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Abstract

We present the first detection of NHj ice in the thermal infrared in Jupiter’s atmosphere using Cassini CIRS observations in the 10-pum
region obtained on 31 December 2000 and 1 January 2001.

We identify a brightness temperature difference « = T(1040 ecm ') — Tp(1060 cm™') as an indicator of spectrally identifiable NH;
ice, where 1040 cm ™! is an adjacent continuum region and 1060 cm ™! is the NH; ice feature. Higher values of o imply a stronger NHj3
ice signature in the spectrum. Using midlatitude zonally averaged CIRS spectra, we demonstrate systematic spatial variations in o, with
the highest values at the equator and near 23°N.

In one CIRS spectral average (covering 22-25°N and 140-240°W), our radiative transfer models are consistent with an optical depth
of 0.75 4+ 0.25 for NHj ice particles modeled as randomly oriented 4:1 prolate spheroids (volume equivalent radius = 0.79 um). Particles
larger or smaller than 1 pm by about a factor of 2 would be unable to duplicate the observed NHj; ice feature at 1060 cm™~': absorption
due to larger particles is excessively broadened, and absorption due to smaller particles is hidden by NH; gas absorption at 1067 cm ™.
We also modeled an average spectrum for a second region on Jupiter (14—17°N and 10-70°W), finding an upper limit of t =0.2 for the
same NHj ice particle type. The choice of prolate spheroid particles is based on laboratory studies of NH3 ice aerosols, although 1-pm
Mie-scattering spheres would also have detectable signatures at 1060 cm~'. We model the 1-um NHj ice cloud with a particle-to-gas
scale height ratio H,/H, = 1. For both CIRS spectra analyzed, the spectrum at frequencies greater than 1100 cm ™" also requires a second
cloud with essentially grey absorption, which we modeled using 10-um NH3 ice spheres distributed with H,/H, = 1/8 and a cloud base

at 790 mbar.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Jupiter is wrapped in clouds at the correct pressure
and temperature to be ammonia ice, based on thermo-
chemical models such as Weidenschilling and Lewis
(1973) and Atreya et al. (1997). However, spectro-
scopic proof that this nearly ubiquitous cloud deck is
composed of ammonia has been difficult to obtain. Am-
monia ice can be identified by two infrared absorp-
tion features: the v; absorption band (N-H stretch) at
2.96 pm (3376 cm™!) and the v, absorption band (N-H
bend) at 9.46 um (1057 cm~!). Neither NH; ice feature
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can be detected from the ground, due to terrestrial CO, and
H,O absorption at 3 pm and terrestrial ozone absorption
at 10 pum.

The expression of the v, and v; ammonia ice absorption
bands in Jupiter’s infrared spectrum is strongly dependent
on particle size. Small particles (» < 1 pm) have sharply
peaked absorption features, but as particle size increases,
the absorption feature rapidly broadens. A broadened 3-pm
feature has been invoked to explain ISO (Brooke et al.,
1998) and Galileo NIMS (Baines et al., 2002) observations.
Brooke et al. (1998) analyzed an ISO-SWS reflectance
spectrum that covered a quarter of the Jovian disk and
ranged from 36°S to 33°N, and they found that a cloud
containing approximately unit optical depth of 10-um
ammonia ice spheres gave the best fit to the spectrum be-
tween 2.85 and 3.15 um. The high spatial resolution of
NIMS allowed Baines et al. (2002) to map an anoma-
lously low reflectance in the 2.74-pm channel, which they
use as the indicator of a spectrally identifiable ammonia
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ice cloud. They found these clouds to occupy less than
1% of the globe, primarily at 2-7°N and in the wake of
the Great Red Spot. The 3-um detection of NHj3 ice in a
disk-averaged spectrum by Brooke et al. (1998) and the
1% NH; ice coverage noted by Baines et al. (2002) are
not necessarily contradictions; the two investigations based
their NH3 ice detections on different wavelengths and thus
may be sensitive to different particle types and vertical
distributions.

Shaffer et al. (1985, 1986) searched Voyager IRIS data
for the 10-pm NHj; ice feature, but did not detect it in
their averaged spectrum of the North Tropical Zone (about
15-23°N during the Voyager 1 encounter, according to
Smith et al., 1979). However, Shaffer et al. (1986) achieved
a good fit to the spectrum with NHj ice particles having a
mean radius of 3 um. These particles are too large to show
a strong NHj ice v, absorption feature. An analysis of Voy-
ager IRIS spectra in the Equatorial Zone (15°S—15°N) by
Marten et al. (1981) also did not detect the 10-um NH;j
ice feature.

Our detection of NHj ice relies on the identifica-
tion of a feature with a spectral width of only about
10 cm™' (0.1 pm). This discrete spectral feature allows an
unambiguous determination that the aerosol composition
is ammonia, thus confirming thermodynamic expectations
that NHj ice should be present in Jupiter’s upper cloud
layer. We find a low intensity of this spectral feature, re-
sulting probably from the rarity of the particle type, as
well as from the inhomogeneity of the spatial distribution.
Nonetheless, evidence that some Jovian aerosols are un-
ambiguously composed of ammonia ice helps to validate
the practice of modeling of broadband cloud opacity using
larger ammonia particle sizes with compositionally indis-
tinct extinction spectra. Additionally, although we lack the
high spatial resolution of NIMS, and although we are prob-
ably sensitive to different NH; ice populations, we agree
with the finding by Baines et al. (2002) that spectrally
identifiable ammonia ice is nonuniformly distributed over
the Jovian disk. Our modeling shows that the 10-pm NHj;
ice feature can be detected only when the ice aerosol is
present at pressures of < 500 mbar, and the particle ef-
fective radius is within a factor of 2 of 1 um. Since this
altitude is higher than that of the equilibrium condensa-
tion level of ammonia near 750 mbar, detection of the
10-um NHj ice feature at a particular location on Jupiter
may be an indicator of convection, uplift, or recent cloud
formation.

We utilize a dataset collected by the composite infrared
spectrometer (CIRS) during the Cassini encounter with
Jupiter in late 2000 and early 2001. The Jovian spectra pre-
sented here were obtained from focal planes 3 and 4 (FP3
and FP4), both 1 x 10 arrays of mid-IR detectors in the CIRS
Fourier-transform spectrometer. FP3 spans the frequency
range of 600—1100 cm~!, covering the 1057-cm~' NH;
ice absorption feature, and FP4 is sensitive to the
1100-1400 cm~! range. CIRS is more thoroughly described

in Kunde et al. (1996), and Flasar et al. (2003) discuss
preliminary results from the Jupiter flyby in 2000. Between
31 December 2000 and 11 January 2001, as Cassini was
receding from Jupiter, CIRS obtained four global maps
of the planet, with a spectral resolution of about 3 cm~!.
The low-latitude pixel resolution ranged from 2.5 to 5° of
Jovian latitude/longitude, or 2500—-6000 km, depending on
distance between the spacecraft and the planet. We use data
from the first global map, with the highest spatial resolution,
to demonstrate the detection of the NHj ice v, absorption
band.

Clapp and Miller (1993), in a study which seems to be the
only reported measurement of the mid-infrared properties of
NH; ice aerosols, observed a broadening of the 10-um v,
feature. The aerosol extinction shifted from a spectrum char-
acteristic of a spherical particle to one characteristic of a
prolate (cigar-shaped) spheroid, leading Clapp and Miller
(1993) to speculate that initially spherical particles could
be growing by coagulating into chains. We consider prolate
spheroidal NHj ice particles in our synthetic spectra under
the assumption that a similar method of aerosol growth may
operate in Jupiter’s atmosphere. Additionally, we find that
prolate spheroidal particles with effective radii near 1 pm
have advantageous properties for detection in Jupiter’s at-
mosphere. Smaller (size parameter x = 27r/4 < 0.3) Mie-
scattering spheres are difficult to detect in Jupiter’s spectrum
because their peak extinction (at 1067 cm ™) falls near the
center of an NHj; gas absorption band. Larger particles, with
x = 1.3 or higher, have both excess absorption at lower fre-
quencies, as well as a broadened extinction spectrum which
makes their influence very difficult to distinguish from vari-
ations in gas or temperature profiles. We discuss these con-
siderations in more detail in the spectral modeling section
below.

Following these findings, we generated a suite of synthetic
spectra using spherical as well as prolate spheroid NHj ice
particles. We use a simple brightness temperature difference
near the ice feature as a quantitative indicator of the pres-
ence of NHj ice in the CIRS data and find spatial variation
of this brightness temperature difference on Jupiter. Using
this indicator, we select two CIRS spectra for detailed com-
parisons with spectral models. We demonstrate detection of
the v, absorption feature in an average spectrum obtained
by co-adding individual CIRS spectra falling between 22—
25°N and 140-240°W. We use planetographic coordinates
for all CIRS observations. On the other hand, the v, ammo-
nia ice absorption feature is not observed in a second aver-
age of CIRS spectra between 14—17°N and 10—-70°W. This
averaged spectrum is used to determine a model-dependent
upper limit for the ammonia ice opacity there. Our mod-
eling indicates that the 10-um ammonia ice feature can be
detected only when a significant quantity of particles with
effective radii near 1 pm are located at pressures less than
about 500 mbar. These restrictive criteria are the most likely
reason that the 10-um feature has eluded detection prior to
this report.
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Fig. 1. Laboratory extinction curve for NH3 aerosols measured by Clapp
and Miller (1993), compared with scaled Mie extinction cross sections
corresponding to two different sets of index of refraction data. Peak
extinction for aerosols in the lab is shifted to higher frequencies, compared
to the 1057 cm ™! peak in imaginary index of refraction (black triangle).
The frequency of the shifted peak favors the use of Roux et al. (1979)
over Martonchik et al. (1984) index of refraction data.

2. Review: NH3 ice aerosols in the laboratory

Understanding the interaction between infrared radiation
and ammonia ice aerosols in Jupiter’s atmosphere depends
on several key parameters, including the shape, size distri-
bution, and complex index of refraction of the ammonia ice
particles. Observations of Jupiter cannot directly determine
these parameters without relying on ground truth from lab-
oratory measurements. Although laboratory studies of NHj3
ice condensation and optical properties in the 10-um region
are few, we summarize several crucial studies of ammonia
ice here.

Ammonia aerosols were homogeneously nucleated in a
cryogenic cell by Clapp and Miller (1993), who obtained
particle extinction spectra over the frequency range of 700—
4000 cm ™. In Fig. 1, we show an extinction spectrum from
the experiment of Clapp and Miller (1993), in which NHj3
aerosols were nucleated from a gas mixture of 2.5% NH;
in helium, at a total pressure of 400 mbar and at a temper-
ature of 111 K. The particles in this constant gas flow ex-
periment had a residence time in the chamber of “several
seconds,” so they represent extremely fresh condensation
products. Clapp (1995) retrieved particle size parameters for
two sets of index of refraction data, assuming a log-normal
particle distribution. For the Roux et al. (1979) dataset they
found ryeq =0.13 pm and ¢ =0.70 pm, and for Martonchik
et al. (1984) they retrieved 7peg =0.12 um and 6 =0.62 pm.
We calculated extinction cross sections for these particles,
and show them arbitrarily scaled for comparison in Fig. 1.
The Roux et al. (1979) data more accurately match the fre-
quency of the peak extinction of the aerosols created in the
laboratory.

The black triangle in Fig. 1 indicates the frequency posi-
tion of the peak of the bulk NH; absorption (i.e., the peak
of the imaginary index of refraction). The shift of the par-
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Fig. 2. Real (solid lines) and imaginary (dotted lines) index of refraction
around the NHj3 ice v, band, from Martonchik et al. (1984; thick lines)
and Roux et al. (1979; thin lines). For small particles the absorption peak
shifts, from the location of the peak value of the imaginary index of
refraction, to a frequency where the imaginary index of refraction is v/2,
and the real part of the index of refraction is low. Triangles indicate the
locations of these shifted Frohlich mode absorption peaks for each NHj3
index of refraction dataset.

ticle absorption to higher frequencies, as shown in Fig. 1,
is described by Clapp (1995) and references therein as a
Frohlich, or surface, mode. For particles with small size pa-
rameters, the electric field of the incident radiation is roughly
uniform, inducing all the molecules in the particle to vibrate
in phase. This creates a net dipole moment for the particle
and shifts the absorption band to higher frequencies. The
Frohlich mode exists only for small size parameter parti-
cles, is strongly dependent on shape, and occurs only when
the imaginary index of refraction is equal to v/2 and the
real index of refraction is small. Fig. 2 compares real and
imaginary index of refraction data near the v, band, for the
Martonchik et al. (1984) and Roux et al. (1979) datasets.
The black triangles in Fig. 2 indicate frequencies where the
Frohlich mode conditions are met. Based on the better agree-
ment between the Clapp and Miller (1993) laboratory spec-
trum and the Roux et al. (1979) calculation, we select the
Roux et al. (1979) index of refraction dataset for use in our
own calculations to be discussed below.

Clapp and Miller (1993) also studied the evolution of the
aerosol extinction spectrum over time. In Fig. 3, we compare
their laboratory-derived NHj3 aerosol extinction spectrum
with a calculated extinction spectrum for 0.13-um spheres,
scaled to match the spectrum near the v; band near 3 pm
(not shown). Scaling is required because the experiment
measures attenuation of an infrared source, while Mie cal-
culations yield particle cross sections in units of area. The
observed spectrum in Fig. 3 was obtained by Clapp and
Miller after 4 minutes of stagnant conditions, whereas the
extinction spectrum in Fig. 1 corresponds to particles in the
first several seconds of their formation. The evolution of the
aerosol extinction spectrum is consistent with a change in
particle size or shape, since small spheres were effective at
fitting the shorter-timescale extinction spectrum of Fig. 1.
Clapp and Miller (1993) state that a much larger sphere
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Fig. 3. The extinction of NH3 aerosols after 4 min, as measured by Clapp
and Miller (1993), is compared with particle extinction cross-section
calculations. The extinction spectrum for 0.13-pum spheres was scaled by
Clapp and Miller (1993) to agree with extinction at 3 pm (not shown),
while the other curves have been arbitrarily scaled to fit within the plot
region. The 0.13-pm sphere spectrum was calculated with a log normal
size distribution with ¢ = 0.70 um. The other spectra were calculated
with monodisperse (single-sized) particle size distributions.

would exhibit the broadening of the 4-minute spectrum at
9.5 um, but a large sphere would produce non-resonant
scattering features at 3 um, which they did not observe.
Instead, Clapp and Miller suggested coagulation of small
aerosols into chain-like particles to describe the spectral
evolution. We show normalized extinction curves for two
randomly-oriented prolate spheroid particle distributions in
Fig. 3: a prolate spheroid with », = 1.3 pum (where the
volume-equivalent radius 7y is the radius of a sphere that
has the same volume as the spheroid) and a major-to-minor
axis ratio of 5:1, as well as a 4:1 prolate spheroid with
ry =0.79 um. Unless otherwise noted, calculated extinction
curves are for monodisperse size distributions. Since the 4:1
prolate spheroid provides a good match to the shape of the
laboratory aerosol extinction spectrum, we use this type of
NH3 ice particle in our model spectra below.

Pope et al. (1992) measured scattering phase functions,
at visible wavelengths, of NHj3 aerosols generated in the
laboratory, and found a good match between 0.5-um parti-
cle phase functions and Jovian phase functions reported by
Smith and Tomasko (1984). In the 10-um region, 0.5-um
particles are well modeled as Mie-scattering spheres, and
we examine this particle type as well. Pope et al. (1992)
also reported that their laboratory data required a mixture of
particle shapes.

3. Spectral modeling

In order to calculate optical properties of non-spherical
ammonia ice particles, we used a FORTRAN implemen-
tation (Mishchenko and Travis, 1998) of the T-matrix al-
gorithm described by Wielaard et al. (1997). Originally
developed by Waterman (1971), this method allows ab-
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Fig. 4. Synthetic Jovian spectra for three particle types, as described in the
legend. All three simulated clouds are distributed with a particle-to-gas
scale height ratio of 1, with the cloud confined between 100 and 680 mbar.
The total optical depth for each cloud, defined at the frequency of maxi-
mum extinction, is 1. The largest value of o= T'40 — 71060 1S associated
with the particle nearest 1 um in size (particle 3; o = 3.3), with smaller
(particle 4; «=0.1) and larger (particle 2; o =1.0) sizes having a dimin-
ished effect on o. The cloud-free case has o = —1.3.

sorption cross sections, scattering cross sections, and scat-
tering phase function expansion coefficients to be derived
from a transition matrix (or T-matrix). In the T-matrix al-
gorithm, the incident, scattered, and internal electromag-
netic fields are expanded as vector spherical functions, and
a numerical solution of Maxwell’s equations produces the
T-matrix, which relates the scattered and incident field ex-
pansion coefficients. The frequency-dependent particle scat-
tering properties are then used as inputs for our Jovian radia-
tive transfer code, a correlated-k approach (Lacis and Oinas,
1991) in a multi-stream discrete ordinates model (Goody
and Yung, 1989). Synthetic spectra were found to be in
good agreement with a full line-by-line calculation (Kunde
and Maguire, 1974). We use the HITRAN 1996 line at-
las to model contributions from CH4, NH3, PH3, C,H,,
and CH3D, and we also include pressure-induced hydrogen
absorption.

Across the 600—1125 cm ™! range of CIRS focal plane 3,
spectral information from vertical profiles of aerosol, am-
monia gas, phosphine gas, and temperature are intermin-
gled. For particular particle types, the difference in bright-
ness temperature between the 1040 cm~! and 1060 cm™'
continuum peaks is strongly affected by the ammonia ice
feature (see Fig. 4). We define a brightness temperature dif-
ference o, where

o= T1040 — T1060 (D

and the brightness temperatures 740 and 760 are defined
simply as the peak brightness temperatures within the re-
spective spectral windows defined by NH; gas absorption of
[1033,1046] cm~! and [1053,1065] cm~!. Although ver-
tical profiles of temperature, ammonia gas, and phosphine
gas are influential in this spectral window, their effect on «
is minimal. Figs. 57 demonstrate the spectral influence of
temperature, ammonia gas, and phosphine gas profiles, and
we discuss each factor in turn below. Our choice of o as an
indicator of NHj ice in the spectrum is based on two main
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Fig. 5. Three temperature profiles are shown, along with their effects on
the synthetic Jovian spectrum. Brightness temperature difference o =—1.3
for profile 1, o = —1.2 for profile 2, and « = —1.4 for profile 3.
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Fig. 6. Three NH3 mole fraction profiles are shown, along with their
effects on the synthetic Jovian spectrum. Brightness temperature difference
o= —1.3 for profile 1, o =—1.2 for profile 2, and o = —1.4 for profile 3.
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Fig. 7. Three PH3 mole fraction profiles are shown, along with their
effects on the synthetic Jovian spectrum. Brightness temperature difference
o =—0.9 for profile 1, «=—1.2 for profile 2, and o = —2.4 for profile 3.

considerations: it is easy to compute, and its small spectral
width makes a strong argument for a definitive composi-
tional identification.

Example spectra for three NHj ice particle types are com-
pared with a cloud-free model spectrum in Fig. 4. The small-
est particle (number 4) has a normalized extinction spectrum
that is almost identical to that of the 0.13-pm sphere shown
in Fig. 3. The peak extinction near 1065 cm~! coincides
with the center of an ammonia gas absorption band, hiding
the NHj ice spectral signature. The effect of these particles
on the 1060 cm~! brightness temperature is minimal, so

the effect on the brightness temperature difference o is also
minimal. Thus, although 0.5-um particles may be suggested
for Jupiter at other wavelengths (Pope et al., 1992), we do
not expect the small particles to be detectable at 10 pm.
The next larger particle shown is a prolate spheroid with
ry =0.79 pm (number 3 in Fig. 4), a size chosen because it
is analogous to a chain of four 0.5-um particles. Particle 3
is much more effective than particle 4 at depressing the con-
tinuum level at 1060 cm ™!, primarily as a result of its larger
size. The depressed brightness temperature at 1070 cm ™!
is a shape effect, due to the “twin peaks” in the extinction
spectrum of this prolate spheroid (see Fig. 3). Particle 3
also has virtually no effect on the spectrum at 1040 cm™!,
so it has ideal qualities for being detected via the bright-
ness temperature difference . Finally, particle 2 shows that
for large enough particles, the effect on the spectrum at
1040 cm~! and at 1060 cm ™! is similar. Not only does the
simultaneous depression of the 1040 and 1060 cm™' con-
tinuum peaks disable the use of o as a detector of NHj
ice, but it also mimics other spectral effects such as that
of phosphine, as will be discussed below. These results in-
dicate that only particles with sizes within a factor of 2
from 1 pm can be detected using the brightness temperature
difference .

Fig. 5 shows the effect of the temperature profile on syn-
thetic Jovian spectra. In the cores of the NH; absorption
bands, the spectrum is more sensitive to the temperature near
400 mbar, so spectrum 2 has the highest brightness temper-
atures there. The intervening continuum regions reach unit
optical depth at pressures near 600 mbar, so spectrum 3 has
the highest brightness temperatures there. Note that for all
sample temperature profiles, Tjo40 and Ty scale together,
so that there is little effect on «. The effect of NH; distribu-
tion on the spectrum, as seen in Fig. 6, is similar to the tem-
perature effect. The 23.5°N CIRS spectrum presented later
is modeled using temperature and ammonia profiles marked
1, and the 15.5°N CIRS spectrum presented later uses tem-
perature and ammonia profiles marked 2. Ammonia profile
3, which has an ammonia depletion below the condensa-
tion level as suggested by radio measurements (de Pater
et al., 2001), did not fit either of our sample CIRS spec-
tra. Although the temperature and ammonia vertical pro-
files produce similar effects on the Jovian spectrum in the
975-1090 cm~! interval, we can disentangle the two com-
ponents when fitting CIRS spectra by first using the wing of
the S(1) line of H, to constrain the temperature profile and
then selecting an NHj profile that provides a good fit in the
975-1090 cm~! interval.

Spectral sensitivity to phosphine is shown in Fig. 7. Pro-
file 1 was derived by Edgington et al. (1998) to fit an HST
ultraviolet spectrum taken at 6°N, but they regard this pro-
file as an upper limit to the amount of phosphine in the up-
per troposphere, since they did not include aerosols in their
modeling. Profile 3 is the predicted photochemical distri-
bution at 6°N of phosphine from Edgington et al. (1998),
and profile 2 is our best fit to the example CIRS spectra
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Fig. 8. For five opacity sources (see legend), the fractional contribution
to the total optical depth, calculated at the level of t =1, is shown as a
function of wavenumber. The shape of the curve for each opacity source
is a function of (1) the spectral properties of the opacity source itself and
(2) the spectral properties of any stronger opacity sources that dominate
it. The ammonia ice cloud in this case has a total optical depth of 1 and
is composed of 4:1 prolate spheroids with », = 0.79 um. The aerosol

profile used is the “extended” distribution shown in Fig. 10. Ammonia

ice (curve 2) is the dominant opacity source at 1060 and 1070 cm~!,

but has little influence elsewhere.

to be shown later. To obtain our best fit, we took profiles
with constant PH3 mole fractions up to a cutoff level, and
allowed the deep mole fraction and the cutoff level to vary.
However, the similarity between the spectra generated using
our best fit profile and the Edgington et al. (1998) photo-
chemical profile shows that our ability to constrain the phos-
phine profile is limited. For large amounts of phosphine at
pressures less than 500 mbar, there is noticeable suppres-
sion of the brightness temperature at 1060 cm ™', where we
hoped to detect the influence of NH; ice. However, since the
1040 cm™~! continuum peak is depressed as well, the bright-
ness temperature o is not strongly affected. Enhanced PHj
also results in an intensification of the PH; v4 band feature
centered at 1118 cm~!, but we found virtually no correla-
tion between o and the strength of the 1120-cm™' PHj fea-
ture in a set of zonally averaged CIRS spectra ranging from
30°S to 30°N.

Figs. 8 and 9 show the relative contributions to the to-
tal opacity from NH;3, PHj, and CH3;D gas, NH;3 ice, and
collision-induced H, absorption. At each frequency, the
fractional optical depth of each opacity source is plotted,
for the altitude where the total optical depth is unity. Gas
and temperature profiles are the same for both cases, but the
NH3 ice cloud (curve 2) in Fig. 8 is composed of 0.79-um
4:1 prolate spheroids (particle 3 in Fig. 4), and the cloud
in Fig. 9 is composed of 10-um NH; ice spheres. For the
0.79-um particle cloud, the total cloud optical depth was
unity (at the frequency of maximum extinction, 1068 cm ™!
for this particle type), and the aerosols were distributed be-
tween 680 and 100 mbar with a particle-to-gas scale height
ratio Hy/H, = 1 (“extended” aerosol profile in Fig. 10).
For the 10-um particle cloud, the peak optical depth was
5, and the “compact” aerosol profile (Fig. 10) was used,
with a cloud base at 790 mbar and H,/H, = 1/8. The
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Fig. 9. Fractional optical depths, as in Fig. 8. In this case, the ice cloud is
composed of 10-pum spheres, and the aerosol profile used is the “compact”
distribution shown in Fig. 10, with a total cloud optical depth of 5. Due
to the large particle size, ammonia ice (curve 2) is essentially grey: it
has strong effects in each of the continuum regions sandwiched between
ammonia gas band centers (peaks in curve 3).
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Fig. 10. Two aerosol vertical distributions were tested in this study. The
compact distribution has a cloud base of 790 mbar and a particle-to-gas
scale height ratio Hp/Hy of about 1/8. The aerosol density in this dis-
tribution is also proportional to the maximum cloud density calculated
by a thermochemical equilibrium condensation model (Weidenschilling
and Lewis, 1973; Atreya et al.,, 1999). The extended distribution has
Hp/Hg =1, with cloud particles confined between pressures of 680 and
100 mbar.

strong absorption at 1060 cm~! is apparent for the small
spheroids in Fig. 8, whereas for the large aerosols in Fig. 9,
aerosol opacity is high in all the continuum regions be-
tween the NH; band centers (i.e., between all the peaks in
curve 3).

For one preliminary set of 1000 synthetic test spectra, with
a wide range of gas and temperature profiles, « ranged from
—3.7 to —1.8 K for cloud-free models and from —3.3 K to
7.9 K for NHj ice cloud models with a cloud optical depth of
2 and the extended aerosol distribution of Fig. 10. In this set
of synthetic spectra, three particle types were tested: 0.5-pm
spheres, and 5:1 prolate spheroids with volume-effective
radii of 0.85 and 2.6 pm. All synthetic spectra with values
of o > 2 had the 0.85-um prolate spheroids NHj ice parti-
cles. This follows from our conclusion that only particles in
the 1-pum size range are detectable using « as an indicator.
Spectra in this set with very high values of o > 5 had the
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Fig. 11. Brightness temperature difference o as a function of latitude. Each
point is calculated for a spectrum averaged over all longitudes, 3° wide
in latitude. Spectral averaging bins overlap their neighbors to the north
and south by 1°. For comparison, the HST-derived zonal wind profile
of Garcia-Melendo and Sanchez-Lavega (2001) is shown in grey, with
a maximum eastward speed of 154 m s~! and a zero point indicated by
the horizontal line.

additional requirement of reduced NH3 in the 600—-800 mbar
region. The 600—-800 mbar NHj3 mole fraction affects o in
these cases because the reduced gas opacity means that a
larger fraction of the total opacity at 1060 cm~! is provided
by the ammonia ice cloud.

4. Observations

Using the low-latitude portion of a CIRS global map of
Jupiter (described in the Introduction), we first search for
spatial variation in the ammonia ice signature by obtain-
ing zonally averaged o= T940 — Th060- Latitudinal structure
is clearly evident in the plot of « as a function of latitude
(Fig. 11). Each point marks a value of « calculated from a
spectral average over all data falling within a band 3° wide
in latitude. There is a 1° overlap to the north and south of
each point in Fig. 11. For example, one point represents
the 0°-3°N band, and the next represents the 2°~5°N band.
The number of pixel footprints per bin ranged from 176 to
245. Particularly high values of o, indicating detection of
the v; NHj ice feature, occur near 23°N and near the equa-
tor. Studies of synthetic spectra indicate a small variation
of « due to emission angle, with an increase of up to 0.3 K
from 0° to 30°, where the magnitude of the variation de-
pends on the model atmosphere assumed. Since Cassini was
within a degree of the equatorial plane, this increase in o
is monotonic from equator to pole and could not account
for the latitudinal variation seen in Fig. 11. The overlaid
zonal wind profile is an average of 3 years of HST data
from Garcia-Melendo and Sanchez-Lavega (2001), with a
maximum eastward speed of 154 m s~! and a zero point in-
dicated by the horizontal line. The zonal wind profile will
be discussed later in the context of the dynamical implica-
tions of the latitudinal variation in the ammonia ice spectral
feature.
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Fig. 12. CIRS spectrum (14-17°N, 10-70°W) co-added from 46 FP3
spectra (v < 1100 cm™!) and 44 FP4 spectra (v > 1100 cm™!). CIRS
FP4 has greater sensitivity than FP3, so the FP4 error bars are barely
visible. Synthetic spectra were all generated with temperature profile 2
(Fig. 5), NH3 profile 2 (Fig. 6), and PH3 profile 2 (Fig. 7). The observed
spectrum near 1060 cm~—! shows no evidence of the NHj ice feature.
At frequencies greater than 1125 cm~!, a grey cloud improves the fit
to the observations. Grey cloud particles were well modeled as large
(r=10 pm) ammonia ice spheres, with a total cloud optical depth of 2 and
the “compact” aerosol distribution of Fig. 10. For the NHs ice spheroid
case, cloud particles were modeled as 0.79-um randomly oriented 4:1
prolate spheroids, with a total cloud optical depth of 1 and the “extended”
aerosol distribution of Fig. 10.
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Fig. 13. Observations and models as described in Fig. 12, but for the
low-frequency portion of CIRS FP3. This spectral region is dominated
by the hydrogen S(1) line and almost exclusively shaped by the

50-700 mbar temperature profile, except for the stratospheric acetylene

line seen in emission at 730 cm—!.

Spectra showing no evidence of NHj ice at 1060 cm ™! are

characterized by low values of o (less than about —1.5 K).
The non-detection of NHj3 ice at 10 um by Shaffer et al.
(1985) from Voyager 1 IRIS measurements of the North
Tropical Zone may possibly be due to the spatial variation
indicated by Fig. 11, or due to temporal variation. Since o
is low from 6° to 20°N, we looked to that region to find a
sample NHj; ice-free spectrum. The CIRS spectrum shown
in Fig. 12 is an average of 46 FP3 spectra and 44 FP4 spectra
falling within 14—17°N and 10-70°W. All fits shown use the
same vertical distributions of temperature, NHj gas, and PHj
gas, where we derive the temperature profile from the S(1)
line between 600 cm~! and about 750 cm~! (see Fig. 13).
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Fig. 14. Brightness temperature difference o calculated for a latitude band
between 22° and 25°N, with bins 40° wide in longitude, overlapping
10° on each side.

The CIRS spectrum in Fig. 12 is compared with two NH;
ice cloud spectra: one with 10-um spheres and one with
prolate spheroids with effective radii near 1 um (see figure
caption). The 1-pum particle spectrum produces a notice-
able NHj3 ice feature at 1060 cm™' and gives a poor fit to
the CIRS data in that spectral region, which has a value of
o = —2.3. Away from the vicinity of 1060 cm~!, the NH;
ice cloud spectrum is indistinguishable from the clear sky
spectrum. For smaller NH3 ice optical depths (t < 0.2), the
spectrum matches the CIRS spectrum to within the noise
level. For these aerosol parameters, the t < 0.2 condition
translates to a column density detection limit of on the or-
der of less than 2.5 x 10° cm~2 above the 625 mbar level.
The essentially grey cloud modeled using large (»=10 pm)
Mie-scattering ammonia ice spheres has a minimal effect at
frequencies less than 1125 cm™', since those frequencies
do not probe the deeper layers where most of the aerosol
opacity is found for the “compact” aerosol profile (Fig. 10).
In the absence of aerosol opacity, frequencies from 1125
to 1200 cm™~! can sense to pressures of slightly more than
800 mbar, so the discrepancy between the CIRS data and
the clear sky model spectrum in this region requires aerosol
opacity at the pressure levels near the canonical thermo-
dynamic equilibrium cloud base for 2-3 X solar ammonia
(Weidenschilling and Lewis, 1973; Atreya et al., 1999).
Due to the depth of this cloud layer, even if the cloud
contained spectrally identifiable ammonia ice, the spectrum
at 1060 cm~' would be sensitive to altitude levels higher
than the cloud, and thus the NHj3 ice feature would go
undetected.

The zonal maximum in o occurs at the 3-degree band
centered on 23.5°N (Fig. 11), so we selected that latitude
as a candidate latitude to prospect for NHj3 ice. In Fig. 14,
we show o as a function of System III longitude, in the 3°
band from 22 to 25°N. Each point is calculated from an av-
erage spectrum using all FP3 pixel footprints falling within
a 40°-wide bin, with 10° overlap between bins to the east
and west. The number of spectra per bin ranged from 12 to
28. A very strong longitudinal effect is seen in Fig. 14, with
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Fig. 15. CIRS spectrum (22-25°N, 140-240°W) co-added from 46 FP3
spectra (v < 1100 cm™!) and 50 FP4 spectra (v > 1100 cm™!). CIRS
FP4 has greater sensitivity than FP3, so the FP4 error bars are barely
visible. Synthetic spectra were all generated with temperature profile 1
(Fig. 5), NH3 profile 1 (Fig. 6), and PH3 profile 2 (Fig. 7). The NHj3
ice feature can be seen in the observed spectrum near 1060 cm—!. Two
particle sizes are required to fit the spectrum: small (near 1 pm) particles
to fit the 1060 cm—! NHj ice feature, and large (10 pm) particles to fit
the spectrum at frequencies greater than 1125 cm~'. The smaller particles
were modeled as 0.79-um randomly oriented 4:1 prolate spheroids, with
a total cloud optical depth of 0.75 and the extended aerosol distribution
of Fig. 10. The larger particles were well modeled as 10-um ammonia
ice spheres, with a total cloud optical depth of 5 and the compact aerosol
distribution.

the peak values of « falling between 140° and 240°W lon-
gitude. The amplitude of this curve is 5K, somewhat larger
than the 3K amplitude of the zonally averaged « curve in
Fig. 11. Part of this amplitude is the greater noise level in
the brightness temperatures used to construct Fig. 14, since
the sample size for each point is much smaller. However,
it is likely that some of the reduction in amplitude, going
from the longitudinal scan in Fig. 14 to the zonal averages
of Fig. 11, is a result of spatial averaging of inhomogeneous
cloud properties. Further detailed studies of the spatial vari-
ation of the NHj ice signature should be done to quantify
the uncertainty and determine the maximum amount of spa-
tial information content on the variation of the ice feature
in the CIRS observations.

In Fig. 15, the observed spectrum is an average of 46
FP3 pixels and 50 FP4 pixels falling in the region between
22-25°N and 140—-240°W. This location was chosen to iso-
late the highest values of « (see Fig. 14), and the spectrum
shown has o = 2.2. The synthetic spectra have gas and tem-
perature vertical distributions that match the FP3 data in
both the NHj ice v, region (Fig. 15), as well as the portion
of the hydrogen S(1) line from 600 to about 750 cm~! (not
pictured). For the clear sky model, the CIRS 1060 cm™!
brightness temperature is overestimated. The observed spec-
trum near 1060 cm~! is fitted by an ammonia ice cloud
model using 4:1 prolate spheroids with volume-equivalent
radius r, =0.79 pm. For comparison with the spectra shown
in Fig. 15, Fig. 16 shows the frequency-dependent pressure
level where unit optical depth is reached for each model at-
mosphere case.
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Fig. 16. For the model spectra in Fig. 15, this plot shows the frequency
dependent pressure level at which the total atmospheric optical depth is 1.

The synthetic spectrum with the NHj3 ice spheroid cloud
with 7 = 0.75 in Fig. 15 gives the best fit to the observed
23.5°N spectrum in the 1060 cm~! region. A cloud with the
same particle parameters and relative vertical distribution,
but with a larger maximum optical depth of 2, underesti-
mates the 1060 cm~! brightness temperature but still falls
within the noise level. However for t > 2, the synthetic
brightness temperature is too low to agree with the CIRS ob-
servations, just as the clear sky model in Fig. 15 is a poor fit
because it exceeds the 1-¢ noise level at 1060 cm~!. Using
these constraints on the spectrally identifiable ammonia ice
atmospheric optical depth, we estimate the aerosol column
density above the pressure level where the atmospheric opti-
cal depth reaches unity, finding a maximum column density
of 2x107 particles cm~2 above the 400 mbar level, and a
minimum column density of on the order of 3 x 10° particles
cm~2 above the 600 mbar level, assuming a particle type of
0.79-um 4:1 prolate NHj; ice spheroids. Particles with sizes
around 2 pum or larger would not fit the data well due to ad-
ditional absorption at 1040 cm~!. Smaller particles would
have too strong absorption near 1067 cm~! and too weak
absorption at 1060 cm ™!, similar to spectrum number 4 in
Fig. 4. The 23.5°N CIRS spectrum, as was the case for the
15.5°N spectrum, requires grey aerosol opacity to match the
spectrum between 1125 and 1200 cm ™. The two clouds re-
quired to match both the 1060 cm~! region and the 1125
—1200 cm ™! region are distinct in both extinction spectrum
and vertical distribution, but there is no reason for the exis-
tence of one to exclude the other. Thus, our best fit to the ob-
served spectrum has a two-component cloud, with spectrally
identifiable ammonia ice following the “extended” aerosol
profile (H,/H, = 1; see Fig. 10), in addition to a grey cloud
concentrated deeper, following the “compact” aerosol pro-
file (H,/Hy=1/8). Since the observed spectrum requires not
only different particle types but also different scale heights
for the two portions of the spectrum with frequencies less
than or greater than 1100 cm~!, it follows that two distinct
cloud types are being detected. Higher spatial resolution ob-
servations would be needed to determine whether the two
cloud types are spatially distinct or spatially coincident.

Discussion

Arguing that the v, absorption band of NH3 ice can best be
identified in Jupiter’s spectrum by a depression of the ther-
mal radiation at 1060 cm~!, we define the brightness tem-
perature difference o= T949 — T1060 as an indicator of the ice
feature. Modeled particle extinction spectra (Figs. 3 and 4)
show that particles smaller or larger (by about a factor of 2)
than 1 pm in effective radius have a much weaker effect on
o and thus are poorly detected using this parameter. In addi-
tion to the particle size constraint, spectral modeling shows
that any 1-um particles present deeper than about 500 mbar
will be too far below the level of the peak contribution to
the 1060 cm ™! intensity to be detected. Our 23.5°N spec-
trum requires at least two types of cloud particles. The am-
monia ice feature at 1060 cm™! requires ~ 1-pm particles
in an extended cloud with H,/H, = 1 (see Fig. 16), while
the spectrum from 1125 to 1200 cm™' can be matched by
a more compact grey cloud with H,/H, = 1/8 and an opti-
cal depth of 5. We can effectively model the grey cloud us-
ing 10-pum NHj ice spheres, but since this cloud lacks sharp
spectral features, it is difficult to conclusively identify its
composition. Our 15.5°N spectrum shows no evidence of
the extended cloud of 1-um ammonia ice particles, but still
requires a compact cloud of 10-um ammonia ice particles
with an optical depth of 2.

A large particle cloud has also been invoked to provide
the necessary opacity in the thermal infrared data of Voy-
ager IRIS (Marten et al., 1981; Shaffer et al., 1986) and ISO-
SWS (Brooke et al., 1998). Orton et al. (1982) also found
a compact cloud of large (» > 3—10 pum) particles through
analysis of thermal infrared data, drawing a similar conclu-
sion to Marten et al. (1981) that the lack of ammonia ice
spectral features ruled out small particles. The fact that the
feature is seen in our higher spatial resolution spectra, but
not in less resolved observations, is a strong argument for
the spatial inhomogeneity of the class of particles capable
of producing the ammonia ice signature. Smaller particles
have been suggested by West et al. (1986); ~ 1—um parti-
cles) and Pope et al. (1992; 0.5-um particles) to match the
Pioneer photopolarimetry analysis of Smith and Tomasko
(1984) at visible wavelengths.

Spatially resolved NHj3 ice clouds were mapped from
anomalously low NIMS reflectance in the 2.74-um channel
by Baines et al. (2002). Comparing their maximum re-
flectance anomalies with the 2.7-pm reflectance of the ISO
spectrum (Brooke et al., 1998) led Baines et al. (2002) to
conclude that their particle sizes and/or cloud optical depths
needed to be perhaps a factor of 3 larger than those retrieved
from the ISO spectrum (=10 pm). Thus it is unlikely that
the same clouds seen by Baines et al. (2002) would produce
an identifiable ammonia ice feature in the CIRS spectrum at
1060 cm ™. Baines et al. (2002) found that their ammonia
ice clouds are correlated with regions of dramatic vertical
uplift in the wake of the Great Red Spot (near 10°S) and
to the east of 5-um hotspots in the North Equatorial Belt
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(at 2-7°N). To investigate the correlation between up-
lift and the 10-pum ammonia ice feature, we compare the
plot of zonally averaged o with the zonal wind profile of
Garcia-Melendo and Sanchez-Lavega (2001) in Fig. 11.
Upwelling has traditionally been expected in regions of an-
ticyclonic flow, where eastward winds increase poleward.
Colder tropopause temperatures observed in anticyclonic
zones can be attributed to adiabatic cooling associated with
uplift (e.g., Flasar, 1986). Thus, one would expect vertical
motions at equatorial latitudes to be upward, and the higher
value of « there is consistent with this. The coincidence of a
local maximum in « in the core of the eastward jet at 23°N,
however, is puzzling, because it is just north of an anticy-
clonic region. Retrievals of the NH; gas abundances and
relative humidities from CIRS spectra by Achterberg et al.
(2003) indicate that the highest values occur in anticyclonic
flow, at least at low latitudes. In particular, high relative
humidities and abundances are observed at the equator and
just south of the 23°N jet maximum. The reason for the
relative offset near 23°N of the gas abundance and relative
humidity from the 10-um ice feature is not immediately
apparent, and will require further study. Since the magni-
tude of the latitude offset is only the size of one averaging
bin width (3° in latitude), the discrepancy may partly be an
artifact of our spatial averaging method.

Although some moderately high values of o are seen at
the latitudes of the main spectrally identifiable ammonia
ice clouds of Baines et al. (2002), higher spatial resolu-
tion would be required to make a definitive comparison
with the discrete and inhomogeneous clouds detected by
NIMS reflectance maps at 3 um. Our strongest zonally
averaged 10-um ammonia ice signature at 23.5°N does
not seem to correspond to any identifiable ammonia ice
clouds at 3 pm, although it should be noted that more
than 4 years separate the two datasets, and the influence
of temporal variation could be quite significant. Some
of the North Equatorial Belt clouds identified by Baines
et al. (2002) and associated with 5-um hotspots fall within
the peak of o at the equator in Fig. 11. Determining lon-
gitudinal variation of the ice signature may be within the
limits of sensitivity of the CIRS Jupiter measurements, but
more work must be done to constrain measurement un-
certainty. In addition, three other maps of Jupiter (unused
in this study) were made in the two weeks after Cassini—
Jupiter closest approach, and these datasets may also help
to constrain spatial and temporal variation of the 10-pm
ice feature.
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