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4.1 INTRODUCTION 

Modern studies of the composition of Jupiter's atmosphere 
date back to the mid-nineteenth century, when the near
infrared spectrum of the planet was viewed by Rutherfurd 
(1863) using diffraction gratings of his own manufacture. He 
discovered features that remained unidentified until 1932, 
when Wildt showed that the unknown spectral lines were 
due to ammonia and methane. In later years, building on 
the original insight of Jeffreys (1923, 1924), Wildt and oth
ers went on to note that the low density of Jupiter and 
the presence of these hydrogen-rich compounds in the at
mosphere were consistent with a bulk composition similar 
to that of the Sun, that is, primarily hydrogen. 

Despite its expected high abundance, hydrogen is diffi
cult to observe because of the absence of a dipole spectrum. 
Herzberg predicted in 1938 that the quadrupole absorption 
lines might be observable, and the (3-0) lines at 815 and 
827 nm were eventually detected by Kiess et al. (1960) and 
the (4-0) band near 637 nm by Spinrad and Trafton (1963). 
Although the presence of around 10% of helium had been 
anticipated on cosmogonical grounds, it was not detected di
rectly until the Pioneer 10 encounter in 1973, when the ul
traviolet photometer measured the 58.40 nm resonance line 
(Judge and Carlson 1974). Since then, progress in detecting 
additional species, some present in only very small amounts, 

has been rapid, with contributions from both ground based 
and space borne instruments. 

4.2 SOLAR ABUNDANCE AND NUCLEATION 
MODELS 

Before 1980, the traditional approach to obtaining a first
order model of the composition of Jupiter was to assume 
that the planet as a whole has the same composition as the 
Sun, with which, like all of the planets, it has a common 
origin in the protosolar nebula. The large mass of Jupiter, 
and its formation in a sufficiently low temperature region, 
was invoked to infer that the planet had apparently retained 
a solar proportion of even the lightest element, hydrogen. 

The atmosphere of Jupiter is evidently well-mixed to 
a great depth, and the reasonable assumption that chem
ical equilibrium is attained in the hot interior leads to 
the expectation that the common elements are all fully re
duced by combination with hydrogen. Thus, carbon, nitro
gen, oxygen and sulfur, for example, should be represented 
in the atmosphere as methane ( CH4), ammonia (NH3), wa
ter (H20), and hydrogen sulfide (H2S). The fact that these 
species do appear as the most abundant after hydrogen and 
helium, plus the near-solar ratio between the two bulk con
stituents, was thought for a time to validate the solar abun
dance model. Table 4.1 shows a recent example of what the 
composition of Jupiter would be if it was determined from 
such a model, based on the work of Anders and Grevesse 
(1989). 

For understanding the composition of Jupiter, solar 
models are a useful starting point, but it has become in
creasingly clear since the time of the Voyager missions that 

Jupiter and the Sun do not have identical elemental abun
dances. In seeking to study the differences, we must keep 
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Table 4.1. A model for the composition of Jupiter based on a 
"solar" abundance of elements (Anders and Grevesse 1989). 

Gas Volume Mixing Ratio (vmr) 

H2 0.835 
He 0.16 

H20 0.0015 
CH4 0.0007 
NH3 0.00018 
Ne 0.00019 

H2S 0.000031 
Ar 6.1 ppm 
Kr 1.5 ppb 
Xe 0.07 ppb 

in mind that our understanding of the current, protosolar 
(i.e., at the time of solar system formation), and primordial 
(i.e., before any star formation) composition of the Sun, as 
well as that of Jupiter, continues to evolve, with new mea
surements and interpretations appearing regularly. Since the 
Anders and Grevesse (1989) compilation shown in Table 4.1, 
the abundances of C, N, and 0 have been revised by Hol
weger (2001) and still more recently by Prieto et al. (2001, 
2002), while new values for the abundances of Ar, Kr and Xe 
have been given by Grevesse and Sauval (1998). It remains 
to be seen how significant these revisions are; in this review 
we will use Table 4.1 as a reference point for solar composi
tion as this has been adopted as the standard in recent key 
publications to which we will refer. 

At the time of the first Jupiter book, the solar-based 
model for the composition of Jupiter by Lewis (1969) was 
widely used. Lewis's solar values for the 10 most abundant 
molecules were all within a factor of about 2 of the mod
ern solar model shown in Table 4.1, and some much closer. 
These differences represent a reasonable upper limit on the 
uncertainty in the solar abundances, and since the most re
cent values for Jupiter show larger differences than this, 
they evidently demand a new paradigm for the formation 
of the planet. Current thinking centers on the so-called "nu
cleation" theory, first introduced by Mizuno (1980) and later 
developed by several authors (e.g., Pollack et al. 1996). This 
involves the formation of an initial icy core with a mass of 
about 12 !VIE, where ME is the present mass of the Earth, 
with a gravity field large enough to accrete the surrounding 
protosolar nebula, mostly composed of hydrogen and helium, 
with additional solid planetesimals. 

Such a scenario has an immediate consequence for the 
abundance ratios expected to be measured in the planet. 
Present-day Jupiter has a mass of 318 !VIE, of which 12 !ViE 
comprises a heavy-element core according to the authors 
cited above. If the additional 306 !VIE accreted by the core 
had solar composition it would contain heavy elements (that 
is, everything heavier than helium) as about 2% of its total 
mass, i.e., 6 !VIE. This makes a total of 18 1\![E in heavy ele
ments, for an enrichment of about a factor of 3 relative to so
lar, which is approximately consistent with the most recent 
observations. In a more detailed treatment of the nucleation 
model by Guillot (1999; see also Chapter 3 by Guillot et al.) 
the formation of an initial icy core puts the total mass of 
heavy elements in the range between 11 and 42 1\![E. Assum
ing general mixing after the gas in-fall phase, this implies 

an enrichment with respect to solar abundances by a factor 
between 2 and 7 for all heavy elements relative to hydrogen. 

Thus we see that the apparent overabundance, relative 
to the Sun, of heavy elements observed in Jupiter lends gen
eral support to the nucleation model for the formation of the 
planet. However, a more detailed interpretation of the com
position measurements in terms of global abundances must 
take into account a number of poorly understood processes 
taking place on Jupiter itself. These include condensation to 
form clouds of different compositions over a wide vertical 
range; non-equilibrium chemistry and, in the upper atmo
sphere, photochemistry; fractionation and sequestration in 
the deep interior and core of Jupiter; and the influx, after 
the initial formation of the planet and continuing to this 
day, of material in the form of comets, meteorites and dust. 
All of these factors can be expected to modify substantially 
the composition of the observable atmosphere, by which we 
mean the part above a pressure of around 20 bars, which 
represents the maximum depth sounded by the Galileo en
try probe and remote sensing at all but the longest radio 
wavelengths. Vertical and horizontal variations in the mix
ing ratios of key species like water vapor and ammonia are 
to be expected, and have been observed. With these diffi
culties in mind, the question of what tentative conclusions 
may nevertheless be drawn from the existing measurements 
about the formation and evolution of Jupiter is considered 
briefly later in this chapter and in more detail in Chapter 2 
by Lunine et al. 

4.3 MEASUREMENTS OF COMPOSITION 

The gases found in the atmosphere of Jupiter generally have 
distinct spectral features, which have been used to deter
mine their abundances from remotely sensed measurements. 
From the ultraviolet, through the visible to approximately 
3.5 !-LID, the near-infrared spectrum of the planet is domi
nated by reflected sunlight, scattered by cloud particles and 
suspended aerosols in the atmosphere, and also by Rayleigh 
scattering from the gas molecules themselves at the shorter 
wavelengths. The mid-infrared part of the spectrum begins 
at about 3.5 !-LID, where thermal emission starts to domi
nate over reflected sunlight. By 5 I-LID, the latter contributes 
typically only a few percent of the flux, although this varies 
considerably with cloud cover. The region of the jovian spec
trum from about 4 to 6 I-LID is an atmospheric "window" at 
the center of which the gaseous opacity is so low that, in the 
absence of clouds, relatively intense thermal radiation from 
pressure levels as deep as 5 to 8 bars may be observed. There 
is no comparable window region at longer wavelengths until 
the microwave and radio regions are reached, so the rest of 
the mid and far-infrared spectrum is dominated by emission 
from depths no greater than 1 or 2 bars in pressure. 

The visible and parts of the near-infrared spectrum 
of Jupiter have been observed for many years by terres
trial telescopes and airborne observatories, and more re
cently the range and sensitivity have been extended by the 
Hubble Space Telescope (HST) and the Infrared Space Ob
servatory (ISO). Although much was learned from Earth
based telescopes, some of the most dramatic advances in our 
understanding of Jupiter followed the rapid flypast of the 
planet by the Pioneer probes in the early 70s and the more 
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Figure 4.1. Galileo NIMS (0.7-5.2 !-LID, top) and Voyager IRIS (4.5-55 !-LID, below) spectra of similar brightness hot-spot regions on 
Jupiter (Irwin 1999). Note the changes in scale at the vertical line from bi-directional reflectivity function (BDRF) to radiance (in units 
of 1-!W cm- 2 sr- 1 1-lm- 1 /100) in the upper plot, and from radiance x10 to radiance (in units of W cm- 2 sr- 1 em) in the lower plot. 

advanced Voyager probes at the end of that decade. Galileo 
arrived at Jupiter on December 7, 1995 and deployed the 
first jovian atmospheric entry probe before becoming the 
first artificial satellite of Jupiter. The orbiter's remote sens
ing instruments made systematic observations of the jovian 
atmosphere and the surfaces of the Galilean moons for over 
five years. The probe made the first, and for the foreseeable 
future the only, directly sampled measurements of the com
position during its descent through the atmosphere, also on 
December 7, 1995. 

For atmospheric observations, the Voyager spacecraft 
carried the Imaging Science Subsystem (ISS), the Ultraviolet 
Spectrometer (UVS), the Photopolarimeter (PPS), and the 
Infrared Interferometer Spectrometer (IRIS). 

The last was a Fourier Transform spectrometer that 
recorded the thermal infrared spectrum from 150-2500 cm- 1 

( 4.8 to 50 1-1-m) at a resolution of 4.3 em - 1
. The Galileo 

orbiter carried the Solid State Imager (SSI, Belton et al. 
1996), the Photo-Polarimeter Radiometer (PPR, Orton et 
al. 1996), and the Near Infrared Mapping Spectrometer 
(NIMS, Carlson et al. 1992, 1996). The NIMS instrument 
covered the range 0. 7-5.2 1-1-m at a resolution of 0.0125 1-1-m 
below 1 ~m, and 0.025 ~m above, using a grating dispers
ing a spectrum on to 17 discrete detectors. NIMS had lower 

spectral resolution, but higher spatial resolution, than IRIS. 
A typical spectrum of a hot spot (a region of relatively low 

cloud cover that appears bright in the spectral window at 5 
1-1-m) as observed by both NIMS and IRIS from 0.7 to 50 1-1-m 
is shown in Figure 4.1. The pressure at the peak of the cal
culated transmission weighting functions, a measure of the 
depth from which most of the observed radiation originates, 
is plotted in Figure 4.2. 

The Galileo probe used a quadrupole mass spectrome
ter to return data on a range of constituents in the jovian 
atmosphere between pressure levels of 0.51 and 21.1 bars 
(Niemann et al. 1998). It also carried a dedicated helium 
abundance detector, an optical interferometer that mea
sured the refractive index of the jovian atmosphere very 
precisely from 2 to 12 bar pressure levels (von Zahn et al. 
1998). Additional compositional information was obtained 
from the Net Flux Radiometer, Nephelometer, and Atmo
spheric Structure instruments, and from measurements of 
the rate of attenuation with depth of the probe radio up
link. The probe instruments got hotter during their descent 
than had been anticipated, and the data have required care
ful analysis to obtain reliable results. It also has to be kept 
in mind that a single probe cannot characterize the composi
tion everywhere in an inhomogeneous atmosphere. Simulta
neous thermal infrared imaging from the Earth showed that 
the probe entered the atmosphere in one of the 5-J..Lm hot 

spots, where low cloud cover is expected to be accompanied 
by relatively low volatile abundances. 



62 Taylor et al. 

Typical weighting function peak for NIMS and IRIS 

Q) 
\,_ 

::l 
(/) 
(/) 
Q) 
\,_ 

0.. 

............ 
\... 

0 
.Jj 

Q) 
\... 

::J 
Ul 
(/) 
Q) 
\... 

0.. 

0.001 

0.010 Reflection 

0.100 

1.000 

10.000 

0 

5 
0.001 

0.010 

0.100 

1.000 

10.000 

2 

6 

3 
Wavelength (,u.m) 

7 8 9 10 

4 

Emission 

5 6 

15 25 50 

2500 2000 1500 1000 500 0 
Wavenumber (em-') 

Figure 4.2. Reflection (two-way) and emission (longward of 4.5 ~m) weighting function peak pressure vs. wavelength for the NIMS 
(top) and IRIS 5 ~m spectra. From Irwin (1999). 

4.3.1 Observed Molecular Abundances 

Table 4.2 presents nominal values for the global mean abun
dances of the most common species known to be present in 
Jupiter's atmosphere. Obviously, caution is required in ex
trapolating from a very limited data set to global mean val
ues and, except for hydrogen and helium, the latter should 
be regarded as still quite uncertain. In particular, for wa
ter vapor the best value we can infer for the global mean 
from the available measurements is almost certainly a lower 
limit. Nevertheless, it can be seen from comparisons between 
Tables 4.1 and 4.2 that significant differences apparently ex
ist between a solar model and the observations. 

Just how significant these differences are depends of 
course on the uncertainties in the values in each table. These 
cannot be specified precisely because they arise not only 
from experimental error, which can be estimated, but also 
from the problem that at least some of the species listed 
are variable with height and globally due to condensation, 
vertical transport, chemical production and/or removal. The 
actual distributions and vertical profiles that result are com
plicated and variable, being associated with a remarkably 
diverse and dynamic global meteorology. They are subject 
to only a very tentative understanding at the present time, 

which will be further discussed in the sections on the indi
vidual species below. Photochemistry is a particularly im
portant factor in the stratosphere, and additional species 
not listed in Table 4.2 (for example, C2H6, C2H2, and other 
hydrocarbons, derived photochemically from methane) are 
present in significant quantities, especially above the 1 mb 
level (see below and Chapter 7 by Moses et al.). 

Hydrogen, Deuterium and Helium 

As already noted, hydrogen was first detected in Jupiter 
through its quadrupole vibrational transitions in the visi
ble part of the spectrum. Later, the rotational quadrupole 
transitions 8(1) and S(O) at 17 and 28 J..Lm respectively, and 
the pressure-induced rotational spectrum in the far-infrared, 
were also identified. Measurements of the latter by Voyager 
IRIS were used by Gautier et al. (1981) to determine an 
H2 mole fraction of 0.897 ± 0.030 in Jupiter. The analysis 
assumed that the spectrum was due to H2-H2 and H2-He 
collisions only, i.e., that helium made up the bulk of the 
remaining 10% or so of the atmosphere. The helium abun
dance was later measured directly by the Galileo probe mass 
spectrometer, and a value of 0.136 ± 0.003 was obtained for 
the volume mixing ratio (vmr) (Niemann et al. 1998). The 



Table 4.2. Nominal global mean values for the mixing ratios by 
volume (mole fractions) of the principal constituents of the tro
posphere of Jupiter, as inferred from the available measurements. 
See text for a discussion of the uncertainties in these numbers. 

Species 

Hydrogen, H2 
Helium, He 
Methane, CH4 
Ammonia, NH3 
Water, H20 
Hydrogen sulfide, H2S 
Neon, Ne 
Argon, Ar 
Hydrogen deuteride, HD 
Phosphine, PH3 

Volume Mixing Ratio 

Deuterated methane, CH3D 
Krypton, Kr 

0.86 
0.136 

0.0018 
0.0007 

>0.0005 
77 ppm 
20 ppm 
16 ppm 
15 ppm 
0.5 ppm 
0.3 ppm 
7.6 ppb 

Carbon monoxide, CO 
Xenon, Xe 
Germane, GeH4 
Arsine, AsH3 

820 

800 

~ 
0 a ?80 
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0.75 ppb 
0.76 ppb 
0.6 ppb 
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Figure 4.3. The R(2) rotational line of HD in Jupiter as observed 
by ISO-SWS (Lellouch et al. 2001). 

result from the helium abundance detector on the probe was 
the same at 0.1359 ± 0.0027 (von Zahn et al. 1998). Invert
ing the argument, this implies an H2 mole fraction of 0.865, 
which is the currently accepted value. 

Deuterated hydrogen, HD, was first detected through 
its vibrational transitions in the visible range (Trauger et al. 
1973). The R(2) and R(3) rotational transitions have been 
detected more recently with the short-wavelength spectrom
eter of the Infrared Space Observatory (Encrenaz et al. 1996; 
Lellouch et al. 2001; Fig. 4.3). The use of these and other 
data in the determination of the D /H ratio is discussed 
below. 

Methane and Deuterated Methane 

Methane is the most abundant species in the upper jovian 
troposphere after hydrogen and helium, accounting for ap
proximately 0.2% of the molecular abundance. (The most 
abundant species in the troposphere as a whole is probably 
water vapor, which is expected to have a higher global mix-
ing ratio than methane in the deep troposphere, although 
this has yet to be observed.) Methane does not condense at 
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the temperatures found on Jupiter, and is chemically stable 
except in the upper atmosphere (p < 1 mbar), where it is 
dissociated by solar ultraviolet radiation and, at high lati
tudes, by precipitating energetic particles (see Chapter 7). 
It is expected therefore to be well-mixed below the region 
of photochemical activity, and the Galileo probe value of 
2.0 ± 0.15 x 10-3 for the volume mixing ratio or vmr (Nie
mann et al. 1998) should apply throughout the troposphere. 

Spectral features of deuterated methane (CH3D) in the 
v2 band near 5 J.Lm were first detected in ground-based spec
tra and used to infer a vmr of 5 ( +3/-2) x 10-7 (Beer and 
Taylor 1978). Kunde et al. (1982) obtained (3.5 ± 1.1) x 
10-7 from the Voyager IRIS measurements of the same 
band, and a reanalysis by Carlson et al. (1993) revised this 
estimate upwards to (4.5 ± 1.6) X w-7

• Irwin et al. (1998) 
used the lower-resolution Galileo NIMS spectra to infer a 
slightly higher CH3D vmr of (4.9 ± 0.2) x 10-7

• The V6 

band of CH3D at 8.6 J.lm was measured using ISO-SWS by 
Lellouch et al. (2001), who found a vmr of (1.6 ± 0.5) x 
10-7

• Since CH3D is unlikely to be variable in the region of 
the atmosphere to which these measurements pertain, the 
error bars in some or all of these results are probably under
estimated. 

Ammonia 

Along with methane, water vapor and neon, ammonia be
longs to a subset of relatively abundant minor constituents 
in the jovian atmosphere, those with global mean mixing 
ratios of the order of one part per thousand. Like water, am
monia has a rather complicated vertical distribution, since, 
unlike methane or neon, ammonia participates in cloud for
mation in the troposphere (see Chapter 5 by West et al. 
for a full discussion). In a chemical equilibrium model with 
a solar abundance of elements, it combines with hydrogen 
sulfide to produce ammonium hydrosulfide (NH4SH). This 
condenses at about 210 K, corresponding to a pressure level 
of about 2.2 bars, while the residual NH3 condenses in the 
upper troposphere, where clouds of ammonia ice crystals are 
formed at pressures of around 0.7 bars (Atreya et al. 1999). 
Above the tropopause, the vertical profile of ammonia is fur
ther depleted by dissociation under the influence of solar UV 
radiation and energetic particle precipitation. 

Features due to gaseous ammonia are present in the 
Voyager IRIS spectra in the ranges 200-260 cm- 1

, 700-1200 
cm- 1 and in the 5 J.lm window (Conrath and Gierasch 1986). 
Radiation in the first two emanates from pressures less than 
about 1.5 bars while the 5 J.lm measurements probe to much 
deeper levels (Figure 4.2). In order to fit observations at 
all of the wavelengths simultaneously, Carlson et al. (1993) 
found that the ammonia mixing ratio must not only decrease 
with height, but it must also be sub-saturated above the 
condensation level. This is consistent with observations at 
centimeter wavelengths by de Pater and Massie (1985). 

Estimates of the abundance of ammonia at deeper lev
els, below the NH4SH cloud, can be obtained from obser
vations of thermal emission at far- IR, microwave and radio 
frequencies. From IRIS observations at 30-50 J.lm, Marten et 
al. (1981) infer a vmr of 4.4 x 10-4 at several bars pressure, 
decreasing to 1.3 x 10-4 near the 1 bar level. This may be 
compared to Voyager radio occultation measurements from 
1 to 0.3 bar, where the abundance at 1 bar is 2.21 X 10-4 
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(Lindal et al. 1981), and the analysis of the near-infrared 
ammonia absorption features in the Galileo NIMS spectra 
by Irwin et al. (1998), who found the ammonia vmr between 
the NH4SH and NH3 cloud decks to be 1. 7 x 10-4. Fouchet 
et al. (2000) showed that different NH3 vertical distributions 
are found inside and outside the hot spots, with a lower mix
ing ratio inside the hot spots (Figure 4.4). 

The Galileo probe mass spectrometer had difficulties in 
measuring the abundance of ammonia accurately owing to 
adsorption on the inlet pipes. However, laboratory studies 
based on the GPMS engineering unit have led to an estimate 
of 7.1 ± 3.2 X 10-4 for the NH3 vmr in the 8.6-12.0 bar 
region (Wong et al. 2002, Atreya et al. 2002). The communi
cation uplink from the probe was at a frequency of 1387 MHz 
(21.6 em), which is attenuated by ammonia absorption. This 
attenuation was observed as it increased with depth, allow
ing a further determination of the ammonia profile (Falkner 
et al. 1998). In the hot spot region through which the probe 
descended, the ammonia vmr was found to be approximately 
3.5 X 10-4 at 5 bar increasing to 6 to 8 X 10-4, consistent 
with GPMS, at pressures greater than approximately 10 bar. 
The net flux radiometer on the probe was also sensitive to 
ammonia absorption. From the NFR data, Sromovsky et al. 
(1998) inferred a vmr of 2.5 x 10-4 at pressures greater than 
5 bars, falling to approximately 1.5 X 10-4 at 2.5 bars and 
then declining more rapidly with height. The derived am
monia vmr profiles from all of these studies are summarized 
in Figure 4.4. 

de Pater et al. (2001) have examined the compatibil
ity between the Galileo probe and ground-based microwave 
data in terms of the global mean abundance of ammonia. 
If the pro be measurements are taken to be representative 
of the whole planet, then modifying the microwave profile 
(solid line in Figure 4.4) to fit the probe data at p > 5 bars 
(star symbols) requires the former to compensate with much 
lower ammonia mixing ratios above 2 bars, bringing it closer 
to the ISO profiles (dot-clashed lines). While it is encourag
ing to be able to bring very different types of observations 
into tentative agreement in this way, it raises the interesting 
but unsolved question of what may be depleting ammonia on 
Jupiter in the region around 2 bars, where vigorous vertical 
mixing applies, along with temperatures much too high for 
condensation of pure ammonia. The near-coincidence with 
the level of expected formation of NH4SH clouds is a tempt
ing explanation, but de Pater et al. (2001) note that, for 
consistency with the known sulfur abundance, each molecule 
of IbS would have to combine with about 10 molecules of 
NI-h. 

As the profiles of Fouchet et al. (2000) show, the abun
dances of ammonia in the middle and upper atmosphere, 
where condensation occurs, are modified by dynamics in a 
manner similar to the effect on water vapor discussed in the 
following section. Most of the values discussed above refer 
primarily to the downwelling regions, i.e., the belts, where 
the probe entered and where spectroscopic measurements 
are possible. These are relatively depleted in condensates, 
particularly ammonia and water, and higher values would 
be expected in the upwelling, cloudy zones, where measure
ments are lacking. Also, it would be na'ive to assume that 
all belts, or all zones, or all parts of an individual belt or 
zone, have the same mixing ratio profiles for the condensable 
species. 

Water Vapor 

A solar abundance of oxygen would correspond to a signifi
cantly larger mixing ratio for water vapor than was observed 
by either Earth-based remote sensing or the Galileo probe. 
The remarkable dryness of the jovian atmosphere inferred 
from these results has been described as a major mystery, 
some reports going so far as to say that theories of the origin 
of the solar system must be revised as a result. In fact, it had 
long been realised that the dark belts, which are a prominent 
part of the quasi-permanent cloud structure, correspond to 
the downwelling branches of planetary-scale convection cells 
driven by the internal heat source within Jupiter. These 
are depleted in volatiles of many kinds by passing through 
the condensation temperatures at various levels as they cool 
while rising. This produces the cloud layers, which are thick 
in the zones and thinner, sometimes nearly absent, in the 
belts. The remote sensing measurements are all biased to
wards the belts, in particular the hot spots which are their 
most cloud-free parts, simply because that is where most of 
the infrared signal originates in the spectral regions where 
water and other species are observed. Had the probe entered 
one of the cloudy zones which mark the upwelling branches, 
it would have undoubtedly encountered much moister air. 

From the Voyager IRIS hot spot spectra, Kunde et al. 
(1982), estimated the vmr of water vapor to be 1 x 10-6 at 
2.5 bars increasing to rv3 X 10-4 at 4 bars. Parallel studies 
by other authors found similar results (Drossart and En
crenaz 1982, Bjoraker et al. 1986, Lellouch et al. 1989). The 
mean vertical distribution obtained is a factor of 5 to 150 less 
than the "solar" value of 1.5 X 10-3. Furthermore, to obtain 
good fits to their spectra, all of these models required some 
extra opacity in the 3.5 to 7 bar region, which was assumed 
to be evidence of a water cloud, since the temperature at 
which water vapor should condense falls within this range 
of pressure levels for all reasonable temperature profiles. 

Later, an alternative view of the IRIS spectra was taken 
by Carlson et al. (1992, 1993), who showed that an accept
able fit to an average of the NEB hot spot spectra could be 
obtained by having a deep water vapor abundance of 1.5 so
lar condensing as a thick cloud at a pressure level of 4.9 bars, 
providing that the scattering properties of such a cloud were 
properly modelled instead of taken as a grey absorber. The 
relative humidity of water was inferred to be 100% at 4.9 
bars, decreasing to 15% at 3 bars and then increasing again 
to 100% at 1 bar and remaining constant above. Later still, 
Roos-Serote et al. ( 1999) pointed out that the IRIS spectra 
include a slope in the continuum near 5 J..tm which appears 
to be spurious, as it is not found in the later NIMS and ISO 
spectra. Correcting for this would remove the requirement 
for a deep water cloud in the hot spots to fit the IRIS data. 

Two of the Galileo probe instruments provided infor
mation on the vertical profile of water vapor at the point 
of descent. As for the case with ammonia, the probe mass 
spectrometer water vapor data required empirical correc
tions to allow for the adsorption of water molecules in the 
inlet tube. It proved possible to infer an upper limit of 6.9 x 
10-7 at pressures less than 3.8 bars, rising to ( 4.8 ± 2.2) X 

10-5 at 11.7 bars and an order of magnitude larger (6.0 
( +3.9/-2.8) X 10-4) at 18.7 bars. The water vapor profile 
retrieved from the NFR measurements of Sromovsky et al. 
(1998) imply that the atmosphere in the region of probe 
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Figure 4.4. Models of the vertical profile of the ammonia volume mixing ratio, updated from Irwin (1999). The solid line, based on 
the analysis of microwave data by de Pater and Massie (1985), shows the effects of NH4SH and NH3 cloud formation at about 1.4 and 
0.5 bars respectively, and two limiting estimates of the effect of UV photolysis on the profile in the stratosphere. The dashed line, the 
cross-shaped points and the star symbols represent the profiles deduced from the Galileo Probe Net Flux Radiometer; four different 
Galileo NIMS spectra; and the Galileo probe uplink signal attenuation, respectively. The GPMS value of (7.1 ± 3.2) x 10-4 for the 
8.6-12.0 bar region is shown by the horizontal bar. The dot-dashed lines represent NH3 profiles inside and outside a hot spot, as derived 
by Fouchet et al. (2000) from ISO-SWS observations. 

descent is severely sub-saturated at pressures greater than 
approximately 1.5 bars. 

All four IRIS and probe results are displayed in Fig
ure 4.5, along with the vapor pressure curve for relative hu
midities of 10, 20, 50 and 100%, and the water vmr profiles 
corresponding to 0.1, 1 and 10 times the "solar" value. It can 
be seen that the two IRIS-based water vapor profiles, derived 
using different cloud models, are fairly consistent with each 
other, as are the two probe profiles derived from different 
instruments. However, there is a very marked difference be
tween the mean probe and mean IRIS abundances, with the 
probe indicating much drier air at the heights where the 
data sets overlap. This difference is most likely attributable 
to real spatial and temporal variations in the humidity, as 
observed from orbit by NIMS. The implication is that the 
probe entered a region that was particularly dry even for 
a hot spot, while IRIS, with its fairly broad field-of-view, 
observed something closer to the average humidity in these 
5!1-m-bright regions. 

Roos-Serote et al. ( 1998) and Irwin et al. ( 1998) inferred 
the water vapor amount in the 5-8 bar region from Galileo 

NIMS spectra. For regions with similar 5 !liD brightness to 
that of the probe entry site, they both retrieved a mean rel-

ative humidity of around 10%. This value falls between the 
IRIS and probe profiles, and again suggests that the probe 
entry site was drier than the hot spot average. The maps 
of water vapor distribution derived from the NIMS data, 
(Roos-Serote et al. 2000) confirm that it does vary with pos
ition within a hot spot, and that in line with expectations 
relative humidity generally decreases as the 5 J..Lm brightness 
increases, sometimes achieving values as low as 1%, consis
tent with the GPMS value. Elsewhere, it reaches values that 
correspond to near-solar oxygen abundances. 

Turning now to the upper atmosphere, the ISO SWS 
and LWS instruments both detected water in the strato
sphere at p .::;_ 10 mb (Feuchtgruber et al. 1997, 1999, 
Lellouch et al. 2002), the latter at 66 and 99 11-m. The values 
from the two ISO instruments agree with each other, but are 
rather smaller than those inferred from the detection by the 
Submillimeter Wave Astronomical Satellite (SWAS) at 538 
11-m (Bergin et al. 2000). This probably indicates that water 
is spatially and temporally variable at these high altitudes 
as well as in the troposphere. 

The SWAS data further indicates that the mixing ratio 

of H20 increases with height above about 10 mb. This is 
consistent with the expectation that the stratospheric water 
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Figure 4.5. l\ilodels of the vertical profile of the water vapor volume mixing ratio, from Irwin (1999). The solid lines show deep vmrs 
of 0.1, 1, and 10 times the "solar" value of 1.5 x 10-3 below the saturation level, and the saturation vapor pressure curve above. The 
parallel curves are for 50, 20, and 10% relative humidity. The crosses and stars represent the best fit to the IRIS data by Carlson et al. 
(1992) and Kunde et al. (1982) respectively. The diamonds are from the GPMS by Niemann et al. (1998) and Atreya et al. (2002), and 
the dashed line is the best fit to the NFR data by Sromovsky et al. (1998). 

vapor at high altitudes on Jupiter is mainly or entirely of 
external origin, arriving in the form of interplanetary dust 
and/or satellite or cometary material with a high ice con
tent. The consequent fluctuations of the source in space and 
time, added to the effects of dynamics and photolysis, can 
be expected to produce a variable upper-atmospheric wa
ter distribution under normal conditions, as well as after 
extreme events like the SL-9 impact. 

Phosphine, Silane, Germane, and Arsine 

No significant information on phosphine (PH3) was obtained 
from the Galileo probe measurements. However, it has a 
very clear signature in the 5-J.Lm window and was detected 
prior to the Voyager encounter in ground-based spectra. 
Drossart et al. (1982), Kunde et al. (1982), and Bjoraker 
et al. (1986) determined mixing ratios from the IRIS spec
tra of 5.2 ± 1.7 x 10-7

, 6.0 ± 2.0 x 10-7 and 7.0 ± 1.0 x 10-7 

respectively, while a recent analysis of the NIMS data by Ir
win et al. (1998) gives a value of 7.7 ± 0.2 x 10-7

• The error 
bars in the last value do not consider all sources of uncer
tainty and are therefore too small, so this set of numbers is 
reasonably consistent. 

Above the 1 bar pressure level, UV radiation can dis
sociate phosphine, so its abundance there is reduced by an 

amount that depends on the rate of vertical motion and 
on the overlying opacity. This behavior was first observed 
in a comparative study of the PH3 mixing ratios derived 
from different wavelengths, with the 5 J.Lm region probing 
the lower troposphere and the 8 J.Lm region the upper tro
posphere (Encrenaz et al. 1980). Carlson et al. (1993) found 
that a value of 0.3 for the ratio of the phosphine scale height 
to the total-pressure scale height fitted their measurements 
of thermal emission in the spectral region 900-1200 em -l, in 
fair agreement with the theoretical predictions of Prinn and 
Lewis (1975) and Strobel (1977). This result was confirmed 
using NIMS data by Irwin et al. (1998), who obtained a 
scale height ratio of 0.27 by fitting to the spectrum between 
4 and 4.5 J.Lm, which is dominated by reflected sunlight. The 
scale height ratio decreased with increasing 5 J.Lm brightness, 
as might be expected because the reduced cloud opacity in 
brighter regions allows deeper penetration of the solar UV 
radiation, and the brighter regions are characterized by more 
rapid downwelling. 

Among the hydrides of elements less abundant than ni
trogen and phosphorus that have been searched for spec
troscopically are silane, SiH4, germane, GeH4, and arsine, 
AsH3, and the last two have been found with volume mix
ing ratios of less than 1 ppb (Table 4.2). Silicon-containing 
gases are not expected in observable amounts even in rapid 



updrafts because they condense as silicate clouds as deep 
as the 2000 K level. Germane is removed by conversion to 
the sulphide GeS and the selenide GeSe, but slowly enough 
that its observed abundance can be explained by vertical 
transport rates that are not unreasonable. A similar argu
ment can be made concerning arsine, where the principal 
loss mechanism may be condensation of solid arsenic (Feg
ley and Ladders 1994). 

Hydrocarbons 

Higher hydrocarbons are produced from methane by photo
chemical processes in the upper atmosphere of Jupiter, aug
mented in the polar auroral regions by high-energy particle 
precipitation. 

Ground-based observations provided the first detection 
of the most stable of these, ethane (C2H5), along with acety
lene (C2H2) and its 12C13CH2 isotope. Voyager IRIS added 
an upper limit for propane, C3H8 , and detections of methyl
acetylene, C3H4, and benzene, C6H6, at high latitudes (Kim 
et al. 1985). Measurements by ISO (Fouchet et al. 2000) 
led to an upper limit for diacetylene, C4H2, while Bezard 
et al. (2001) reported the detection of ethylene, C2H4, and 
benzene at non-polar latitudes, from ground-based high
resolution spectroscopic measurements. The methyl radical, 
CH3, previously detected in Saturn and Neptune by ISO, 
was finally found in Jupiter from CIRS spectroscopic obser
vations at the time of the Cassini Jupiter flyby (Kunde et 
al. in preparation 2004). 

These, and many other products which are predicted 
by models but have not yet been observed, diffuse or are 
transported by turbulence downwards through the strato
sphere and into the troposphere, where they are eventually 
destroyed. Detailed theoretical accounts of the processes in
volved, model profiles and comparisons with measurements 
can be found in Chapter 7. 

Carbon Monoxide and Dioxide 

Shortly after the initial detection of CO in ground-based 
spectra (Beer 1975), it was found that this species has its 
highest mixing ratio above the tropopause, consistent with 
an external source (Beer and Taylor 1978b, Noll et al. 1997). 
It was debated for decades whether there is also a significant 
tropospheric abundance of this molecule, which would be 
contrary to the predictions of equilibrium chemistry models 
and imply therefore a source in the deep atmosphere and 
rapid vertical transport (Fegley and Lodders 1994). 

Bezard et al (2002b) observed hot spots on Jupiter in 
the 2080-2175 cm- 1 interval at the highest spectral resolu
tion yet obtained (0.038 cm-1), recording 12 lines of CO 
relatively free of other atmospheric absorption. They found 
the best fit to their spectra with constant mixing ratios of 
about 0. 75 x 10-9 below the 200-mbar level and nearly an 
order of magnitude more, 5 x 10-9

, above. Although the 
vertical profile is likely to be more complex than this, it 
now seems clear that Jupiter has significant sources of CO 
both above and below the tropopause. 

The ISO-SWS detected carbon dioxide emissions from 

the south polar and central regions of Jupiter, but not at the 
north pole, which suggests a possible origin in the impact of 
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Comet Shoemaker-Levy 9 at about 45°S in July 1994. A 
similar distribution of C02 persisted until at least December 
2000 when it was observed by the CIRS spectrometer on the 
Cassini spacecraft during its Jupiter encounter (Kunde et 
al. in preparation 2004). 

Halogens and Halides 

Jupiter undoubtedly contains the halogens fluorine, chlorine, 
bromine and iodine, but, except for a tentative detection of 
chlorine by the Galileo probe at pressures higher than 9 
bars, none of these gases nor their compounds has been de
tected. This is not surprising, since the hydrogen halides HF, 
HCl, HBr and HI tend to combine rapidly with ammonia to 
form particles of solid ammonium salts. These will become 
part of the cloud system, leaving only miniscule amounts of 
the halide in the gaseous phase. Until the cloud and aerosol 
compositions have been measured much deeper in Jupiter's 
atmosphere than at present, it will not be possible to show 
how the halogen family of elements differs from a solar abun
dance. Table 4.3, from Showman (2001), shows values for the 
abundances expected in a solar model without chemical in
teraction with NH3 (Ladders and Fegley 1998) compared to 
the upper limits, where available, derived from spectroscopic 
attempts to observe the gaseous hydrogen halide. 

Hydrogen Sulfide 

Hydrogen sulfide is believed to be strongly depleted at and 
above the level where it reacts with NH3 to form NH4SH, 
which condenses to form a cloud with its base near 2.2 bars 
(Atreya et al. 1999). This is probably why it has not been 
detected in remotely sensed spectra; the cloud is optically 
thick, and inhibits remote measurements of whatever H2S 
may be present below the condensation level. Larson et al. 
(1984) set an upper limit of 2 x 10-8 for H2S above the 
cloud, at the 0.7 bar level. The first actual detection was 
not until the Galileo probe mass spectrometer penetrated 
the atmosphere below the cloud, measuring a mixing ratio 
of 7.7 ± 0.5 x 10-5 below the 16 bar level and 7 x 10-6 at 
8. 7 bars (Mahaffy et al. 2000). The GPMS also established 
an upper limit of about 10-7 above 4 bars, consistent with 
the earlier limit from ground-based spectra. The deepest 
probe value is assumed to be representative of the interior 
of the planet; its significance for the S/H ratio in Jupiter is 
discussed below. 

Chromophores in the Clouds 

The question of what colors are present on Jupiter is made 
complicated by the fact that visual observations have a 
strong subjective component, while color photographs are 
difficult to calibrate (and, as often as not, are deliberately 
presented with the colors artificially "stretched"). In his 
overview in the first Jupiter book, Sill (1976) said " ... it has 
been known for centuries that Jupiter has various shades of 
color: red (or pink, red-orange); brown (or red-brown and 
tan); blues (or blue-gray, purple-gray); grays; yellows (or 
yellow-brown, ochre, cream, greenish yellow); and perhaps 

even green." Young (1985), on the other hand, did a pho
tometric analysis and concluded that only various shades of 
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Table 4.3. Expected mole fractions for the halogen elements in Jupiter assuming solar abundances, compared to observed upper limits 
on gaseous HCl and HBr (from Showman 2001). 

Element Solar Mole Fraction Observed Mole Fraction, 0-1 bar 

F 5 x Io-8 

Cl 3 X 10-7 

Br 7 X 10-10 
<5 x 10-9 (Weisstein and Serabyn 1996) 

<3 x 10-9 (Noll 1996) 
I 6 X 10-11 

yellow are present. Both schools of thought still exist, but a 
modern consensus would probably admit white, yellows and 
browns, plus the brick-red tint of the Great Red Spot, as col
ors present on Jupiter with implications for the composition. 
The blues and greens, in particular, may be put down to 
optical effects rather than chromophores, but the GRS does 
seem to contain reddish material, as evidenced by the Galileo 
orbiter images which show the feature as much darker than 
its surroundings in the "blue" filter, while it is nearly 
neutral in brightness in the "red" filter (Dyudina et al. 
2001). This conclusion has been supported by an analysis 
of HST images by Simon-l\!Iiller et al. (2001). 

Some of the high, white clouds in the upper tropo
sphere have been identified spectroscopically as ammonia 
ice crystals (Baines et al. 2002), and water ice features have 
been found in the Voyager IRIS spectra (Simon-Miller et 
al. 2000). The yellowish cast that covers most of the disk of 
Jupiter (and is a deeper yellow on Saturn) is probably due 
in part to photochemically-produced hydrocarbon droplets 
in the stratosphere, while the additional yellow and brown
ish hues in the clouds lying below the ammonia layer could 
conceivably be due to the presence of small amounts of the 
various allotropes of elemental sulfur, as noted by Prinn and 
Owen (1976). Ammonium hydrosulfide, thought to be the 
main constituent of this cloud, is white when pure, but it 
could be partially decomposed by the action of sunlight, re
leasing sulfur. Similarly, the reddish color of the GRS might 
be produced by elemental phosphorus, particularly if the 
material in the clouds forming this feature are relatively rich 
in phosphine or other compounds of that element, perhaps 
as a result of having been raised from a greater depth inside 
this giant vortex (Prinn and Owen 1976). A suggestion of 
phosphine enhancement in the GRS has been obtained very 
recently from spectral measurements by the CIRS instru
ment on Cassini (Kunde et al. 2004). However, West et al. 
(1986) did not find a good match in detail when they com
pared spectra of the GRS and a sample of red phosphorus. 

In addition to these relatively simple possibilities, it 
is possible to speculate about an almost infinite range of 
other, progressively more complicated species which may be 
present in small amounts, dissolved in the principal cloud 
materials and contributing to the coloration. A mixture of 
simple and complex chemicals, conceivably including organ
ics and polymers, may be responsible. The chemical nature 
of these "chromophores" is quite unknown, and likely to re
main so for a considerable time to come, perhaps until an in 
situ analysis of the cloud materials is accomplished. Mean
while, the detailed discussions of the various possibilities by 
Prinn and Owen (1976) and Sill (1976) remain relevant. 

Table 4.4. Composition measurements in Jupiter's atmosphere 
by the Galileo probe, Voyager and ground-based observatories, 
after Atreya et al. (2002) and references therein. The estimated 
errors in these values are typically about 20%; for a discussion of 
the uncertainties and more precise error estimates, see the original 
papers. For the special cases of He/H, D/H and 3He/4He, see 
below. The solar elemental abundances used are from Anders and 
Grevesse (1989). 

Jupiter Jupiter/Sun 

Elemental Ratio 
Ne/H 1.23 X 10-05 0.1 
Ar/H 9.05 X 10-06 2.5 

Kr/H 4.35 X 10-09 2.7 
Xe/H 4.37 X 10-10 2.6 
C/H 1.05 X 10-03 2.9 
N/H 4.03 X 10-04 3.6 
0/H 2.98 X 10-04 0.35 
P/H 3.06 X 10-07 0.82 
S/H 4.05 X 10-05 2.5 

Isotopic Ratio 
13cjl2c 0.0108 0.10 
15Nj14N 0.0023 0.82 
36 Ar/38 Ar 5.6 0.97 
136Xe/Xe 0.076 0.96 
134Xe/Xe 0.0091 0.09 
132Xe/Xe 0.29 1.09 
131 Xe/Xe 0.203 0.94 
130Xe/Xe 0.038 0.87 
129Xe/Xe 0.285 1.04 
128Xe/Xe 0.018 0.82 
20 Nej22 Ne 13 0.94 

4.3.2 Elemental and Isotopic Abundance Ratios 

In this section we consider in more detail the relative abun
dances of constituents in Jupiter's atmosphere, and the in
formation that these convey about the origin and constitu
tion of the planet and the solar system. Of particular in
terest are the ratios of the abundances of particular ele
ments to hydrogen, of their isotopes to each other, and how 
Jupiter compares to the Sun in each case. Current values 
are summarized in Table 4.4. 

He/H 

Experimental determinations of the ratio of helium to molec
ular hydrogen in Jupiter's atmosphere have converged on a 
value of 0.157, equivalent to a mole fraction of 0.136 (see 
Table 4.5) and a mass fraction of 0.238 ± 0.005 (Table 4.6). 
This is almost exactly the same as the current best estimate 
for the proportion of helium in the Sun (Table 4.6). 



It is tempting to believe that since (i) the planet and 
the star shared a common origin in the protosolar nebula, 
(ii) both are massive enough to have retained the same ad
mixture of the light elements since their formation, and (iii) 
helium is chemically inactive, it should follow that they are 
expected to have the same hydrogen to helium ratio. Not 
only is that observed to be the case, but they are both equal 
to the current best estimates of the primordial value, ob
tained from studies of He/H in the extragalactic medium, 
in regions remote from star formation (essential since stellar 
interiors are a source of helium). 

There are problems with this neat interpretation, un
fortunately. Firstly, the protosolar value of He/H cannot be 
primordial because the Sun and planets contain heavy ele
ments and therefore, by implication, additional helium made 
by earlier generations of stars. It follows that the protosolar 
cloud contained material from dead stars, in contrast to the 
extragalactic regions used to determine the primordial value. 
The latter show very small abundances of carbon, nitrogen, 
oxygen and other synthesised elements and hence do appear 
to consist primarily of material which has never been pro
cessed through stars. It must therefore be coincidental that 
the measured He/H ratio in Jupiter and the Sun is the same 
as the primordial number. 

Such a coincidence is possible because the jovian and 
solar values apply only to the observable, outermost part of 
the atmosphere, and are not necessarily representative of the 
entire body in each case. In order to make a reliable com
parison, it is necessary to understand the history of helium 
in both objects, taking this factor into account. 

Theoretical studies suggest that condensation processes 
in the deep interior of Jupiter and Saturn concentrate he
lium there, to different degrees depending on their size and 
evolutionary history (see Chapter 3). It is expected that 
Uranus and Neptune will exhibit protosolar values of He/H 
as these planets do not contain liquid metallic hydrogen in 
which He can condense. The currently available measure
ments, summarized in Table 4.6, do show that the four giant 
planets have differing hydrogen to helium ratios, although 
not markedly so, particularly since the recent update to the 
value for Saturn by Conrath and Gautier (2000). 

Current models of solar structure also suggest that the 
observed H/He ratio in the Sun is itself probably biased by 
a diffusive separation process that transfers helium towards 
the interior. In addition, the total amount of helium in the 
core of the Sun will have evolved from the protosolar value, 
as a result of fusion processes that convert hydrogen into he
lium. The best estimate of the solar modelers at the present 
time is that a net depletion of helium has taken place in 
the convective zone to which the measured H/He ratio ap
plies. Working back to the protosolar helium abundance in
volves the use of evolutionary models that are constrained 
to fit the present age, radius and luminosity of the Sun (e.g., 
Bahcall and Ulrich 1988). Therefore the apparent agreement 
between the presently accepted values for the current ratio 
of helium to hydrogen in the Sun and in Jupiter appears to 
be just another remarkable coincidence. 

D/H 

Deuterium is not produced in significant quantities by 
any modern cosmic process, so the deuterium observed in 
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Jupiter, like all the rest, is primordial. It is, however, de
stroyed in stars by conversion to 3 He, and so is not present 
in the Sun. The ratio of D/H in Jupiter might therefore be 
expected to provide the best estimate available to us of the 
protosolar value of this important ratio. A problem could 
arise, however, if Jupiter is highly enriched in primordial 
water ice, since the value of D /H in the ice is expected to 
be 2::_2 times higher than that in H2 (Meier and Owen 1999). 
The proportion of ice that was incorporated into Jupiter 
during formation is unknown at present, in the absence of a 
reliable value for the global 0/H ratio (see Table 4.7). 

The earliest values for the D/H ratio in Jupiter were 
obtained from the ratio [CH3D]j[CH4], together with a 
temperature-dependent fractionation factor to allow for the 
partitioning of deuterium between CH3D and HD (Beer and 
Taylor 1973, 1978a). However, this approach is limited by 
the uncertainty in the partitioning of deuterium among the 
various hydrogen-containing molecules, and a more reliable 
value can be obtained directly from the ratio [HD]/2[H2]. 
Early analyses of this kind used the HD lines in the visible 
to near-infrared range, which suffered from uncertainties due 
to difficulties in modeling the effects of multiple scattering 
on the atmospheric path lengths. This problem is much less 
serious when observations of the rotational lines in the far
infrared are considered. The intensity for the 37.7 J.Lm HD 
rotational line obtained by the Short Wave Spectrometer on 
the Earth-orbiting Infrared Space Observatory corresponds 
to D/H = 2.2 X 10-5 (Encrenaz et al. 1996, Lellouch et 
al. 2001). This value is in good agreement with the same 
quantity derived from the mass spectrometers on the Galileo 
probe, viz., (2.6 ± 0.7) x 10-5 (Table 4.7). 

The table also shows the best current values for D /H 
in the other giant planets, the solar wind, meteorites, and 
the local interstellar medium. These are consistent with cur
rent models of the formation of the giant planets, in which 
the D/H ratio observed in the atmospheres of Jupiter and 
Saturn should equal the protosolar value, while in Uranus 
and Neptune, D/H is expected to be enriched due to low
temperature deuterium fractionation in the processes which 
formed their initial icy cores (Hubbard and McFarlane 1980, 
Lecluse et al. 1996). In the case of Jupiter, the initial core 
accounts for only 3% of the total mass of the planet, while 
it is more than 50% in the case of Uranus and Neptune. 

The difference between the D/H ratio in Jupiter and 
that in the local interstellar medium su'ggests that some of 
the deuterium in the Sun's locality has been destroyed in the 
last 4.6 Gyr (noting with caution that the current local ISM 
is not the region in which Jupiter formed). The "primor
dial" value in the table was obtained from first generation, 
low-metallicity stars found in galaxies with high redshift, 
which are expected to retain their original, primordial deu
terium, undiluted by the deuterium-depleted debris of any 
significant stellar evolution. This in turn suggests that the 
material making up the protosolar cloud had itself been de
pleted of about a third of its deuterium before it condensed 
to form the solar system. 

A very small fraction, about 0.01%, of the helium in Jupiter 

is the isotope 3He eHe/4He = 1.66 ± 0.05 X 10-4
' Mahaffy 

et al. 1998). The proportion in the Sun, or at least in the 
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Table 4.5. Various estimates of the mole fraction (volume mixing ratio) of helium in Jupiter by successive space missions. The two 
Voyager values refer to preliminary and final analyses of the same IRIS data; the two Galileo values refer to measurements by two 
different probe instruments, the mass spectrometer and the Helium Abundance Detector. After von Zahn et al. (1998). 

Mission Mole fraction ( = volume mixing ratio) of He Reference 

0.12 ± 0.06 
0.120 ± 0.036 
0.101 ± 0.026 
0.136 ± 0.026 

Pioneer 10/11 
Voyager 1 
Voyager 1 
Galileo (GPMS) 
Galileo (HAD) 0.1359 ± 0.0027 

Orton and Ingersoll 1976 
Gautier et al. 1981 
Conrath et al. 1984 
Niemann et al. 1998 
von Zahn et al. 1998 

Table 4.6. Helium mass fractions in Jupiter; the other giant planets; the outer part of the present Sun; the protosolar nebula; and the 
intergalactic medium (primordial). Updated after von Zahn et al. (1998). 

Helium Mass Fraction Reference 

Jupiter ( Galileo HAD) 
Jupiter (Voyager) 
Saturn (Voyager) 
Uranus( Voyager) 
Neptune (Voyager) 
Sun 
Protosolar 

0.238 ± 0.005 
0.18 ± 0.04 
0.21 ± 0.03 

0.262 ± 0.048 
0.32 ± 0.05 
0.24 ± 0.01 

0.275 ± 0.01 

von Zahn et al. 1998 
Conrath et al. 1984 

Conrath and Gautier 2000 
Conrath et al. 1987 
Conrath et al. 1981 

Basu and Antia 1995 
Bahcall and Ulrich 1988 

Olive and Steigmann 1995 Primordial 0.232 ± 0.005 

solar wind where it can be measured, is larger ( 4.4 ± 0.4 x 
10-4, Bodmer et al. 1995), owing to the fact that the deu
terium destroyed in the Sun was converted to 3He, augment
ing the protosolar value of 3He/4He. 

If the 3He/4He ratio in Jupiter is indeed protosolar, 
then subtracting this from the present-day solar value gives 
an estimate of the fractional abundance of 3He that was 
produced from the deuterium that was originally present in 
the Sun, which in turn gives an estimate of the protosolar 
D / 4He ratio. If the resulting value for the protosolar value 
of D /He, i.e., 

[(4.4 ± 0.4)- (1.66 ± 0.05)] X 10-4 = (2.7 ± 0.3) X 10-4 (4.1) 

is multiplied by the protosolar value of He/H of 0.1 as 
adopted by Mahaffy et al. (1998), the inferred protosolar 
D /H is 2. 7 ± 0.3 X 10-4. This is in excellent agreement with 
the G PlVIS measurement of the D /H ratio in present-day 
Jupiter, which is 2~6 ± 0.7 x 10-5 (see previous section). 
This agreement supports the theoretical expectation that 
D /Has well as 3He/4He has the protosolar value in Jupiter. 

C,P,N,S,O 

The value from Voyager spectroscopy for the ratio of CH4 
to H2 was 2.2 x 10-3 (Gautier and Owen 1989), in good 
agreement with the Galileo probe (2.1 ±0.4 x 10-3; Niemann 
et al. 1998). The corresponding C/H abundance ratio is 2.9 
times the solar value, and the significance of this ratio is 
further discussed below. 

The ratio of 13CF2 C found by the Galileo probe 
(0.0108 ± 0.0005, Niemann et al. 1998, Atreya et al. 
2002) confirms with smaller error bars the ground-based 
value found from spectroscopic measurements of methane 
(Combes et al. 1977) and ethane (Sada et al. 1996). These 
values are close to terrestrial and suggest a protosolar value 

with little or no fractionation of carbon isotopes in the at
mosphere of Jupiter and the other outer planets. 

The P /H ratio is more difficult to establish than C/H, 
because PH3 is depleted in the upper troposphere and above 
by photodissociation and in the deeper atmosphere it should 
be oxidized by H 20 to form P 40 6 . The fact that it never
theless has been detected was explained by Prinn and Owen 
(1976) in terms of rapid vertical mixing that transports PH3 
to the upper atmosphere from depths where the temperature 
exceeds 800 K and the molecule is expected to be stable. 

The PH3 mixing ratio measured in the deep troposphere 
corresponds quite closely to the solar P /H ratio (Table 4.4). 
This again could be coincidental, since the PH3 mixing ratio 
is primarily a diagnostic of vertical mixing, as exemplified 
by the behavior of Saturn, where it is considerably higher. 
Voyager found a P /H enrichment by a factor of about 3 over 
the solar value on Saturn (Gautier and Owen 1989) while 
ground-based observers (Noll and Larson 1991, Orton et al. 

2001) have reported higher values, suggesting variability. 

NH3 is also strongly depleted in the upper troposphere, 
in this case by condensation to form clouds as well as by 
photolysis. The NH3 mixing ratio in the deep atmosphere 
has been inferred from the inversion band centered at 1.35 
em in the jovian radio spectrum, which indicates a possible 
N /H enrichment by a factor of two over solar, with a similar 
factor on Saturn (de Pater and Massie 1985). Additional 
information about the deep NH3 mixing ratio provided by 
the radio signal of the Galileo probe (Section 4.3) indicated 
an N /H enrichment by a factor of about four at pressures 
higher than 7 bars (Folkner et al. 1998). 

Owen et al. (2001) derived a value of 15N / 14 N = 2.3 ± 
0.3 x 10-3 in the jovian atmosphere using data from the 
Galileo Probe Mass Spectrometer, in agreement with the 
value of 15N P4N = 1.9 ( +0.9 I -1.0) X 10-3 found at 400 
mbar from a study of NH3 absorptions in the ISO spectra 
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Table 4.7. Deuterium to hydrogen ratios in various bodies. Updated from Encrenaz (1999). 

Object D/H 

2.6 ± 0.7 X 10-5 

2.4 ± 0.4 X 10-5 

Reference 

Jupiter ( Galileo) 
Jupiter (ISO, from HD) 
Saturn (ISO) 
Uranus (lSO) 
Neptune (ISO) 

1.7 (+0.7/-0.4) X 10-5 

5.5 (+3.5/-1.5) X 10-5 
6.5 ( +2.5/-1.5) X 10-5 

Mahaffy et al. 1998 
Lellouch et al. 2001 
Lellouch et al. 2001 

Feuchtgruber et al. 1999 
Feuchtgruber et al. 1999 
Geiss and Gloeckler 1988 Protosolar (from solar wind 3 He 4 He) 

Meteoritic and Lunar 
Local Interstellar Medium 
Primordial 

of Jupiter (Fouchet et al. 2000). Owen et al. (2001) argue 
that this is likely to be the protosolar value, and that the 
nitrogen in Jupiter (and the Sun) was probably delivered 
primarily as N 2, rather than as compounds of nitrogen such 
as ammonia or hydrogen cyanide. 

Hydrogen sulfide remains undetected by spectroscopy, 
probably because it is strongly depleted by reaction with 
NH3 to form the NH4SH cloud layer based at about 2.2 
bars (Section 4.9). However, the GPMS measured an en
richment of S/H by a factor of 2.5, relative to solar, in the 
deep atmosphere at pressures higher than 16 bars. 

The discussion above about the principal oxygen
bearing species, H20, described how the available data is 
biased towards the relatively dry hot spot regions. The in
ferred upper tropospheric abundances, typically in the range 
of a few parts per million at pressures of 2 to 4 bars, are not 
therefore typical of the whole planet, although they would 
imply very strong depletion of 0 /H with regard to the so
lar value if they were. The Galileo probe confirmed the low 
values for the humidity in a hot spot at the levels probed by 
the 5 J.tm spectra, but found that the 0 /H ratio lower down 
increased with pressure to reach about 0.35 times solar at 
a pressure of 18.7 bars (Niemann et al. 1998). At this point 
the mixing ratio of H20 was still increasing, so apparently 
the probe did not survive to the depths in the jovian tro
posphere below the local H20 condensation level where the 
value of 0/H inferred from the H20 mixing ratio would be 
representative of its value in Jupiter as a whole. Hence the 
last probe measurement is a lower limit, and the global value 
of 0 /H must still be considered undetermined. 

Noble Gases 

Noble gases other than helium were identified for the first 
time in Jupiter by the GPMS instrument on the Galileo 
probe (Niemann et al. 1998, Atreya et al. 2002). In Jupiter, 
Ne is strongly depleted with respect to its solar value, with 
an Ne/H ratio equal to 0.13 times the solar value or less. 
The Ar/H, Kr/H and Xe/H jovian ratios, however, are en
hanced to 2.5, 2.7, and 2.6 times the solar value, respectively. 
As suggested by Stevenson and Salpeter (1976), the low Ne 
abundance is probably caused by a fractionation effect re
lated to that which transfers helium from the outer to the 
inner regions of Jupiter (Section 5.1). Helium is predicted 

to form droplets at high pressures that "rain out" of the 
deep atmosphere towards the center of the planet under the 

2.1 ± 0.5 X 10-5 

2.6 ± 1.2 X 10-5 

1.6 ± 0.12 X 10-5 

3.4 ± 0.25 X 10-5 

Geiss 1993 
Linsky 1996 

Buries and Tytler 1998 

effects of gravity. Neon is soluble in the helium drops and 
apparently suffers the same fate as a result. 

Isotopic ratios in Ne, Ar, Kr and Xe in Jupiter were 
all found to have the solar wind values within experimental 
error (Niemann et al. 1998, Mahaffy et al. 2000, Atreya et 
al. 2002). 

4.3.3 Processes Affecting Composition and its 
Variability 

Condensation and Cloud Formation 

In the pressure range from 10 bars to the top of the atmo
sphere, the existence of at least four different types of con
densate cloud has been tentatively established. The chemi
cal properties of condensed, as opposed to gaseous, material 
are difficult to measure spectroscopically or in situ with a 
probe, so the evidence for the properties of these layers re
mains predominantly indirect. Nevertheless, a fairly consis
tent picture, albeit with many important gaps, has gradually 
emerged. 

The deepest of the cloud layers, consisting principally 
of H20, is expected from thermophysical models (Weiden
schilling and Lewis 1973, Atreya et al. 1999) to form in the 
region near 5 bars, where the temperature is around 273 K. 
Above that, near 2.2 bars and 210 K, the same models pre
dict H2S condensation, probably as ammonium compounds, 
and most likely predominantly NH4SH. Sufficient ammonia 
remains to form a cloud layer of NH3 ice crystals between 
about 0. 7 bars and the tropopause. Higher, in the upper 
stratosphere and lower thermosphere, lies a thin haze of hy
drocarbon droplets, formed by the photochemical action of 
sunlight on the methane and other molecules in Jupiter's at
mosphere. Methane itself never gets cold enough to condense 
on Jupiter, unlike the case on Uranus and Neptune. All of 
these clouds show complex behavior in space and time, as is 
described in Chapter 5. 

Photochemistry 

The gaseous composition of the atmosphere in the cloud
forming region is affected by photochemical as well as con
densation processes. For instance, as already noted, the 
depletion of ammonia above the 2 bar level and below its 
condensation level is unlikely to be due entirely, or even prin-

cipally, to the formation of the NH4SH clouds, because this 
would require 10 times the solar abundance of sulfur rather 
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than the factor of three actually observed in Jupiter. Pho
tolytic destruction involving UV radiation at wavelengths 
between 160 and 235 nm is the most likely process account
ing for the rest of the "missing" ammonia. 

Most of the ultraviolet solar radiation falling on Jupiter 
is deposited in the stratosphere, where the most intense 
photochemical activity, primarily involving methane, occurs. 
The solar penetration level is fixed at each wavelength by 
Rayleigh scattering and determines, for each molecule, the 
altitude range over which photodissociation takes place. In 
Jupiter, the solar flux between 60 and 80 nm is absorbed by 
H2, at very high atmospheric levels (P rv 10-9 bar) it is ab
sorbed at about 1 ~-tbar by CH4 between 90 and 115 nm, and 
around 0.1 mb between 140 and 170 nm by hydrocarbons. 
Significant photoclissociation of NH3 and PH3 takes place 
at lower levels, peaking at the 80 mbar level for PH3, and 
around the tropopause (30-300 mb) for NH3 (Atreya 1986). 
The tail of the photolysis curve for ammonia extends down 
to the NH4SH cloud condensation level near 2 bars, and, 
as we have seen, appears to affect the abundance at and 
somewhat below the cloud level in situations that involve 
large-scale downwelling motions. 

The main products of ammonia photolysis are hyclrazine 
(N2H4) and N2 (Atreya et al. 1999). N2H4 is expected to 
condense, which explains its non-detection as a gaseous 
species in the jovian infrared spectrum, although it and 
other products may contribute to the upper tropospheric 
haze. According to Atreya and Romani (1985), the expected 
mixing ratio of N2 is between 10- 11 and 10-9

, but the 
species could not be measured by the GPMS because mass 
number 28 is also occupied by CO and C2H4. 

Phosphine is some three orders of magnitude less abun
dant in the photochemical region of the atmosphere than 
ammonia and, as already noted, the fact that it is present 
at all probably implies rapid vertical transport from the deep 
atmosphere. The final product of PH3 photodissociation is 
triclinic reel phosphorus, P 4 (Prinn and Lewis 1975, Atreya, 
1986), which may contribute to the coloration of the clouds. 
In particular, since the G RS is a region of particularly strong 
vertical mixing (probably from greater depths and certainly 
to higher levels in the atmosphere than elsewhere on the 
planet), its reddish color might be clue to a relatively high 
concentration of these crystals. Spectroscopic identification 
is more difficult for solids than for gases, however, and ex
perimental confirmation is still lacking. 

The photochemistry of methane is complex and involves 
a large number of reactions. The major stable products, 
formed in the 10 mbar to 1 ~-tbar region, are C2I-b, C2H6 
and C2H4, with CH3 as an unstable intermediate species. 
C2H2 may form polyacetylenes by catalytic conversion. The 
C3 hydrocarbons expected to be most abundant are C3Hs 
(propane) and C3H4 (methylacetylene), with mixing ratios 
peaking as high as 10-6 at maximum production level (1 
mbar to 1 ~-tbar), and smaller amounts of C4H10 and C6H6. 

The oxygen-bearing molecules H20, CO and C02 that 
have been detected in the stratosphere of Jupiter are thought 
to be at least primarily of external origin. It is unclear at 
present how much of the C02 and CO is present as ices in 
the infalling material, and how much is formed chemically in 
the atmosphere, after the delivery of the necessary oxygen 
in the form of water, by reactions in which the carbon is 
supplied by methane and its photochemical products. 

Numerical models have been used extensively to evalu
ate the principal photochemical cycles and predict the abun
dances of the expected dissociation products in detail. The 
observations used to test these are augmented at low atmo
spheric pressures by information from stellar occultations 
observed in the ultraviolet spectral range. For details see 
Chapter 7. 

Deep Atmospheric Chemistry 

Most of the atmosphere of Jupiter lies below the maximum 
pressure of direct observations by spectroscopy or the Galileo 
probe (about 20 bars) but processes at depth have an impor
tant effect on the composition of the outer, observable part 
of the atmosphere through vertical mixing in both direc
tions. The species thought to be most affected by downward 
transportation are helium and neon, which form droplets at 
the "-' 1 Mbar level that then "rain out" further towards the 
core (see below and Chapter 3). Other species, most notably 
CO, PH3, GeH4, and AsH3, travel in the opposite direction 
and are present in the upper troposphere only as a result of 
rapid upward convection from deeper levels where the tem
perature is high enough so that the reactions that form them 
can proceed. 

Apart from inferences that can be made from the ob
served abundances of these species, our knowledge of the 
composition and chemistry of the deep atmosphere depends 
entirely on models, the most comprehensive of which is that 
of Fegley and Lodders ( 1994). This considers all of the stable 
elements in the periodic table in their observed abundances, 
with a common enrichment factor of 2.3 (based on the then
current value for C as derived from CH4), relative to solar, 
for those elements for which no experimental value has been 
obtained. Reactions involving more than 2000 compounds 
are then computed and the resulting abundances plotted 
along a jovian adiabatic temperature-pressure profile, ex
trapolated downwards from the measured profile near the 
top of the troposphere, taking condensation of solid and liq
uid products into account. The results and a discussion of 
the many uncertainties, including the reaction paths and 
rate constants, are presented in detail in the original paper. 
By way of illustration, it can be noted that they predict the 
condensation of ammonium iodide, NH4I, at a temperature 
of 368 K, some 80 km below the more familiar ammonium 
hydrosulfide NH4SH clouds that form part of the visible 
face of the planet. After passing through this, and dozens 
of other cloud layers of exotic composition, some future 
deep-atmosphere probe may also encounter a thin cloud of 
metallic silver near the 1000 K temperature level. 

Dynamics and Vertical Transport 

The existence of deep convection on Jupiter, with the ef
fects on the atmospheric composition already discussed, is 
well accepted, but details such as the vertical extent of indi
vidual cells, the role of waves and of eddy mixing, and their 
variations in latitude and longitude over the globe are poorly 
known (see Chapter 6 by Ingersoll et al.). The fact that the 
abundance of water vapor is still increasing at 20 bars, the 
level where the probe signal was lost, suggests that mixing 
is incomplete above this depth at least for this species at 



that location. The probe Doppler wind experiment (Atkin
son et al. 1998), which inferred horizontal winds from the 
Doppler shifting of the transmitted probe signal, observed 
zonal wind speeds of approximately 90 m s- 1 at 0.5 bar, 
rising to 170 m s- 1 by about 4 bars and remaining fairly 
uniform with increasing depth thereafter. The apparent ab
sence of zonal wind shear between 4 and 20 bars suggests 
a consistent dynamical regime down to at least these levels. 
Presumably this includes the large-scale convection patterns 
marked by the belt-zone cloud structure. The implication is 
that, despite the high zonal winds, there is only limited hor
izontal mixing in the meridional direction between the rising 
and descending branches. The probe data further imply that 
this mixing is efficient enough to mix ammonia and the other 
species that are more volatile than H20 and hence condense 
higher in the atmosphere, or not at all, above the 20 bar 
level on Jupiter. 

As already noted, chemical models predict very low 
phosphine abundances in the visible part of the atmosphere, 
although it is the principal phosphorus compound at tem
peratures above about 500 K (Fegley and Lodders 1994). Its 
detection in the amounts described above (Section 4.5) is 
considered clear evidence for vertical transport on timescales 
faster than the chemical conversion rates. It follows that 
other non-equilibrium species may be observed, particularly 
those that convert to condensable products relatively slowly. 
It also follows that the observed abundances will be higher in 
upwelling regions of the atmosphere, but unfortunately that 
means in the zones, where observations are difficult because 
of the dense high cloud cover. The eddy diffusion coefficient 
can be obtained from the heat flux using mixing-length the
ory, and the value obtained is similar to that required by the 
presence of non-equilibrium molecules (Lunine and Hunten 
1987). 

In principle, mapping of readily observable non
equilibrium compounds such as phosphine across the jovian 
disk will provide information about the global variability 
of the efficiency of vertical convection. Some preliminary, 
and so far fairly inconclusive, work along these lines has 
been carried out using Galileo NIMS data (e.g., Irwin et al. 
1998). Studies of the ratio between the ortho and para states 
of hydrogen, which is temperature dependent, also poten
tially yield information about the vertical convection rate 
and its variability. In equilibrium, the ortho-para ratio is 
3:1 for temperatures above about 300 K, with the propor
tion of para increasing at lower temperatures. The rate of 
equilibrium is very slow, of the order of tens of years, in the 
laboratory, but on Jupiter it is essentially unknown since it 
may be much faster if it is catalysed, for example by colli
sions with radiation-damaged ammonia ice particles (Massie 
and Hunten 1982). 

The jovian ortho-para ratio can be inferred from the 
far-infrared spectrum, which is dominated by the broad S(O) 
and S(1) pressure-induced pure rotational lines of hydrogen. 
The most recent analysis of the Voyager IRIS spectra for this 
purpose by Conrath et al. (1998) retrieved the para fraction 
in the pressure range from 0.08 to 0.5 bars, at latitudes 
from 60° S to 60° N. The results show higher para fractions 
at low latitudes, suggesting that the most rapid upwelling 

from the warmer depths occurs near the equator, although 
higher latitudes also exhibit slightly higher para abundances 
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than the equilibrium values at the relevant temperatures, 
indicating vigorous convection there as well. 

External Sources of Water and Other Species 

The detection of H20 and C02 in the upper atmosphere 
of Jupiter (Lellouch et al. 1997, 2002), along with CO, 
which had been detected much earlier by ground-based spec
troscopy (Beer 1975), implies the existence of an external 
supply of oxygen. The observations of water vapor are com
patible with a mean mixing ratio of about 10-9 above the 
15 mbar level, and an incoming flux of about 106 molecules 
cm-2 s- 1 (Lellouch et al. 1997). The source could be either 
an interplanetary (or even interstellar) flux of meteorites and 
comets, or a local source originating from the icy satellites 
and/ or rings. For the time being it is difficult to determine 
which source is dominant, although the similarity in the in
ferred value of the incoming flux of H20 on all of the outer 
planets, and Titan, would seem to favor the interplanetary 
source (Feuchtgruber et al. 1997). 

A spectacular example of the arrival of material from 
space on Jupiter was provided by the impact of the Comet 
Shoemaker-Levy 9 in July 1994. The event was extensively 
studied by means of infrared ground-based observations 
and the Galileo NIMS spectrometer. The composition of 
Jupiter's atmosphere was observed to change dramatically 
around the impact site as a result of the introduction of a 
huge mass of dust and volatiles, plus the chemistry result
ing from the high temperatures during impact. From this 
extreme event, some limited inferences can be drawn about 
the effect on the composition of Jupiter's atmosphere of the 
daily incursion of a much larger number of much smaller 
cometary and meteoritic objects. For a full discussion of the 
SL-9 impact, the observations made, and their interpreta
tion, see Chapter 8 by Harrington et al. The following is a 
very brief summary. 

The molecules reported as having been observed, either 
for the first time or with a large enhancement over the nor
mal amounts, during the splash phase of SL-9 (and in some 
cases, for a considerable period afterwards) are: dust (sili
cates and possibly organics); H20, C02 and CO; S2, CS2, 
CS, OCS, HCN, C2H4, and NH3; possibly PH3 and H2S; and 
certain metallic lines in the UV and visible range. It is not 
possible to say with certainty what was the origin of each 
of these. Along with the dust and metals, large amounts of 
H20 and CO were undoubtedly present in the comet itself 
as ices that were vaporised during the impact. Other species 
known to be already present on Jupiter, although normally 
in much smaller amounts, like NH3, may have been drawn 
up into the upper atmosphere from deep levels, where they 
are more plentiful, in the disturbance following the collision. 
The remainder may have been chemically produced in the 
fireball, where the temperature reached several thousands 
of degrees K for some tens of minutes, from a mixture of 
cometary and atmospheric molecules, including vaporised 
cloud materials. 

For several species, it is possible that two or even all 
three of these sources may have been involved to a significant 
degree. Hydrogen cyanide, which may be the best example, 
was seen in the upper atmosphere in concentrations that 

are found, according to chemical equilibrium models, only 
at depths well below the sulfur-containing clouds. However, 
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it could also be chemically produced, from derivatives of 
ammonia and methane, and it is not unreasonable to assume 
that it was also present in the comet. Models that attempt 
to unravel the various processes at work and explain the 
data are presented in Chapter 8. 

4.3.4 Origin and Evolution of Jupiter's 
Atmosphere: Constraints Imposed by 
Compositional Measurements 

Composition measurements in the deep troposphere, below 
the levels where condensation takes place, can be assumed 
with some caution to represent bulk values for Jupiter, ex
cept for the case of helium, which, as discussed above, "rains 
out" at depth, neon, which is soluble in the helium drops and 
suffers the same fate, and oxygen, which is present as water 
that is not well mixed until depths below those for which we 
have data. It remains then to explain the enrichment with 
respect to the solar value in carbon, sulfur, nitrogen and the 
noble gases by factors between two and four. As discussed in 
Section 2, these enrichments would not be present if Jupiter 
formed from a simple condensation of the solar nebula, so 
they imply a combined nucleation and collapse mechanism 
whereby a heavy nucleus initially accreted, achieving suffi
cient mass to attract additional planetesimals and gas. 

If these planetesimals formed in the region of the giant 
planets, then they should be strongly depleted in neon, ar
gon and nitrogen, because the temperatures were too high 
for these volatile gases to be trapped effectively in ice. How
ever, Owen et al. (1999) found a value of 2.5 ± 0.5 times 
the solar value for the argon mixing ratio, clearly indicat
ing enrichment over the expected solar nebular value. They 
also found krypton and xenon to be similarly enhanced, at 
2. 7 ± 0.5 and 2.6 ± 0.5 times the solar values, respectively. 
Thus it appears that, contrary to expectations, these heavy 
noble gases share essentially the same enrichment on Jupiter 
as carbon, sulfur and nitrogen and probably everything else 
except neon and helium, for which special considerations 
apply (Fig. 4.6). 

This requires that argon, krypton, xenon and nitrogen 
were present in solar proportions relative to carbon and sul
fur in the icy planetesimals that contributed to Jupiter's for
mation. Laboratory studies of the trapping of highly volatile 
gases in amorphous ice forming at temperatures below 75 K 
by Owen and Bar-Nun (1995) have shown that trapping ar
gon and N2 in solar abundances relative to carbon in icy 
planetesimals requires condensation of the ice at tempera
tures below 30 K (capturing neon in this proportion requires 
a temperature T < 17 K). 

Owen et al. (1999) proposed that the uniform enrich
ment of heavy elements that is observed on Jupiter must 
mean that these elements came to the planet in very cold 
( T < 30 K) icy planetesimals. This differs from conventional 
models, which relate the formation of giant planets to the 
threshold distance from their stars where it first becomes 
cold enough for water ice to condense in the circumstel
lar disks. In these "snowline" models, the ice condenses at 
T = 150 K (rv5 AU in our solar system). Ar and N2 would 
be depleted by over four orders of magnitude in icy plan
etesimals formed at such high temperatures. 

It remains to be shown how planetesimals that formed 
at the very low temperatures required to explain the ob-

• 

8 

6 

4 
i? i\ 13 

''':i'>oic<"'J.:~''::'~ 2 

Interior Processes k· 

Hot Spot~ 
Meteorology 

Ratio of Jovian to Solar Abundances 
(Relative to Hydrogen) 

0 

Figure 4.6. Elemental abundances (relative to hydrogen) in 
Jupiter's atmosphere, compared to solar abundances. Updated 
from Owen et al. 1999. 

servations could have found their way to Jupiter. Did they 
form in the local interstellar medium prior to, or during, the 
collapse of the fragment that formed the original solar neb
ula? Or perhaps the solar nebula was in fact much colder 
than current models predict? A possible solution was pro
posed by Gautier et al. (2001a,b), in which the water in the 
proto-jovian planetesimals froze, not as amorphous ice, but 
in the crystalline form, trapping the volatile compounds of 
the heavy elements in the ice lattice as clathrates. However, 
argon clathrate is only stable at temperatures below 38 K, 
hence the requirement for remarkably low temperatures per
sists in this interpretation. 

Gautier et al. further pointed out that the formation of 
clathrates requires much more water per trapped molecule 
than does trapping in amorphous ice. They predict that the 
0/H ratio in Jupiter will be significantly larger than the 
C/H ratio, at least nine times solar even if clathrate for
mation was 100% efficient. Unfortunately, this test cannot 
be applied at present since, as we have seen above, there 
is no measurement of the 0 /H ratio that can be taken as 
representative of Jupiter as a whole. However, there is a test 
that can be made in the case of sulfur, where the clathrate 
theory also predicts an excess of S /H compared with other 
elemental abundances. The fact that this was not observed 
by the GPMS at the level required by the clathrate theory is 
tentatively attributed by Gautier et al. (2001a) to the com
bination of sulfur with iron to form FeS in the inner solar 
nebula, a proposal that Atreya et al. (2002) find quantita
tively unsupportable. The amount of sulfur that must be 
sequestered through this process in the inner nebula is 0.22 
Earth masses (ME)· The amount of sulfur in the Earth is 
0.02 ME, Venus presumably has a similar endowment and 
the entire mass of Mars is only 0.11 ME. Hence some other 
explanation for the missing sulfur would seem to be required. 

As Owen et al. (1999) note, the difficulties inherent in 
all of these suggestions serve to emphasize the significance 
of the constraint which composition measurements place on 
Jupiter's formation and history. A fuller discussion of the 
problem can be found in Chapter 2 by Lunine et al. 



4.4 SUMMARY AND CONCLUSIONS 

The composition of Jupiter's observable atmosphere, i.e., 
that part down to a pressure of about 20 bars for which 
direct measurements exist, is now reasonably well under
stood in broad terms. The details of the interior processes 
that deplete helium and neon, the meteorological activity 
that raises non-equilibrium compounds from intermediate 
depths, the cloud chemistry, and the photochemical behav
ior at high levels, all require further experimental and theo
retical studies. 

As the really outstanding key problems and issues re
lated to the composition of Jupiter's atmosphere and pro
cesses affecting composition, we would nominate the follow
ing. 

Firstly, the apparent low-temperature origin of the 
building blocks of Jupiter needs to be confirmed and ex
plained. The key to this is the question of the bulk 0 /H 
ratio in Jupiter, which is needed to quantify the role of ice 
in the processes by which the planet, and the solar system, 
formed. A new entry probe, even if it were no more advanced 
than Galileo, could make valuable progress if deployed in a 
cloudy zone for contrast with the existing data from a hot 
spot. But the greatest advances will come from a multi
element mission with probes that reach 50 to 100 bars at a 
variety of locations on the planet. 

Next, the detailed meteorological processes at work and 
all aspects of the dynamics affecting the distribution of wa
ter vapor and other compounds (such as the vertical mixing 
rates, and the motions and the cloud properties in the dif
ferent types of giant eddies) remain mysterious in ways that 
have important implications for the whole subject, including 
terrestrial meteorology. On both planets compositional vari
ations reveal the coupling between dynamics, chemistry, and 
cloud physics, but cannot at present separate and explain 
them, especially of course on Jupiter. For example, the dis
tribution of water vapor, and ultimately other species, hori
zontally and vertically, inside 5 ~-tm hot spots and elsewhere, 
needs a great deal of clarification by new measurements us
ing remote sensing and eventually in situ floating stations. 
The dynamical natures of the variously-colored giant eddies 
must have compositional implications, and vice-versa, that 
we have not really started to probe and certainly not to 
comprehend. 

One of the oldest problems is that of the chromophores
the chemistry responsible for the coloration of the clouds on 
Jupiter, including those deep clouds predicted by models but 
yet to be seen. In the first Jupiter book, Sill (1976) wrote: 
"There is no conclusive proof for any hypothesis on the pro
duction of coloured material in Jupiter's clouds." This is 
still true: for example, cases can still be made for inorganic 
polysulfides or for complex organics, with no experimental 
basis for discriminating. 
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