in 

Jupiter's atmosphere would not be due to the redistribution of 
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volatiles from the core because these materials would not have been 

accreted. 

If we suppose that by some process Jupiter's core has a sub

stantial amount of CH4 and NHJ ices, then there must be some communi

cation with the outer envelope in order to enrich the observable 

portion of Jupiter's atmosphere in carbon and nitrogen. Stevenson 

(1982a, 1982b) investigated the evolution of the cores of the giant 

planets since their formation. He found that redistribution of layered 

constituents from Jupiter's outer core to the convective outer atmo

sphere is possible, but the process is limited by diffusion. Convec

tion in the envelope can erode perhaps a few percent of the icy core 

over the age of the solar system. Stevenson inferred that the cores of 

the outer planets have been preserved virtually unchanged since the 

formation of the solar system. He concluded that "convective dredging" 

is insufficient to enrich Jupiter's atmosphere in carbon by there

quired amount. 

As an alternative, Stevenson proposed that a large mass of 

comet-like planetesimals accreted onto the giant planets after forma

tion. The composition of these infalling objects is thought to include 

methane clathrates which originally condensed in the outer solar 

system. This mechanism requires several Earth masses of methane clath

rate in order to enrich Jupiter's atmosphere in carbon by the required 

amount. However, this scenario will not work if Jupiter is globally 

depleted in oxygen and enriched in carbon, because methane clathrates 

bring in about six oxygen atoms for every carbon atom (Lunine 1984). 
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If the efficiency of redistribution of the core is higher than 

Stevenson has suggested, then the nucleation model may still be appro

priate. The problem now is to explain why carbon and nitrogen should 

be enhanced by different amounts while oxygen is depleted. This re

striction is very Gevere and we present only some speculative ideas 

here. The rate of diffusion of CH4 from the core may be higher. than 

that of H20 due to differences in bulk properties at megabar pressure 

levels. The solubility in liquid metallic hydrogen may be different 

for polar and non-polar molecules. However, this mechanism predicts 

that NH3 and H20 would behave similarly because both are polar molec

ules, whereas the observations indicate that NH3 is enhanced and H2 0 

is depleted. Furthermore, calculations by Hubbard (private communica

tion 1984) suggest that both carbon and oxygen are soluble at megabar 

pressures. Layering may have initially occurred during accretion to 

lock up the more refractory water ice in the inner core and the more 

volatile ices in the outer core. If the collapse of the massive atmo

spheric envelope onto the core did not change this layered structure, 

then perhaps H20 might remain locked up in Jupiter's core over the age 

of the solar system. Finally, if Podolak's models are correct, then 

Jupiter's core is not the source for the enrichment of volatiles ~n 

the Jovian atmosphere because the core may be composed primarily of 

rocky ma ter ia!. 

In summary, the homogeneous collapse model seems incapable of 

explaining the observed enrichment of Jupiter's outer atmosphere in 

carbon and nitrogen. The nucleation model also has many problems in 
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explaining Jupiter's gas composition. A late stage of accretion in 

which volatiles from the outer solar system are swept up by Jupiter 

may explain the observed C/H and N/H ratios. Currently the only models

which predict a global depletion in oxygen in Jupiter's atmosphere do 

not simultaneously explain the observed enhancement of carbon and 

nitrogen. 



CHAPTER 7 

THE VERTICAL CLOUD STRUCTURE OF JUPITER'S LOWER TROPOSPHERE 

In this chapter we analyze Voyager 5]..1m spectra of Jupiter's 

zones and belts to s~arch for the thermal emission signature of opti

cally thick clouds in Jupiter's lower atmosphere. At certain wave

lengths within Jupiter's 5 ]..1m window there are ltmini-windows" in which 

the gas opacity is so low that observed brightness temperatures should 

be about 300 K in the absence of cloud or haze opacity. Thermal radia

tion at 2080 cm-l originates at the 7 bar level where the temperature 

is 300 K, for example. Jupiter's 5 ]..1m spectrum is therefore sensitive 

to the presence of cloud opacity in the 190 to 290 K temperature 

range, corresponding to pressures ranging from 1.5 to 6 bars. Our 

observation~ therefore provide a unique opportunity to confirm or 

e~clude the presence of the NH4SH cloud near 2 bars and the optically 

thick H20 cloud at 5 bars that were proposed in the equilibrium cloud 

model of Weidenschilling and Lewis (1973). The principal a~vantages of 

this investigation in comparison with previous studies lie in the 

availability of spatially resolved 5]..1m Voyager spectra of Jupiter's 

zones and belts as well as an improved understanding of the gas opaci

ty, especially the continuum absorption of H2 at 5 ]..1m. 

168 
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!. Comparison of IRIS Belt and Zone Spectra 

Before investigating each IRIS spectral ensemble in detail, we 

first compare the IRIS 5 II m spectra of several diverse regions of 

Jupiter to gain insight into the cloud modeling. In Fig. 38 we compare 

Jovian spectra on a brightness temperature scale for the NEB Hot 

Spots, the Equatorial Zone, and an average of the coldest zones on the 

planet. The spread in brightness temperatures is enormous. At 

2080 cm-1 , for example, the brightness temperature is 262, 225, and 

208 K for these three regions, respectively. We emphasize here that 

the physical temperature at a given tropospheric pressure level in 

Jupiter's atmosphere does not vary by tens of degrees as might be 

inferred from the spread of brightness temperatures in Fig. 38. In the 

convective portion of Jupiter's atmosphere where 5 llm radiation origi

nates, heat transfer is rapid enough to insure a high degree of uni

formity in temperature at a given pressure level, at least in the -40 

to +400 latitude range that we consider here. One interpretation of 

the spatial variation of 5 llm radiation on Jupiter is that optically 

thick clouds are present at physical temperatures equal to the ob

served brightness temperatures. Jupiter would therefore have a series 

of cloud layers which are spatially inhomogeneous. Holes in an upper 

cloud layer would reveal the presence of lower layers. Owen and Ter

rile (1981) compared 5 llm images of Jupiter with Voyager color photo

graphs to test this idea. They concluded that white clouds are located 

at 150 K, light brown or tawny clouds at 225 K, and dark brown clouds 

at 250 K. We will reinvestigate this hypothesis with a spectroscopic 
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method in which synthetic spectra generated with this layered cloud 

model are compared with the IRIS 5 ~ m data. 

The spatial variation in 5 ~m radiation is readily apparent in 

false color 5 ~m images of Jupiter (Terrile n & 1979) and in the 

IRIS data when presented on a brightness temperature scale. However, 

if these data az:e displayed on a radiance scale, as we have done in 

Figs. 32 to 35, the spectroscopic similarities between each dataset 

become striking. The NEB Hot Spots, SEB Hot Spots, Equatorial Zone, 

and Cold sample all have similar continua and comparable line to 

continuum ratios for many absorption features. These spectroscopic 

similarities provide important clues to Jupiter's deep cloud struc

ture. 

In Figs. 32 and 34 we compare the spectrum or the NEB Hot 

Spots with that of the Equatorial Zone. The SNR is better in the Hot 

Spot spectrum and the radiance scale is a factor of 8 higher than in 

the EQZ ensemble, but otherwise the two spectra are very similar. Wben 

they are superimposed one sees that the H20, PH3, and GeH4 lines are 

stronger in the EQZ spectrum, but that the NH3 lines between 1800 and 

1900 cm-1 and the CH3D lines between 2120 and 2200 cm-1 have compar

able strengths in the two figures. The comparison of CH3D lines is 

particularly useful because CH3D should have a constant mixing ratio 

with height in the temperature range probed by 5 ~m observatious. This 

is because CH3D is not expected to condense or react chemically ~n 

Jupiter's troposphere. Therefore, the presence of a similar line to 

continuum ratio for two spectra differing by an order of magnitude in 
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radiance provides an important constraint on the location of the 

principal cloud layer. For example, a relatively cold attenuating 

cloud layer would preserve the line to continuum ratio established in 

the deeper spectral line forming region. On the other hand, a warmer 

cloud with appreciable self-emission would reduce the contrast between 

line and continuum because the continuum is more strongly attenuated 

than the line center. Qualitatively, we therefore expect Buccessful 

cloud models to have a principal layer lying deeper than the NH3 

cloud, yet not so warm as to reduce the contrast in the observed 

absorption lines by substantial 5 ~m self-emission. 

Radiative Transfer Models of Zone and Belt Spectra 

In this section we describe the radiative transfer techniques 

that we used to model both belts and zones on Jupiter. The goal is to 

infer the pressure level and optical thickness of the cloud layer 

responsible for the huge variation in 5 ~m brightness temperature 

between Jupiter's belts and zones. We made the following assumptions 

to simplify the cloud modeling: 

(1) All sources of gas opacity are known at 5).l m. 

(2) One cloud layer is responsible for the large range of observed 

5 ).l m brightness temperatures. 

(3) Reflected solar radiation can be neglected at 5 ).lm. 

(4) The particle absorption coefficient is wavelength independent 

across the 5 ).lm window. 

(5) The single scattering albedo of the particles is 0 at 5 ).lm; that 

is, only absorption is taken into account. 
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(6) The ratio of particle to gas Bcale heights is 0.15 as Buggested by 

Orton £1..& (1982). 

We now discuss the validity of each of these assumptions. Gas 

opacity at 5 11 m is reasonably well understood because of the Success 

we had in fitting the absorption features of seven gases in Chapters 5 

and 6. However, continuum opacity is not nearly as well known as line 

opacity at 5 11 m. Our new H2 absorption coefficients have greatly 

improved atmospheric models, but the far wing line shape of PH3' NH3' 

and CH4 is not understood. We have estimated this line shape by using 

a Lorentz profile out to 50 cm-l from line center and then zero beyond 

in order to approximate its sub-Lorentz behavior. Pressure-induced ab

sorption in collisions between H2 and CB4 needs to be studied as well. 

The assumptions that reflected solar radiation can be neglec

ted and that one cloud layer is responsible for the modulation of the 

observed 5 11m brightness temperatures have support in this investiga

tion and in previous ftudies. The similarity between day and night 

spectra of zones having the coldest 5 11m brightness temperatures is 

consistent with an average zone albedo of less than 0.15 at 5 11m, 

hence a minor contribution at most from solar flux in the most likely 

areas. For warmer ensembles thermal emission totally dominates the 

reflected solar component. In addition, the lack of night time obseva

tions with 5 11m brightness temperatures significantly below 195 K 

implies that the NH3 cloud believed to exist near T=lSO K must have a 

high 5 11 m transmission. Bezard & g (1983) used IRIS data to infer 

properties of the NB3 cloud. They calculated a minimum cloud transmit-
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tance of 0.68, or equivalently. a maximum extinction optical depth of 

0.4 at 5 lJ m. They conc:;luded that a lower cloud must be responsible for 

the observed belt to zone variation of Jupiter's 5 lJ m spectrum. 

Assumptions about the properties of individual ice particles 

are less certain, particularly because the lower cloud composition is 

not known. The assumption of wavelength independent opacity was first 

suggested by Bezard ~ £1 and is supported 'by this study. Bezard ~ £1 

analysed a ratio of the IRIS 5 lJm spectrum of a hot ensemble to a cold 

sample. They found this ratio to be wavelength independent in the 

continuum portions of the spectrum between absorption lines. In 

Figs. 32 to 36 we have shown that the IRIS spectra of belts and zones 

look nearly identical when plotted on a scale normalized to the peak 

radiance of each spectrum. This suggests a nearly wavelength indepen

dent cloud absorber whose opacity alone varies enormously between 

Jupiter's belts and zones. Laboratory measurements of the absorption 

coefficients of NR4SR and H20 ice (Sill 1983, private communication) 

indicate that these materials are more strongly absorbing at the long 

wavelength end of the 5 lJ m window. Since we have very little informa

tion on the size of the particles, it is difficult to predict whether 

discre~e absorption features due to either of these condensates would 

be viaible. 

Our assumption that absorption, not scattering, is the domin

ant physical process in the main cloud layer greatly simplifies the 

model, but it probably is not very realistic. West (1984) showed that 

scattering is important in this cloud at 5 lJm and that the single 
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scattering albedo may be as high as 0.8. Our cloud model, therefore, 

represents an initial attempt to fit 5 11 m zone and belt spectra using 

the recent improvements in gas opacity at 5 l1m. Later, more realistic 

models m&y be considered by adding the complications of scattering. 

Finally, the ratio of particle to gas scale heights is not 

known. Orton ~ al estimated a value of 0.15 for the NH3 cloud. Rossow 

(1978) examined the microphysics of the clouds of Jupiter and con

cluded that precipitation is important. The vertical extent of these 

clouds depends on the latent heat release in the cloud. In the absence 

of any hard data, we have adopted the Orton ~~ value for the lower 

cloud layer of interest here. 

The procedure we used to model Jupiter's tropospheric cloud 

structure begins with a gas-only model atmosphere to which cloud 

opacity is added until the emergent radiance matches the observed 

continuum level of the 5 l1m IRIS spectra of zones and belts. The 

comparison must only be made in very carefully selected regions of 

Jupiter's 5 l1m spectrum. In Fig. 32 we show the IRIS 5 l1m average 

spectrum for the NEB Hot Spots. There are a series of "mini-windows" 

between strong absorption lines in which Jupiter's atmosphere is 

exceptionally transparent. Prominent mini-windows are evident at 1850, 

1900, 1930, 1980, 2000, 2080, and 2130 em-I. We imposed two require

ments on the selection of mini-windows for our analysis. We selected 

two that were sufficiently separated in wavelength that the ratio of 

their continuum radiances in the two windows was sensitive to cloud 

temperature. Thermal emission from black bodies in the 200 to 250 K 
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temperature range peaks between 12 and 15 llm. At 5 llm we therefore 

observe the steep Wien slope of the Planck function for such a cloud. 

For maximum sensitivity we therefore chose mini-windows at the long 

and short wavelength extremes of the 5 llmwindow. Our second re-

quirement l.as that the continuum level be relatively insensitive to 

uncertainties in gas absorption coefficients. The 1850 and 1900 cm-1 

windows are sensit ive to NH3 absorption and the 2130 cm-1 window is 

sensitive to the PH3 abundance. We therefore chose to fit the contin

uum radiance in our cloud models to the 1930 and 2080 cm- l mini-

windows. 

The equation of radiative transfer for a purely 

absorbing gaseous atmosphere is: 

where 

I c I g +f1 B (T(g » dg 
gv ov ov v v v 

gov 

v .. frequency 

Igv • emergent radiance from gas-only atmosphere 

IOv £ radiance at reference level 

, K gas optical depth 
v 

1-1 B cosine of the emission angle 

g ('v,1-1) a exp(-'v/ 1-1) gas transmission 

gOv m exp(-'ovlll) gas transmission from reference level 

B (T) = Planck function at frequency v, temperature T 
v 

(7.1 ) 
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We now introduce haze opacity and treat it in the Bcme way as gas 

opacity. We define hand f as 

h m exp(-Th/~) haze transmission 

f = g • h total transmission 
v v 

(7.2) 

(7.3 ) 

The total transmission is the product of the gas and haze 

transmission. We consider a simple case where the haze opacity 'h is 

independent of frequency and represents pure absorption; scattering is 

neglected. The emergent radiance from the cloudy atmosphere is then: 

I elf + Jl B (T(f » 
v ov ov J f v v 

Ov 

df 
v 

We approximate this integral by a sum over a layered atmosphere: 

N 

Iv a:: IOv fOV + 1~ B)T i) llf iv 

(7.4) 

(7.5) 

In the special case where an isothermal cloud at Th is introduced at a 

level higher and colder than levels where gas opacity is present we 

can easily evaluate the emergent radiance from the cloudy atmosphere: . 

(7.6 ) 

The observed radiance is therefore equal to the radiance of a gas-only 

model atmosphere multiplied by the haze transmission to which is added 

the self-emission of the cloud. 

Our goal is to use the observed radiance at two frequencies in 

the IRIS spectra of Jupiter's zones and belts to infer the haze 

transmission and temperature. We calculated Igv t the radiance that 
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would be observed "in the absence of clouds, using our gas-only model 

atmosphere. We used the radiance at 1930 and 2080 cm-1 for each of the 

four IRIS spectral ensembles: Cold Zones, Equatorial Zone, NEB Hot 

Spots, and SEB Hot Spots. Each of these datasets is characterized by 

an emission angle that is an average of the emission angles of the 

individual spectra comprising the ensemble. 

In the sections that follow we examine specific cloud models 

for each IRIS ensemble, Bome of which have been proposed in the lit

erature. For simple models where the cloud is treated as an isothermal 

layer, we characterize the model by the ordered pair (h,Th), and we 

use eq. 7.6. In other cases we must use eq. 7.5 and we specify the 

cloud opacity in eacb layer of the model atmosphere. For example, in 

our nixtb assumption we specified a particular particle to gas scale 

beight ratio, 80 eq. 7.5 must be used. Here we specify (h, TB) where b 

is the haze transmission and TB is the temperature at the cloud base. 

We evaluated the gas scale height at TB and multiplied it by 0.15 to 

obtain tbe particle scale heigbt Hp. 

Once we characterized a particular cloud model by a transmis

sion and temperature, we evaluated tbe emergent radiance at 1930 and 

2080 cm-1 using eq. 7.5 and we compared it to the observed IRIS data. 

We next calculated a ''best fit" cloud model, solving eq. 7.5 for hand 

TB at the frequencies of our two mini-windows. We generated a synthet

ic spectrum for tbe entire 51..1 m window using this cloud model. The 

model was constrained to fit the data at two points (1930 and 

2080 cm-l ), but, if successful, it should also reproduce the observed 
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radiance at other mini-windows as well. Furthermore, the calculated 
" 

line to continuum ratios for CH3D and other absorption lines should 

agree with the data. 

Cold Zone Models 

We examine here the zone regions of Jupiter with the lowest 

5 fJm brightness temperatures, represented by the IRIS Cold Zone spec-

tral ensemble. These are cloudy regions in which 5 fJm radiation either 

originates at higher, colder levels in the atmosphere, or where flux 

from deeper levels is greatly attenuated. To distinguish between these 

two ~ases we need to know where the spectral line forming region is in 

Jupiter's zones. Are the absorption features in the Cold Zone data 

indicative of gas opacity above or below the cloud? If the cloud has 

essentially infinite optical thickness at 5 fJm then the observed 

absorption lines must be formed in the gas column above the cloud. 

Alternatively, the cloud may act as a "neutral density filter" strong-

ly attenuating radiation from below. In this case the spectral lines 

would be formed below the cloud at the levels predicted in Fig. 5 

corresponding to a gas-only model atmosphere. 

We first consider an atmosphere with a cloud of infinite 

optical thickness at a physical temperature matching the brightness 

temperature at 2080 em-I, the wavenumber in which the gas transmission 

is highest. For the Cold Zone ensemble this temperature is 208 K. In 

this model heO and Th=208 K. This is an example of a class of models, 

proposed by Owen and Terrile (1981), in which 5 fJm brightness tempera-
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tures are explained by an optically thick cloud layer at a physical 

temperature equal to the observed brightness temperature. They inter-

preted the observed spatial variation in 5 ~m brightness temperatures 

by a layered model in which boles in an upper cloud deck permit 

radiation from lower cloud decks to be observed. Owen and Terrile did 

not have a layer at T==208 K, but according to their model, the IRIS 

Cold Zone data would be associated with a layer at this temperature. 

We now test this model by comparing the observed radiance at 

various mini-windows across the Cold Zone spectrum. The gas transmis-

sion between the 208 K level and the top of the atmosphere is very 

high at these frequencies. For example, at both 1930 and 2080 cm- 1 

g "'1. Thus, this model predicts an emergent radiance at 1930 cm- 1 
\) 

equal to B (T=208) or 1.36 x 10-8 Wcm-2sr-l /cm- l • The observed radi
\) 

ance at 1930 cm-1 is one half of this value. However, proceeding with 

the rest of our test, in Fig. 39 we compare a synthetic spectrum using 

this cloud model for the full 5 ~m window to the IRIS Cold Zone 

ensemble. The continuum mismatch is so obvious that we summarily 

reject this model. 

Next, we compare the line to continuum xatios for the synthet-

ic aud observed data in Fig. 39. The noise level of the IRIS spectrum 

makes such a comparison difficult, but in the 1950 to 2100 cm-l range 

all of the lines in the synthetic spectrum are very weak. This is 

because this model assumes that all absorption features are due to the 

gas in a column above the cloud top at P=2 bars and Ts 208 K. The 

observed spectrum contains absorption features at 1990 and 2110 cm-l 
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at the positions of an H20 and a GeH.l~ line. These features are real, 

as the line centers are at least 40 below the continuum level, and 

they are stronger than in the synthetic spectrum. The Nil3 lines short

ward of 1950 cm-l are of comparable strength in both spectra since 

they are formed at P<2 bars. 

We now solve eq. 7.5 to find values of hand TB that will 

insure that the calculated radiance will match the observed values at 

1930 and 2080 cm-1 in the Cold Zone ensemble. The cloud parameters for 

this spectrum are TB=195 K and h~8.7 x 10-3• This represents a normal 

optical thickness of 4.27. In Fig. 40 we show a comparison of the 

synthetic spectrum generated from this model with the Cold Zone data. 

Both spectra are shown at a spectral resolution of 10 cm-l in order to 

improve the signal to noise ratio. The agreement is quite good consid

ering the noise in the observed data. The continuum fit is much better 

and the line to continuum ratios are moderately well matched. The 

model shown in Fig. 40 does not fit all of the features in the ob

served data perfectly, but it is a vast iUlprovement over the opaque 

cloud model shown in Fig. 39. 

We next examined the sensitivity of the model to changes in the 

location of the cloud base. In Fig. 41 we show synthetic spectra 

generated from three models with roughly the same haze transmission, 

but with different cloud temperatures. The exact value of h is ob

tained by normalizing the spectrum at 2080 em-I. Fig. 41a has a base 

temperature of 215 K, while in Fig. 4lb TB""210 K. The baseline model 

of Fig. 40 is reproduced as Fig. 4lc with TB=195 K. The continuum 
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mismatch between models (a) and (b) and the baseline model (c) is 

obvious in all mini-windows where v <2000 cm-1. Thus, the cloud model 

is very sensitive to small changes in TB· This is because the cloud is 

so optically thick that its emissivity, 1-h, is nearly equal to 1. 

From eq. 7.6 we see that the larger the cloud emissivity, the greater 

the effect on the emergent radiance for a given change in the Planck 

function. 

Equatorial Zone Models 

We present here a comparison of the IRIS Equatorial Zone 5 ~m 

spectrum with a series of synthetic spectra generated from models with 

different values of haze transmission and cloud temperature. The 

procedure is similar to that followed in the last section for Jupi

ter's coldest zones. The principal difference is that the improved 

signal to noise ratio of the Equatorial Zone ensemble permits use of 

the full 4.3 cm-1 spectral resolution of the data. The line to contin

uum ratio will be examined as well as the radiance in the continuum. 

We begin with a model of the Equatorial Zone based on Fig. 3 of Owen 

and Terrile (1981). They associated light brown or tawny clouds with 

cloud temperatures between 220 and 23 0 K. They suggested that trace 

compounds within the NH4sH layer could b~ responsible for the color. 

Their key assumption was that 511 m brightness temperatures could be 

identified with optically thick clouds at the same physical tempera-

ture. We test this hypothesis in Fig. 42 where the observed spectrum 

of the EQZ is compared to Owen and Terrile's model vith h•O and 

Th•225 K. This model fails for the same reason that the model in 
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Fig. 39 failed. The gas opacity at 1930 and 2080 cm-1 is very small 

for P < 5 bars in Jupiter's atmosphere. Opaque cloud models therefore 

predict the same brightness temperatures at both frequencies, which 

the IRIS data show is not true. Both frequencies have comparable 

radiance in the observed data, but this then means that the brightness 

temperature at 1930 cm-1 is smaller. 

We present in Fig. 43 a comparison of the EQZ spectrum with a 

model in which h c 0.036 and TB £ 210 K. The corresponding normal 

optical thickness is .3.13. These parameters were obtained by solving 

eq. 7.5. and the synthetic spectrum was calculated for the entire 5 ~m 

window. The agreement is clearly superior to that in Fig. 42. The 

continuum matches very well at 2040 cm-l , but the predicted radiance 

is too high at 1850, 1900, 1980, and 2130 cm-1• A slightly colder 

cloud would yield a better overall continuum fit. The line to contin

uum ratios provide powerful evidence that the spectral line forming 

region in Jupiter's Equatorial Zone lies below the main cloud layer. 

Note especially in this context that in Fig. 42 the predicted absorp

tion features between 2000 and 2150 cm- l for an opaque cloud at 

T c 225 K are consistently weak because they represent gas absorption 

only above this cloud. 

We next explore the sensitivity cf our cloud model to changes 

in the cloud base temperature. In Fig. 44 we show models in which TB 

equals 215,210, and 195 K for curves (a), (b), and (c). respectively. 

A value of 200 K provides a good continuum f it. From eq. 7.6 we see 

that as h increases the contribution to the observed radiance from the 
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first term increases while that from the second term decreases. This 

means that attenuated radiation from great depth will dominate over 

cloud self-emission as we model regions on Jupiter with higher 5 wm 

brightness temperatures. Consequently, zone regions provide the best 

constraint on the location of Jupiter's massive lower clouds. 

Models of the North and South Equatorial Belt Hot Spots 

In this section we continue our investigation of the proper

ties of clouds in the 2 to 5 bar portion of Jupiter's troposphere 

using IRIS 5 wm spectra of the Hot Spots in the North and South 

Equatorial Belts. Later inthis chapter we will use the NEB Hot Spot 

data to search for the thermal emission signature of a possible lower 

cloud layer in the 5 to 7 bar pressure range. Jupiter's Hot Spots are 

regions of exceptional transparency where thermal radiation at 5 w m is 

attenuated to a much smaller degree than in other parts of the planet. 

We showed in Fig. 38 the enormous range in 5 ~m brightness tempera

tures between the NEB Hot Spots and the coldest zones. Comparing the 

radiance at 2080 em-I, where the gas opacity is minimal, we find that 

the observed radiance for the NEB Hot Spots is 23 times the observed 

value in the Cold Zone ensemble. Jupiter's Hot Spots in the SEB are 

almost as ''warm''; the corresponding radiance ratio is about 16. As in 

previous sections, we now examine several cloud models to identify one 

which best reproduces the 5 wm radiance in the mini-windows and the 

observed line to continuum ratios. 
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We begin with a model of the NEB Hot Spots in which there is 

no cloud opacity at the predicted levels for the NH3 and NH4SH clouds 

but which has substantial opacity associated with a still lower cloud 

layer. In Fig. 45a we show a synthetic spectrum generated from a model 

with an opaque lower boundary at T=280 K and a haze concentrated 

between 260 and 280 K. The value of the haze transmission, h, is 0.56 

in order to match the observed radiance at 2080 em-I. This model is 

one example of a class of models which treat Hot Spots aa cloud-free 

regions down to a specified level in the 4 to 6 bar range. These 

models have an opaque lower boundary defining the base of the 5lJ rr. 

line forming region. Some models, such as the one shown in Fig. 45a, 

also have a haze immediately above this base. In cootrast, we show in 

Figs. 45b and 45c synthetic spectra in which there is no lower cloud 

layer; the lower boundary is determined by gas opacity alone, princi

pally H2. A cloud with a transmittance of 0.3 is present in the last 

two models in order to match the observed radiance at 2080 cm- 1• In 

Fig. 45b cloud opacity is concentrated between 3 and 3.5 bars ,,·ith a 

cloud base temperature of 250 K. In Fig. 45c the cloud is located near 

2 bars and TBc210 K. 

Of these three models, we immediately exclude that in Fig. 45a 

for two reasons: (1) the continuum fit between 1900 and 2000 cm-1 is 

very poor, and (2) the absorption features between 2000 and 2100 cm-1 

are weaker than in the observed NEB Hot Spot spectrum, shown in 

Fig. 46a. Figs. 45b and 45c have Acceptable line to continuum ratios, 

but the continuum level of Fig. 45b matches the observed data more 
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closely. In Fig. 46 we reproduced the synthetic spectrum of Fig. 45b 

and plotted it on the same scale as the observed NEB Bot Spot spec

trum. Both the absolute continuum level and line to continuum ratios 

match extremely well. Does this mean that there is a cloud with normal 

optical thickness of 1.24 present over the Bot Spots at a pressure 

between 3 and 4 bars? Perhaps, but we need to be cautious in inter

preting observations of regions of relatively low cloud opacity. In 

Eq. 7.6 the cloud emissivity, l-h, is only about 0.7 for the model of 

Fig. 45b. For the coldest zone models the cloud emissivity is nearly 

1. Consequently, dlogI /dT, the sensitivity of the emergent radiance 

to changes in cloud temperature, is smaller in the Bot Spots than in 

Jupiter's zones. This is evident in a comparison of Figs. 41 and 45. 

In Fig. 41 an increase in cloud base temperature from 210 to 215 K led 

to a large change in the continuum level of the Cold Zone spectrum, 

while in Fig. 45 an increase from 210 to 250 K resulted in a small 

change in the appearan~e of the Bot Spot spectrum. We therefore con

clude that the NEB Hot Spot spectrum is consistent with the presence 

of cloud opacity somewhere between 210 and 250 K, or, equivalently, 

between 2 and 3.5 bars. The cloud transmittance is 0.3. The altitude 

is lower than that inferred for Jupiter's zones. Belts are believed to 

be regions of downwelling in which undersaturated parcels of the 

atmosphere descend to lower altitudes and higher pressures. Hot Spots 

may represent areas where this motion is particularly vigorous and 

therefore cloud particles are transported to deeper, warmer levels 

where their thermal emission is higher. 
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The last IRIS spectrum that we considered in this study is 

that of the Hot Spots in the South Equatorial Belt. The peak bright

ness temperature is 245 K at 2080 cm-l. We applied the same analysis 

to the SEB Hot Spots that we just did for their counterparts in the 

North Equatorial Belt. In Fig. 47 we display two synthetic spectra 

corresponding to models with cloud base temperatures of 210 and 250 K 

and transmittances of 0.22 and 0.17, respectively. We show in Fig. 48 

a comparison of the observed spectrum and the model with TB=250 K. The 

predicted continuum in the mini-windows at 1900 and 1930 cm- l is 

higher than in the observed spectrum, but the line to continuum 

ratios match quite well. We therefore adopt a model in which TB=230 K 

and h=0.2. The haze is concentrated in the 2 to 3 bar region. As in 

the NEB Hot Spots, this is consistent with dynamical downwelling 

depressing the cloud altitude with respect to the neighboring zones. 

The Influence of Clouds Qg the Inferred ~ Composition 

In this section we compare the 5w m line to continuum ratios 

of the IRIS zone and Hot Spot spectra to determine the effect of 

overlying clouds on the inferred gas composition. If clouds were to 

change the apparent strength of absorption lines, this effect would be 

most noticeable in the 5w m zone spectra where cloud~ are thicker. Ab

sorption features would appear weaker in the zones than in the belts 

for two reaoons. First, an opaque cloUd at 2 bars, for example, would 

limit the column abundance of gas to a smaller value than that present 

above the 7 bar base determined by H2 absorption. Second, self-emis

sion from a warm cloud (T>250 K) would reduce the contrast between 
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line cores and the continuum, resulting in a weaker absorption fea

ture. 

We also examined the high spectral resolution airborne data 

for additional insight into Jupiter's cloud structure. The KAO spec

trum of Jupiter is a spatial average of belts and zones between -40~ 

and +4~latitude. One of the principal uncertainties in interpreting 

the airborne observations is the degree to which the thick cloud cover 

in Jupiter's zones affects the 5~ m spectrum. The gas composition that 

we inferred from the KAO data, presented in Chapters 5 and 6, may 

apply only to the belts and Hot Spots which contribute most of the 

5 ~m flux. Alternatively, the airborne spectrum may be representative 

of zones as well, in which case it provides a good indication of the 

globally averaged gas composition. Thus a comparison of the gas compo

sition inferred from the airborne data and that derived from the IRIS 

data gives information that we now use to assess the effect of clouds 

on compositional analyses as well as to determine the spatial varia

tion of gas composition on Jupiter. 

The 5 ~m spectrum of the Hot Spots in the North Equatorial 

Belt is of particular interest because the inferred gas composition 

should be the least affected of all the IRIS data by overlying clouds. 

Kunde A!Al (1982) analysed the full spectrum from 5 to 50~ m to 

derive the abundance and vertical distribution of NH3 , PH3 , cH3n, 

GeH4, and H20. We now compare the gas composition inferred in Chapter 

5 from analysis of the XAO 5~ m observations with a ''best fit" model 

of the NEB Hot Spots. 
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In Fig. 46 we compare a synthetic spectrum generated uBing the 

gas composition derived in Chapter 5 from the KAO data with the ob

served IRIS spectrum of the Hot Spots. The only exception is that a 

smaller mole fraction of H20 was used to fit the absorption features 

in the Hot Spot data, as previously described in Chapter 6. The fit is 

remarkable. Nearly all the continuum levels and absorption features 

match perfectly. A possible exception is NH3 whose abundance may be 

smaller in the NEB. At 2025 cm-1 the observed HE3 feature in Fig. 45a 

is weaker than in the model shown in Fig. 45b. This may be due to a 

real depletion in NH3 due to dynamical effects in regions of downwel

ling. On the other hand, at the spectral resolution of the IRIS data, 

the 2025 cm-1 line is blended with PH3 and H20 and there are no other 

NH3 features formed at pressures greater than 2 bars visible in the 

Hot Spot spectrum. We therefore do not have sufficient evidence to 

infer a spatial variation in th'e NH3 abundance. Based on the quality 

of the match between the model and observed data in Fig. 46 we find no 

significant difference between the gas composition inferred from 

Earth-based observations and the Voyager Hot Spot data. 

The gas composition in the SEB Hot Spots is also remarkably 

similar to that inferred using the KAO spectrum. The GeH4 mole frac

tion is 1.2x10-9, or about twice the value in the NEB Hot Spots. The 

absorption features in the model of Fig. 48b agree very well with the 

IRIS spectrum in Fig. 48a except at 2017 cm-l where the observed 

feature is stronger. This absorption line is a blend of PH3 with H20• 

Because other spectral features due to these two gases agree with the 
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model, we do not have enough evidence to support an enhancement of 

either PH3 or H20 in the SEB with respect to the global average. The 

apparent enhancement of GeH4 with respect to the NEB Hot Spots is 

puzzling because both areas are believed to be regions of downward 

convective motion. 

For the Equatorial Zones we .used the gas mole fractions de

rived in Chapters 5 and 6 from the airborne spectrum except for GeH4 

where we used a higher value of 1.2 x 10-9• In Figs. 43a and 43b we 

compare the ''best fit" synthetic spectrum of the EQZ to the IRIS data. 

PB3 lines at 2017, 2076, 2104, and 2118 cm-1 are stronger in the IRIS 

data. A PR3 abundance higher than that inferred from the airborne data 

appears to be needed to fit these features. We estimate that a PH3 

mole fraction of ap'proximately 1.2x10-6 would provide a reasonable fit 

to the spectrum in Fig. 43a. 

We conclude that the principal effect of overlying clouds on 

Jupiter is to reduce the continuum level without altering line to 

continuum ratios. The inferred gas composition is fairly uniform, 

although the absorption features due to PH3 , GeH4, and H20 appear 

stronger in the Equatorial Zone than in the Bot Spots. We interpret 

this as a real variation in the gas composition and not an artifact of 

differences in cloud cover. This is because the absorption features 

are stronger in regions with thicker clouds, an effect opposite to 

that expected if clouds are important in alte:::ing line to continuum 

ratios. Enhanced concentrations of PH3 and GeB4 in the zones are 

expected because zones are thought to be regions of vigorous upward 
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motion. This would bring larger amounts of these disequilibrium spe

cies from great depth. Water also is expected to be more abundant in 

zones than in belts, although it is very significant that the observed 

variation is only a factor of 2, not 100 as in earlier predictions. 

Does Jupiter Have ~ Massive ~ Cloud? 

One of the outstanding problems in studies of Jupiter's atmo

sphere concerns the existence and properties of the proposed water 

cloud. Weidenschilling and Lewis (1973) suggested that a massive H20 

cloud should be present near the 273 K level in Jupiter's troposphere. 

The base of this cloud corresponds to a pressure level of 5 bars as 

shown in the temperature-pressure profile of Fig. 3. The 5 )l m spectrum 

offers two important clues ::elating to the existence of this cloud 

layer. Analyses of the vibration-rotation lines of H20 vapor in both 

the airborne and Voyager spectra allowed us to derive the H20 abun

dance on Jupiter. We infer the location of the base of the H20 ice 

cloud by simply finding the temperature at which the inferred H20 

partial pressure on Jupiter equals the saturated vapor pressure. We 

found this temperature to be 210 K for qH20 = 4xI0-6• This corresponds 

to a pressure of 2.1 bars, which is at a much higher altitude than the 

proposed cloud at 5 bars. The only way in which a water cloud could be 

present at 5 bars is if qH 20 0:: 10-3 , perhaps in Jupiter's zones. We 

have shown in Chapter 6, however, using Voyager zone spectra that the 

H20 mole fraction in Jupiter's zones is very near the global average, 

that is not more than 10-5 at 5 bars. 
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In this section we use an independent technique to search for 

the Jovian H2 0 cloud. We first discuss the nature of the lower boun

dary of model atmospheres used to synthesize Jupiter's 5~ m spectrum, 

emphasizing the role of H2 as a continuum absorber. We then examine 

the continuum level of Jupiter's 5 fJ m spectrum for the sign'lture of 

thermal emission from an optically thick cloud at temperatures antici

pated for the H20 cloud. 

Jupiter's atmosphere is so transparent at 5 fJ m that in selec

ted mini-windows at 1930, 2080, and 2130 cm-1 one should be able to 

see to pressure levels greater than 12 bars, and brightness tempera

tures should exceed 350 K if the opacity due to H2 and overlying 

clouds is neglected. Since the peak 5 fJm brightness temperature for 

the Jovian NEB Hot Spots is only 265 K in the IRIS data, continuum 

opacity must be present. Consequently, a lower boundary condition has 

been imposed in the model atmospheres of previous studies in order to 

avoid predictions of extremely high brightness temperatures. Terrile 

(978) deduced a lower boundary temperature of 292:t.8 K based on the 

limb darkening of photometric observations of Jupiter at 5 \Jm. Dros

sart and Encrenaz (982) and Drossart tl1!l (1982) introduced an H2 0 

cloud at 300 K, whil e Kunde n.!!.l (982) chose a lower boundary of 

279 K in their analysis of Voyager IRIS data. All of these boundaries 

were attributed to a thick cloud layer, perhaps depressed dynamically 

to deeper and warmer levels than the Weidenschilling and Lewis (1973) 

prediction. 
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\-le propose here an alternate explanation, namely, that the 

pressure-induced opacity of molecular hydrogen limits the depth to 

which we see at 5 J..l m, thus eliminating the need to invoke cloud layers 

to satisfy thermal constraints. New laboratory measurements of H2 

coefficients at 5 llm by Bachet g l!l (1983) allow us to explore this 

possibility in our cloud model. In Chapter 4 we made a rough estimate 

of the level in which unit optical 4epth due to H2 is reached. A more 

precise estimate is shown in Figs. 5 and 26 where we have plotted the 

pressure level in which unit gaseous optical depth is reached as a 

function of wavenumber. In the 2080 cm-1 mini-window T =1 is reached at 

pc 7 bars where Te 300 K. We therefore have a natural physical explana

tion for the lower boundary required in previous studies. It is no 

longer necessary to invoke an H20 cloud to provide the needed opacity, 

particularly when the measured H20 vapor is undersaturated by a factor 

of 100 at that level. H2 opacity alone is sufficient and provides the 

simplest explanation for the lower boundary. 

We have not yet ruled out the presence of a massive cloud of 

unknown composition in the 280 to 300 K temperature range. It still 'is 

possible that an optically thick cloud prevents our seeing to levels 

where H2 absorption is important. To determine if we can distinguish 

between a model atmosphere with an opaque cloud at 280 K from one in 

which only H2 opacity provides the lower boundary, we generated syn

thetic spectra to model Jupiter's Hot Spots in the NEB as well 8S to 

match the global airborne spectrum at high spectral reGolutio~ 
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We considered three different lower boundary conditions appli

cable to both the Hot Spot and globally averaged data. In Fig. 49 we 

show a multiple plot of three synthetic Hot Spot spectra in which the 

radiance is normalized to the observed Voyager value at 2080 cm-1• The 

top spectrum has a lower boundary at 280 K, the center plot has one at 

300 K, while the bottom spectrum has only H2 opacity. All of these 

models predict brightness temperatures higher than the observed value 

of 265 K at 2080 cm-1 without SOme type of cloud opacity at higher al

titudes. We then added cloud opacity at the TB=210 K level until the 

model radiance matched the observed value at 2080 em-I. This level was 

chosen to be consistent with our conclusion that a massive cloud at 

2 bars is responsible for the belt to zone variation of the IRIS 5 ~m 

spectra. The normal optical thickness of this overlying cloud was 0.2, 

0.7, and 1.2 for Figs. 49a, b, and c, respectively. Fig. 49a repre

sents a model in which Hot Spots are virtually cloud-free until an 

opaque boundary is reached at 5.5 bars, while in (b) the boundary is 

SIt 7 bars. In Fig. 49c only R2 opacity is present at great depth, but 

the cloud layer st 2 bars has a larger optical thickness than do the 

models of Figs. 49a and 49b. A comparison of the three models with the 

observed NEB Hot Spot spectrum in Fig. 46 shows that an opaque boun

dary at 280 K leads to an unacceptable fit. The radiance at 1930 cm-1 

is in fact off-sia1e in Fig. 49a. Fig. 49b is a better fit, while 

Fig. 49c provides the best match to the observed continuum level. 

We conclude from this comparison that an opaque cloud (infi

nite optical thickness at 5 ~m) located at 5.5 bars, T ... 280 K provides 
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an unacceptable fit to the IRIS Bot Spot data. On a brightness tem

perature plot the model spectrum is too flat : the brightness tempera

ture very nearly equals 280 K in all of the 5 ll m mini-windows. On a 

radiance scale this means that the radiance. at the long wavelength 

mini-window (at 1930 cm-1) is far too high. A cloud at 300 K provides 

an acceptable fit, but it is unnecessary when H2 offers a much simpler 

explanation. 

We now examine the effect of the lower boundary condition on 

the 5 llm spectrum at the higher spectral resolution of the airborne 

data. The principal difference between this dataset and the Hot Spot 

spectrum, for purposes of modeling the lower cloud, is that in order 

to reproduce the observed radiance in the mini-windows of the airborne 

spectrum one must add much more cloud opacity at the 2 bar level. In 

Fig. 50 we show the observed airborne spectrum of Jupiter for the 1900 

to 1950 cm-1 region along with three synthetic spectra generated from 

model atmospheres with different lower boundary conditions. Curves 

(a), (b), and (c) have lower boundaries at temperatures of 280, 300, 

and 353 K, respectively. The latter boundary is the base of the atmo

spheric model. Because of H2 opacity one cannot see to this level at 

5 llm, so the choice of base is arbitrary. All three synthetic spectra 

were normalized at 2080 cm-1 to the observed radiance. As in the Hot 

Spot data the most diagnostic mini-window is at 1930 cm-1. Each syn

thetic spectrum required a substantial cloud at the 2 bar level. The 

cloud's normal optical thicknesses for curves (a), (b), and (c) were 

2.0, 2.5, and 2.9 respectively. The thermal signature of a lower cloud 
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is still preserved even in the presence of a massive upper cloud. The 

result is the same as for the Rot Spots, namely, that an opaque cloud 

at 280 K leads to a poor continuum fit. The best fit, and simplest 

model, is one in which H2 opacity alone provides the necessary absorp

tion in Jupiter's lower troposphere. 

Summary Q[ the Inferred Tropospheric Cloud Structure 

In the preceding sections we generated a wide variety of cloud 

models for comparison with the IRIS data. Improved knowledge of the 

5 ~m gas opacity allowed us to model line to continuum ratios as well 

as the absolute continuum radiance in the IRIS spectra of Jupiter's 

belts and zones. We used this information to infer properties of the 

lower cloud layers in Jupiter's troposphere. 

In Fig. 51 we show a schematic of the tropospheric cloud 

structure of Jupiter's belts and zones. We combined the information 

about lower clouds inferred from this study with measurements at other 

wavelengths which are sensitive to clouds at P<l bar levels. Thermal 

radiation at 5).J m originates at levels deeper than both of the cloud 

layers shown in Fig. 51, so it is attenuated by both clouds. Measure

ments are therefore needed at other wavelengths to discriminate be

tween the effects of each cloud layer. Thus, in Fig. 51 we indicate 

high level clouds over Jupiter's belts and Rot Spots as well as over 

the zones, but this layer is not uniquely specified by this study. We 

have used primarily the results of Bezard ~ ~ (1983), Smith and 

Tomasko (1984), and West ~ ~ (1984) to characterize th~ upper cloud, 

which is believed to consist of NH3 ice. 
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Bezard et al compared visible Voyager images of Jupiter with 

IRIS observations at far infrared wavelengths. At 45 ~m the emergent 

radiance is sensitive to the presence of clouds at P<l.2 bars. Bezard 

~ Al found that the 45 ~m radiance is smaller in regions where light 

brown clouds are present than in nearby clear regions of the NEB. They 

concluded that these light brown clouds have substantial opacity at 

levels where P<l.2 bars and, therefore, that they are made of ammonia 

ice. This contrasts with the Owen and Terrile interpretation in which 

these clouds are inferred to be at lower levels due to 5 ~m brightness 

temperatures between 220 and 230 K. Consequently, at least some re-

gions on Jupiter labeled as belts, based on either the criteria of 

medium to high 5 ~m brightness temperatures or the presence of brown 

clouds, have opacity at the NHJ condensation level. 

Smith and Tomasko (1984) examined the polarization of sunlight 
0 

reflected from Jupiter's belts and zones at 90 phase angle. If 5 lJID 

Hot Spots represent regions devoid of cloud opacity at pressures less 

than 4 bars, then Rayleigh scattering in a long column of clear gas 

would yield much higher polarization than in adjacent zones. However, 

no spots of high polarization were observed, so these authors con-

eluded that significant cloud opacity at visible wavelengths exists at 

the NH3 condensation level in both belts and zones. West ~ Al reached 

the same conclusion based on measurements of a weak CH4 band at 6190A 

in regions of high 5 ~m brightness temperatures. Thus, although there 

are no direct measurements of the 5 vm opacity of the NH3 cloud, it 

seems likely that this cloud is present over Hot Spots, belts, and 
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zones based on visible and 45 )lm data. \-1e illustrate this conclusion 

in the upper portion of Fig. 51-

The 5 )lm normal optical thicknesses in the NH3 cloud layer, 

shown in Fig. 51, are estimates based on Bezard .£.1.1!l.. These authors 

used the NH3 cloud model of Marten.£.1.1!l. (1981) to calculate a lower 

limit to the 5 J-1 m transmittance of this layer, which was assumed to 

consist of spherical particles of NH3 ice. They reported a minimum 

cloud transmittance of 0.68 at 1900 em-I. This corresponds to an upper 

limit to the cloud optical depth of 0.4. We show this upper limit in 

the High Level Cloud portion of Fig. 51. The NH3 cloud opacity at 

45 )lm is smaller in Jupiter's belts than in the zones, while the 

opacity at visible wavelengths may be comparable. The upper limit to 

the 5 )l m opacity of thE\ NR3 cloud in Jupiter's belts, therefore, may 

be smaller than 0.4, but this depends on the cloud particle size. We 

indicate qualitatively a thinner NH3 cloud over the belts in Fig. 51, 

and we retain the same upper limit as calculated for the zones. 

Our conclusions regarding the cloud responsible for the var~a

tion in 5 )lm brightness temperatures between Jupiter's belts and zones 

are illustrated in Fig. 51 by the layer labeled "Main Cloud Deck". In 

Table 15 of Chapter 6 we summarized the cloud parameters that provided 

the best fit to the 5 )l m IRIS spectra of the Hot Spots in both the NEB 

and SEB, the Equatorial Zone ensemble, and in Jupiter's coldest zones. 

We attribute the spatial variation in 5 )lm brightness temperatures to 

the variable opacity of a cloud at the 2 bar level where Ta 200 K. The 

5 )lm normal optical thicknesses liated in Table 15 are averages over 
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large regions of Jupiter in which the cloud opacity varies consider

ably within each ensemble. Zones are labeled in Fig. 51 as having 

optical thicknesses greater than 3, while Hot Spots have a thinner 

cloud (T=l), slightly depressed in altitude." Both are believed to have 

the same composition, predominantly NH4SH but with some H20 ice as 

well. 

We briefly discuss some of the errors associated with our 

estimate of the temperature and optical thickness of the Main Cloud 

Deck. Since we assumed a one-cloud model throughout t.his study, but 

now acknowledge that the NH3 cloud has some 5 J.lm opacity, this will 

introduce a systematic error into our parameters for the Main Cloud 

Deck. If the total cloud opacity is partitioned between a cold cloud 

at T~150 K and a warmer cloud near Tc 200 K then we have overestimated 

the optical thickness of the Main Cloud in our one-cloud model and we 

have underestimated its temperature. A two-cloud model satisfying the 

IRIS data would have both warm and cold cloud particles attenuating 

5 ~m radiation, but it would need to have warm particles emitting at a 

temperature slightly higher than 200 K in order to compensate for the 

cold particles at 150 K, whose self-emission is negligible at 5 ~m. 

Fortunately, the NH3 cloud has a much smaller 5 !lm opacity than the 

lower cloud near 200 K, if the calculations of Bezard g & are cor

rect. The systematic error introduced by ignoring the NH3 cloud in our 

analyses should therefore be rather small. 

Our cloud modeling relies primarily on matching the radiance 

level cf the continuum in various mini-windows, although the line to 
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continuum ratios strengthen our evidence for one cloud of variable 

opacity near 2 bars. Unfortunately, the continuum level is sUbject to 

many more sources of systematic error than the line to continuum 

ratios. The inferred cloud transmittance depends strongly on the 

following parameters: 

(1) The far wing line profile of gaseous absorbers such as CH4 , NH3, 

and PH3. 

(2) H2 absorption coefficients at 5 ~m. 

(3) The temperature-pressure profile, especially the temperature at 

1 bar. 

(4) The assumption that scattering can be neglected. 

We cannot quantify the errors associated with the parameters listed 

above. However, the mnst serious SOurces of error are probably in (1) 

and in (4). The H2 opacity and T-P profile are fairly well known, but 

the far wing opacity has never been measured under conditions relevant 

to modeling Jupiter. Scattering is an enormous complication that may 

very well change the inferred cloud opacity and location. West (1984) 

has begun to investigate the scattering properties of the Main Cloud 

Deck using the gas absorption coefficients and mole fractions gener

ated in this study. This effort may eventually result in improved 

models of Jupiter's lower cloud structure. 

The cloud transmittances that were inferred in this study are 

listed in Table 15. They represent averages over very large spatial 

regions on Jupiter. Jupiter's cloud cover varies considerably within 

each of our four IRIS ensembles, but SOme regions are more uniform 
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than others. In Chapter 2 we defined a homogeneity index to charac

terize the variation in radiance between individual IRIS 5 ~m spectra 

comprising our four ensembles. There \ole found that the NEB-Bot and 

Cold Zone ensembles were fairly homogeneous but that the SEB-Bot and 

EQZ ensembles exhibited large variations in 5 ~m opacity and, there

fore, in cloud cover. The cloud optical thickness of the Cold Zone 

ensemble may be useful for constraining the composition of the Main 

Cloud Deck. In contrast, the SEB-Bot ensemble is so heterogeneous that 

the inferred cloud transmittance is simply a geometric average of the 

values for many individual regions comprising this dataset. Voyager 

images indicate that Jupiter's cloud cover varies on scales smaller 

than the field of view of an individual IRIS spectrum in many parts of 

the planet. Consequently, the cloud transmittances inferred from the 

IRIS data should be corrected for geometric effects before using them 

to model properties of individual clouds. 

Perhaps the most surprising conclusion of this chapter is the 

ab'sence of a massive B20 cloud near 5 bars on Jupiter. Two independent 

lines of evidence argue against this cloud. First of all, the mole 

fraction of H20 vapor in equilibrium with such a cloud would be about 

10-3• This is two orders of magnitude higher than is observed at the 

5 bar level in either belts or zones. This inference relies heavily on 

our conclusion that the 5 ~m spectrum of the coldest zones preserves 

information on the gas composition at deeper levels. That is. zones 

are not hidden reservoirs of H20 with 100 times the abundance measured 

in the belts. Second. ue find no evidence for self-emission from an 
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optically thick cloud in the 250 to 300 K temperature range, or, 

equivalently, in the 4 to 7 bar pressure range. The evidence is 

strongest for the NEB Bot Spots where overlying clouds are thinner, 

but the conclusion that this cloud is absent also applies to the 

Equatorial Zone. Molecular hydrogen provides the opacity needed to 

define the base of the 5 lJ m line formation region as shown at the 

bot tom of Fig. 51. 

Finally, we conclude that the 5 lJm line to continuum ratios 

are minimally affected by overlying clouds. The IRIS data suggest that 

Some of the absorption features in Jupiter's zones are stronger than 

their counterparts in the Hot Spots. This is best explained by a real 

variation in gas composition rather than by the effect of overlying 

clouds. 

Comparison with Cloud Models Derived in Previous Studies 

Our results for the location of the cloud responsible for the 

large range in brightness temperatures between belts and zones are in 

agreement with previous studies of the IRIS data. Marten £1 ~ (1981) 

found no signature of this cloud layer in 45 fl m IRIS data and con

cluded that Th>190 K. Drossart rt II (1982) estimated that Th"'190 K 

and proposed a range of cloud transmittances ranging from 0.01 for the 

Cold Zones to 0.13 for the NEB based on analysis of IRIS spectra in 

the 2100 to 2240 cm-1 range. These cloud transmittances were derived 

from a model with an opaque cloud at 300 K defining the lower bounda

ry. Bezard ~ ~ estimated that 180 < Th < 195 K from a comparison of 
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the ratio of IRIS zone to belt spectra at 5 ~m. They assumed that the 

NEB Hot Spot sample was essentially cloud free and they estimated a 

mean cloud transmittance for the cold zones of h ... 0.05. This corre

sponds to a normal optical thickness in the range of 3-5. Our results 

provide additional evidence for a massive cloud layer at 200 K which 

strongly attenuates thermal radiation from great depth, but is not so 

opaque as to prevent us from inferring the gas composition below the 

cloud. 
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