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Abstract
From an analysis of the Galileo Near Infrared Imaging Spectrometer (NIMS) data, Baines et al. (Icarus 159 (2002) 74) have
reported that spectrally identifiable ammonia clouds (SIACs) cover less than 1% of Jupiter. Localized ammonia clouds have been
identified also in the Cassini Composite Infrared Spectrometer (CIRS) observations (Planet. Space Sci. 52 (2004a) 385). Yet, groundbased, satellite and spacecraft observations show that clouds exist everywhere on Jupiter. Thermochemical models also predict that
Jupiter must be covered with clouds, with the top layer made up of ammonia ice. For a solar composition atmosphere, models
predict the base of the ammonia clouds to be at 720 mb, at 1000 mb if N/H were 4 ! solar, and at 0.5 bar for depleted ammonia of
10"2 ! solar (Planet. Space Sci. 47 (1999) 1243). Thus, the above NIMS and CIRS findings are seemingly at odds with other
observations and cloud physics models. We suggest that the clouds of ammonia ice are ubiquitous on Jupiter, but that spectral
identification of all but the freshest of the ammonia clouds and high altitude ammonia haze is inhibited by a combination of (i)
dusting, starting with hydrocarbon haze particles falling from Jupiter’s stratosphere and combining with an even much larger
source—the hydrazine haze; (ii) cloud properties, including ammonia aerosol particle size effects. In this paper, we investigate the
role of photochemical haze and find that a substantial amount of haze material can deposit on the upper cloud layer of Jupiter,
possibly enough to mask its spectral signature. The stratospheric haze particles result from condensation of polycyclic aromatic
hydrocarbons (PAHs), whereas hydrazine ice is formed from ammonia photochemistry. We anticipate similar conditions to
prevail on Saturn.
r 2005 Elsevier Ltd. All rights reserved.

1. Introduction
Jupiter is covered with clouds. However, identification of the composition of these clouds has eluded
planetary scientists. Thermochemical models imply that
the uppermost visible clouds of Jupiter are all composed
of ammonia ice. Ground-based observations cannot
detect even the strong ammonia ice signatures (n2 and n3
bands at 10 and 3 mm, respectively) due to ozone
absorption at 10 mm and the H2O and CO2 absorptions
in the 3 mm region in the earth’s atmosphere. Observations from the Infrared Space Observatory (ISO) in the
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2.7–3 mm range first positively indicated the presence of
spectrally identifiable ammonia clouds on Jupiter
(Brooke et al., 1998). This landmark result indicated
that the signature was produced by relatively large
particles, approximately 10 mm in radius. However, the
ISO data provided little information on the actual
spatial distribution of the spectrally identifiable ammonia clouds since the instrumental field-of-view covered
some 601 in latitude and 401 in longitude (Baines et al.,
2002). The first high-spatial-resolution spectral maps
providing positive identification of the upper cloud
features of Jupiter were made in the 2.73 mm shoulder of
the 3 mm band (hereafter referred to as 3 mm band) by
the Near Infrared Imaging Spectrometer (NIMS) on
Galileo (Baines et al., 2002), followed by the Cassini
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Composite Infrared Spectrometer (CIRS) at 10 mm
(Wong et al., 2004a). These observations confirmed the
presence of ammonia clouds, but only in a few localized
regions, covering less than 1% of Jupiter’s area. In view
of the above seemingly contradictory evidence, it is
important to ask, what is the composition of the rest of
the visible clouds? For decades, researchers (e.g.,
Tomasko et al., 1984; West et al., 1986, 1989; Baines
et al., 2002) have suggested that on Jupiter and Saturn,
coating of the upper cloud layers of ammonia ice by
photochemically produced haze particles can be a major
factor in masking its spectral signature. In this paper, we
investigate this possibility, first by comparing the results
of our thermochemical model with existing observations, then characterizing two most important haze
candidates and the effect of their combination. The two
haze candidates are aerosols resulting from the condensation of polycyclic aromatic hydrocarbons (PAHs)
in the stratosphere, and the much more abundant
hydrazine (N2H4) haze produced below. The Galileo
and Cassini observations that showed the presence of
localized, spectrally identifiable ammonia clouds
(SIACs) on Jupiter are summarized in the next section.
We note that the ammonia cloud particle effect could be
another factor.

2. Galileo NIMS and Cassini CIRS observations of
SIAC
Baines et al. (2002) reported the first spectroscopic
detection of discrete ammonia ice clouds in the atmosphere of Jupiter. SIACs were found to cover less than
1% of the globe, as measured in the 3 mm absorption
band in complete global imagery obtained in September
1996 with the Galileo/NIMS. Rather than coinciding
with the major axisymmetric cloud systems, these SIACs
were found to be localized in discrete areas, each
occupying less than a few degrees of latitude and
longitude. The most prominent features were found to
be associated with regions of dramatic vertical uplift
(Baines et al., 2002). In particular, the spectrally
strongest SIACs were found to be associated with the
turbulent region to the northwest of the Great Red Spot
(GRS), while the majority of the spectrally prominent
SIACs were found to lie within a 51-wide latitudinal
band within the North Equatorial Region (NER),
associated with a three-dimensional planetary Rossby
wave. The remarkable agreement between (1) the
observed positions of SIACs relative to 5-mm hot spots,
and (2) the theoretical locations of freshly forming
ammonia clouds and hot spots predicted by the Rossby
wave model of Friedson and Orton (1999) quantitatively
reveals that two of the most extreme aerosol structures
on Jupiter—the nearly cloudless and volatile poor 5-mm
hot spots and the optically thick, ammonia-rich SIACs
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nearby—are manifestations of a single dynamical
mechanism.
Baines et al. (2002) also demonstrated a young age of
a few days to a week for the most prominent SIACs.
Specifically, for the Rossby wave features in the NER,
they found that an age of a few days was consistent with
both (1) the lifetime of particles as observationally
determined by the wave phase speed and longitudinal
cloud width and (2) the sedimentation time for 10 mm
radius ammonia particles previously detected by Brooke
et al. (1998) in global ISO measurements. A young age
for SIACs cloud particles was also indicated for the
cloud particles in the major SIACs observed northwest
of the GRS. There, Voyager movies indicate that a
dramatic flow of turbulent air is produced by the
clashing of two opposing zonal jets as they are diverted
in their courses by the GRS, which acts essentially as an
obstacle in their paths. Specifically, this is where a jet of
eastward flowing air to the northwest of the GRS
abruptly encounters a southwestward-flowing jet of air
which originated as a westward flowing jet to the east of
the GRS, but was diverted counterclockwise around it.
SIACs were observed repeatedly by NIMS at this
location during Galileo’s first 4 years in Jupiter orbit.
Baines et al. (2002) speculated that due to the threedimensional interactions of these flows, relatively large
amounts of ammonia gas are steadily transported from
the sub-cloud troposphere (below the !600 mb level) to
the high troposphere, nearly continuously forming fresh
ammonia ice clouds to the northwest of the GRS. A
streamline analysis, utilizing the winds deduced by
Limaye (1986), showed a lifetime of !2 days for
particles created at the ‘‘head’’ of the feature (where
the spectral signature of the ammonia ice is the
strongest) as they dissipated downstream. A relatively
large particle size for cloud features in the GRS
turbulent region is indicated from the high reflectivity
observed at 4.05 mm in NIMS imagery (Dyudina et al.,
2001). Analysis of this feature by Baines et al. (2003)
indicates particle radius of !2 mm from quantitative
modeling of this and other NIMS wavelengths, and
more recent analysis shows a better fit for particle radius
of !3.4 mm.
While the sedimentation of large particles may explain
the short ammonia particle lifetimes observed in the
most dynamic regions of the NER Rossby wave and the
GRS turbulent wake regions, nevertheless, planet-wide
several factors suggest that non-dynamical processes
may also be important in limiting the lifetimes of
spectrally identifiable ammonia particles. The small area
and nearly circular shapes of SIACs observed across the
planet are strong indicators of short particle lifetimes for
spectrally identifiable ammonia aerosols. For example,
all equatorial SIACs observed extend less than 61 in
longitude and 41 in latitude, averaging less than 2.81 in
each dimension, in sharp contrast to the dominant
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axisymmetric cloud patterns found in various cloudy
zones encircling the planet.
In addition to the 3 mm absorption band, ammonia
ice has an absorption band at 9.46 mm (1050 cm!1)
due to the N–H bend vibrational mode. The 10 mm
absorption feature falls in a region of Jupiter’s thermal
infrared spectrum that is influenced by ammonia gas
absorption, collision-induced hydrogen absorption,
phosphine absorption, and aerosol scattering and
absorption, but subject to constraints on the ammonia
ice aerosol size, shape, and vertical distribution, the
ice signature can be detected in the data acquired by
the Cassini/CIRS during the 2000/2001 encounter
with Jupiter. The identification of an ammonia ice
feature by Wong et al. (2004a) utilized the low-latitude
portion of a global map of Jupiter taken on 31
December 2000 and 01 January 2001, with a spectral
resolution of about 3 cm!1. This narrow absorption
feature was detected in the continuum between stronger
ammonia gas absorption centered at 1054 and
1066 cm!1, in some of the CIRS spectra (Wong et al.,
2004a). For example, a spectrum from the 23.51N
region is well matched by the synthetic spectrum
including a cloud of ammonia ice particles near 1 mm
in size, with a total optical depth of 0.75, while a
spectrum from 151N does not exhibit the ammonia ice
feature. The particles detected via this 10-mm ammonia
ice feature are smaller than the 2–30 mm ammonia ice
particles invoked to fit the Jovian spectra at 3 mm by
Brooke et al. (1998) and Baines et al. (2002), and at
10 mm by Marten et al. (1981), Orton et al. (1982), and
Shaffer et al. (1986).
The spectral shape of the 10 mm ammonia ice feature
is strongly dependent on particle size and shape. Wong
et al. (2004a) found a good fit between a CIRS spectrum
at 23.51N, and synthetic spectra including 4:1 prolate
spheroid ammonia ice particles with volume-effective
radii of 0.79-mm (analogous to a chain of four 0.5-mm
spheres). They identify two key conditions for detecting
the 10 mm ammonia ice feature: (1) the particle’s
effective radius must be within a factor of 2 from 1mm, and (2) the cloud must be present at about the 500mb level. The ice signature in the 231N spectrum is well
modeled by a cloud with an extended particle-to-gas
scale height ratio Hp/Hg ¼ 1, with the peak ammonia ice
contribution to the opacity coming from around the
500-mb level. These characteristics are more suggestive
of an extended haze than of the deeper, more compact
cloud (Hp/Hg ¼ 1/8) predicted by cloud condensation
models (e.g., Weidenschilling and Lewis, 1973; Atreya et
al., 1999) and retrieved from observations in the visible
(e.g., Banfield et al., 1998) and infrared (e.g., Orton
et al., 1982; Marten et al., 1981; Shaffer et al., 1986;
Brooke et al., 1998). However, in both the spectrum
with the NH3 ice feature and the spectrum without it,
Wong et al. (2004a) require an additional deeper cloud

with an essentially gray extinction spectrum, wellmodeled by 10-mm NH3 ice spheres.

3. Jupiter’s cloud model
The equilibrium cloud condensation models (ECCM)
of Jupiter date back to the pre-Voyager epoch. The first
such model was developed by Weidenschilling and
Lewis (1973). We use an implementation that has
undergone further development as described in Atreya
and Romani (1985). The lifting condensation level
(LCL) is calculated by comparing the partial pressure
(e) and the saturation vapor pressure (ec) of the
condensible volatile. The base of the cloud, LCL, occurs
at the altitude where e ¼ ec, i.e. where relative humidity
(qc ¼ e/ec) of 100% is reached. The amount of
condensate in the ECCM is determined by the temperature structure at and above the LCL. The release of
latent heat of condensation modifies the lapse rate of the
atmosphere. We refer the reader to Atreya and Romani
(1985) and Atreya et al. (1999) for full details of the
current ECCM. Presently no comprehensive model
including full treatment of both atmospheric dynamics
and microphysics is available. However, this is of little
concern to the main goal of this paper—identification,
or lack of it—of the visible upper clouds of Jupiter.
Although the cloud densities calculated by the ECCM
represent upper limits and are much greater than any
densities that would actually be expected in the Jovian
atmosphere, since atmospheric dynamics would not
normally support a continuous wet adiabatic ascent
through the entire atmospheric column, and microphysical processes lead to a reduction of the cloud density
through precipitation, the ECCM is accurate in predicting LCLs for the condensible volatiles. This is clearly
evident from a comparison of the ECCM calculations
shown in Fig. 1 and the observation of clouds.
Fig. 1 shows results of ECCM calculations for
Jupiter, with 1 # solar and 3 # solar condensible volatile
abundances in the left panel, and greatly depleted
condensible volatiles in the right panel (Atreya et al.,
1999) as the Galileo Probe entered one of the driest
places—the Sahara Desert of Jupiter The right panel
simulates the LCL of clouds detected by the Galileo
probe nephelometer at 1.3 bar, and more tenuous ones
at 1.6 and 0.55 bar (Ragent et al., 1998). Although the
H2S, and H2O mixing ratios in the Probe Entry Site
(PES) at pressures less than 9 bar are unknown, their
extrapolated values from measured mixing ratios at
9–11 bar (Niemann et al., 1998; Atreya et al., 1999;
Atreya et al., 2003), together with the NH3 profile
inferred from the attenuation of Galileo probe radio
signal (Fig. 2), are consistent with those required to
simulate the PES cloud observations (Fig. 1). This is a
strong evidence that the three cloud layers detected in
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Fig. 1. Left panel: Jovian deep abundances of condensible volatiles were taken at 1 ! solar (solid area) and 3 ! solar (dashed lines) values (see Table
1), and used to calculate the equilibrium cloud concentrations (in grams per liter). Right panel: as left panel, but with the following depleted
condensible volatile abundances relative to solar: H2O: 0.01%; NH3: 1%; H2S: 0.5%. The p#T profile used in the ECCM is from Seiff et al. (1998)
for the Galileo probe entry site (right), and modified due to condensation in left panel. (Atreya et al., 1999).
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Fig. 2. The variation of the NH3 to H2 mixing ratio with pressure
based on Galileo Probe Mass Spectrometer (GPMS), attenuation of
Galileo probe radio signal (solid line), and the Galileo Probe Net Flux
Radiometer (NFR) data (Sromovsky et al., 1998). The base of the NH3
cloud is predicted by ECCM to be at 720 mb level for solar NH3/H2, as
shown by the vertical broken line. Note depletion of ammonia in the
probe entry site to depths well below expected condensation level.
(Atreya et al., 2003).

the probe entry site most likely represent the clouds of
NH3-ice, NH4SH-ice, and H2O-ice, with their bases at,
respectively, 0.5, 1.3, and 1.6 bar level (Atreya et al.,
1999).
Jupiter’s N/H elemental ratio is expected to be
(3–4) ! solar based on measurements of ammonia
abundance in the deep well-mixed atmosphere from
Galileo probe-to-orbiter signal attenuation (Folkner et
al., 1998) and the GPMS measurements (Wong et al.,
2004b; Atreya et al., 2003), as in Table 1. The ECCM
calculations show that ammonia would condense to
ammonia ice at "500 mb for 0.01 ! solar N/H, at
600 mb for 0.5 ! solar N/H, at 720 mb for 1 ! solar

N/H, at 750 mb for 1.2 ! solar N/H, at 840 mb for
3 ! solar N/H, and at 1000 mb for 4 ! solar N/H (see
Fig. 1 for some cases). Recently, extensive observations
of Jupiter’s upper visible clouds at relatively high spatial
resolution were done with the Galileo orbiter imaging
system at visible and near infrared wavelengths (727,
756, and 889 nm). From an analysis of the low-mid
latitude data, Banfield et al. (1998) identified a nearly
ubiquitous cloud with its base at 7507200 mb, and
cloud optical depth varying between 0 and 20. The
pressure range of the observed cloud bases is consistent
with the range predicted by the ECCM for 0.01 ! solar
pNH3p4 ! solar.
The opacity variation of the cloud observed by
Galileo imaging is not surprising since the ammonia
mixing ratio varies over the planet, especially from belts
to zones (de Pater, 1986), which would result in
variation of cloud concentrations and cloud base
pressures. Cloud microphysical processes such as precipitation—that can vary planet-wide—would also
affect cloud concentrations and hence opacity. The
Galileo NIMS near IR observations (Irwin et al., 2001;
Irwin and Dyudina, 2002) and Galileo Probe and HST
observations (Sromovsky and Fry, 2002) indicate cloud
opacity variations in the 1–2 bar region. We believe the
variability in the 1–2 bar region is due to an ammonium
hydrosulfide cloud predicted by the ECCM (Atreya et
al., 1999; Fig. 1). Indeed, as noted earlier, the Galileo
probe detected a cloud at 1.34 bar in a dry region of
Jupiter where the probe entered. The Sromovsky and
Fry (2002) observations are for the north equatorial
belt, a dry, downwelling region where ammonia is found
to be depleted relative to the zones (Gierasch et al.,
1986; de Pater, 1986; West et al., 1992).
The agreement between the ECCM results on the
cloud locations of a dry region (Galileo probe) and
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Table 1
Elemental abundances
Element

Suna

Jupiter/Sun

Reference

He/H
Ne/H
Ar/H
Kr/H
Xe/H
C/H

0.0975
1.23 " 10#4
3.62 " 10–6
1.61 " 10–9
1.68 " 10–10
3.62 " 10–4

N/H

1.12 " 10–4

O/H

8.51 " 10–4

P/H
S/H

3.73 " 10–7
1.62 " 10–5

0.80770.02
0.1070.01
2.570.5
2.770.5
2.670.5
2.970.5
3.2770.78
3.670.5 (hotspot, 8 bar)
2.9671.13 (hotspot, 9–12 bar)
0.03370.015 (hotspot, 12 bar)
0.02870.009 (hotspot, 11–17 bar)
0.2970.10 (hotspot, 19 bar)
0.804
2.570.15 (hotspot, 16 bar)
2.7570.66 (416 bar)

von Zahn et al. (1998), Niemann et al. (1998)
Niemann et al. (1998)
Mahaffy et al. (2000)
Mahaffy et al. (2000)
Mahaffy et al. (2000)
Niemann et al. (1998)
Wong et al. (2004b)
Folkner et al. (1998)
Wong et al. (2004b)
Niemann et al. (1998)
Wong et al. (2004b)
Wong et al. (2004b)
Kunde et al. (1982)
Niemann et al. (1998)
Wong et al. (2004b)

a
Anders and Grevesse (1989, here after AG89). It is important to note that reanalysis by Holweger (2001) including the effects of non LTE and
solar granulation in the solar photospheric abundances has resulted in lower O/H and higher C/H ‘‘central’’ values than those given in the Table
(AG89). However, the uncertainties in the Holweger values are large, so that O/H lies between 4.55 " 10#4 and 6.52 " 10#4 with a ‘‘central’’ value of
5.45 " 10#4, and C/H lies between 3.05 " 10#4 and 5.00 " 10#4 with a ‘‘central’’ value of 3.91 " 10#4. Using the central values gives an O/C ¼ 1.4. On
the other hand, considering the highest O/H and the lowest C/H values from Holweger yields an O/C of 2.14 which is in quite a good agreement with
AG89’s 2.35 which itself has an uncertainty of approximately 710%. In view of this, our recommendation for the time being is to continue using the
AG89 solar elemental abundances as a reference, keeping in mind that the uncertainties in the O and C abundances could be much greater. Similarly,
Grevesse and Sauval (1998) advocate somewhat different solar elemental abundances for Ar, Kr, Xe, N and S than AG89, but with overlapping
range considering the uncertainties in the two determinations. Again, we have chosen to continue using the AG89 solar elemental abundances as the
reference until firmer results are available.

elsewhere (Galileo imaging) is an indirect argument for
ammonia ice as the material of Jupiter’s upper cloud
layer. The robustness of the ECCM is strengthened by
the observations of thunderstorms and lightning from
the Galileo (Gierasch et al., 2000; Ingersoll et al., 2000)
and Cassini (Dyudina et al., 2004) orbiters that are
attributed to the presence of water clouds deeper than
4–5 bars. Indeed, the ECCM calculations show that only
water clouds can form in this pressure region, as seen in
Fig. 1 (Atreya et al., 1999).
From above discussion, it seems likely that ammonia
clouds are widespread on Jupiter. However, Galileo/
NIMS and Cassini/CIRS observations find spectrally
identifiable ammonia clouds only in certain locations,
covering just !1% of Jupiter (Sec. 2). The question
arises, why is there no ammonia ice signature in the rest
of the visible upper clouds? We discuss the possibility
that hydrocarbon particles falling from the stratosphere
(Sec. 4) combined with hydrazine haze produced below
coat the ammonia cloud particles, thus masking their
spectral signature. Baines et al. (2002) suggested also
photochemical solid state chemistry (‘‘tanning’’), as
proposed previously for stratospheric hydrocarbon
condensates in Uranus (Pollack et al., 1987) and
Neptune (Baines and Smith, 1990). However, Jupiter’s
clouds lie at pressures several orders of magnitude
greater than the Uranian and Neptunian stratospheric
condensates, where the ultraviolet flux is severely limited

by overlying molecular extinction. Therefore, coating of
ammonia particles by other substances, as has been
suggested for Saturn (Tomasko et al., 1984), is a more
likely mechanism for this ammonia ‘‘cover up’’ (Baines
et al., 2002). In both of the tanning and coating
processes, clouds begin with relatively bright continua
and large ice absorption spectral features. As they age, it
is expected that the continua darken slightly and the
absorption features are washed out. In the following
section, we discuss the nature of hydrocarbon haze
that we propose eventually mixes with hydrazine
haze near the tropopause, and coats the underlying
ammonia clouds.

4. Haze from the stratosphere
On Jupiter, haze particles are formed mainly by
condensation of polycyclic aromatic hydrocarbons
(PAHs). Other possible haze formation mechanisms
include condensation of hydrazine (N2H4, Atreya et al.,
1977), polyyne polymer (C2n+2H2, nX1) as on Titan
(Yung et al., 1984; Wilson and Atreya, 2003), and HCN
polymer (Kuhn et al., 1977; Atreya, 1986), as illustrated
in Fig. 3. Any haze from phosphine photochemical
products would be insignificant. For the production of
PAHs, chemistry begins with the destruction of methane
(CH4) by solar UV photons at lp160 nm, ultimately
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Fig. 3. Illustration of important reaction pathways of haze formation
on Jupiter. A1 is benzene, A1- is one ring radical, A2 is naphthalene,
and PAHs represents all ring compounds larger than A2. The pathways
beginning with C2H2 and NH3 at the bottom of the figure are minor
contributors to haze formation.

leading to the formation of benzene (c-C6H6, or A1) and
other complex hydrocarbons (Fig. 3). In the polar
auroral regions where energetic particles also break
down methane, ion chemistry becomes dominant in the
production of benzene and heavy hydrocarbons (Wong
et al., 2003, and Fig. 3). In this section, we describe the
major benzene production pathways on Jupiter studied
using a chemical model (Wong et al., 2001, 2003), first
by neutral reactions, and then by ion-related reactions.
We then describe the production mechanisms of PAHs
and subsequently, haze particles. The results of a
microphysical model for haze production (Friedson
et al., 2002), summarized below, are found to be in good
agreement with available observations. We suggest that
the PAH-initiated haze particles are the biggest contributors to the haze that we believe coats the underlying
ammonia clouds of Jupiter.
The most important neutral pathway for benzene
formation is the recombination of propargyl radicals
(C3H3), forming either hexatriene (l-C6H6) or phenyl
radical (c-C6H5, or A1-), which subsequently convert to
benzene. The formation of C3H3 starts with photolysis
of CH4, followed by addition of H atoms and acetylene
(C2H2). The maximum production region for this
pathway is around 1 mb. This pathway contributes to
over 70% of the total benzene production in a midlatitude neutral photochemical model, as discussed later.
Another important neutral pathway is the addition of
C2H2 to C4H3 to form A1-, contributing 28% to the
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total benzene production. C4H3 is formed by photolysis
of C2H2 at lp180 nm, and addition of C2H2 and H
atoms. The maximum production region for this pathway is around 0.1 mb level.
In the auroral regions, ion chemistry plays a definitive
role in hydrocarbon chemistry. A auroral model (Wong
et al., 2003) shows that over 97% of benzene is produced
through the electron recombination of ring ion c-C6H+
7 ,
which is formed through successive ion-neutral reactions
+
of ions with C2H2 or H2, producing C2H+
3 , C4H3 and c+
C6H5 (Fig. 3). Ion chemistry also promotes production
of benzene through neutral reactions by enhancement of
neutral hydrocarbon species. For example, ion reactions
in the auroral model produce nearly twice as much C6H4
as in the non-auroral regions. The cyclization of C6H4
forms A1- and A1. However, this pathway is still
insignificant for producing benzene compared to the
others discussed above.
Once benzene is formed, PAHs and other complex
hydrocarbons can be formed through successive HACA
(H-abstraction, followed by C2H2 addition) reactions
(see Fig. 1 in Wong et al., 2000). Here we present the
results of two chemical models of benzene and PAH
formation, one is for non-auroral latitudes and one is
for auroral regions. The list of reactions and rate
coefficients is included in Wong (2001) and updated in
Wong et al. (2003). For the non-auroral latitudes, we
consider only neutral chemistry and choose 451 latitude
for the purpose of illustration. The column production
rates of benzene, naphthalene (A2, C10H8) and PAHs
(all ring compounds larger than A2) are 2.6 ! 108,
4.2 ! 109, and 1.5 ! 106 molecules cm"2 s"1, respectively.
The peak production for benzene occurs at 1-mb
pressure level, as discussed earlier. The peak production
of A2 occurs at pressure level below 1 mb, and
between 1 bar and 1 mb for PAHs. The pre-condensation column abundances of A1, A2 and PAHs above
50-mb pressure level are 9.7 ! 1014, 5.3 ! 1015, and 2.3 !
1016 molecules cm"2, respectively. The result for benzene
is in good agreement with the ISO observation, which
inferred an average benzene column abundance of
9(+4.5, "7.5) ! 1014 molecules cm"2 in the region between 451N and 451S (Bezard et al., 2001).
In the second case, ion chemistry is included in an
auroral model of latitude 601 (Wong et al., 2003). The
auroral stratosphere has a much higher temperature due
to particle heating, and the temperature profile is taken
from an auroral thermal model of Grodent et al. (2001)
to simulate a diffuse aurora with 30.5 ergs cm"2 s"1
energy flux. The eddy diffusivity profile, K(z), in the
auroral regions is assumed to be 15 times greater than
that at low latitudes, because the eddy mixing is
expected to be much more effective due to the intense
energy input (Atreya et al., 1981; Wong et al., 2003). A
factor much greater than 15 would result in too fast a
transport of species into the interior, and a factor much
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less than 15 would result in inefficient transport of
ion reaction products away from the regions of
peak ion production. The column production rates
of A1, A2 and PAH are 2.1 ! 109, 2.4 ! 1010, and
7.4 ! 106 molecules cm"2 s"1, respectively, and the corresponding column abundances are 4.3 ! 1015,
7.3 ! 1015, and 1.1 ! 1016 molecules cm"2. Although the
production rates of heavy hydrocarbons are 5–10 times
greater in the auroral region, when compared to that in
mid-latitudes, their abundances are not much greater
due to the more efficient eddy mixing in the auroral
zone. The peak production of A1 is at 0.01 mb, the
region of the peak particle deposition. The peak
production region of A2 and the PAHs is below the
100 mb level, lower than at mid-latitudes. This is due
to the faster transport of heavy species with greater
eddy mixing.
Friedson et al. (2002) have developed a one-dimensional, coupled photochemical-aerosol microphysical
model to simulate the hydrocarbon chemistry and
aerosol processes simultaneously. The basic mechanism
is summarized here. To form haze particles, the first step
is the homogeneous nucleation of A4 (pyrene, C16H10, a
hydrocarbon consisting of four fused hexagonal rings)
to form tiny primary particles at higher altitude. This is
followed by heterogeneous nucleation of the PAHs, A3
(phenanthrene, C14H10, three-ring compound) and A2
on the A4 nuclei at lower altitudes. The particles grow
by additional condensation of A2 and A3 on the
nucleated particles and by coagulation, and eventually
sediment out to the troposphere.
The polar microphysical model associated with the
auroral chemical model outlined above shows that
particles grow to mean radii of #0.09–1.1 mm, with the
larger particles residing at depth, and that the total
aerosol loading is #5.5 ! 10"6 cm3 cm"2 (Wong et al.,
2003). From observations done on the International
Ultraviolet Explorer, Tomasko et al. (1986) inferred the
total amount of haze particles (expressed in terms of
total aerosol volume per unit area) to be
2 ! 10"5 cm3 cm"2 in the non-auroral region near
401N, whereas from Galileo Orbiter and Hubble Space
Telescope imaging observations, Rages et al. (1999)
derived a value of #3 ! 10"5 cm3 cm"2 in the region of
601N. The predicted aerosol content is somewhat
weaker than observations, but probably lies within the
model uncertainty which can be resolved only with
proper laboratory work. On the other hand, the altitude
of the haze top and the mean particle sizes predicted by
these simulations are generally consistent with available
observations (Tomasko et al., 1986; Rages et al., 1999).
For example, the model predicts the haze top of 0.5-mmsize particles at #1 mb and that most of the particles lie
above the 100 mb level, in agreement with observations.
The chemical models above show similar amounts of
pre-condensation PAHs in non-auroral regions as in

auroral regions, which in turn is expected to lead to
similar amounts of haze particles in the two regions of
Jupiter. The observations mentioned above (Tomasko
et al., 1986; Rages et al., 1999) show similar amounts of
total aerosol loading in both polar and non-polar
regions, implying that haze particles are ubiquitous in
the atmosphere of Jupiter. The model calculations in
this section show that PAHs-induced aerosol particles
are the main source of stratospheric haze on Jupiter.

5. Discussion and conclusion
As seen above, the principal pathway leading to the
formation of haze in the stratosphere of Jupiter begins
with the formation of PAHs. In laboratory combustion
experiments, PAHs are an important precursor to soot
(Richter and Howard, 2000). Although the Jovian
environmental conditions are dissimilar to combustion,
at least in the polar auroral regions, a large influx of
energetic charged particles initially triggers similar
chemical processes. The hydrocarbon haze produced in
subsequent reactions is believed to be responsible for the
UV-dark haze that was first confirmed spectroscopically
by Voyager (Pryor and Hord, 1991). Haze is also
produced in the non-auroral regions, as discussed in
Section 4. The magnitude of non-auroral haze is
expected to be somewhat smaller, and its end product
composition may be different also. Upon transport of
the auroral haze away from the source region, followed
by mixing with non-auroral hydrocarbon haze and the
much more abundant (white) hydrazine particles below,
the haze is likely to take on a grayish appearance in the
non-polar regions. In fact, dark haze is detected only in
the polar region, although haze is ubiquitous on Jupiter
(Sec. 4). Haze particles forming in the stratosphere can
take 1–30 years to reach the tropospheric ammonia
clouds, if eddy mixing were the only downward
transport mechanism. Microphysical processes, including coalescence, coagulation and sedimentation, could
reduce the fall times by up to a factor of 100 (Friedson
et al., 2002), depending on the altitude and the particle
size. Once produced in the stratosphere, hydrocarbon
haze particles would fall continuously as soon as steady
state is reached. We can estimate the haze particle
deposition rate in the following manner.
The observed column abundance of the haze aerosols
is N#5 ! 108 particle cm"2 near 401N (Tomasko et al.,
1986). We can assume this value of N to be typical for
the planet as a whole in view of the nearly identical
aerosol volume (or mass) loading in the polar and nonpolar regions (Sec. 4). The mean particle radius is
#0.5 mm near or above the 100-mbar level, deduced
from observations (Rages et al., 1999), and would be
larger and deeper in the atmosphere due to additional
coagulation and condensation (Friedson et al., 2002).
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The fall time tfall for a spherical haze particle of radius
0.5 mm at 100 mb is !100 times shorter than the eddy
diffusion timescale tK (Friedson et al., 2002), and the fall
times for larger particles are expected to even shorter. At
100 mb, tK ¼ H2/K ¼ 109 s (H!2 # 106 cm, and K!3 #
103 cm2 s$1, Atreya et al., 1981), and tfall!107 s. This
implies a nucleation rate (or production rate) for the
haze particles to be N/tfall!50 cm$2 s$1. The columnintegrated particle deposition rate is d!VN/tfall!3 #
10$11 cm s$1, (V!5 # 10$13 cm3 molecule$1, is the particle volume), or approximately 10 mm/year. If ammonia
ice particles are assumed to be spherical rather than
flat, the haze layer thickness would be reduced by a
factor of eight. However, we suspect that the hydrocarbon haze thickness would still be on the order of a
few microns, i.e. comparable to the wavelengths of
observations, considering possible shapes of ammonia
ice particles.
In fact, the haze layer thickness could be much greater
than 10 mm/year. This is because as the hydrocarbon
haze from the stratosphere is transported downward, it
would mix with the hydrazine ice particles produced
in the ammonia photochemistry in the upper troposphere and the lower stratosphere of Jupiter (Strobel,
1973; Atreya et al., 1977). Atreya et al. (1977)
calculate a production rate of 6.9 # 1010 hydrazine
molecules cm$2 s$1, which amounts to as much as
1.3 mg/m2 per Jovian day of hydrazine condensate
(Atreya et al., 1977). Therefore, the hydrazine haze
can be orders of magnitude greater than the hydrocarbon haze. Although hydrazine condensate, being
white, seems unsuitable as a candidate for masking the
spectral signature of the underlying ammonia clouds, its
admixture with the hydrocarbon haze is likely to result
in a grayish haze material.
Since the ammonia ice particle sedimentation time
followed by creation of fresh ammonia particles is also
on the order of a year based on current modeling of
particle sizes (less than 1 mm; !0.5 mm in south tropical
zone region, Baines et al., 2003), we surmise that a few
micron-thick hydrocarbon haze layer would transform
the ammonia cloud into a gray cloud, with no distinct
spectral signature at 3 or 10 mm wavelengths. Therefore,
we suggest that as they fall, the hydrocarbon haze
particles coat the upper cloud layer of ammonia ice, and
obscure its spectral identification.
Although the haze particles could serve as cloud
condensation nuclei (CCN) for the ammonia ice
particles, they could adsorb on them as well. However,
laboratory work for macroscopic samples shows that
small amounts of impurities mixed with water ice, even
if the impurities serve as condensation nuclei, can mask
the spectral signature of ice (Clark and Lucey, 1984). A
similar spectral obscuration of the ammonia-ice cloud
is expected only if the contaminant is a significant
fraction of the total mass (West et al., 1989; R. Clark,
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personal communication, 2004), which is a very distinct
possibility in view of the large amount of haze produced
upon mixing of the hydrocarbon and hydrazine hazes as
discussed above. It is also not evident how suitable the
haze particles are as CCNs for the ammonia ice
particles. Eventually, precipitation would remove the
ammonia cloud particles together with the stratospheric
haze from the atmosphere.
An important question is whether the NIMS/SIACs
lifetime of a few days to a week (Baines et al., 2002,
2003) is due to dynamics or due to their spectral
obscuration following the coating by hydrocarbon haze.
We estimate that less than 0.1-mm-thick layer of haze
would be deposited on the NIMS/SIACs in 1 week.
Such a thin layer of haze may not be able to mask their
spectral identification, but further laboratory work is
needed to confirm this. It is also quite likely that the
NIMS/SIACs would dissipate relatively rapidly anyway,
considering that they are like convective plumes with
large particle size, rising above the main cloud layer.
Presently available microphysical and laboratory spectral data are inadequate for calculating the time
constants that are essential for distinguishing between
the two scenarios. Perhaps a combination of dynamical
and haze coating processes is responsible for the
relatively short time over which the NIMS/SIACs
remain spectrally identifiable. Note also that the SIACs
reported by Cassini/CIRS at 10 mm cover data over
approximately 1 day (Section. 2), so the lifetime of the
CIRS/SIACs is unconstrained.
The cover-up of the ammonia cloud by haze is
expected in view of the continuous drizzle of haze
particles from the stratosphere, but the ammonia
aerosol particle size could also be a factor for the lack
of detection of NH3 ice spectral signature. As discussed
in Section 2 and in Wong et al. (2004a), only particles in
a narrow range of sizes (about 0.5–2 mm) produce a
spectrally distinct absorption feature in the Jovian
spectrum near 10 mm. Likewise, calculations presented
in Brooke et al. (1998) show that the 3-mm NH3 ice
feature is sharp for 1-mm particles, but broadens for
larger particles. Their spatially averaged low-latitude
ISO spectrum of Jupiter showed no indication of this
sharp feature, a lack that could be interpreted either as
evidence for a scarcity of 1-mm particles overall or as
evidence that NH3 cloud particles are coated by
precipitating stratospheric haze condensates. Indeed,
both Brooke et al. (1998) and Wong et al. (2004a)
obtained best fits to ISO and CIRS spectra using
atmospheric models that included gray particles in
addition to the spectrally distinct NH3 ice particles.
Although the spectral homogeneity of the Wong et al.
(2004a) gray cloud component was a shape effect for the
large (10 mm) NH3 particles used, the lack of spectral
features in both these particles and the gray particles in
the best fit model of Brooke et al. (1998) could

ARTICLE IN PRESS
506

S.K. Atreya et al. / Planetary and Space Science 53 (2005) 498–507

alternately be explained in terms of contamination from
precipitating stratospheric haze particles.
In summary, the failure to find widespread signatures
of ammonia ice does not necessarily imply that Jupiter’s
upper cloud layer is not mainly composed of ammonia
ice. The hydrocarbon haze produced in the stratosphere,
and its combination with hydrazine haze, is expected to
play a major role in masking the spectral signature of
the upper visible cloud of ammonia. Polyyne polymers,
nitrile polymers, as well as meteoritic dust particles, may
also contribute to the Jovian haze, but to a much lesser
extent. Cloud properties including cloud opacity, cloud
physical thickness, cloud top altitude, and the NH3
aerosol particle size effects can also be a factor in the
lack of identification of the upper cloud layer. The
SIACs are of course identified as ammonia ice, but the
short detection lifetime of NIMS/SIACs may result
from dynamical effects or coating by the stratospheric
haze or both. Processes similar to Jupiter’s must also
occur on Saturn, resulting in a spectrally gray ammonia
cloud on Saturn also. We encourage laboratory
researchers to study optical and microphysical properties including adsorption and CCN characteristics of
multi-component systems involving at the very minimum hydrocarbon haze, hydrazine, and the ammonia
ice cloud particles.
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