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METHODS FOR DETECTING CURRENT GEOLOGICAL ACTIVITY ON EUROPA.  C.B. Phillips and C. 
F. Chyba, Center for the Study of Life in the Universe, SETI Institute, 2035 Landings Drive, Mountain View, CA 
94043; phillips@seti.org. 

 
Introduction: Jupiter’s satellite Europa could be 

the site of recent, or current, geological activity.  Fu-
ture missions to the Jovian system, such as the pro-
posed Jupiter Icy Moons Orbiter, should search for 
evidence of such activity as a way to determine the 
potential for liquid water, and perhaps the astrobi-
ological potential, of Europa.  Searches for geological 
activity can include change detection, plume searches, 
thermal methods, and magnetospheric effects.   

Change Detection: Comparisons of images of the 
same portion of Europa’s surface taken on subsequent 
orbits or missions can be used to search for any differ-
ences due to geological activity. A search for any 
changes over the 20 years between the Voyager and 
Galileo spacecraft missions to the Jovian system re-
vealed no evidence of geological activity [1].  How-
ever, that initial search was hampered by the low reso-
lution of the Voyager images, and other differences in 
the two datasets including phase angle and wave-
length.   

By choosing to acquire images that match pre-
existing datasets, a future mission could optimize the 
conditions for change detection and maximize the 
chances of finding any changes on Europa’s surface 
due to current or recent geological activity, if they ex-
ist.   A future mission such as JIMO would have a 
great advantage over Voyager-Galileo comparisons 
because images could be targeted to match those ob-
tained by Galileo.  High-resolution images could also 
be compared, which could detect changes that are 
much smaller in spatial scale.  The criteria for effective 
comparisons include filters at comparable wavelengths 
and bandpasses to Galileo (and perhaps Voyager as 
well, if possible), and images of regions observed by 
Galileo taken at the same phase angle, wavelength, and 
resolution. 

Plume Search:  Although the possibility of a 
plume detection was raised from Voyager images of 
Europa, it appears likely that this was just an artifact of 
the Voyager vidicon imaging system [2].  A high-
phase plume search was performed by the Galileo 
spacecraft, but no plumes were detected [1].  A future 
mission to Europa should perform periodic searches 
for material vented off Europa’s surface, including 
high-resolution imaging sequences at locations where 
the periodic stresses are most favorable for plume ac-
tivity [3], and global-scale images that include the en-
tire limb of the planet for possible plume detection.  A 
search for high-albedo plume deposits can also be 
made using the techniques described in the “Change 

Detection” section above.  Due to the scattering prop-
erties of small vented particles, short-wavelength fil-
ters in the violet and UV would provide the best 
chances of plume detection; such techniques have been 
used with success on Jupiter’s volcanic moon Io. 

Thermal Anomalies:  If liquid water or warm ice 
is erupted or intruded at or near the surface of Europa, 
a thermal anomaly should persist for some time after 
the event.  Thus, sites of current or recent activity may 
be detected thermally.  Visible and infrared imaging 
may be able to detect such thermal anomalies, depend-
ing on size and latitude, for times ranging up to 400 
years [4].  Larger-scale thermal plumes which reach 
from the ocean layer up to the surface may leave rem-
nant areas of thin ice crust for up to 1 My [5].  Such 
regions could be detected thermally, or by radar 
sounding to determine ice thickness and distance to the 
ice-ocean interface.  

A search for thermal anomalies was carried out 
with the Galileo Photopolarimeter-Radiometer, and no 
endogenic hot spots were detected within the limits of 
the instrument [6].  A more sensitive thermal imaging 
system, without the filter problems that plagued PPR, 
would allow a future mission to detect much fainter 
thermal anomalies, or put better limits on their exis-
tence. 

Magnetospheric Effects: A torus of energetic neu-
tral atoms has been found surrounding Europa as part 
of Jupiter’s large magnetosphere [7], as measured by 
the energetic neutral atom imager on the Cassini 
spacecraft which imaged the Jovian system on its way 
to Saturn.  A gas torus surrounds Io, formed due to 
sulfur dioxide ejected from Io’s volcanoes.  A similar 
cloud around Europa therefore could result from mate-
rial ejected from Europa’s surface through sputtering 
or plume activity.  Monitoring of the space environ-
ment surrounding Europa by charged particle detectors 
on a future mission could allow detection of plume 
activity by searching for enhancements in the gas to-
rus, such as have been observed for Io. 

 
References: [1] Phillips C.B. et al. (2000) JGR 

105, 22579-22597. [2] Pappalardo R.T. et al. (1999) 
JGR 104, 24015-24055. [3] Hoppa G.V. et al. (1999) 
LPS XXX, Abstract #1603.  [4] Van Cleve J.E. et al. 
(1999) LPS XXX, Abstract #1815. [5] Buck L. et al. 
(2002) GRL 29, 2055, doi: 10.1029/2002GL016171.  
[6] Spencer J.R. et al. (1999) Science 284, 1514-1516. 
[7] Mauk B.H. et al. (2003) Nature 421, 920-922.   
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Introduction: Astrobiology will be an important 

objective of the future JIMO mission, mainly focused 
on the satellite Europa due to the inferred presence of a 
harbor water ocean inside this satellite [1, 2, 3]. From 
the Astrobiological exploration point of view, some 
Europan environments may be proposed taking into 
account parameters such as depth, physico-chemical 
characteristics and the available energy (table 1). The 
depth to the ocean is dependent of the geophysical 
structure of the icy crust, that is already under discus-
sion, although it is mainly accepted to be between 5-
30km. A conection between the surface and the ocean 
by fracturing zones has been proposed by [4]. This 
could favour the cycle of some chemicals such as sul-
fur [5] or the introduction of some surface oxidants 
into the ocean. A saline composition for the ocean has 
been argued from geochemical [6,7] and geophysical 
models [1] and from the observed chemistry of the 
surface [8].  

JIMO will explore the most accessible environ-
ment, which is the surface. We propose starting the 
astrobiological exploration of Europa with efficient 
techniques at low concentration of microorganisms, 
such as those based on fluorescence. 

FBA for Europa exploration: The use of molecu-
lar ecology techniques to identify the presence or the 
phylogeny of microbes in a sample can provide a 
unique insight of astrobiological interest. One of these 
techniques, Fluorescence in situ Hybridization (FISH), 
provides us an easy method for life detection or eco-
logical interactions studies. FISH has the potential to 
report the identification of individuals and the relation-
ships within a microbial community. It is being used in 
microbiological studies in lake Vostok [9, 10]. This 
technique can be amplified to other type of biorecogni-
tion like those based on antibodies. It uses specific 
fluorescency probes (DNA, PNA, antibodies) that can 
be designed to specifically target narrow to broad phy-
logenetic groups. The probes get into the cells and 
specifically hybridize to their complementary targets. 
Universal dyes are used to compare the total popula-
tion vs. specifically target group of cells. 

FBA could be adapted to the JIMO mission in the 
sense that microfluidic technology could be applied for 
sample preparation (hybridaton, washing and dying). 
A simple procedure to identify molecules should be 
implemented instead a fluoresecence microscope. A 
solution could be based on a filter system, to cancel 
any wavelength except fluorocromo one, and a pho-
tomultiplier to amplify the light emitted could be 
enough. Penetrator is a technology proposed for sev-
eral planetary exploration projects, a small body is 
ejected from an orbiter to impact on the planet surface. 
In this project, thanks to the kinetic energy of the 
body, the penetrator could get into the surface and take 
materials from there, theses samples could be liquified 
and analyzed with the proposed techniques. Basically 
this module should be composed by a microcomputer, 
a small batterie (perhaps a fuel cell) the sensor and a 
transmission system. 

 
References: [1]Khurana et al. (1998) Nature 395, 777-780. 

[2]Kargel and Consolmagno (1996), LPSC XXVII, 643-644. 
[3]Pappalardo et al 1999 JGR, 104: 24015-24056. [4] Barr et al. 
(2002) [5]Carlson et al. (2002), Icarus 157: 456-463. [6]Kargel et al. 
(2000), Icarus 148: 226-265. [7] Fanale et al. (2001), JGR 106 : 
14595-14600. [8]McCord et al. (1998), Science 280: 1242-1245. 
[8]Abyzov et al. (2001), Adv. Space Res. 28: 701-706. [9]Karl et al. 
(1999), Science 286: 2144-2147. 

 

Environments. Physical-chemical characteristics Energy source Terrestrial analogs 
Surface Ice contaminated by hydrated minerals (salts or sulfuric acid). 

Cold. Low pressure. Liquid water deficiency 
UV Radiation, ion 
bombardement 

Polar ice surfaces 

Subsurface Ice contaminated by hydrated minerals. Clathrates?. Cold . 
Cryospheric pressure. 

Oxidants and organics from 
surface 

Polar ice surfaces 

Ocean Saline. Thermally stratified or mixed. Pressure dependent of 
the crust thickness. Dissolved gases? 

Oxidants and organics from 
the surface. Methanogenesis. 

Subglacial antartic lakes. 
Saline lakes. 

Ocean floor Saline. Hydrothermal vents. Hot. High pressure. Basalt-like 
substrate. Salt deposits. Thermokarst. 

Methanogenesis. Chemolito-
trophy 

Submarine hydrothermal 
vents. 

Table 1. Characteristics of some proposed Europan environments. 

a b

Figure 1. Samples from Tirez lake (Spain) sediments screening 
with FISH technique at CAB. a) Stained with a universal dye 
(DAPI) to visualize total population of microbes. b) Specifically 
targeted cells with a DNA probe for Eubacterial domain. It is 
possible to statistically compare the number of hybridize bacteria 
vs. total number of the population. 
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METABOLIC SIGNATURES FOR LIFE DETECTION ON EUROPA 
Daniel Prieur, Université de Bretagne Occidentale,  IUEM, Technopole Brest-Iroise, 29270 Plouzané, France. 
Tél: 33 2 98 49 87 04; fax: 33 2 98 49 87 05; e-mail: daniel.prieur@univ-brest.fr 
 
All living forms on Earth are organized on a 
cellular base. A cell is an entity, separated 
from its environment by a membrane which 
encloses all cell components. These cell 
components constitute the "cell computering 
centre" (nucleic acid machinery) and the 
"cell chemical plan". The chemical plan has 
a double role: 1. to synthesize all molecules 
and particularly macromolecules (lipids, 
sugars, proteins, nucleic acids) of cell com-
ponents from nutrients taken from the envi-
ronment; 2. to produce energy for biosyn-
thesis, nutrient uptake and waste elimina-
tion. Roles 1 and 2 are named anabolism and 
catabolism respectively, that together consti-
tute the cell metabolism. Major cell compo-
nents can be used as life signatures, but this 
requires essentially laboratory (sample re-
turn) or « in situ » analysis, because of the 
small amount of these compounds. On the 
contrary, catabolims products may accumu-
late from numerous generatins of organisms 
and be remotely detected. The best example 
is dioxygen, produced by photosyntheis and 
that represents 20% of Earth atmosphere.  
 
 Cell energy is produced from light 
(photosynthesis) or chemistry (chemosyn-
thesis). Energy obtained is stored in high 
energy bond molecules such as ATP (adeno-
sine tri-phosphate). Chemosynthesis func-
tions through oxido-reduction reactions 
which require electron donnors (inorganic or 
organic reduced molecules) and electron ac-
ceptors (inorganic or organic oxidized mole-
cules). Products of these reactions are re-
duced electron acceptors, that could be used 
as metabolic signatures. For instance, when 
sulphate plays as an electron acceptor, it is 
reduced to hydrogen sulphide, which is an  
indicator of sulphate reducing organisms. 

 When the electron donnor is an or-
ganic molecule (sugar for instance) and no 
electron acceptor is available, energy may 
be produced through fermentative reactions. 
In these cases, the electron acceptor is an 
internal intermediate compound, and fer-
mentation products are released. These fer-
mentative products (organics, carbon diox-
ide, hydrogen…) could also be used as 
metabolic signatures. 
 
 When the electron donnor is an or-
ganic molecule, it is used as a carbon source 
for biosynthesis. If the electron donnor is 
inorganic, cells (autotrophy) often synthe-
size organic compounds from carbon diox-
ide. For these reactions, carbon (from carbon 
dioxide) must be  reduced. This occurrs 
thanks to a reducing power coming from the 
electron donnor, if it is well located on the 
red-ox scale, or through a reversed electron 
flow. These reactions also may be used for 
life detection. Besides the well known ex-
ample of dioxygen and photosynthesis, other 
autotrophic organisms could be detected 
from these reactions. 
 
 In this review, a variety of com-
pounds resulting from oxido-reduction, fer-
mentation or photosynthetic reactions car-
ried out by terrestrial Prokaryotes will be 
presented as potential metabolic signatures 
for life detection.  
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Multifunctional Active -Passive Millimeter Wavelength Imager-Sounder for the JIMO Mission.  J. J. Puschell1, K. R. 
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bara Remote Sensing, B32/15, 75 Coromar Dr., Goleta, CA 93117; email:  jjpuschell@raytheon.com 

 
 
Introduction:  Raytheon recently developed mi-

crobolometer arrays that are suitable for operation in 
the ~125-300 GHz frequency region.  These early devel-
opment (TRL 4) arrays are currently available in a 32x32 
format size, which can be readily increased to 64x64 and 
beyond.  The bowtie structure shown in Figure 1 is a 
microbolometer-antenna combination.  Our initial per-
formance projections for radiometric sensitivity and 
spatial sampling are encouraging and suggest this 
technology, when coupled with a tunable Fabry-Perot 
interferometer, can enable relatively large format milli-
meter wavelength imager-sounders for the JIMO mis-
sion.  We suggest this millimeter wavelength imaging 
spectrometer be incorporated into a multifunctional 
active-passive RF system that would also include an 
imaging radar.  This flexible, multi-functional system 
would provide data to address a wide variety of critical 
science investigations including presence of subsur-
face water on these icy moons, detailed high resolution 
imaging of molecular features and millimeter-
wavelength continuum on the surfaces and in extended 
atmospheres of Jupiter and its moons.   

  
 

Figure 1.  Raytheon’s millimeter wavelength microbolometer array technology enables a relatively simple and efficient 
imager-sounder for JIMO.   
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PROSPECTS FOR FUV REMOTE SENSING OF IO’S ATMOSPHERE AND MAGNETOSPHERIC INTERACTION
WITH JIMO. K. D. Retherford, G. R. Gladstone, Southwest Research Institute, San Antonio TX 78228, USA, (krether-
ford@swri.edu).

Io may have once been an icy satellite. Substantial inter-
nal processing of material related to the heating that drives Io’s
volcanism and subsequent atmospheric escape, have depleted
its light volatile elements since formation. Current abundances
of C and N are roughly four orders of magnitude lower than
solar abundances, according to upper limits set by Io plasma
torus measurements (P. D. Feldman, personal communication,
2002). Similar processes may occur on the other Galilean
satellites, but at a lower rate dependent on their weaker tidal
interactions with Jupiter. Io’s atmospheric composition mostly
derives from the composition of volcanic emissions through
both direct ejection from volcanos, and later sublimation and
surface sputtering of deposited material [1]. A study of Io’s
atmospheric composition (particularly trace carbon and nitro-
gen species), density, and current escape processes therefore
addresses the question: how did the atmospheric and surface
compositions of the Galilean moons evolve?

The escape of gas from Io is strongly controlled by the
interaction between its atmosphere and the Io plasma torus.
The morphology of Io’s aurora provides a great deal of global
information about the plasma interaction [2,3]. For example,
equatorial spot auroral features change location with the lo-
cal orientation of Jupiter’s magnetic field, and demonstrate
the convection of torus flux tubes through the atmosphere [4].
Also, the polar limb glow features are brightest on the hemi-
sphere facing the plasma torus equator, and illustrate the im-
portance of field-aligned electron transport in intersecting torus

flux tubes [5]. Io’s auroral footprints on Jupiter are somehow
produced by the plasma-satellite interaction, and long term
observations of satellite and footprint auroral brightness vari-
ability could further our understanding of this connection [6,7].
Auroral emissions from Europa and Ganymede [8,9] similarly
provide important information about their plasma-atmosphere
interactions and atmospheric escape.

We will discuss how FUV remote sensing provides valu-
able information regarding Io’s atmosphere, its interaction
with magnetospheric plasma, and its volatile evolution, which
demonstrates a UV spectrograph should be included as part
of the JIMO mission. Information provided by FUV spectral
imaging of Io’s auroral O and S with the STIS spectrograph
on the Hubble Space Telescope will be briefly reviewed. Im-
portant measurements that require a UV spectrograph will be
discussed, along with various observing techniques. Lastly,
potential UV observations of other Jovian system targets such
as satellite footprint aurorae on Jupiter and the Io plasma torus
will be mentioned.

References: [1] Lellouch E. (1996) Icarus, 124, 1-21. [2]
Roesler F. L. et al. (1999) Science, 283, 353. [3] Saur J. et al.
(2000) GRL, 27, 2893-2896. [4] Retherford K. D. et al. (2000)
JGR, 105, 21,757-27,166. [5] Retherford K. D. et al. (2003)
submitted to JGR. [6] Connerney J. E. P. et al. (1993) Science,
262, 1035-1038. [7] Clarke J. T. et al. (2002) Nature, 415,
997-1000. [8] McGrath M. A. et al. (2000) DPS meeting 32,
34.09. [9] Feldman P. D. et al. (2000) ApJ, 535, 1085-1090.
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Decimeter-Wavelength Polarimetric Radar Imaging of the Icy Moons of Jupiter.  P. A. Rosen1, E. M. Gurrola1, 
S. N. Madsen1, 1Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena, CA, 91109, 
Paul.Rosen@jpl.nasa.gov. 

 
Introduction:  Imaging radars with wavelengths in 

the range of 10 cm to 1 m can deeply penetrate the 
surface of an icy body, revealing details of the geo-
morphology, local structure, and electrical properties 
of the upper layers. Radar studies of icy surfaces on 
Earth have used the polarization state of backscatter 
echoes at multiple frequencies to characterize the sur-
face and subsurface properties of glaciers, showing 
relatively smooth surfaces on the scale of radar wave-
lengths, and subsurface scattering from volume scat-
terers consistent with ice pipes and lenses [1, 2]. These 
volume scattering effects are evident in enhanced po-
larization ratios over a limited range of backscatter 
incidence angles. The Galilean satellites exhibit simi-
larly enhanced polarization ratios and volumetric scat-
tering effects [3], but the observations are limited in 
angular resolution, leading to ambiguity in interpreting 
the scattering mechanisms and their structural implica-
tions. 

Subsurface Imaging: Polarimetric radar observa-
tions of the Galilean satellites at decimeter-scale wave-
lengths are well-suited to addressing some of the 
poorly understood characteristics of the icy surfaces. 
An imaging radar has vastly improved resolution, al-
lowing detailed association of scattering mechanisms 
with geomorphological structures. Where the surfaces 
are smooth and volumetric effects are small, a long 
wavelength imaging radar probes deep into the ice, 
allowing characterization of the spatial variability of 
ice layers. Where the volumetric effects dominate, 
presumably due to impact events, the radar can meas-
ure the depth and extent of the gardened layer. Fully 
polarimetric observations enable polarization synthesis 
needed to explore the unique scattering mechanism of 
these bodies. 

Bistatic Imaging: With powerful transmitters at 
the DSN capable of illuminating the Galilean satellites, 
or using the high power transmit capabilities of an 
orbiter in conjunction with a DSN receiver, probing 
the coherence properties of the surfaces can be en-
hanced. All observations to date, as well as conven-
tional imaging radars, are monostatic, giving an in-
complete picture of the volume scattering mechanisms. 
Bistatic observations of the complete scattering func-
tion would give valuable new insight into these 
mechanisms.  

Repeat-pass interferometry and volumetric re-
sponse of the upper layers:  When a radar satellite is 
maneuvered to follow exact repeat orbits, it is possible 
to observe a surface feature from exactly the same van-

tage point. Under this viewing condition, phase differ-
ences between radar images acquired from one obser-
vation time to the next can record any motion of the 
surface. The field of glaciology on Earth has been 
transformed by such “repeat track interferometry” ob-
servations, as images of ice velocity measured over 
several days and accelerations measured over months 
in Greenland, Antarctica and temperate glacial zones 
have shown ice sheets and glaciers to be far more vari-
able than previously thought [4]. Dynamic changes of 
the shape of the Galilean satellites in reponse to tidal 
forces can be tracked at the mm to cm level of preci-
sion if the repeated orbital constraints can be met and 
the radar has sufficient transmit power. 

The quality of the interferometric observations is 
influenced by several factors: intrinsic radar backscat-
ter levels, resurfacing effects, repeat orbit track separa-
tion (baseline) and volumetric scattering effects. Radar 
brightness is expected to be sufficiently high for good 
imaging [3] and resurfacing should be very small over 
the duration of the missions. For non-zero baseline, the 
interferometric signature is a combination of the dis-
placement of the surface, and the parallax-induced 
topographic signature. To separate the two, an inde-
pendent interferometric measurement must be made, or 
an independent topographic map must be available. In 
addition to the phase difference measurement, a meas-
ure of the correlation between images can be derived 
from the data.   

In addition to measuring resurfacing and brightness 
variations, the correlation is a sensitive measure of the 
extent of scattering within the penetrated surface vol-
ume [5]. The effects of volumetric decorrelation in-
crease with baseline separation, as the directivity of the 
mutual coherence of the backscattered field is propor-
tional to the scattering volume. Therefore the volumet-
ric correlation could be one of the most effective 
means for characterizing the depth of the impact-
gardened surface layer.  

References::  
[1] Haldeman A. F. C. and Muhleman D. O.  

(1999) JGR, 104, 24,075–24,094. [2] Rignot E. (1995) 
JGR, 100, 9,389–9,400. [3] Ostro S. et al. (1992) JGR, 
97, 18,227–18,244. [4] Joughin I. et al. (1998) IEEE 
TGARS, 36, 25–37. [5] Hoen W. and Zebker H. A. 
(2000) IEEE TGARS, 38, 2,571–2,583. 
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HIGH-POWERED RADAR SOUNDERS FOR THE INVESTIGATION OF JUPITER’S ICY MOONS.  A. 
Safaeinili, E. Rodriguez, and Wendy Edelstein, Jet Propulsion Laboratory, California Institute of Technology, Pasa-
dena, CA 91109, e-mail: ali.safaeinili@jpl.nasa.gov. 
 
 

 
Introduction: Radar sounders provide the unique 

capability of investigating the interior of planetary and 
small bodies.  In mono-static configuration, a radar 
sounder (generally nadir-pointing) transmits radio 
waves and receives returned echo from both surface 
and subsurface of the body.  The radar echoes can be 
analyzed on-board or on the ground to reveal the com-
plex dielectric distribution of the subsurface that will 
reveal the internal stratigraphy and other geological 
features.  For planetary applications, radar sounders 
can be used to provide details about the subsurface of 
planets such as the existence of liquid water under the 
surface, thickness of ice in polar caps and other re-
gions (e.g. application to Mars) or detection of liquid 
water under icy crust of Europa.  An entirely different 
application is possible for small bodies (asteroid and 
comets) where radio reflection tomography can pro-
vide 3-D volumetric structure (e.g. Kofman et al., 
1998, Safaeinili et al., 2002).   

Currently, there are two radar sounders planned for 
Mars.  The first is MARSIS (Picardi et al., 2002) that 
is planned to start operation at Mars in early 2004.  
MARSIS is designed with a high relative bandwidth 
over a frequency range extending from 0.1 MHz to 5.5 
MHz. In the subsurface sounding mode, MARSIS has 
four distinct 1-MHz centered at 1.8,3,4 and 5 MHz.  
The second is SHARAD (Seu et al.) planned to arrive 
at Mars in 2005.  SHARAD has a bandwidth of 10-
MHz centered at 20 MHz.  

Investigation of Jupiter’s Icy Moons: If liquid 
water is present under the icy surfaces of Europa 
Ganymede, and Callisto, a HF/VHF radar sounder has 
the potential of detecting the depth of such interface 
and the stratigraphy that may exist in the ice shell.  In 
1999, a study was carried (Blankenship et al.) that 
defined a radar sounder instrument mission to detect 
Europa’s ice/water interface.  This study recommended 
a 50-MHz radar with a 100 m depth resolution with 
ice/water interface detection capability up to a depth of 
20 km under nominal scenarios achieved by a radiated 
power of 20 W.  The proposed design by this team was 
driven by factors such as Jupiter background noise, 
and expected subsurface attenuation in the icy me-
dium.  This design may need to be modified to take 
advantage of the high level of power and data rate 
provided by the new generation of spacecraft consid-
ered for the JIMO mission. 

High-Power Radar: A radar sounder’s perform-
ance depends on its ability to penetrate deep in the 
subsurface.  Deep penetration is especially critical for 
the detection of water/ice interface in Europa whose 
depth is uncertain.  The ability to penetrate in the sub-
surface is directly dependent on the radiated power by 
the radar.  MARSIS and SHARAD’s dynamic range is 
limited to ~ 50 db dictated by the galactic background 
noise and radar’s radiated power.   One method to in-
crease the dynamic range further is to increase the ra-
diated power.  Both MARSIS and SHARAD have a 
radiated power in the order of 10 W.  An increase of 
this radiated power to 1-10 kW will increase the dy-
namic range by 20-30 db.  

Technology Readiness: The technology to imple-
ment a high-power radar sounder is well within reach.  
A considerable amount of heritage for radar sounding 
already exists. Airborne ice-sounders have been used 
successfully since 1960s (e.g. Gudmandsen, 1971).  
MARSIS on ESA’s Mars Express spacecraft (Launch 
May 2003), and SHARAD on NASA’s MRO space-
craft (Launch 2005) will demonstrate the orbital meas-
urement techniques. During the study phase for the 
Europa Orbital Radar Sounder, two independent an-
tenna studies were completed. Both concepts consisted 
of a 3-element Yagi array excited with a low power 
(100W) transmitter. Also a 100W high-efficiency 
transmitter has been prototyped. High power (KW) 
HF/VHF SSPA technology is mature. The Technology 
Readiness Level (TRL) of the instrument is 3-5.  

This talk will address the main drivers in the design 
of a radar sounder for the JIMO mission and provide a 
potential solution that will optimize the chances of 
success in the detection of ice/water interface and sub-
surface stratigraphy. 

References:: 
[1] Gudmandsen P. (1971) Electromagnetic probing of 
ice. In Electromagnetic Probing in Geophysics, pp. 
321–348. Golem Press.  
[2] PICARDI G. et al. (2002) The Mars advanced ra-
dar for subsurface and ionosphere sounding 
(MARSIS) on board the Mars express orbiter. Mars 
Express Science Summary (Submitted).  
[3] Safaeinili, A. et al. (2002) Meteoritics & Planet. 
Sci., 37.  
[4] Blankenship, D. et al., Europa Orbiter Radar 
Sounder Instrument Definition Team report. 
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DIAGNOSTIC MAGNETOSPHERIC PARAMETERS FOR PROBING ICY SATELLITES’ INTERIORS.
J. Saur, B.H. Mauk, C.P. Paranicas, Johns Hopkins University, Applied Physics Laboratory, Laurel, MD, 20723, USA
(Joachim.Saur@jhuapl.edu), F.M. Neubauer, Institute for Geophysics, University of Cologne, Albertus Magnus Platz, Cologne,
Germany.

We discuss in this presentation observational quan-
tities which are well suited to monitor properties of the
icy satellites’ interiors and their plasma interactions with
Jupiter’s magnetosphere. A primary goal of a mission to
the icy satellites is to establish or rule out the existence
of subsurface oceans. We show that measurements of
the magnetic and electric fields close to the satellites
represent a great diagnostic tool to probe the present
status of the satellites interiors [Neubauer, 1998, Khu-
rana et al. 1998]. However plasma interactions between
Jupiter’s magnetosphere and the satellites’ atmospheres
strongly obscure these internal signatures. Therefore it
is essential to have reliable models of the plasma in-
teractions. In our presentation we hence first discuss
the primary signatures of the satellites’ interiors on ex-
ternal magnetic and electric fields and then present our
models of the plasma interactions [based on, Saur et al.,
1998]. We point out that in order to better separate inte-
rior and exterior effects, a JIMO low altitude orbit and

a full 4pi coverage is preferable. We also discuss that
independent observations of the plasma interactions by
monitoring of the UV emission from the satellites’ at-
mosphere/ionosphere will be a supplemental diagnos-
tic tool. Satellites’ UV emissions probe content, struc-
ture, and composition of the satellites’ atmospheres, but
the UV emissions also probe simultaneously the electro-
dynamic interactions via the strong UV dependence on
electron densities and temperature. During JIMO’s ap-
proach to the icy satellites a long term study and gaug-
ing of the plasma interactions could take place including
a study of their system III (longitudinal) dependences.
Finally, our presentation will show that a maximum sci-
ence return of the JIMO mission will be gained by in-
terdisciplinary work among the different science cat-
egories, such as magnetospheric environment, interior
structures, atmospheres and surface chemistry and geo-
physics.

Category: Magnetospheric Environment

Forum on Jupiter Icy Moons Orbiter (2003) 9014.pdf



TOPOGRAPHIC MAPPING OF THE JOVIAN ICY MOONS FROM ORBIT.  P.M. Schenk, Lunar and 
Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058 (schenk@lpi.usra.edu). 

 
Few things clarify our understanding of planetary 

surfaces like a decent topographic map.  The revolu-
tion in Martian geology wrought by MOLA is a classic 
example.  Similarly, the scant topographic data being 
extracted from Galileo imaging are already pointing to 
unexpected discoveries for Callisto, Ganymede, and 
especially Europa.  Although these data cover less than 
25% of the surfaces of these satellites and are not con-
trolled with respect to their centers of figure, they al-
ready address a host of geologic issues.  They also hint 
as to what we may learn from a future dedicated satel-
lite mission, and provide valuable constraints that will 
help design such missions, including landers. 
MAPPING TOOLS 

Five years of effort to complete topographic map-
ping of the Galilean satellites are nearly complete.  
Primary topographic tools for mapping large areas are 
stereogrammetry and shape-from-shading (photocli-
nometry, PC).  Stereogrammetry requires 2 images 
under similar lighting conditions (tolerance for varia-
tion in lighting depends on several factors).  Photocli-
nometry uses single images to extract slope and topog-
raphy, but depends on the assumption of uniform al-
bedo.  This may be true locally but for regional map-
ping on all 3 satellites, this assumption breaks down.  
One solution I have used successfully is to use low-
phase angle images to model local albedo variations. 
CALLISTO 

Topographic data for Callisto is very sparse, lim-
ited to high resolution samples a highly degraded im-
pact palimpsest, and two degraded crater rims, and few 
isolated examples of dark smooth terrain.  The smooth 
dark deposits have a broadly undulating landscape 
with abundant small craters and sharp isolated bright 
peaks.  Other more heavily cratered regions are poorly 
characterized.  Regional scale mapping does not reveal 
any great surprises but analysis is not yet complete.  
Regional mapping of Valhalla reveals that individual 
structures within it are very rugged, with relief of up to 
3 km, but the relief associated with the largest impacts 
on Ganymede and Callisto is poorly constrained. 
GANYMEDE 

Currently, topographic data for Ganymede include 
small high-resolution samples over grooved terrain, 
smooth terrain, and dark terrain.  Dark terrain is very 
rugged with no evidence of late stage resurfacing due 
to volcanism (any early volcanism being removed by 
cratering).  Bright terrains at decameter scales can be 
smooth or intensely grooved at multiple wavelengths. 
Regional topographic mapping indicates that some 
younger bright terrains are depressed with respect to 
ancient dark terrains, but not all.  Are all young 

smooth terrains low and at equipotential surfaces, as 
suggested by Voyager-Galileo stereo?  Is there a corre-
lation between topography and terrain age or degree of 
deformation in bright terrains?  
EUROPA 

Most of the issues regarding Europa focus on the 
nature and evolution of the putative floating shell, in-
cluding its thickness.  The original Europa Orbiter 
proposed to measure the diurnal tides using an altime-
ter.  Galileo topographic mapping reveals much more 
relief than currently quoted.  Topography of chaos 
regions, depressions and plateaus, and impact craters 
all point to an ice shell that is 10-20 km thick, but there 
remains considerable room for interpretation.  The 
addition of gravity mapping from ranging data to to-
pography would greatly aid the study of Europa’s icy 
crust. 
IO 

Long-range imaging of Io with a radiation-
hardened downlink-enabledCCD can be used to map 
regional and global topographic variation on Io, an-
swering questions about internal convection, variations 
in heat flow and topography.  Any extended mission to 
Io’s vicinity will offer excellent opportunities to de-
termine flow thicknesses, local volcanic slopes, and 
mountain morphology. 
JIMO GOALS 

The inclusion of a lasar altimeter will bring these 
satellites into the modern era of exploration by provid-
ing a globally integrated controlled topographic data 
set.  Such mapping should extend as poleward as pos-
sible in order to map those territories but also to get the 
tidal figures for Europa (and Ganymede) and to detect 
changes over the diurnal cycle.  Even with several 
months of mapping, however, these data will still pro-
vide only linear stripes across the surface.  To fill gaps 
and provide truly characterize individual structures and 
geologic provinces will require supplemental topog-
raphic mapping in the form of stereo and photocli-
nometric mapping of local and regional targets.  Aided 
by downlink denied to Galileo, stereo imaging can be 
acquired through an onboard stereo imaging system or 
through repeat imaging in successive orbits (depending 
on the final orbit profile).  Photoclinometric mapping 
can be accomplished through single low-sun images 
and mosaics, but will be greatly aided by coincident 
low-phase-angle images of the same area (and useful 
for other purposes).  Experience in using Galileo im-
ages to accomplish these goals will be invaluable to 
making topographic mapping efforts on JIMO a re-
sounding success. 
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IMPACT CRATERING: A CRITICAL JOVIAN ICY MOONS SCIENCE OBJECTIVE.  P.M. Schenk, Lu-
nar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058 (schenk@lpi.usra.edu) and J.M. Moore, 
NASA Ames Research Center, MS 245-3, Moffett Field, CA 94035 

 
Impact craters perform two vital functions in plane-

tary history and evolution.  They date the surface.  
They probe the interior.   
INTERIORS 

Voyager and Galileo based studies reveal that im-
pact crater morphology is fundamentally different on 
icy and rocky bodies.  Also, differences have been 
discovered among the icy satellites that are probably 
related to thermal state of the ice shell.  Much of this is 
related to the strong temperature dependence of ice 
rheology on temperature, and the much weaker 
strength of ices in general. 

Depth diameter studies of impact craters show very 
clear breaks associated with morphologic transitions.  
In fact, some larger craters appear to be shallower than 
smaller craters.  These transitions may be related to 
rheologic transitions at depth within the outer icy 
shells.  Unfortunately, only a few of the larger impact 
craters can be mapped topographically and some of 
these were not observed at high resolution.  It is there-
fore highly desirable to determine the shapes of larger 
impact features on these satellites. 

On Europa, transitions in crater morphology were 
found to occur at smaller diameters than on Ganymede 
and Callisto.  These transitions include that from cra-
ters to ringed structures, but several key craters in the 
transition diameter range were so poorly observed that 
neither their morphology nor their diameter could be 
properly assessed.  These craters may reveal an unrec-
ognized transition morphologies or may reveal 
changes in morphology over time.  They will certainly 
help to narrow the actual diameter over which these 
morphologic changes occur.  The diameter is critical 
because these changes probably reflect changes in 
shell rheology with depth and may help define the ac-
tual thickness of the ice shell. 

Controversy remains over the origins of specific 
features, such as ancient palimpsest impact scars.  
Partly this is due to the degraded state of these struc-
tures but also to the very limited and highly variable 
Galileo imaging coverage.  This often included simple 
radial transects subject to local geologic overprinting 
due to younger crater deposits, making interpretation 
of primary landforms difficult or impossible. 
AGES 

There are two competing models for the origin of 
projectiles in the jovian system: asteroidal and 
cometary.  Each model has implications for the ages of 
the surfaces of these icy moons.  An asteroidal model 
would imply much older ages than a cometary origin.  

One means for discriminating between the two would 
be a spectroscopic search for projectile material in 
crater deposits.  The second would be a detailed char-
acterization of the crater production function as re-
corded on the surfaces of these bodies.  This charac-
terization is complicated by several factors, including 
the synchronous rotation of these bodies, which leads 
to the prediction that their should be 30-40 times as 
many craters on the leading than on the trailing hemi-
spheres.  Other factors include sublimation degrada-
tion and viscous relaxation, each of which operate 
most effectively at different distance scales. 

Galileo provided a great leap forward with high 
resolution images revealing the crater distribution at 
small crater sizes, and by unveiling the cratering re-
cord of Europa.  Among the discoveries were the ap-
parent paucity of small craters relative to the Moon, a 
distribution asymmetry on Ganymede correlated with 
distance to the apex, but not on Europa or Callisto, and 
an anomalously shallow production function on all 
three satellites at 1-100 km crater diameters. 

Unfortunately, Galileo downlink restrictions com-
promised many of these studies.  The mapping areas 
available for small crater counts are extremely limited 
and spatially distributed in an uneven and not always 
useful manner.  In some cases, regional context imag-
ing is lacking and counts could be contaminated by 
secondary craters.   

JIMO can finish the job by determining the distribution 
of impact craters at small sizes across the entire surface of 
each satellite.  Viscous relaxation, sublimation degradation, 
and “saturation” all contribute to crater erasure but are only 
weakly understood.  Secondary crater populations also con-
taminate the record of primary craters, both globally and 
locally.  Although some new insights can be gained from 
Galileo study of Pwyll secondaries on Europa, these data are 
still very sparse, and similar young craters have not been 
examined at all on Ganymede or Callisto.   

JIMO will also be primed to extend the survey of 
small sub-kilometer craters to all latitudes and longi-
tudes.  A global map of crater distribution at smaller 
crater diameters is essential to searching for the pre-
dicted hemispheric asymmetries in crater distribution, 
especially as a function of size.  It will also allow us to 
map out variations due to location, such as distance to 
apex, at all crater sizes, or the role of secondary crater 
production in contaminating the record.  Only a com-
plete survey of the cratering record will allow us to 
estimate absolute and relative ages with greater confi-
dence, short of in situ or returned sample analysis. 
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JOVIAN ENERGETIC-PARTICLE MEASUREMENTS AND X-RAY IMAGES.  M. Schulz, S. A. Fuselier, 
D. L. Chenette, J. Mobilia, A. L. Magoncelli, and E. E. Gaines (all at Lockheed Martin Advanced Technology Cen-
ter, 3251 Hanover Street, Palo Alto, CA 94304, U.S.A.; e-mail: mike.schulz@lmco.com, stephen.a.fuselier@lmco.com, 
dave.chenette@lmco.com, joseph.mobilia@lmco.com, antonio.l.magoncelli@lmco.com). 

 
 
Concept:  Our group contemplates combining the 

simultaneous measurement of energetic particle fluxes 
(electrons up to 30 MeV, protons and other identifiable 
ions up to 200 MeV) with global imaging of X-rays (2-
60 keV) from Jupiter and its icy moons.  Our prototype 
for the X-ray imager is PIXIE, on NASA’s Earth-
orbiting Polar satellite. 

Scientific Rationale:  Bombardment of Jupiter’s 
atmosphere by energetic electrons is likely to produce 
X-ray signatures complementary to already observed 
optical auroras on magnetic shells corresponding to 
Jupiter’s Galilean satellites.  X-ray spectra reveal char-
acteristics of the precipitating electron distribution, 
hence (for example) the amount by which electrons are 
energized by any parallel potential drops associated 
with the corresponding electrical circuits.  X-rays pro-
duced by electron bombardment of the Galilean satel-
lites themselves can be imaged with the same instru-
ment.  Such remote measurements with an onboard X-
ray imager thus complement in situ measurements of 
energetic charged-particle fluxes over a broad range of 
energies.  

 
 

Forum on Jupiter Icy Moons Orbiter (2003) 9070.pdf



PUTATIVE BIOSPHERES FOR EUROPA AND GANYMEDE: MODELING AND BIOSIGNATURE 
DETECTION  
D. Schulze-Makuch1 and L.N. Irwin2 
1Dept. of Geological Sciences, University of Texas at El Paso, email: dirksm@geo.utep.edu   
2Dept. of Biological Sciences, University of Texas at El Paso, email: lirwin@utep.edu. 

 
 
We have calculated the theoretical biomass of po-

tential ecosystems of Europa and Ganymede, assuming 
the presence of a liquid ocean beneath the frozen sur-
face, and three trophic levels analogous to marine eco-
systems on Earth. Our models are based on chemo-
autotrophic producers with the metabolic requirements 
of yeast cells that derive their energy from the oxida-
tion of hydrogen outgassed from the mantle [1].  Mak-
ing reasonable assumptions about hydrogen availabil-
ity, adjusted for planetary size, we calculate that a 100 
m-thick shell of water at the mantle/ocean interface 
could contain multicellular consumers with an organ-
ismic mass of 1 g (the size of a small goldfish) in a 
volume of ocean measuring 43,400 m3 on Europa and 
2200 km3 on Ganymede. Biomass density at the ocean 
bottom would be 1.3 x 10-5 g/L. Independently pro-
posed models for Europa, when extrapolated using our 
assumptions about ecosystem structure, yield biomass 
densities of 26 mg/L in a 100 m-thick shell at the 
ocean ceiling supported by energy production from 
radiolytic generation of oxygen [2], and 0.55 g/L in a 
pan-oceanic biosphere based on reduction of sulfate 
[3].  Comparable values for Ganymede would be 7.5 x 
10-17 g/L from oxidation of hydrogen, 4.5 pg/L from 
radiolytic generation of oxygen, and 0.37 g/L from 
sulfate reduction. Notwithstanding the large variation 
in proposed biomasses due to the minimal constraints 
on starting assumptions, all three models illustrate the 
plausibility of the existence of multicellular life on 
both satellites.  

Priorities for robotic exploration should be given to 
detection of organic macromolecules as direct indica-
tors of life, elemental and mineral composition to de-
termine available nutrients, salinity and redox potential 
of the subsurface ocean, and isotopic composition to 
evaluate possible microbial fractionation and evolu-
tionary history of the satellites.  These objectives could 
be achieved with landers fitted with a GC/MS that can 
measure elements, isotopes, and organic molecules in 
nanomolar concentrations.  In principle, the latter 
could detect biological residues transported to the sur-
face for two of the three energy sources (radiolytic 
oxygenation and sulfate reduction) proposed for Eu-
ropa and for one of the three sources (sulfate reduc-
tion) proposed for Ganymede. 

  

[1] Irwin L. N. and Schulze-Makuch D. (2003) In review 
at Astrobiology.  [2] Chyba C. and Phillips C. (2001) Proc 
Natl Acad Sci U S A 98(3), 801-804.  [3] Zolotov M.Y. and 
Shock E.L. (2003) Journal of Geophysical Research-Planets 
108(E4), art. no.-5022 
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IMAGING SPECTROMETER WITH HIGH-RESPONSIVITY AND NO MOVING PARTS.  R. G. Sellar1 
and L. E. Kirkland2, 1University of Central Florida (gsellar@mail.ucf.edu), 2Lunar and Planetary Institute (Kirk-
land@lpi.usra.edu). 

 
 
Introduction:  Technology programs funded by 

DoD and by NASA (through the PIDDP program) 
have led to the development of a class of imaging 
spectrometer that combines the principal advantages of 
two traditional techniques used for imaging spectrome-
try: the signalcollection advantage offered by the inter-
ferometric or Fourier Transform Spectrometer (FTS) 
class, and the no-moving-parts advantage offered by 
the dispersive and filter-array classes. This new class 
of imaging spectrometer, referred to as interferometric 
windowing, has no filters, no slit, and no moving parts. 
The advantage of having no moving parts provides 
allows the interferometer 
to be monolithic (com-
prised of a single, solid 
optical element as shown 
in Figure 1) and therefore 
extremely rugged and 
relatively inexpensive [1], 
[2]. The high responsivity 
of this instrument makes 
this approach ideal for 
missions to the outer 
planets. 

Requirement:  Objectives for exploration of Jupi-
ter’s icy moons are likely to include photo-geology 
and compositional studies using visible-infrared spec-
trometers. The image and spectral data from a polar 
orbiter will provide much better and more uniform 
global coverage and spatial resolution compared to the 
uneven results from the Galileo mission. The mean 
solar irradiance at Jupiter is a factor of 27 weaker than 
the mean solar irradiance at the Earth. The low surface 
temperatures of Jupiter’s icy moons result in cor-
respondingly weak signals in the infrared as well. High 
responsivity is therefore a crucial requirement for 
visible and infrared imaging spectrometers for the 
study of Jupiter’s icy moons. 

 would be no different from those for a basic 

 
from testing of this instrument will be pre-

sen

0. [2] Otten, L. J. et al. 
(1997) Proc. SPIE  3221, 412. Demonstration:  The signal advantage of this ap-

proach is apparent in the settings used when testing the 
demonstration instrument (shown in Figure 2) in order 
to avoid saturating the detector: the lens was stopped 
down to F/11 (a diameter of only 7 mm) and the expo-
sure time was reduced to 6 ms. The lens is designed 
for a focal ratio of F/2.2 and at a rate of 20 frames/s 
the nominal exposure time is 50 ms, so the available 
input radiance (on a clear afternoon) was more than 
200 times higher than required. The robustness of the 

window-scanning approach has also been confirmed, 
as the demonstrations were accomplished with no re-
strictions on the frame rate, pan rate, or alignment. No 
synchronization between the frame acquisition and the 
pan rate was required or provided. An inexpensive, 
off-the-shelf rotation stage was used, and no effort was 
required or made to align the direction of motion rela-
tive to the FOV. This technique therefore places no 
special demands on the spacecraft attitude or motion. 
The pointing requirements for a flight instrument of 
this type
imager. 

Figure 2: Demonstration instument 

Results 
ted. 
References: [1] Rafert. J. B. and Sellar R. G. 

(1995) Appl. Opt., 34, 7228-723

Figure 1: Monolithic  
Sagnac interferometer 
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ICY SATELLITES IMPACTOR PROBES FOR THE JOVIAN ICY MOONS ORBITER.  J. H. Shirley1 , W. 
F. Zimmerman1, W. Strauss1, R. Ivlev1, T. Duong1, D. Hunter1, E. Slimko1, F. Nacaise1, E. Archer1, B. Nesmith1, 
and A. Behar1, 1California Institute of Technology, Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena CA 
91109.  (Email: jshirley@jpl.nasa.gov). 

 
 
Introduction:  We present a preliminary design 

and mission description for Icy Satellites Impactor 
Probes (IPs).  This design addresses two of the scien-
tific themes of this Icy Galilean Satellites Forum:  Sur-
face Chemistry and Geophysics, and Interior Struc-
tures.  Impactor probes may also make significant con-
tributions in the areas of surface geology and mineral-
ogy. 

Scientific Objectives:  One of the outstanding sci-
entific open questions involving Europa is the compo-
sition of the ubiquitous hydrated, non-ice surface ma-
terials.  Are these mainly sulfate salts derived from 
brines [1], or are they dominantly hydrated sulfuric 
acid, produced by a radiolytically-driven sulfur cycle 
[2]? In-situ observations can distinguish between these 
possibilities though pH measurments.  The IP design 
presented here will passively capture samples for 
analysis during impact. 

A second pressing issue involves the (evidently 
ongoing) cryo-tectonism of Europa's ice shell.  There 
are a number of mechanisms that could produce frac-
turing of the icy crust [3].  One or more miniature pas-
sive seismometers placed on the surface could detect 
the seismic energy released in fracturing.  More impor-
tantly, a passive seismic experiment on Europa would 
also provide independent evidence of the thickness of 
the ice shell and the presence or absence of a subsur-
face ocean [4].  Thus we include a seismometer in our 
IP instrument package. 

The surface mineralogy of the Jovian icy satellites 
is a subject with more questions than answers in the 
post-Galileo era.  We include a miniature Raman spec-
trometer with viewports and fiber-optic leads for sam-
ple excitation and spectroscopic data collection. 
      Mission Description:  The IP package would 
separate from the JIMO orbiter at 100 km altitude, and 
would employ retropropulsion engines to cancel the 
~1-2 km s-1 orbital velocity relative to the target sur-
face.  A stop and drop manuever at 1-2 km altitude 
would result in impact velocities of ~ 80 km s-1 for the 
15 kg spherical probe.  The impact site would be visi-
ble to the orbiter for a short period of time following 
impact.  A crater of 0.1-0.4 m depth would be formed; 
if impact occurs on a slope, ejection of the probe from 
the crater may occur.  Once at rest, the probe will de-
termine its own orientation, and begin investigations.  
Battery life is estimated to be ~ 2-3 orbital periods of 
Europa. Three alternative scenarios deserve mention.  

One would be to drop a single IP at Europa.  Another 
choice would be to deploy 3 probes, one at each moon.  
Lastly, we might also consider dropping 3 at Europa, 
for a more detailed seismic characterization of that 
body. 

 
Probe Instruments and Design:   In addition to 

the seismometer and Raman spectrometer, the IP pack-
age includes a simple imaging system with multiple 
ports.  Conductivity and temperature sensors are in-
cluded along with the pH sensor within the sample 
capture cups (conceptual design shown).   

The IP communicates with the Orbiter via patch 
antennas distributed over the surface.  The shell pro-
vides radiation shielding.  The total mass (including 
propulsion) is ~ 60 kg per probe.    

Summary:  This design offers a considerable sci-
ence return at a moderate cost, with relatively low de-
velopment risk.  It has a significant heritage from DS-2 
and other studies, and may find application in later 
missions to other targets.  

References: [1] McCord T. B. et al. (1999) JGR, 
104, 11827–11851. [2] Carlson R. W. et al.  (1999) 
Science., 286, 97-99. [3] Hoppa G. V. et al.  (1990) 
Science,285, 1899–1902. [4] Kovach R. L. and Chyba 
C. F. (2001) Icarus 150, 279-287. 

Additional Information:  This design effort was 
commissioned as part of the On-Orbit Assembly Fis-
sion Option study (H. Price, Team Leader) performed 
for the NASA Nuclear Science Initiative Jovian Icy 
Moons Tour investigations (led by G. Burdick and E. 
Nilson). 
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JOVIAN RING SCIENCE OPPORTUNITIES WITH THE JIMO MISSION.  M. R. Showalter1, D. P. Hamil-
ton2, and J. A. Burns3, 1Stanford University, 245-3 NASA Ames, Moffett Field, CA 94035-1000, mshowal-
ter@mail.arc.nasa.gov, 2Astronomy Dept., U. Maryland, College Park, MD 20742, hamilton@astro.umd.edu, 3328
Space Sciences Bldg., Cornell University, Ithaca, NY 14853-6801, jab16@cornell.edu.

Overview: Jupiter’s ring system consists of four
components: a main band ~6000 km wide, a vertically-
extended inner halo, and a pair of exterior gossamer
rings. Each component illustrates aspects of dust dy-
namics within Jupiter’s inclined magnetic field and its
strong inner plasma environment. The rings are also
intimately tied to the four inner moons Metis, Adra-
stea, Amalthea and Thebe, which define the outer
edges of three components and serve as major source
bodies for the visible dust. Although the rings have
been examined by four spacecraft and from Earth, we
are still lacking a systematic data set showing them
with sufficient resolution and sensitivity to make dy-
namical sense of many ring structures. More complete
coverage in phase angle and wavelength is needed to
determine the properties of the dust grains and embed-
ded source bodies, and to understand the interactions
between these two populations. With better under-
standing of the processes at work, the rings can serve
as a probe of the innermost magnetosphere (1–3 RJ),
where spacecraft cannot travel safely.

Science Goals: Although its primary focus will be
on the icy satellites, the JIMO mission provides a
unique opportunity to revolutionize our understanding
of the ring system. Key ring science objectives are:

(1) A comprehensive overview of the source bodies
in the system. The visible dust cannot survive for long
in Jupiter’s forbidding environment, and must be re-
plenished on time scales of < ~100 years. We need to
understand the surface properties of the four inner
moons, to search the system thoroughly for additional
moons down to ~1 km in size, and to characterize any
embedded, faint rings of parents bodies—which are
too small to be seen individually but are large enough
to serve as significant sources for the dominant dust.

(2) A complete understanding of the dust proper-
ties. Size and composition of dust grains will help to
constrain the charge-to-mass ratio q/m, a critical un-
known in all dynamical models. Variations in dust size
with location in the system will further illustrate the
role of Lorentz forces, whose effects vary with q/m and
therefore with size. The perturbing effects of other
non-gravitational forces, such as solar radiation drag,
also vary with grain size.

 (3) A detailed description of the system’s radial
and vertical structure. Structures in the main band and
elsewhere, and particularly their dependence on phase
angle, will enable us to better pin down the locations of

embedded parent bodies. Details of the regions near
the four embedded moons will reveal the dynamics of
dust in the process of being ejected into the system.
Structures near synchronous orbit and at Lorentz reso-
nances provide hints about the relative role of electro-
magnetic forces, enabling us to better constrain the
charging processes. Details of the halo’s vertical
structure can be used to test competing dynamical
models. Vertical asymmetries and warps are suggested
in some data sets but are currently unexplained.

(4) A survey of any time variations in the system.
Reports of quadrant asymmetries and “patchiness”
suggest that collisions between larger ring members,
and/or large meteoroid impacts, may play a significant
role in altering the rings’ steady-state structures.

 (5) Details of the ring environment. Measurements
of the inner Jovian magnetic field and plasma envi-
ronment will better define the processes charging the
grains and perturbing their orbits. A dust detector
could provide accurate measurements of the dust flux
through the system, which defines the rate at which
ring grains are created and destroyed.

Mission Concepts: Key ring observations include
imaging in the visual band through broad filters, with
resolution of ~10 km or better, plus spectrophotometry
out to ~5 µm wavelength to define composition and
particle sizes. Because of the ring system’s extreme
faintness, instruments should be designed with very
low susceptibility to off-axis light. Complete phase
angle coverage is needed, with emphasis on the very
highest and lowest phase angles. The tour should be
designed with passages through the Jovian shadow,
providing safe viewing periods at very high phase an-
gles. Equatorial orbits (as expected for an icy moon
mission) provide a suitable viewpoint to meet most
ring science goals; however, a few periods spent on
orbits inclined by a few degrees will be needed to ob-
serve the asymmetries suggestive of time variations.

After the icy moon mapping phase is complete, a
few deeper passes into the Jovian system could provide
unique opportunities for ring and magnetospheric sci-
ence. This period would better characterize the rings’
environment and could also provide snapshots of the
rings and inner moons at finer resolution than is other-
wise obtainable. A dust detector could directly sample
the exceedingly faint outer gossamer rings, providing a
valuable complement to similar, brief measurements
by Galileo.
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Atmospheric Science and the JIMO mission.  A. A. Simon-Miller, NASA Goddard Space Flight Center, Code
693.0, Greenbelt, MD 20771, Amy.Simon@nasa.gov

Introduction: The Jupiter Icy Moons Orbiter mis-
sion will intensely study Callisto, Ganymede and Eu-
ropa for several years.  During its orbital tour, there
will be long periods (~300 days) where the spacecraft
is spiraling in from one satellite to the next, giving the
perfect opportunity to study Jupiter's atmosphere.  The
obvious question is, ‘Why do we need JIMO to do this,
after Voyager, Galileo and the Cassini flyby?’  Much
like the satellite science from these missions, atmos-
pheric science still has many outstanding questions,
some of which were raised by these missions.  In addi-
tion, virtually every measurable quantity on Jupiter
varies both spatially and temporally, and previous mis-
sions did not supply the coverage needed to address
them.  The JIMO mission offers an outstanding op-
portunity for the global and long temporal coverage
needed to answer these questions.

Objectives:  A combination of instruments, also
useful to satellite science, would be needed to fully
address the atmospheric objectives, some of which are
summarized below.  New technology will allow sig-
nificant advances over previous attempts to address
these goals:

1. Vertical structure, large and small-scale 3-D dy-
namics, including turbulence, winds and convection.
High spectral resolution with high spatial resolution
(and global context) in the visible and near infrared are
needed to address these areas.  Hyperspectral imagers
and multiple spatial resolution cameras are an example
of the required technology.

2. Spatial variability of water and hydrocarbons.
These require mid and far-infrared coverage with good
spatial resolution and high spectral resolution.  Fou-
rier-Transform Spectrometers like those on Cassini and
Mars Global Surveyor can meet this requirement.

3. Temperature and wind field mapping to deter-
mine heat and kinetic energy transport, thermal bal-
ance.  Here, a combination of the instruments sug-
gested for goals 1 and 2 to simultaneously map the
planet over many wavelengths is needed.

4. Nightside lightning and aurora and on the day-
side with the proper choice of filters and geometry.
The lightning objective ties together convection, dy-
namics and chemistry, while the auroral objective is
important in understanding the magnetosphere and its
connection to the satellites.  It is again important to
observe these phenomena at many wavelengths.

Possible New Technologies:  Due to the long time
from conception to launch of the previous large mis-
sions to Jupiter, many of the instruments were no

longer state-of-the-art even by the time of launch.
Thus, the potential exists for cutting-edge technology
to be developed to ensure this mission remains at the
forefront of scientific advances, while building on reli-
able instruments with a proven record of success.

Tantamount to the success of every spacecraft mis-
sion is the use of visible imaging cameras.  For atmos-
pheric studies two cameras (one with a wide-angle
field and one with a narrow-angle field) are usually
used to obtain high spatial resolution images simulta-
neous with context fields. This is particularly useful at
middle distances from the planet.  In reality, many dif-
ferent focal lengths can be used.  The major limitation
traditionally comes in the choice of filters for the cam-
era.  Atmospheric studies require methane-band and
continuum wavelengths in the visible and near-IR for
vertical discrimination of winds, cloud and haze layers.

Hyperspectral imaging is now possible over wave-
lengths from the near-UV through the near-IR, with
very high spectral resolution (< 1 nm).  These cameras
utilize a variety of technologies including Acousto-
Optic Tuning, wedge filter designs and spectrograph-
type gratings to generate high spectral resolution image
cubes with more filtering capability than a standard
imaging camera.  These cameras would benefit from
the high data rate available in a JIMO-type mission.

Advances have also been made in thermal instru-
mentation, as well, in detector technology in particular.
Many of these instruments are Fourier Transform
Spectrograph (FTS), and we use Cassini CIRS as the
paradigm.  The Cassini CIRS instrument has much
better spectral coverage than its predecessor (Voyager
IRIS), covering the range from 7 to 1000 microns, with
improved spatial resolution.  New work on detectors
and instrument design promise even better perform-
ance with high temperature superconducting bolome-
ters and imaging FTS designs.

Many other instrument designs are possible, of
course.  There are many prototype instruments that
have been tested on ground-based telescopes and also
on smaller missions.  Probably the most important as-
pect of the instrument coverage, however, is the ability
to obtain simultaneous coverage over all wavelengths.
This requires that the instruments be bore-sighted to
high accuracy, preferably with a scan platform so that
the spacecraft does not need to be turned for every ob-
servation.  Truly coordinated observations are needed
to address many of the outstanding atmospheric prob-
lems listed above.
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SCIENCE OBJECTIVES FOR SATELLITE ATMOSPHERES, THEIR CIRCUMPLANETARY 
NEUTRAL DISTRIBUTIONS, AND THEIR MAGNETOSPHERIC IMPACT AND INTERACTIONS.  W. 
H. Smyth1 and M. L. Marconi2, 1Atmospheric and Environmental Research, Inc., 131 Hartwell Avenue, Lexington, 
MA 02421, 2The Fresh Pond Research Institute, 173 Harvey Street, Cambridge, MA 02140. 

 
Basic Concept:  The atomic and molecular species in 
the atmospheres of the Galilean satellite provide a di-
rect link to surface processes and interior composition.  
The structure and abundance of gases in the atmos-
pheres are established by the flow of gases (or supply 
rates) between the satellite surface, the bound atmos-
phere, and the extended neutral clouds of gravitation-
ally escaping gases.  The distribution and loss of these 
gases are also shaped by their interactions with the 
planetary magnetosphere, and these gases conse-
quently supply ions to and alter the properties of the 
planetary magnetosphere.  This overall complex flow 
of gases from the satellite has been best studied for Io, 
which is known to supply the dominant plasma source 
for the heavy-ion (O+, O++, S+, S++, S+++) plasma torus 
and larger planetary magnetosphere.  Recent meas-
urements from Cassini mission [1] of unexpected co-
pious quantities of energetic neutral atoms (ENAs) 
created by the charge exchange of energetic ions and 
circumplanetary neutrals have suggested that Europa 
may play a similar role near its orbit but with an order 
of magnitude or so smaller gas flow rates than that of 
Io.  The situation for Ganymede and Callisto should be 
similar in nature with likely even smaller gas flow 
rates, but relevant observations are generally lacking.  
The orbiting encounter of the Jupiter Icy Moons Or-
biter (JIMO) with each of the three outer Galilean sat-
ellites thus provides a unique opportunity to study for 
the first time the structure and composition of these 
atmospheres, their connection with the satellite sur-
faces, and their impact on and interactions with the 
planetary magnetosphere.  Observations acquired be-
tween these encounter-times also allow a more in-
depth remote study of the corresponding picture for Io 
and the plasma torus and the supply of important data 
not obtained by the Galileo mission.  
Approach:  During the JIMO orbiting encounter with 
each of the three outer Galilean satellites, in situ meas-
urements will provide new and important data to char-
acterize the atmospheric composition, abundance, and 
structure.  For Europa and Ganymede, one of the pri-
mary atmospheric gases is thought to be O2, a noncon-
densable chemical product of H2O, as determined from 
Hubble Space Telescope observations [2, 3] of O 
(1304 Å, 1356 Å) emissions produced by dissociative 
electron impact excitation of O2.  Ground-based obser-
vations of Europa [4, 5, 6] have also detected the mi-
nor atmospheric species Na and K likely from surface 
salts supplied by underlying ocean brines, and JIMO in 
situ measurements may be expected to detect other 
molecular or ion fragments of H2O and perhaps even 

signatures of trace organic or biologically significant 
compounds residing on the surface [7].  JIMO in situ 
measurements should be able to detect the composition 
and the interactions of the ions in satellite atmos-
pheres.  These ions are important in understanding the 
electrodynamic plasma interaction at the satellite and 
the loss of neutrals from the atmosphere and their in-
teractions with these ions, which may be detected near 
the satellites, as for Europa, through pickup ion signa-
tures [8, 9] and ion-cyclotron waves [10].  The gravita-
tional escape of gases from the satellite creates ex-
tended neutral clouds on a circumplanetary scale that 
form asymmetric gas tori about Jupiter, where in the 
vicinity of the satellite orbit the gas densities are 
peaked about the satellite’s location.  For a given es-
cape rate, the gas density and the amount of orbital 
asymmetry are shaped by the relative values of the 
lifetime of the neutral in the thermal magnetospheric 
plasma and the dynamic time scale for the neutral to 
make a complete orbit about Jupiter relative to the sat-
ellite.  The ionization of these gases by the thermal 
plasma then creates new pickup ions and hence a 
plasma source for the magnetosphere that may be de-
tected by in situ JIMO measurements.  The circum-
planetary neutral distribution also provides a charge 
exchange sink for the energetic ions, which alters their 
populations and pitch-angle distributions that may be 
detected with JIMO by in situ ion measurements and 
by remote observation of the created ENAs.  Remote 
observations of electron impact excited emissions from 
gases to study Io’s atmosphere and its electrodynamic 
interaction and from magnetospheric ions to study the 
spatial structure of the plasma torus also provide addi-
tional JIMO opportunities to investigate more fully the 
Jupiter system.  In summary, JIMO measurements of 
the properties of ions, neutrals, and their emissions 
along the flow of gases from the satellite surface, to 
the atmosphere, to the extended neutral clouds, and to 
the magnetosphere supply vital information which 
through modeling provides a powerful approach to 
connect and illuminate all the physical processes along 
this chain of events. 
References: [1] Mauk B.H. et al. (2003) Nature, 421, 920-
922. [2] Hall D.T. et al. (1995) Nature, 373, 677-679. [3] 
Hall D.T. et al. (1998) Ap.J., 499, 475-481. [4] Brown M.E. 
and Hill R.E. (1996) Nature, 380, 229-231. [5] Brown M.E. 
(2000) Icarus, 151, 190-195. [6] Leblanc et al. (2002) Icarus, 
159, 132-144. [7] Johnson et al. (1998) GRL, 25, 3257-3260. 
[8] Kivelson M.G. et al. (1999) JGR, 104, 4609-4626. [9] 
Paterson W.R. et al. (1999) JGR, 104, 22779-22792. [10] 
Volwerk et al. (2001) JGR, 106, 26033-26048. 
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Introduction: The Jupiter Icy Moons Orbiter pre-

sents an opportunity to greatly improve our under-
standing of the most dynamic body in the solar system.  
Io is the best place to study tidal heating of the Gali-
lean moons, provides unique insights into Earth history 
and is a unique laboratory for basic planetary physics. 
Many important questions about Io remain after Gali-
leo that cannot be addressed from Earth or Earth orbit, 
but could be answered by limited observing time from 
JIMO with the appropriate instrumentation. Here we 
outline the requirements in the infrared (see compan-
ion abstract by Spencer et al. for visible/UV). 

Objective and measurement requirements: Two 
major science issues that can be addressed with infra-
red observations from JIMO are Io’s heat flow and 
surface chemistry. Io’s heat flow is so prodigious that 
it can be measured remotely, by inventorying the infra-
red radiation that Io emits.  

Tidal Heating: A major puzzle is that recent esti-
mates (using ground-based and Galileo observations) 
are higher than predicted by steady-state tidal heating 
rates.  It is necessary to understand why this is so on Io 
to properly understand tidal heating on Europa.  We 
need high spatial resolution measurements of the spa-
tial distribution of Io’s thermal radiation and accurate 
measurements of its bolometric albedo (which controls 
the input of solar heat).  

Io’s surface chemistry: Io’s surface chemistry is 
still largely unknown and SO2, which is ubiquitous on 
the surface, remains the only compound definitely 
identified. The composition of Io’s very high tempera-
ture magma is unknown. Since surface areas not cov-
ered by SO2 are fairly small (a few km2), infrared spec-
troscopic observations at spatial resolutions around 1 
km, which would be unique to JIMO, are needed.  The 
above two science issues are examples of the several 
unanswered questions, listed in the Io report to the 
Decadal Survey (Spencer et al, 2002) that can be an-
swered or substantially advanced by JIMO through 
observations in the IR. 

Instrumentation: JIMO cannot orbit Io but it can 
obtain observations with a high-resolution telescope 
represent science opportunity that cannot be obtained 
from earth or earth orbit.  At one micron, telescope 
with a ½ meter aperture can have an IFOV of about 
1.3 kilometers from Ganymede and about 500 meters 
from Europa.  The important capabilities of the JIMO 
mission for measurements on Io include a high data 
rate, adequate payload mass, and sufficient power to 
utilize actively cooled detectors. A suite of instruments 
that would be used for measuring Io would also be 

valuable for mapping Europa from Ganymede’s orbit.  
At Ganymede, the radiation is dramatically lower and 
does not affect the SNR for observations of Europa 
significantly. 

Unique JIMO Opportunities: JIMO offers 
unique opportunities answer questions about data Io 
with data obtained wavelengths beyond the visible 
from JIMO.  JIMO can obtain spatial resolution about 
two orders of magnitude greater than from earth orbit 
and significant temporal coverage during the mission.  
Two major limitations of the existing long wavelength 
on Io is the limited spatial coverage at high spatial 
resolution – particularly at high spectral resolution and 
very limited coverage of the Jupiter facing hemisphere.  
The former prevents obtaining unmixed spectra of 
unique surface features (such as fresh flows) – and the 
latter has makes it difficult to interpret global behavior 
of Io.  To understand Io, one needs to map Io at spatial 
resolutions better than one kilometer over the spectral 
range 0.8 to about 40 microns, and to obtain a reason-
able spatial coverage at spectral resolutions high 
enough to measure isotopic fractionation.  The spectral 
range includes iron bands (0.8-1.3 microns), mineral 
and volatiles bands (1-15 microns) and thermal meas-
urements (0.8 to 40 microns).  Most these needs could 
be met with limited observing time from JIMO, an-
swering many of the important remaining questions 
about Io. 

 
The GLL NIMS map of Tupan at 4.7 microns (8 

km/pix, upper left), as JIMO visible (135 m/pix upper 
right), JIMO 1 µ (500 m/pix, lower left), and JIMO 4 µ 
(2000 m/pix, lower right), simulated from GLL-SSI 

 
References: [1] Spencer, J. R. et al. (2002) The future of 

Io exploration.  Community white paper for the Planetary 
Decadal Survey, in The Future of Solar System Exploration, 
2003-2013 (M. Sykes, Ed.), Astron. Soc. Pac. Conference 
Series 270, 201-216. 
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Introduction:  One of the main discoveries of the 

Galileo mission (and still unresolved question) about 
Jupiter’s icy moons is the presence and depth of inter-
nal oceans. One way for determining the existence of 
an ocean is the measurement of gravity fields. To 
complement LoS measurements, we study how gradi-
ometers could help in determining the existence of 
such oceans. Such devices are being developed to be 
used on future solar system exploration missions. 

Internal structure of the icy moons:  Magnetic 
data and gravity data provided some clues about the 
internal structure of Europa, Ganymede and Callisto. 
The different flybys allowed us to determine the mo-
ment of inertia (MoI) of each satellite. We know that 
each of them is differentiated but that Ganymede is 
much more differentiated than Callisto. We know that 
both Europa and Callisto have induced magnetic field 
whereas Ganymede has it own dynamo. The young age 
of Europa’s surface and the variety of tectonic features 
lead to the conclusion that an ocean may be present at 
some depth. Europa is the only icy satellite where this 
ocean coulb be in contact with the silicate core. Two 
different models are proposed :one for which the ice 
thickness is small (some hundreds of meters) and an-
other one for which the ice crust undergoes thermal 
convection leading to a thickness of about 20 km. 

 
Figure 1: Variations of k2 (from [1]) 

 
The presence of an ocean provides strong varia-

tions of the value of degree 2 Love numbers [1]. This 
degree 2 Love number is linked to the degree 2 gravity 
field coefficients (J2 and C22). If there is no ocean, the 
value of k2 is close to zero whereas it has much larger 
values if an ocean is present (Figure 1).  

Calculations:  We have carried out simulations to 
investigate what must be the sensitivity of gradiom-
eters in order to determine the depth of an ocean on 
Europa. In a first set of numerical simulations, the 
spacecraft was supposed to orbit Europa at an altitude 
of 400 km. The nine components of the gravity tensors 
were calculated using models [2] for the internal struc-
ture of Europa which are consistent with the data ob-
tained by Galileo. Figure 2 gives an example for one 
of the nine components (Urr). 

Elements of the gradiometer tensor
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Figure 2: Variations of Urr versus time (from [3]) 

 
The frequency of the order 2 signal is 0.2 mHz and 

the amplitude of the signal is on the order of 2.5 Eot-
vos. If a sensitivity of HzmE/1 can be achieved, the S/N 
ratio will be around 105. The sensitivity of the gradiometer 
must be less than 1 mEtvos if one wants to determine the 
depth of the ocean with a good accuracy. 

Conclusions:  We are in the process of determin-
ing the characteristics of the gravity gradient tensor for 
the different icy satellites. Additional simulations are 
being carried out [3] and will be presented at this 
workshop. 

Acknowledgment: This work is being performed as 
part of an ESA Study Contract and we thank Philippe Rous-
sel and Jean-Pierre Lebreton who have initiated this activity 
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Chaos and Lenticulae:  The Galileo Solid State Im-

aging (SSI) experiment provided high-resolution images 
of Europa’s surface allowing identification of surface 
features barely distinguishable at Voyager’s resolution.  
SSI revealed the visible pitting on Europa’s surface to be 
due to large disrupted features, chaos, and smaller sub-
circular patches, lenticulae.  Chaos features contain a 
hummocky matrix material and commonly contain dis-
located blocks of ridged plains [1,2,3].  Lenticulae are 
morphologically interrelated and can be divided into 
three classes: domes, spots, and micro-chaos [4].  Domes 
are broad, upwarped features that generally do not dis-
rupt the texture of the ridged plains.  Spots are areas of 
low albedo that are generally smooth in texture com-
pared to other units.  Micro-chaos are disrupted features 
with a hummocky matrix material, resembling that ob-
served within chaos regions.   

Chaos and lenticulae are ubiquitous in the SSI re-
gional map observations, which average ~200 meters per 
pixel (m/pxl) in resolution, and appear in several of the 
ultra-high resolution, i.e., better than 50 m/pxl, images 
of Europa as well.  SSI also provided a number of multi-
spectral observations of chaos and lenticulae.  Using this 
dataset we have undertaken a thorough study of the 
morphology, size, spacing, stratigraphy, and color of 
chaos and lenticulae to determine their properties and 
evaluate models of their formation.   

Geological mapping indicates that chaos and micro-
chaos have a similar internal morphology of in-situ deg-
radation suggesting that a similar process was operating 
during their formation [5].  The size distribution denotes 
a dominant size of 4-8 km in diameter for features con-
taining hummocky material (i.e., chaos and micro-chaos) 
[5].  Results indicate a dominant spacing of 15 - 36 km 
apart [6].  Chaos and lenticulae are generally among the 
youngest features stratigraphically observed on the sur-
face, suggesting a recent change in resurfacing style 
[3,6,7,8].  Also, the reddish non-icy materials on Eu-
ropa’s surface have high concentrations in many chaos 
and lenticulae features [9].   

Nonetheless, a complete global map of the distribu-
tion of chaos and lenticulae is not possible with the SSI 
dataset.  Only <20% of the surface has been imaged at 
200 m/pxl or better resolution, mostly of the near-
equatorial regions.  Color and ultra-high-res images have 
much less surface coverage.  Thus we suggest that full 
global imaging of Europa at 200 m/pxl or better resolu-
tion, preferably in multi-spectral wavelengths, should be 
a high priority for the JIMO mission.   

Models:  The models of lenticulae and chaos forma-
tion have different implications for the thickness of Eu-

ropa’s ice-shell: the melt-through model suggests a thin 
ice shell, < 3 km, atop an ocean and chaos is created by 
localized melting of the shell, exposing the ocean at the 
surface [10]; the diapirism model requires a thicker ice 
shell with a brittle surface lid overlying a ductile con-
vecting layer that produces diapirs, which create lenticu-
lae [4], and coalesce to create chaos [5].  Compositional 
diapirism may be possible with plausible ice shell con-
figurations containing salts and contaminants [11,12].  
As the melt-through model indicates a very thin ice shell 
and exchange of surface and oceanic material, detailed 
global analyses of such features would be beneficial for 
studies of geology and astrobiology. While a thicker 
shell model, i.e. diapirism, seems intuitively less favor-
able for astrobiology, subsurface to surface exchange 
can occur through diapirism in chaos and lenticulae [13].  
Thus we suggest that, allowing for either model, chaos 
and lenticulae should be prime targets for study (e.g. 
imaging, spectral, topographic) in the JIMO mission to 
provide valuable data about the recent geological proc-
esses on Europa.   

The models agree in their hypotheses that chaos and 
lenticulae are created by thermal and/or compositional 
means and are not purely tectonic features.  As such, we 
suggest that a global map and study of these features 
could provide thermal and compositional distribution 
maps for the ice shell.  As chaos and lenticulae are 
among the stratigraphically youngest features, their dis-
tribution could indicate the recent sites of thermal activ-
ity and concentrations of tidal heating, as well as possi-
bly mapping out recent compositional variations across 
the globe. As the features are reddish and rich in non-ice 
material, chaos and lenticulae are excellent sites to study 
the non-ice component of Europa’s spectra and the sur-
face distribution of this material.  Studies have also 
shown that, should a chaos, micro-chaos, or spot still be 
“warm” on the Europan surface, it could be detectable if 
there were thermal remote sensing [14] aboard the 
JIMO. Chaos and lenticulae are critical in understanding 
the geology and evolution of Europa.    

References: [1] Carr et al. (1998) Nature, 391, 363. 
[2] Spaun et al. (1998) GRL, 25, 4277. [3] Greeley et al. (2000) 
JGR-P, 105. [4] Pappalardo et al. (1998) Nature, 391, 365. [5] 
Spaun et al. (2001) LPSC XXXII, Abs. #2132. [6] Spaun et al. 
(2002) LPSC XXXIII, Abs. #1723. [7] Spaun, N. A. (2002) 
PhD dissertation, Brown University. [8] Figueredo and 
Greeley (2003) LPSC XXXIV, Abs. #1017. [9] Spaun and Phil-
lips (2003) LPSC XXXIV, Abs. #1260. [10] Greenberg et al. 
(1999) Icarus, 141. [11] Kargel et al. (2000) Icarus, 148, 226. 
[12] Spaun and Head (2001) JGR-P, 106, 7567. [13] Barr et al. 
(2002) EFG3, Abs. #1. [14] Van Cleve et al. (1999) LPSC 
XXX, Abs. #1815. 
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TEMPERATURE MAPPING OF THE ICY GALILEAN SATELLITES FROM JIMO.  J. R. Spencer, Lowell 
Observatory, 1400 W. Mars Hill Rd., Flagstaff, AZ 86001, spencer@lowell.edu 

 
 
Introduction:  The surface temperatures of the icy 

Galilean satellites provide unique information on vola-
tile vapor pressures, chemical stability, cm-scale sur-
face texture, and in the case of Europa, possible en-
dogenic activity.  JIMO provides an opportunity to 
map surface temperatures with unprecedented spatial 
resolution using mid-infrared thermal imaging. 

History: Surface temperatures on the Galilean sat-
ellites have been mapped using both the Galileo PPR 
and Voyager IRIS instruments, with spatial resolution 
ranging from a few hundred kilometers for global 
mapping to a few kilometers in the case of a few close-
up observations.  Daytime temperatures generally 
show the expected inverse correlation between tem-
perature and albedo, while nighttime temperatures 
show morecomplex patterns, revealing thermal inertia 
variations (see figure).  In the case of Ganymede, these 
variations are well-correlated with terrain type 
(grooved terrain is warmer and thus has higher thermal 
inertia than dark cratered terrain).  On Europa the 
nighttime temperatures show complex and mysterious 
patterns, including anomalously low equatorial tem-
peratures on the leading side, probably due to low 
thermal inertia there, though the reason for low equa-
torial thermal inertias is not clear. 

Voyager IRIS 10-50 µm spectroscopy revealed that 
the  thermal emission from the icy satellites shows no 
spectral features, and thus provides no compositional 
clues, down to the few percent level.  However the 
emission is not a simple blackbody, but has a bright-
ness temperature that increases with decreasing wave-
length, probably due to unresolved temperature con-
trasts within the > 100 km IRIS fields of view. 

Thermal Mapping with JIMO:  A simple mid-IR 
imaging system on JIMO could provide near-global 
daytime and nighttime temperature maps of all the icy 
Galilean satellites with a resolution of a few kilome-
ters, 100 times better than Galileo’s global coverage. 
On Ganymede and Callisto, we may be able to directly 
resolve the temperatures of the bright icy and dark 
non-ice surface components.  On Europa, such global 
maps can provide unique pointers to regions of recent 
resurfacing that will be of interest as potential landing 
sites. Active thermal anomalies due to endogenic heat 
from recent (up to 100 year old?) resurfacing are pos-
sible, and can be distinguished from passive (thermal 
inertia) anomalies by comparing day and night tem-
peratures.  Passive anomalies are also likely to be indi-
cators of regions of recent resurfacing, which are 
likely to have immature regolith and thus unusual 
thermal inertias. 

 

 
Montage of Europa nighttime temperatures, from Galileo PPR E17 and I25 encounters.  Temperatures range from 75 to 95 K 
with 1 K contour interval: lighter contours indicate higher temperatures. 
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Introduction:  Though JIMO’s primary targets are 

the icy Galilean satellites, the long mission duration at 
relatively small jovicentric distances, and the high 
available data rate, also makes JIMO an excellent plat-
form for studying Io’s spectacular time-variable phe-
nomena from moderate range.  Galileo, in contrast, 
was not able to monitor time-variability on Io very 
well, because of its eccentric orbit and low data rate.  
Major events such as the Tvashtar eruption were seen 
by Galileo only as brief snapshots, at most once per 
perijove. 

Instrumentation:  As the table shows, excellent 
resolution is achievable by JIMO at Io over a wide 
range of wavelengths with a moderate-sized telescope.  
UV resolution is likely to be limited by instrumental 
factors other than diffraction, so is not listed here.  

Diffraction-Limited Resolution at Io (km), 0.5 m Tele-
scope 

Anti-Jupiter : Jupiter-Facing hemispheres 
Viewpoint Visible  

(0.5 µm) 
NIR 

 (2.0 µm) 
MIR  

(10.0 µm) 
Europa 0.2 : 1.1 1.0 : 4.4 5 : 22 
Ganymede 0.6 : 1.5 2.6 : 6.0 13 : 30 
Callisto 1.5 : 2.3 5.9 : 9.3 30 : 47 

Brief observations every few hours, e.g., once per icy 
satellite orbit, would provide excellent longitude and 
solar phase coverage over a long time span.  A scan 
platform with rapid pointing capability would be an 
advantage.  Here we discuss the visible and UV: see 
Smythe et al. (this meeting) for longer wavelength 
opportunities. 

Questions to be Addressed:  Examples of ques-
tions posed in the Io Decadal community white paper 
[1], and how JIMO can address them, include the fol-
lowing, though there are many other examples: 

What is responsible for Io’s complex surface color 
patterns?.  JIMO’s ability to watch the formation and 
spectral evolution of lava flows and pyroclastic depos-
its will allow separation of intrinsic colors, seen on 
fresh surfaces, from those due to later alteration.  
Color evolution as a function of latitude will shed light 
on the origin of Io’s latitudinal color gradients. 

What creates and destroys Io’s mountains?  Global 
imaging at ~ 1 km resolution and a wide range of illu-
mination angles will provide greatly improved knowl-
edge of the distribution and morphology of Io’s moun-
tains, currently constrained by the highly inhomogene-
ous Galileo and Voyager data sets, providing improved 
constraints on their formation. 

How do very large volcanos behave? This is a 
question of great importance for the earth, where the 
most extreme forms of volcanism are very rare and 
must be reconstructed from the incomplete geological 
record.  JIMO can study the evolution of large Io erup-
tions, such as the Pillan and Tvashtar events, as they 
happen, watching the spreading and cooling of lava 
flows, the interaction of pyroclastic and flow activity, 
and development of pyroclastic deposits. 

What is the main immediate atmospheric source, 
volcanism or recycled surface frost?  If JIMO can 
carry a mid-UV spectrometer with sufficient spectral 
(~ 5 Å) and spatial (0.05 mrad, or 30 km from Europa) 
to resolve atmospheric SO2, SO, and S2 bands and map 
their distribution within and between volcanic plumes, 
huge strides in our understanding of Io’s atmosphere 
would be possible.  Mapping of atmospheric abun-
dance and composition as a function of time of day, 
latitude, distance from plumes and other active volcan-
ism, and surface terrain type would answer most of our 
questions about how the atmosphere is supplied and 
how it behaves. 

Summary: JIMO could be a powerful tool for 
studying Io, filling in a crucial part of parameter space 
(moderate spatial resolution, high time resolution) not 
achieved by Galileo, Voyager, or Earth-based studies. 

References: [1] Spencer, J. R. et al. (2002) The fu-
ture of Io exploration.  Community white paper for the 
Planetary Decadal Survey, in The Future of Solar Sys-
tem Exploration, 2003-2013 (M. Sykes, Ed.), Astron. 
Soc. Pac. Conference Series 270, 201-216. 

The 1999 Tvashtar eruption at 600 m/pix: The scene is 
180 km across.  This shows the resolution achievable 
on the anti-Jupiter hemisphere from JIMO at Gany-
mede with a 0.5 m telescope.  The evolution of a 
Tvashtar-like eruption could be studied at this spatial 
resolution with several hour temporal resolution. 
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Introduction:   Laser Remote Sensing and lidar 

have been used for earth remote sensing for a number 
of years however the inefficiency of laser devices has 
limited their application to planetary sensing where 
power is at a premium. The potential availability of a 
large amount of power for the Jupiter Icy Moons Or-
biter (JIMO) opens up the potential to implement laser 
remote sensing for planetary bodies. Lidars have been 
and can be used to map terrain, measure atmospheric 
and surface parameters including velocity and compo-
sition. In this paper we will provide an overview of the 
lidar capabilities at the Jet Propulsion Laboratory and 
address the types of lidar measurements that could be 
relevant to JIMO science investigations. 
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JIMO DELIVERY AND SUPPORT OF A JUPITER DEEP ENTRY PROBE.  T. R. Spilker1 and R. E. Young2, 
and Participants of the April 21-22, 2003 Entry Probe Workshop, 1Jet Propulsion Laboratory, Calif. Inst. of Technology 
(4800 Oak Grove Drive, M/S: 301-165, Pasadena, CA 91109, e-mail: Thomas.R.Spilker@jpl.nasa.gov), 2NASA Ames 
Research Center (Mail Stop 245-3, Moffett Field, CA 94035, e-mail: Richard.E.Young@nasa.gov). 

 
The 2003 Solar System Exploration Decadal Survey 

(“SSEDS”) emphasizes the significant science available from 
Jupiter deep entry probes.  Studies performed at JPL this year 
identified a mission design that would allow JIMO to deliver 
and support one or more entry probes that reach the 100-bar 
level in Jupiter’s atmosphere, with relatively minor modifica-
tions to JIMO’s preliminary mission design.  Notably, the icy 
moon tour mission design, beginning with Callisto approach, is 
unaffected.  This proposed mission design would offer the 
option of adding a rich new set of high-priority SSEDS science 
objectives to the planned JIMO mission for a relatively small 
investment. 

Currently JIMO’s preliminary mission design has the 
spacecraft approach Jupiter under power from its ion thrusters, 
gently nudging its speed upward over time to nearly match 
Jupiter’s heliocentric speed [1].  This sets the stage for capture 
into (an initially distant) Jupiter orbit with those same ion 
thrusters.  Early in the Jupiter approach, the spacecraft’s “B-
plane” aimpoint is more than ten million km from Jupiter [1] to 
yield roughly circular initial orbits that most efficiently use the 
engines to spiral down to Callisto.  Large deviations from this 
type of trajectory impact that efficiency and are thus undesir-
able, increasing both the propellant required and time elapsed 
from capture to orbit insertion at Callisto. 

By altering the initial approach aimpoint very early in the 
approach phase, the JIMO spacecraft can deliver payloads to 
precise Jupiter-impact and moderate-altitude (a few Rj) flyby 
trajectories, and then return to the originally planned trajectory 
during the rest of the approach phase.  Moving the aimpoint 
much nearer Jupiter establishes the probe’s impact trajectory, 
with release about half a year before capture [1].  Then a ma-
neuver of a few tens of m/s, which requires a few days of ion 
thrusting, places JIMO on a mid-altitude equatorial flyby tra-
jectory, where it releases a simple probe data relay subsatellite.  
At that point, still months away from Jupiter capture, the probe 
mission and the JIMO mission become entirely independent.  
Orbit calculations at JPL [1] show that with such an architec-
ture, the modified approach trajectory for the JIMO spacecraft 
closely follows the original spiral-in trajectory after half of the 
first jovian orbit, and matches exactly after the second orbit, 
long before approaching Callisto. 

This approach yields a probe entry geometry very similar 
to that of the highly successful Galileo Probe.  The entry tra-
jectory is similar, but there is flexibility with probe targeting.  
The simplest, most direct targeting delivers the probe to within 
a few degrees of Jupiter’s equator.  Modest additional ∆V from 
JIMO can target higher latitudes and aim for either a belt or 
zone, though significantly higher latitudes increase the entry 
speed.  It can also adjust the jovicentric entry longitude, with 
the caveat that predictions of System III longitudes of atmos-
pheric features six months in advance are imperfect. 

The probe envisioned here shares many characteristics 
with the Galileo Probe but takes advantage of many techno-
logical advances since Galileo.  The instrumentation is very 

Galileo-like in measurement strategy, with a few modifications 
such as adding a gas chromatograph to the mass spec, deleting 
the Helium abundance detector, etc.  New instrument tech-
nologies offer a lighter payload with lower power demands, 
yet better performance.  Better batteries promise a data relay 
link with higher transmitter power for higher data rates.  Use of 
a pressure vessel and phase-change cooling, instead of a vented 
vessel of the Galileo probe type, allows operation to at least 
the 100-bar level, where temperatures are expected to be 650-
670 K.  Recent studies at JPL suggest the probe would be con-
siderably less massive than the Galileo probe.  Detailed studies 
soon to start at NASA Ames Research Center will reduce the 
uncertainties from previous estimates. 

Implementing the probe’s entry heat shield requires some 
resource investment.  Certain materials used in fabricating the 
Galileo probe heat shield may no longer be available;  using 
substitutes requires qualification of the new materials, and that 
requires resurrecting Ames’ Giant Planet Facility.  If the GPF 
is available and CFD codes are upgraded based on the Galileo 
experience, the tools would be available to design and test heat 
shields with new materials and better-optimized geometries, 
yielding higher payload mass fractions.  This work can be done 
on a schedule commensurate with the JIMO Project schedule.  
The facilities and CFD codes would then be available for de-
sign testing and validation of heat shields for entry vehicles at 
other SSEDS high-priority destinations. 

The relay subsatellite (RS) flies a trajectory similar to that 
of the Galileo Orbiter before orbit insertion, without the 
Ganymede flyby.  It has a low inclination and a near-equatorial 
perijove, in the 3-5 Rj range, to be determined by telecomm 
rate vs view-period trades.  Since the RS can downlink data 
from heliocentric orbit, no orbit insertion maneuver is needed. 

Requirements for the RS indicate a very simple space-
craft.  Like the probe it needs no primary propulsion system, it 
can be spin-stabilized, and with relatively wide-beamwidth 
telecomm antennas it needs only coarse sun-sensors for atti-
tude sensing.  It might be possible to use primary batteries for 
electrical power (redundant, with margin for multiple 
downlinks), but if the mass is available modest solar arrays can 
charge secondary batteries that meet all recording and 
downlink requirements. 

We anticipate that JIMO delivery of a deep entry probe to 
Jupiter offers significant savings from the cost of a dedicated 
probe mission.  Studies will show the level of cost savings and 
more accurately define the resource requirements.  If resource 
requirements and JIMO resources available allow, there is 
nothing in this architecture that prevents delivering multiple 
probes, each to different latitudes, instead of a single probe, 
supporting them via the single relay subsatellite. 
 

[1] Balint, T, M. Noca, G. Whiffen, T. Spilker, et al. (2003) 
JPL internal publication 
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Introduction:  Future NASA deep space missions 

able to provide tens of kilo-watts of spacecraft DC 
power, make it feasible to employ high power RF tele-
communications systems. Traditional flight systems 
(e.g., Cassini), constrained by limited DC power, used 
a single high-gain 4m Cassegrain reflector fed by a 
single lower power (20W) transmitter. Increased avail-
able DC power means that high power (1000 W) 
transmitters can be used. Rather than continue building 
traditional single-transmitter systems it now becomes 
feasible to engineer and build multi-element active 
arrays that can illuminate a dish. Illuminating a 2m 
dish with a spherical wavefront from an offset 1kW 
active array can provide sufficient ERP (Effective Ra-
diated Power) when compared to a larger Cassegrain 
dish. Such a system has the advantage of lower mass, 
lower volume, improved reliability, less stringent 
pointing requirements, lower cost and risk. We pro-
pose to design and build a prototype Ka-band transmit 
antenna with an active sub-array using 125W TWTAs. 
The system could be applied to a telecommunications 
downlink or radar transmitter used for missions such 
as JIMO. 

 
 
Principle approach:  Using multiple 120 TWTs 

would mean only one transmitter would be required, 
because there would be graceful degradation over 
time. TWTAs today have an estimated life time of over 
100,000 hours and with graceful degradation the 
transmitter would last for over 20 to 30 years. Also 
with multiple TWTAs the output power could be se-
lected by turning off some of the tubes. Using multiple 
tubes solves the thermal management problem by not 
concentrating the heat in one place and using thermal 
radiation instead of conducted emission as the way of 
managing the heat. The collector of TWTs can be al-
lowed to heat up to 250°C or higher allowing the heat 
to be radiated into space. Using 9 to 12 120 watt 
TWTAs instead of many solid state elements, 500 to 
600, would minimize the distribution and mechanical 
structure requirements. 

Such a system can be used for pulsed radar and/or 
CW telecommunications.  

 
  
 

 
 
 

 
 
 
 
 
References: None 
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THE IMPORTANCE OF HIGH-RESOLUTION TOPOGRAPHIC DATA FOR UNDERSTANDING 
GEOLOGIC PROCESSES AND SUBSURFACE PROPERTIES OF THE GALILEAN SATELLITES.  E. P. 
Turtle and A. P. Showman, Lunar and Planetary Lab., Univ. of Arizona, Tucson, AZ, 85721. 
 

Introduction:  High-resolution (both vertical and 
spatial) topographic data, at global or regional scales, 
of the surfaces of the icy Galilean satellites would be 
immensely valuable to improving our understanding of 
geologic processes (both endogenic and exogenic) at 
work on these bodies.  Furthremore, such a data set, in 
combination with theoretical models, would allow 
strong constraints to be placed on the satellites' interior 
structures and material and thermal properties. 

Viscous relaxation of impact structures: Craters 
on the icy galilean satellites exhibit evidence for re-
laxation by viscous creep: low depth-to-diameter ratios 
[e.g. 1]; bowed-up crater floors [e.g., 2-3]; central 
peaks that rise above crater rims, e.g., Pwyll on Europa 
[4].  Penepalimpsests and palimpsests on Ganymede 
and Callisto may be partially or completely relaxed 
[e.g., 3].  High-resolution topographic data [e.g. 1] is 
key to determining the extent to which impact struc-
tures have undergone viscous relaxation.  This modifi-
cation process is strongly dependent on the material 
and thermal properties and near-surface structure of 
the target.  Therefore, such a data set, in combination 
with models of crater formation and evolution [e.g., 5-
9], would provide important constraints on the internal 
properties of the target; for example thermal gradients 
and ice thickness, 

Endogenic Processes: Topographic data would 
also provide a necessary tool for discriminating be-
tween different formation theories for geologic struc-
tures that are unique to these bodies. 

Europa’s pits, uplifts, and regional topography.  
Europa exhibits numerous small (3-30 km-diameter) 
pits, domes, platforms, irregular uplifts, irregular lo-
bate features, and disrupted “micro-chaos” regions.  
The most popular formation hypothesis is lithospheric 
deformation due to convection in the ice shell. Nu-
merical simulations of convection performed by 
Showman and Han illustrate the ranges of depths the 
convection can produce (e.g., the simulated pits, when 
they exist, are 100-300 m deep for plausible parame-
ters), but the topography of the Europan features is 
insufficiently known for a robust data-theory compari-
son.  What is needed to test the models is detailed to-
pographic information across a large fraction of the 
surface. 

Furthermore, convection, local extension and com-
pression, and geologically-induced compositional con-
trasts can easily produce broad, shallow topographic 
features.  Convection could cause numerous topog-
raphic undulations with wavelengths of 20-100 km and 

amplitudes of 10-100 m.  A few hints of such features 
have been reported, but they are extremely hard to 
detect with current observations, and detailed global 
measurements of Europa’s topography are needed.  
These could provide major constraints on the putative 
convection and other geological processes. 

Europa's double ridges.  Europa's surface is cov-
ered by ridges, the most common type of which is 
characterized by a double ridge divided by an axial 
trough [e.g. 17].  Several diverse mechanisms have 
been proposed to explain how these ubiquitous fea-
tures form [18-20], however, none can account for all 
of their observed characteristics.  Topographic data of 
these features are sparse but provide important con-
straints on ridge formation mechanisms [e.g. 21].  As 
ridge formation is intimately related to fundamental 
characteristics of Europa, such as ice thickness and 
temperature gradient, topographic data, in combination 
with geophysical models [e.g. 19] will put important 
constraints on these properties. 

Ganymede's bright terrain.  The topography of 
Ganymede’s grooved terrain is key to understanding 
its formation.  Limited stereo coverage shows that 
some resurfaced lanes are 1-2 km lower than their sur-
roundings, and this topography causes subsurface 
pressure gradients that may pump liquid water to the 
surface (hence causing the resurfacing) despite the fact 
that the liquid water is denser than ice.  However, 
other grooved lanes may not be so topographically 
depressed, indicating that other processes must be in-
volved.  Again global topography will provide crucial 
constraints on how the bright terrain formed. 

References:  
[1] Schenk P.M. (2002) Nature, 417, 419. [2] 

Smith B.A. (1979) Science, 204, 951. [3] Passey Q.R. 
& Shoemaker E.M. (1982) in Satellites of Jupiter, 
Morrison and Matthews, Eds., Univ. of Arizona Press, 
Tucson, 379. [4] Moore et al. (2001) Icarus, 151, 93. 
[5] Turtle E.P. & Pierazzo E. (2001) Science, 294, 
1326. [6] Turtle E.P. & Ivanov B.A. (2002) LPSC 
XXXIII, #1431. [7] Thomas P.J. & Schubert G. (1987) 
JGR, 92, E749. [8] Hillgren V.J. & Melosh H.J. (1989) 
GRL, 16, 1339. [9] Dombard A.J. & McKinnon W.B. 
(2000) GRL, 27, 3663. [17] Belton, M.J.S. et al. 
(1996) Science 274. [18] Pappalardo, R.T. et al. (1999) 
JGR, 104. [19] Melosh H.J. & Turtle E.P. (2001) Jupi-
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73-74. [20] Nimmo F. & Gaidos E. (2002) JGR, 107, 
10.1029/2000JE001476. [21] Giese B. et al. (1999) 
B.A.A.S., 21, #62.08. 
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RADAR SOUNDING OF SHALLOW VERTICAL STRUCTURE ON THE ICY JOVIAN MOONS AT 
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Introduction:  The uppermost layers of all of the 

icy satellites of Jupiter are likely to consist of an im-
pure ice regolith, with thickness and composition vary-
ing between moons as well as locally on each moon 
[1].  Regolith properties, including porosity and the 
size distribution of inhomogeneities, versus depth are 
presumably related, albeit perhaps not simply, to the 
age of the near-surface and its exposure history.  Ver-
tical profiling of regolith properties, and comparison of 
those properties between Europa, Ganymede, and Cal-
listo is therefore of fundamental interest. In addition, 
meter-wavelength radar sounding for deep properties 
of the subsurface necessarily involves propagation 
through the regolith, with poorly known implications 
for such sounding. 

 Near-surface temperatures on the icy moons are in 
the vicinity of 100K.  Water ice and many of the other 
minerals likely to comprise the regolith absorb very 
little electromagnetic radiation at decimeter and centi-
meter wavelengths at such temperatures.  Moreover, 
Earth-based radar observations show very strong back-
scattering at such wavelengths from all of the icy 
moons, though to varying degrees [2,3].  Together, 
these observations indicate the radar scattering regime 
in the regoliths is one of strong multiple scattering. 

 Time-Resolved Near-Nadir Sounding: Informa-
tion on the vertical structure of the regoliths results 
most directly from near-nadir sounding with short 
pulses.  However, in a strongly multiple-scattering 
regime, backscattered echoes are convolutions of the 
sounder pulse with functions of regolith properties 
over a range of depths.  Their interpretation thus re-
quires the application of advances in the mathematical 
physics of this situation that have recent been made in 
the contexts of biomedical imaging [4] and seismology 
[5].  The success of efforts in those fields, suggests 
reason for optimism in the analogous problem here.  

Polarimetric Near-Nadir Sounding:  Disk-
averages of centimeter-wavelength backscattering 
from all the icy moons under circularly polarized illu-
mination shows the moons not only to be among the 
brightest radar targets in the solar system, but also that 
they display anomalous polarizations – backscattering 
occurs largely in the unexpected circular polarization 
The polarization anomaly is much smaller, and may be 
zero, at 70 cm wavelength, however [2,3].   

Anomalous polarization in this case appears to be 
due to an interference between backscattering paths 

that can only occur in low-loss, strongly scattering 
materials [6].  Its absence at the longer wavelength 
suggests that the regolith scatterers at that wavelength 
are weaker than at the shorter wavelengths, possibly 
because they are more absorptive, but more likely be-
cause they are smaller in comparison to the wave-
length.  Dual-wavelength (decimeter-centimeter) and 
partially polarimetric (circular illumination, like- and 
opposite sense observation of the echoes) would thus 
prospectively provide information on regolith proper-
ties that may not be well determined by time-resolved 
sounding alone. 

Profiling in Comparison to Synthetic Aperture 
Imaging:  In comparison to profiling, synthetic apera-
ture (SAR) mapping methods have the significant ad-
vantage of mapping swaths, and thus of probing much 
more planetary surface area per pass than profiling.  
However, interpretation of SAR is complicated where 
penetration of the illumination is large, and in fact 
where the depth variation of properties is in fact of 
primary interest.  While there has recently been some 
success in this regard on terrestrial ice sheets [7], the 
science objectives at the icy moons may motivate a 
probing method as direct as possible. Moreover, near-
nadir swath mapping is now a routine, commercial 
undertaking on the terrestrial sea floor (cf. 
www.seabeam.com/, www.elac-nautik.de).  Analogous 
radar sounding schemes would scale easily to accomo-
date whatever data rate and power restrictions may 
occur in mission design. 
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Magnetometer measurements now suggest
that all three large icy moons of Jupiter may have an
underground ocean [1]. The morphology and the color
variations of Europa’s surface are suggestive that ma-
terials from its ocean may have modified the surface in
geologically recent times. In addition, an evaporite has
been suggested to be present on Europa's surface that
may have come from a subsurface ocean [2], but this
has been questioned [3,4]. There is evidence, however,
for the presence of organics on some of these satellites
[5,6]. Hubble Space Telescope (HST) and Galileo Or-
biter observations have identified atmospheric products
of irradiation processes, O2 on Europa and Ganymede,
and CO2 on Callisto. The most recent HST observa-
tions [7] show potential correlations of atmospheric
species (O, H) to hemispherical variations in surface
composition. Recently we have put the known con-
stituents on the three icy satellites into context exam-
ining their commonality in going from Europa to Cal-
listo [4].

The effect of radiation on the carbon- and sul-
fur-containing compounds present in these icy surfaces
have been described [4,8]. If radiolytic oxidants and
hydrocarbons are somehow transported from the irra-
diated surface through the Europa ice crust to the
ocean underneath, they could play a supporting role for
evolution and survival of ocean life forms. Although
there could be endogenic sources of sulfur, the surface
of Europa appears from leading/trailing asymmetries in
albedo and composition to be greatly affected by im-
planted sulfur. Similarly, while CO2 and carbonates on
the three icy satellites are likely to be radiation decom-
position products of excavated meteoroid debris, it is
also possible that they are products of subsurface or-
ganics. To better describe the ultimate sources, the
chemical pathways in the local radiation environment
need to be unraveled. Mass spectrometry is the least
ambiguous way to study the radiation induced chemi-
cal pathways on these icy satellite surfaces.

Compositional measurements of Europa's
ionized sputter-produced atmosphere might be able to
determine the presence of materials from a subsurface
ocean including biomaterials [9]. The Cassini Magne-
tosphere Imaging Instrument (MIMI) has detected [10]
a neutral cloud located at Europa's orbit that is likely
consisting of sputtering products. Determination of
surface composition through the measurement of
sputtered materials is a laboratory technique known as
secondary ion mass spectrometry (SIMS). Such tech-
niques can be used to detect both volatile and nonvola-
tile organics produced by sputtering or ablation.

Magnetospheric ion sputtering is an important
source of neutrals at the icy Galilean satellites [9,11-
14]. These neutrals are subsequently ionized in the
ambient plasma and can be readily detected by an ion
mass spectrometer. Although this source of ions is
relatively robust at Europa, the ions are rapidly accel-
erated in the local field. Therefore, direct detection of
neutrals is preferable since it would allow better spatial
correlation of the material composition with surface
features. Since neutral mass spectrometers have sig-
nificantly lower sensitivities, larger fluxes are typically
needed. Therefore, laser ablation of the surface and
collection of surface materials is desirable and may be
possible with the power available on the proposed Ju-
piter Icy Moons Orbiter (JIMO) mission. Xe ions are
very efficient sputtering agents (~104 H2O mole-
cules/ion). These ions, created by the spacecraft en-
gine, or charged particulates, could be accelerated and
directed toward the surface to increase the yields so
that a neutral mass spectrometer could be used.

In this paper, we will provide insights into
mass spectrometer requirements. In addition, we will
describe the modeling of the neutrals ejected from
likely surface materials and their ionization rates in the
Jovian environment. We will use such models to con-
nect the mass spectra measurements of the freshly
formed ions to surface composition. We will also dis-
cuss what possible compositional signatures are for
endogenic materials other than water ice. Finally, since
a goal is to identify material composition with surface
features, we will describe the transport of neutrals
ejected from the surface prior to detection by either an
ion or neutral mass spectrometer.

Reference:
[1] Kivelson, M. G., and K. K. Khurana 2002. AGU Fall
Meeting. [2] McCord, T. B., et al. 2001. Science 292, 1523-
1525. [3] Carlson, R. W., et al. 1999. Science 286, 97-99. [4]
Johnson, R. E., et al. 2003. Ed. F. Bagenal, Jupiter: Planet,
Satellites & Magnetosphere, Cambridge University Press,
Cambridge, in press. [5] McCord, T. B., et al. 2001. J. Geo-
phys. Res. 106, 3311-3319. [6] Johnson, R. E., 2001. Adv.
Ser. in Phys. Chem. World Scientific, Singapore 11, Chap 8,
390-419. [7] McGrath, M. A., 2002. AGU Fall meeting. [8]
Carlson, R. W., et al. 2002. Icarus 157, 456-463. [9] Johnson,
R. E., et al. 1998. Geophys. Res. Letts. 25, 3257-3260. [10]
Mauk B., et al. 2003. Nature 421 (6926), 920-922.  [11]
Johnson, R .E., et al. 2002. Icarus 156, 136-142. [12] Le-
blanc, F., et al. 2002. Icarus 159, 132-144. [13] Cooper, J. F.,
et al. 2001. Icarus 149(1), 133-159. [14] Shematovich, V. I.
and R. E. Johnson 2001. Adv. Space Res. 27, 1881-1888.

Forum on Jupiter Icy Moons Orbiter (2003) 9037.pdf



JUPITER ICY MOONS TIDAL SIGNATURES AND OCEAN MAPPING FROM ORBIT.  X. Wu, Y. E. 
Bar-Sever, W. M. Folkner, J. G. Williams, and J. F. Zumberge, Jet Propulsion Laboratory, California Institute of 
Technology, MS238-600, 4800 Oak Grove Drive, Pasadena, CA 91109, USA, Email: Xiaoping.Wu@jpl.nasa.gov  

 
 
Introduction: Following the Galileo spacecraft 

encounters with Europa, Ganymede, and Callisto, evi-
dence emerged suggesting that these Galilean moons 
of Jupiter may have liquid oceans underneath their icy 
shells. Detection of the oceans on one or all three 
moons will have profound implications on probability 
of life beyond the Earth. The icy satellites also have 
tidal environments that are among the strongest in the 
solar system. The leading time-varying tidal forcing 
term on the surface of Europa is at least 9 times larger 
than those on the inner planets. Tidal forcing on the 
surfaces of Ganymede and Callisto are about 10% and 
7%, respectively, of that on Europa. Since a planetary 
body with internal fluid deforms more than an other-
wise solid body, tidal measurements offer exciting 
opportunities to detect the oceans. 

Tidal Deformation Models:  We have computed 
tidal gravity and surface displacement signatures of a 
spherical, non-rotating and elastic Europa with and 
without a global liquid ocean using a suite of possible 
interior structure models. For such models, tidal re-
sponses are proportional to the 2nd degree forcing po-
tential on the surface. The proportionality coefficients, 
or Love numbers k2 and h2, increase drastically when 
the ocean is present. Their values also depend signifi-
cantly on the rigidity and thickness of the ice shell, 
rigidity of the mantle, and density of the salty ocean 
water.  A comprehensive geodetic experiment measur-
ing a number of geodetic quantities is required to sepa-
rate effects of these interior parameters for ocean de-
tection [1]. 

Orbit Simulation:  We have also carried out fairly 
realistic orbit simulations to assess possible uncertain-
ties in k2, static gravity field and orbit parameters us-
ing X-band Doppler tracking to a Europa orbiter. For 
an 83°-inclination near-circular orbit at 200 km alti-
tude, and with 15 days of tracking from 2-DSN sta-
tions, the uncertainties for k2 and radial orbit compo-
nent will be 0.0004 and 5.7 m respectively. The uncer-
tainty results depend critically on factors such as orbit 
inclination and duration, number of tracking stations, 
and the length of continuous orbit arcs [2]. 

Ocean Inference: Based on the tidal models and 
orbit simulations, a simple inference in the linear re-
gime can be made for measuring the ocean and ice. 
Assuming h2 and ice rigidity can be measured to suffi-
cient accuracies by surface displacement observations, 
the high k2 accuracy indicates that detection of the 
ocean and an accuracy of 200 m to 1 km in ice shell 

thickness determination could be expected for Europa. 
If the k2 uncertainty is scaled by the tidal forcing, un-
certainties of 0.004 and 0.006 can be expected for k2 
values of Ganymde and Callisto.  Again, assuming 
complications from other interior parameters can be 
controlled by other geodetic measurements, the k2 
uncertainties are still small enough to detect hidden 
global oceans for these moons. Differential libration 
between the ice shell and rocky mantle determined 
beyond statistical doubt will provide another un-
equivocal evidence for global liquid oceans on these 
moons. Mantle libration can be measured by Doppler 
tracking through orbital effects of the gravity field 
attached to the mantle. With a slightly better tracking 
scenario and reasonable surface displacement meas-
urements, uncertainty at 1-arcsec level in differential 
libration may be achievable for Europa. The expected 
amplitude for the differential libration is about 10 
arcsec.    

Non-Global Oceans:  With the large current un-
certainties about compositional and density profiles on 
the icy moons, there is a possibility that some of the 
oceans may be non-global. Shallow liquid water may 
be trapped in basins by bottom topography just like the 
oceans on the Earth but covered by ice. In such a case, 
the tidal response will be much more complex than 
that of a nearly spherically symmetric body. A whole 
spectrum of spherical harmonic deformation will result 
from a 2nd degree harmonic forcing term. Simulation 
results on the determination of the “extended Love 
numbers” will also be reported.  

Discussion and Conclusions: The bold JIMO ini-
tiative to orbit all 3 icy moons is an unprecedented 
scientific endeavor. For any satellite with a global oce-
anic layer, reasonable tracking and surface displace-
ment measurements over a month would provide 
enough accurate data for ocean detection and ice thick-
ness determination. However, the thickness of the 
ocean layer will remain poorly constrained using the 
data types we have considered. Given the possibility of 
non-global oceans and the consequent complex tidal 
deformation patterns, near global data coverage and 
sufficiently high accuracy and resolution measure-
ments would be preferred subject to engineering and 
technological constraints.    
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Introduction:  Light scattering by planetary ices of 

interest such as water, methane, clathrated species, will 
provide insight into the nature of the Jovian moons 
targeted by the JIMO mission – Europa,  Callisto and 
Ganymede – composition, surface properties and 
thickness of ice mantles.  Although much remote sens-
ing data exists, theoretical models lag the data.  I high-
light the current state of theoretical and experimental 
models for water ice and highlight areas of study nec-
essary to address the JIMO goals regarding surface and 
subsurface properties. 

Nature of Water Ice.   Apart from being abundant 
in various forms on earth, ice is a predominant con-
stituent of the Jovian moons, Saturn’s rings and moons 
and other extraterrestial objects.  Ice has 12 different 
crystalline and two amorphous states.  The stable form 
of  ice at low pressures , termed ice I, has two variants: 
hexagonal (Ih) formed by freezing water; and cubic 
(Ic) formed by depositing vapor at low temperatures 
(approx. 130C).  Amorphous ice is formed by deposit-
ing water vapor at still lower temperatures and by 
compressing Ih at liquid nitrogen temperatures [1].  
Other forms of ice are clathrate hydrates, crystalline 
compounds of large water matrix with embedded spe-
cies such as methane.  The study of light scattering by 
water ice needs to cover all these forms of ice. 

Scattering Model: A theoretical framework to in-
vestigate the scattering properties is based on the dis-
crete dipole approximation (DDA) method, which 
maps a macroscopic volume into a ensemble of elec-
tromagnetically interacting dipoles on a grid.  This 
representation computes the optical properties as func-
tions of size, shape and composition.  The DDA ap-
proach has been successfully applied to Titan’s 
hazeand  cometary dust.  The behavior of an admixture 
of crystalline and amorphous ice exhibits significantly 
different properties dependent on the fraction of cyr-
stalline ice present.  Similar trends were observed in 
the cometary dust model with varying amounts of 
amorphous silicate and crystalline olivine to explain 
the presence of the 11.2 micron feature superimposed 
on the broad 10 micron thermal feature [3].   Porosity 
and the presence of contaminants will also be studied.  
The effect of porosity on the scattering properties in 
markedly different from those of an equivalent smaller 
particle and an admixture of two constituent species 
[3]. 

Laboratory measurements can validate the theoreti-
cal results.  Therefore, it is important to integrate re-
mote sensing observations, theoretical models and 
laboratory measurements to identify surface parame-
ters that can serve as sensitive diagnostics for the sci-
entific payload of JIMO mission. 
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A Jupiter atmospheric entry probe as part of JIMO 

is a cost effective way to address fundamental science 
questions identified in the National Research Council 
Solar System Exploration Decadal Survey (SSEDS): 
New Frontiers in the Solar System, An Integrated Ex-
ploration Strategy. Compared to either the cost of an 
entirely separate Jupiter mission, or the cost of JIMO 
itself, inclusion of such a probe on JIMO would be 
cost advantageous. The probe itself could be relatively 
simple, and could build on the Galileo Probe heritage. 

The SSEDS specifically identified the distribution 
of water across the Solar System as a Key Scientific 
Question. Correspondingly, knowing the water abun-
dance on Jupiter is fundamental to understanding al-
most every aspect of the evolution of the early solar 
nebula. The Galileo Probe obtained the abundance of 
several key elements in Jupiter’s atmosphere, which 
data have already caused major rethinking of theories 
of how Jupiter formed and how the early solar nebula 
evolved. However, because of a combination of cir-
cumstances, the global abundance of the key element 
oxygen, in the form of water, was not obtained.  

Without knowledge of the jovian water abun-
dance, further progress in understanding Solar System 
evolution and planet formation will be greatly inhib-
ited. Therefore, quantifying jovian water abundance 
should be a goal of the very next mission to the jovian 
system. Such a measurement would be impossible via 
remote sensing from the JIMO orbiter because of the 
large distances the JIMO orbiter maintains from Jupi-
ter. 

A Jupiter atmospheric entry probe as part of JIMO 
could achieve the fundamental water measurement. In 
order that a probe avoid repeating the Galileo probe’s 
experience of failing to obtain the jovian water abun-
dance, the probe should go deep, to at least 100 bars 
pressure. Probes to 100 bars have been accomplished 
many times in descending to the surface of Venus, and 
at 100 bars the temperature of the jovian atmosphere is 
60-70 K less than the surface temperature of Venus.  

In addition to water, there are other desired key 
compositional measurements that are central to under-
standing Solar System evolution. Nitrogen abundance 
in the form NH3 was a major surprise from the Galileo 
probe measurements, but measurement uncertainties 
need to be reduced. Noble gases, in particular Ne, and 
the D/H ratio, need to be made with greater precision 
than that obtained by Galileo in order to provide quan-
titative constraints on possible evolutionary paths. 
Such measurements can only be made from an entry 
probe.  

The dynamics of Jupiter’s atmosphere has been a 
puzzle for centuries, and is identified as a Key Ques-
tion with regard to the outer planets by the SSEDS. 
The basic question of how deep the observed cloud 
level winds extend into Jupiter’s atmosphere is funda-
mental to understanding Jupiter’s dynamic meteorol-
ogy, and ultimately that of all the outer planets. This 
question cannot be addressed from the JIMO orbiter. 
The Galileo Probe measured high speed winds as deep 
as it made measurements, to 22 bars, but because of 
the probe entry location, there is a question as to 
whether they are local winds or representative of the 
global wind field. A new probe could avoid this uncer-
tainty, and shed light on a fundamental property of 
Jupiter’s atmosphere to depths of 100 bars or more.  

An additional Key Question concerning outer 
planets identified by the SSEDS is the thermal struc-
ture of Jupiter’s atmosphere. The associated static sta-
bility of the deep atmosphere is a quantity affecting the 
dynamics, heat transport, and constituent distribution 
of the planet. Furthermore, it is relevant to understand-
ing the deeper interior structure, as well as tidal dissi-
pation, a quantity directly related to the evolution of 
the Galilean satellites. The static stability derived from 
the Galileo probe thermal structure data was, surpris-
ingly, significantly positive all the way to the 22 bar 
level to which the probe made measurements. If this 
were to be true in the deeper atmosphere, it would be a 
major discovery. Only an atmospheric entry probe is 
capable of making the desired thermal structure meas-
urements in the deep atmosphere. 

The likelihood that the above measurements will 
be made during the next decade if a probe is not part of 
JIMO depends on the likelihood that NASA will 
mount another mission to Jupiter apart from JIMO. 
Time is a consideration for two reasons. First, orderly 
progress in the field of origins and planet formation 
requires the knowledge gained by the measurements 
described above. Second, extrasolar planetary systems 
are now the subject of intense study, and flight mis-
sions dedicated to their characterization will be 
launched within 4 years. In order to understand extra-
solar planetary systems, we must understand our own, 
and the Jupiter probe measurements described here are 
vital to that process. A very large scientific gain, part 
of which would relate directly to the Galilean satel-
lites, can be achieved for a relatively small expenditure 
of money by including a Jupiter entry probe as part of 
JIMO.  
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