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Abstract

Microwave remote sounding from a spacecraft flying by or in orbit around Jupiter offers new possibilities for retrieving important and
presently poorly understood properties of its atmosphere. In particular, we show that precise measurements of relative brightness temperatur:
as a function of off-nadir emission angles, combined with absolute brightness temperature measurements, can allow us to determine the
global abundances of water and ammonia and study the dynamics and deep circulations of the atmosphere in the altitude range from the
ammonia cloud region to depths greater than 30 bars in a manner which would not be achievable with ground-based telescopes.
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1. Introduction coefficients of water and ammonia under the conditions of
high temperature and pressure encountered in the deep at-
Ground-based work to date, based mainly on high- mosphere.

resolution radio-wavelength observations made at the Very

Large Array, has established a thermal spectrum for the in-

tegrated disk emission of Jupiter that shows the expected2. Observation from an orbiting platform

long-wavelength thermal signature of the deep atmosphere

(e.g.,Berge and Gulkis, 1976; de Pater et al., 2001; Gibson  gpgervation of Jupiter's long-wavelength atmospheric
et al,, 2003 However, as shown bgte Pater et al. (2004)  gmission from an orbiting spacecraft offers many advan-

the integrated disk brightness temperature spectrum is diffi- 5465 over Earth-based observations. A spacecraft can fly in-
cultto interpret in terms of its deep composition, even if the q;qe the radiation belts, effectively avoiding the synchrotron

measurement uncertainties were as low as one might opti-gnission that obscures the atmospheric thermal emission at
mistically expect to achieve with a large ground-based radio longer wavelengths. An orbiting spacecraft allows observa-

telescope (2-5%). Causes of this difficulty include account- jons with global coverage and high spatial resolution, made
ing for the non-thermal synchrotron radiation that dominates jjgicy,it from the VLA because of Jupiter's rotation and the
the planet's emission at long wavelengths, uncertainties in ae to perform rotational synthesis to image the planet. For
atmospheric structure, cloud properties, and the absorpt'onexampleFig. 1shows the nadir-viewing footprints afforded
by an elliptical polar orbit with a perijove of 4500 km at the

* Corresponding author. Fax: +1-818-354-8895. equator and a 2R apojove (- 11-day period). This figure
E-mail address: michael.a.janssen@jpl.nasa.gd#.A. Janssen). demonstrates that major dynamical features such as the belts,
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Fig. 1. Nadir footprints for a 10beam from a nominal elliptical polar orbit (4500 km altitude at perijove, 11-day orbit). A spinning spacecraft is envisioned
that scans each radiometer beam along the nadir track, so that each point is observed at a number of emission angles. The density of footprieéds much gr
than shown.

zones, red spot, and large ovals are readily resolved with the We have investigated the effects of antenna pattern un-
relatively large antenna beams practical at low frequenciescertainties and unaccounted emission entering through the
from a spacecraft. sidelobes, including synchrotron emission from Jupiter’s ra-
An immediate advantage over disk-averaged measure-diation belts, to see how these might compromise relative
ments is given by the ability to observe discrete points in brightness temperature measurements. Within 10,000 km
the atmosphere along single lines of sight. The weighting of Jupiter, state-of-the-art antenna design and beam pattern
functions and consequent spectral features are more sharplyneasurement allow the use of beams w#fi0> half-power
defined for this case than that for a disk average; e.g., bywidths to obtain relative brightnesses at the 0.1% level, to
about 10% by our estimation. More importantly, by allow- €mission angles as large as’6@nd to at least 40at much
ing the spacecraft to rotate so that the beams scan along thdarger distances. Specifically we calculated that the antenna

nadir track, each point can be viewed at many different emis- Pattern must b(g known or controlled as follows: (1) main
sion angles. Absolute calibration at the 2% level or better is P&@mwidth to 2%, (2) sidelobes to°30ff-axis measured or

achievable in space-borne radiometers (Rgfetal., 1995;  Suppressed to 30 dB below the central peak, and (3) side-
Keihm et al., 200)) comparable to or somewhat better than 0P€S t0 40 measured or suppressed to 40 dB. We revised a
the ground-based approach. However, the relative brightnes ynchrotron emission model lhyevin et al. (2001}o calcu-

temperature, from point to point, or at different emission an- ate synchrotron emission from the perspective of an orbiting

gles at the same point, can be measured with much higherspacecraft and determined that antenna backlobes must be

precision. The ability to collect precise data on the emission kept below 55 dB at frequencies below 1 GHz to reduce the

) . residual synchrotron contribution to the 0.1% level. Such
angle and spatial dependence of the brightness temperature - -
) o . o Fequirements are within expected capabilities for horn an-
in combination with the spectrum determination offers an

; . } . tennas, patch-array and waveguide slot antennas (Rahmat—
entirely new approach to the microwave sounding of Jupiter.

; . . Samii, private communication, 2004).
We estimate that a measurement precision of 0.1% is fea- Finally, the effect of horizontal variations in the at-

sible for relative measurements taken with the same a”te””amosphere is minimized by observing the same locations at
and electronics at the same frequency over short time scaleSgjtferent emission angles. The nadir-viewing data can be av-

after accounting for radiometer stability, beam uncertainties, eraged along-track to equalize the width of the footprint
residual synchrotron emission, and imperfect footprint over- i, |atitude at off-nadir angles. The distance to the source
lap. Intrinsic radiometer noise is easily kept below 0.1% increases at off-nadir angles, however, and the increased per-
with 1-second signal averaging and modest (10 MHz) re- spective of the longitudinal dimension (e.g., a factor/@
ceiver bandwidths. EXperience with the Cassini microwave at 60 emission ang|e) cannot be eas”y Compensated for.

radiometer has demonstrated that gain drifts can be main-On the other hand, the local horizontal variability is readily
tained at better than this level for minutes to hours in a spaceestimated from the nadir measurements and the consequent
environment with current technologyanssen et al., 20Q1)  limb darkening uncertainty can be well boundédnssen et
further, state-of-the-art microwave noise sources used foral. (1995)give a technique for estimating errors due to un-
gain calibration have demonstrated stability to this level over equal beam footprints when the statistical properties of the
longer time scalegTanner, 1998; Tanner and Riley, 2003) measured quantity are known.
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3. Modeling Jupiter’s atmospheric emission into the water or a possible Nj3H cloud is considered. The
absorption coefficient and lineshape profile for ammonia is
Our radiative transfer program for computing Jupiter’s from Spilker, 1993 For water vapor we use an expression
atmospheric emission is based on the one described inbased on laboratory data over a range of pressure and tem-
Hofstadter, 1992 and in Hofstadter and Butler, 2003t perature applicable to Jupiter down to approximately the
assumes a convective atmosphere with constant relative30-bar pressure (500 K temperature) leftéb et al., 1966;
humidity (an adjustable parameter) for each condensableGoodman, 1969)The base of the model atmosphere is ar-
species above its cloud base. Microwave opacity sources in-bitrarily placed at 1000 bar, with isothermal conditions as-
clude HO, NHs, H, and a liquid water cloud, while the  sumed below this.
model atmosphere also contains He and;CStattering is Figure 2 shows nadir-viewing weighting functions for
neglected. The temperature profile at pressures less than B nominal atmosphere (8 solar HO and NH;, and no
bar is taken from the Voyager radio occultation experiment absorption by clouds) and a representative set of frequen-
(Lindal, 1992) with an extrapolation to higher pressures cies along with their relationship to clouds and Jupiter's
along a pseudo-adiabat. The lapse rate is appropriately adpressure—temperature structurégure 3 shows the nadir
justed for condensable species. The He tortio is 0.157 brightness temperature spectrum for this atmospheric model
and the CH molar mixing ratio is 18 x 103 relative to assuming different values for subcloud water and ammonia
total abundance (consistent witktreya et al., 1999 but abundances. As illustrated, a nominal 2% measurement cal-

note that they quote abundances relative t9. Hhe mix- ibration uncertainty that is random with frequency would
ing ratios for NHy and HO are adjustable; three times solar not enable us to distinguish the differences among the wa-
abundances are defined to h&®%x 10~% and 441 x 103, ter abundances shown. This conclusion, discussed further
respectively(Anders and Grevesse, 198%o loss of NH below, is consistent with the analysis e Pater et al.
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Fig. 3. (a) Nadir brightness temperature spectra for water and ammonia abundance variations on our baselinexsadat &nmonia and water). An
expected error of 2% (circled) is indicated. The black curve shows the spectrum of the baseline model. The two blue curves show the spectragesulting wh
the water abundance is changed from the baselinext@upper curve, short dash) anckqlower curve, long dash) solar, respectively. The green curve (dotted)
shows the spectrum when the ammonia abundance in the baseline is increased fimBx3solar. (b) Relative brightneds, which is the difference between

the brightness at nadir and that at an emission angle Qfé@ressed as a percentage of the nadir brightness, for the same models. An error of 0.1% (circled)
is indicated.
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(2004) for the interpretation of the disk temperature spec- 4. A simpleretrieval study
trum.

Figure 3 shows calculations of limb darkening for the Using a model in which the subcloud water and ammo-
same models. The error bar shows the 0.1% relative un-nia abundances are the only free parameters, we performed
certainty. For convenience in the following discussion we a simple study to determine the sensitivity of a combined
parameterize limb darkening as the difference between theabsolute and relative sounding approach. We assumed that
brightness temperature at nadir and that at an emission angléhe sounding instrument comprises 6 radiometers operating
60° from nadir, normalized by the nadir brightness temper- at the same wavelengths for which weighting functions are
ature and expressed as a percentage of the nadir brightnesdepicted inFig 2. No absorption from cloud particles was
{R (%) = ((Tvnadir— To60°)/ Tonadip) X 100} (note thatwe use  assumed. While in a real case we would use the full range
the term “limb darkening” throughout to refer to the chang- of emission angle measurements with appropriate weight-
ing brightness at a single location as the emission angleing to solve for the abundances, here for simplicity we only
varies). A measurement precision on the order of 0.1% now considered the measurements at nadir and ate@fission
enables us to easily distinguish among the model curves. angle. We assumed a random 2% absolute uncertainty in

The limb darkening parametd is particularly sensitive  the nadir brightness measurement at each frequency relative
to the altitude profile of the absorption, and being a differ- to a model value and a 0.1% relative uncertainty between
ential measurement can be measured with high precision.the nadir brightness and that at°6@We confirmed the ca-
The distinctive brightness signature i seen inFig. 3b pability to independently retrieve water and ammonia that
for water arises because its scale height is much less withinis apparent inFig. 3 by using a chi-squared minimization
the cloud, where it follows a saturation curve, than in the approach to solve for the abundances. We found one-sigma
uniformly mixed region below the cloud. This creates an uncertainties in the water and ammonia abundances to be 0.6
absorption “ledge” that is seen at wavelengths in the rangeand 0.06, respectivelin units of the solar abundanceratios.
10-20 cm where the emission comes mainly from the cloud These uncertainties did not vary significantly over thetb
region. This reduces the limb darkening in this wavelength 9 x solar water abundance range. They increased by an order
range because the weighting function is compressed thereof magnitude if only the nadir observations are used, how-
For example, in the extreme case of an abrupt increase inever, confirming our qualitative observation above.
absorption with depth the brightness would tend toward that  We examined some basic variations on this model to as-
of a uniform disk. InFig. 3b the dip in limb darkening forthe  sess its robustness. We find that the water retrieval uncer-
3 x solar water case relative to that foxkolar starts around  tainty increases by only about a factor of two if we reduce
5-cm wavelength, peaks at 15 cm, and disappears beyondur off-nadir emission angle from 6@o 40°. Figure 3sug-
roughly 30 cm.Figure 2shows that the weighting func-  gests that the retrieval of water abundance is dominated by
tion just begins to descend into the water saturation regionthe wavelength range shortward of 30 cm. The uncertainty
at around 5 cm, brackets the absorption transition region atis approximately doubled if we drop our lowest frequency.
15 cm, and is well into the water constant mixing region by Large ammonia abundances do not seriously complicate the
30 cm. The feature in the 9 solar case differs from the  water abundance retrieval—raising the ammonia abundance
3 x solar case in that it peaks at a longer wavelength and ex-from 3 x to 9 x solar only increased the water abundance
tends to longer wavelengths because the model cloud base isetrieval errors by a factor of about 1.5. Cloud region proper-
at a correspondingly lower and warmer level. ties can be highly variable. Although the relative humidity in

The variation of ammonia abundance is seen to producethe cloud region has an effect on the absolute brightness, the
a significantly different limb darkening frequency depen- limb darkening is almost unaffected. We found that a cloud
dence. The weighting function is entirely in the saturation re- relative humidity change from 100% to 20% had a negligible
gion at wavelengths in the ammonia inversion band centered(< 0.1%) effect.
around 1.3 cm, so that the limb darkening is a minimum However, the limb darkening is highly sensitive to ab-
at that wavelength. As ammonia abundance is increased thesorption by cloud liquid if it is present in quantity, as illus-
saturation region extends deeper in the atmosphere, decreagrated by the blue curve iRig. 4 Here we have considered
ing the limb darkening at slightly longer wavelengths. The an extreme case based on an uplifted parcel through the
continued decrease in limb darkening at wavelengths be-cloud region that retains all of its condensed liquid water
yond a few centimeters has a different cause, however, which(Weidenschilling and Lewis, 1973Yhe estimated absorp-
we find to be the different behavior of ammonia and wa- tion for this model results in an absorption spike around
ter absorption with pressure and temperature. Specifically,the cloud base with a total optical depth of about 0.4 at a
the temperature dependences of our absorption models arevavelength of about 15 cm, for example. The wavelength-
proportional tof —2 and7 —° for ammonia and water respec- dependent effect on relative brightness seen in the figure is
tively. Since ammonia absorption consequently increasessharpened, reducing its half-width in wavelength relative to
more rapidly with depth than water for constant mixing ratio, the difference between>3 and 9x solar water irFig. 3, and
the ammonia weighting function is more compressed and theshifting it to shorter wavelengths as well. Such a difference
limb darkening is reduced. in the frequency-dependent signature is expected because
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Fig. 4. Relative brightnesg for other possible variations on our baseline
model. The black (long dash) curve shows the spectrum of a model with
3 x solar ammonia and @ water. The blue curve (dot-dash) is the same
model except that it includes absorption by liquid water in the cloud region
Jupiter’'s atmosphere is more complex than the baselineas discussed in the text. The red curve shows the very different spectrum
model considered above. Ammonia is likely far from satu- for a “hot spot” region with Fhe water and ammonia distributions similar to
ration on the average in the cloud regi@chterberg et al., 0S¢ measured by the Galileo probe.
2003; Hofstadter et al., 2003; Gibson et al., 2004ter
can be expected to behave similarly; in fact, an interpreta- with the much higher sensitivity to atmospheric properties
tion of the low Galileo probe result for water concentration demonstrated above, microwave sounding from an orbiting
at about 20 bar@Niemann et al., 19985 that its concentra-  platform has the advantage that the unknown and spatially
tion was greatly reduced from its global abundance even at avariable properties of the atmosphere outlined above can be
point well below the nominal water cloud base by dynamical addressed by observing all states of the atmosphere and not
effects(Atreya et al., 1997; Showman and Ingersoll, 1998; just a global average. We envision an experiment in which
Showman and Dowling, 2000)nforeseen absorbing cloud a significant fraction of the atmospheric opacity is profiled
constituents may be present (e.g., in the ammonium hydro-with temperature with the resolution indicatedHig. 1. This
sulfide cloud region, or due to other constituents at levels would provide an exploration, on a global scale, of these
below the water clouds). Atmospheric dynamics will drive features of the deep atmosphere at the same time as we re-
departures in the lapse rate in potentially significant ways. fine our models for the interpretation of key parameters such
These are complications that must be dealt with in the re- as the global water abundance. Investigation of these fea-
trieval of atmospheric parameters from microwave sounding, tures directly addresses outstanding questions fundamental
and very little is known about thefde Pater et al., 2004) to understanding the dynamics and deep circulations of the
In essence microwave sounding enables us to determineplanet (e.g.Allison, 2000; Ingersoll et al., 2000The de-
only the opacity profile coupled with temperature, and it termination of water abundance with sufficient accuracy to
is the interpretation of this profile in the context of a con- distinguish between a nominal abundance of 8olar, and
strained atmospheric model that enables the retrieval of at-the cases of X solar or less, and @ solar or more, is needed
mospheric parameterde Pater et al. (2004)ave discussed to discriminate among models for Jupiter’s origdwen et
the difficulty of this using whole-disk averages (as would al., 1999; Gautier et al., 2001; Owen and Encrenaz, 2003;
be done using ground-based observations). However, alongHersant et al., 2004Hence, while we have demonstrated

5. Discussion
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that we can achieve very high precision in a constrained through the frequency range of interest, noting that at longer

model, much less precision is needed to obtain a scientifi- wavelengths (beyond roughly 30 cm, or 1 GHz) increasing

cally important result. synchrotron emission and the need for larger aperture ar-
The identification of water in our simple model depended eas become important. Better knowledge of the microwave

on the uniform mixing of water up to its saturation level, opacity of water and ammonia under conditions in the jov-

a condition that may be typical of upwelling regions. The ian atmosphere are needed to fully exploit this approach,

interpretation of subcloud vapor abundance can be compli-and new laboratory measurements of both the pressure and

cated by the presence of liquid water, but as illustrated in temperature dependences of these constituents are recom-

Fig. 4these two sources of opacity can be distinguished by mended.

their different frequency dependences for the limb darken-

ing. Microwave opacity from a cloud at a different tempera-

ture such as a putative ammonium hydrosulfide cloud can beAcknowledgments
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