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A primary objective of future Europa studies will be to characterize the distribution of shallow
subsurface water as well as to identify any ice-ocean interface. Other objectives will be to under-
stand the formation of surface and subsurface features associated with interchange processes
between any ocean and the surface as well as regional and global heat flow variations. Orbital
radar sounding, a now maturing technology, will be an essential tool for this work. We review
the hypothesized processes that control the thermal, compositional, and structural properties,
and therefore the dielectric character, of the subsurface of Europa’s icy shell. We introduce
fundamental concepts in radar sounding and then assess analog processes represented by, and
sounded in, Earth’s ice sheet. We use these Earth analog studies to define the radar imaging
approach for Europa’s subsurface that will be most useful for testing the hypotheses for the
formation of major features.

1. INTRODUCTION

Europa is a hypothesized site of incipient habitability
because of its potentially vast subsurface ocean (see chap-
ter by Hand et al.). The presence of this water reservoir has
been inferred indirectly from Europa’s induced magnetic
field (Kivelson et al., 2000; Hand and Chyba, 2007; see also
chapter by Khurana et al.) and tectonic mapping of its
young surface (Hoppa et al., 1999; Pappalardo et al., 1999;
see chapter by Kattenhorn and Hurford). Future space-based
geodetic measurements of Europa’s time varying gravity
field would definitively demonstrate the existence of an
ocean. However, understanding this ocean’s coupling to its
overlying crust — key for understanding Europa’s astro-
biologic potential — will require sounding Europa’s third
dimension.

Airborne ice-penetrating radar is now a mature tool in
terrestrial studies of Earth’s ice sheets (Bingham and Sie-
gert, 2007), and orbital examples have been successfully
deployed at Earth’s Moon and Mars. Recent terrestrial ex-
amples include the University of Texas’ High Capability
Airborne Radar Sounder (HiCARS) (Peters et al., 2005),
the British Antarctic Survey’s PASIN system (Heliere et al.,
2007), and the University of Kansas’s IPR and CARDS sys-
tems (Gogineni et al., 2001). Spaceborne demonstrations
include NASA’s Apollo 17 ALSE (Porcello et al., 1974),
JAXA’s LRS system on the Kaguya lunar orbiter (Ono et al.,
2008), MARSIS onboard ESA’s Mars Express (Picardi et
al., 2005), and SHARAD onboard NASA’s Mars Reconnais-
sance Orbiter (Seu et al., 2007). In this chapter we briefly

review the target of observations, Europa’s ice crust and the
ocean that likely lies beneath; summarize the state of the
art of radar-sounding systems; survey previous observations
made by ice-penetrating radar at Earth; and examine the
challenge of operating such a system at Europa.

The key to probing Europa’s subsurface lies in the rela-
tively large ratio (the loss tangent, τ) between the real and
imaginary components of the electrical permittivity (ε) of
water ice (i.e., the ice is a good insulator). Instead of losing
energy in coupling with ions and electrically charged defects
in the ice lattice structure within the medium, propagating
electromagnetic waves can penetrate far into an ice column
(Gudmandsen, 1971; Petrenko and Whitworth, 1999). For
frequencies between 1 and 300 MHz, the loss tangent of
pure water ice does not vary significantly for a given tem-
perature (Fujita et al., 1993; MacGregor et al., 2007). How-
ever, with increasing temperatures and/or contamination,
crystal defects and ions increase in number and mobility,
and above eutectic temperatures water veins with high im-
purity content may start to play a role in increasing the
conductivity of the ice, absorbing more of the radar wave
energy.

Liquid water containing impurities (brine) is an effec-
tive conductor of electricity, and hence strongly dissipates
electromagnetic energy. In addition, strong contrast in real
permittivity at radio frequencies between pure water ice (ε ~
3.15) and liquid water [ε ~ 80 (Peters et al., 2005; Camp-
bell, 2002)] lead to a large dielectric impedance contrast
that typically results in a highly reflective interface, with a
reflection of half or more the incident power, compared to
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a thousandth of the incident power reflected by silicate rock.
It is this strong contrast that enables exploration for water
within Europa’s crust.

Our foundation for this chapter will be the hypothesized
processes that control the thermal, compositional, and struc-
tural (TCS) properties, and therefore the dielectric charac-
ter, of the subsurface of Europa’s icy shell. We will begin
by reviewing the processes that may affect TCS properties
in Europa’s icy shell. This includes thermochemical and
mechanical processes that have been linked to observable
features at the surface of Europa. Sounding of the TCS
properties of the shell may thus be used to test hypotheses
for the origin of these features and the evolution of the icy
shell. Many of these processes have direct analogs in ter-
restrial ice sheets. We then introduce basic concepts and
methods used in radar sounding of ice, including procedures
used to improve range, power, and azimuth resolution. We
will then review the spectrum of analog processes and TCS
properties represented by Earth’s icy bodies including both
Arctic and Antarctic ice sheets, ice shelves, and valley gla-
ciers. There will be few complete analogs over the full TCS
space, but there are more analog examples than one might
imagine for significant portions of this space (e.g., bottom
crevasses, marine ice shelf/subglacial lake accretion, surg-
ing polythermal glaciers). Our final contribution will be to
use the Earth analog studies to describe the radar imaging
approach for Europa’s subsurface that will be most useful
for supporting/refuting the hypotheses for the formation of
major surface/subsurface features as well as for “pure” ex-
ploration of Europa’s icy shell and its interface with the un-
derlying ocean.

2. STRUCTURAL, COMPOSITIONAL,
AND THERMAL PROPERTIES OF

EUROPA’S ICY SHELL

Europa’s icy shell has a geologically young surface that
records less than about 100 m.y. of impacts (Zahnle et al.,
2003; chapter by Beirhaus et al.), and which shows abun-
dant evidence of modification by endogenic processes. Par-
ticularly evident are fractures, primarily strike-slip with some
extensional features (bands) (see chapters by Kattenhorn
and Hurford, and by Prockter and Patterson). There are a
small number of impact craters ranging up to 50 km in
diameter (see chapter by Schenk and Turtle). Finally, there
are a number of features collectively referred to as lenticu-
lae, but plausibly including chaos regions of all sizes, that
have been suggested to be due to thermal modification of the
near surface by convective (Pappalardo et al., 1998, Nimmo
and Manga, 2002) or melt-through (Greenberg et al., 1999)
processes (see chapter by Collins and Nimmo). There are
a number of candidate processes for producing dielectric
horizons within these structures, most of which have good
terrestrial analogs. This section will describe what we might
expect a radar sounder to be able to reveal about these pro-
cesses and what sorts of structures we would expect to see.
Ultimately, we seek to test hypotheses related to the origin

of these structures and their implications for the evolution
of Europa’s ocean and icy shell.

Four classes of processes are considered: marine, con-
vective, tectonic, and impact.

2.1. Marine Processes

A “marine” europan crust could be formed by processes
similar to those for ice that accretes beneath the large ice
shelves of Antarctica where frazil ice crystals form directly
in the ocean water (Moore et al., 1994). This model is char-
acterized by slow accretion (freezing) or ablation (melting)
on the lower side of the icy crust (Greenberg et al., 1999).
Impurities present in the ocean tend to be rejected from the
ice lattice during the slow freezing process. Temperature
gradients for a “marine” ice model are primarily a func-
tion of ice thickness and the temperature/depth profile is
described by a simple diffusion equation for a conducting
ice layer (Chyba et al., 1998). The low-temperature gradi-
ents at any ice water interface, combined with impurity
rejection from accreted ice, would likely lead to significant
dielectric horizons resulting from contrasts in ice crystal
fabric and composition. Similarly, the melt-through hypoth-
esis for the formation of lenticulae and chaos on Europa’s
surface implies that ice will accrete beneath the feature after
it forms. This process will result in a sharp boundary be-
tween old ice (or rapidly frozen surface ice) and the deeper
accreted ice. The amount of accreted ice would be directly
related to the time since melt-through occurred and could
be compared with the amount expected based on the sur-
face age.

Testing these hypotheses will require measuring the depth
of interfaces to a resolution of a few hundred meters, and
horizontal resolutions of a fraction of any lid thickness, i.e.,
a kilometer or so.

2.2. Convective Processes

The thermal structure of the shell (apart from local heat
sources) is set by the transport of heat from the interior (see
chapter by Barr and Showman). Regardless of the proper-
ties of the shell or the overall mechanism of heat transport,
the uppermost several kilometers is thermally conductive,
cold, and stiff. The thickness of this conductive “lid” is set
by the total amount of heat that must be transported and
thus a measurement of the thickness of the cold and brittle
part of the shell is a powerful constraint on the heat produc-
tion in the interior. This uppermost part of the shell has ex-
perienced continuous input of impurities to the surface that
are gradually mixed downward through impact gardening.

The lower, convecting part of the shell (if it exists) is
likely to be much cleaner, because regions with impurities
should have experienced melting at some point during con-
vective circulation (when the material was brought near the
base of the shell) and the melt will segregate downward
efficiently, extracting the impurities from the shell (Pappa-
lardo and Barr, 2004). Convective instabilities also result
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in thermal variations in the outer part of the shell (the rigid
lid in convective parlance) that may be measured (Fig. 1a).
The scale of these instabilites is on the order of hundreds
of kilometers, independent of the thickness of the shell,
and the temperature variations will be a few tens of Kelvin
(Nimmo and Manga, 2002). Convective structures would
arise through ductile deformation of other horizons (impact
or tectonic), or through the effect of these thermal anoma-
lies, which may lead to local regions or highly dissipative (or
conversely, highly transparent) ice or even eutectic melting.

A number of features at the surface of Europa (lenticulae
and chaos), with scales ranging from 1 km to hundreds of
kilometers have been associated with thermal perturbations
of the shell (convective or melt-through as described above)
(Pappalardo et al., 1998; Greenberg et al., 1999; Nimmo

and Manga, 2002). When warm, relatively pure ice diapirs
from the interior approach the surface, they may be far from
the pure-ice melting point, but may be above the eutectic
point of many substances, and may therefore create regions
of melting within the rigid shell above them as the tempera-
ture increases above the flattening diapir (Fig. 1a). The di-
electric horizon associated with these melt regions would
provide a good measurement of the thickness of the con-
ductive layer.

Given that the cutoff length scale is a key discrimina-
tor between models for the formation of lenticulae and
chaos (Pappalardo et al., 1998; see chapter by Collins and
Nimmo), high horizontal resolution (a few hundred meters)
is required to avoid scale-related biases. The ability to sound
through regions of rough large-scale terrain will also be
essential. Detection of water lenses would require a vertical
resolution of at least a few tens of meters.

2.3. Tectonic Processes

Europa’s surface is extensively fractured and modified
by tectonic processes (see chapters by Kattenhorn and Hur-
ford and by Prockter and Patterson). Many of the offsets
are horizontal, but some extensional features (e.g., bands)
are seen. Large-scale arcuate troughs form a globally or-
ganized pattern (Schenk et al., 2008) that may relate to true
polar wander. Limited evidence for contractional tectonism
has been inferred. This is a unique tectonic regime in the
solar system, and the processes controlling the distribution
of strain in Europa’s icy shell are uncertain. The ubiqui-
tous double-ridges are commonly associated with strike-slip
offset, and the origin of the topography of these features
remains debated.

Tectonic processes may result in subsurface structures
characterized by rapid freezing of water injected into frac-
ture zones (Greenberg et al., 1998). The large temperature
gradients implied by this process could lead to ice with
properties similar to terrestrial sea ice (Weeks et al., 1990),
although water reaching the surface would be unlike sea ice
because of very rapid boiling. Because fractures that ex-
tend through the shell require a thin shell, this model would
also be characterized by a temperature/depth profile for a
simple thermally conducting ice layer.

Other tectonic structures could range from subhorizontal
extensional fractures to near-vertical strike-slip features, and
will produce dielectric horizons associated with primarily
with the faulting process itself through formation of per-
vasively fractured ice, and zones of deformational melt,
injection of water, or preferred orientation of crystalline fab-
ric. Some faults may show dielectric contrasts by local al-
teration including fluid inclusions or simply by juxtaposi-
tion of dissimilar regions including offset of preexisting
structures through motion on the fault.

While faulting may create dielectric contrasts by relative
motion juxtaposing different terrains on either side of the
fault, the tidal stress environment of Europa may lead to con-
tinuously active faults and significant thermal modification
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Fig. 1. Illustrations of some of the processes leading to thermal,
compositional, and structural horizons in Europa’s icy shell.
(a) Convective diapirs causing thermal perturbations and poten-
tially melting in the overlying rigid ice. (b) Tectonic faulting driven
by tidal stresses resulting in fault damage and frictional heating.
(c) An impact crater with a refrozen melt pool at its center and
the surrounding ejecta blanket.
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of the ice around the fault (Fig. 1b). Such processes may
lead to melting and potentially to communication with the
ocean from above. In one model for the triple bands (Nimmo
and Gaidos, 2002), the double-ridge structure is generated
by thermal buoyancy due to frictional heating along the
fault. The dielectric structure implied by this model would
include a broad region of warm, dissipative ice extending
several kilometers on either side of the fault. At the fault
surface itself, melt may be generated, which will flow down-
ward. This structure may vary along the fault according to
the orientation of the fault relative to the tidal stress field.

There are a number of outstanding questions regarding
these tectonic features. A measurement of their depth ex-
tent and association with thermal anomalies would strongly
constrain models of their origins. In particular, correlation
of subsurface structure with surface properties (length, posi-
tion in the stratigraphic sequence, height and width of the
ridges) will test hypotheses for the mechanisms that form
the fractures and support the ridges. The observation of melt
along the fracture would make these features highly desir-
able targets for future in situ missions.

Extensional structures observed on Europa (bands) have
been likened to oceanic spreading centers on Earth (see
chapter by Prockter and Patterson). The bookshelf normal
faulting known from the Earth case is plausibly responsible
for the observed surface morphology of the europan fea-
tures. These faults are shallow, with depths comparable to
their spacing (a few kilometers) and offsets several times
less than this (a few hundred meters). Any preexisting lay-
ering should be broken up and tilted within each block, but
if the analogy with spreading centers is accurate, the mate-
rial in the band is newly supplied from below and may not
have any preexisting horizons. In either case, material must
be supplied from below and may have a distinct dielectric
signature. The origin of the material in the bands may thus
be constrained by sounding the subsurface structure. Bands
and ridges typically have length scales of a few kilometers.
Horizontal resolutions a factor of 10 higher than this would
be required to fully diagnose processes. For extensional
structures, the ability to image structures sloping more than
a few degrees is also necessary. Again, tens of meters of
vertical resolution would be required to image near-surface
water.

2.4. Impact Processes

The impact process represents a profound disturbance
of the local structure of the shell (see chapter by Schenk
and Turtle). Around the impact site, the ice is fractured and
heated, and some melt is generated. The surface around the
impact is buried to varying degrees with a blanket of ejecta.
Finally, the relaxation of the crater creates a zone of tec-
tonism that can include both radial and circumferential fault-
ing. These processes all create subsurface structures that
may be sounded electromagnetically. An outstanding mys-
tery on Europa is the process by which old craters are erased
from the surface. It may be possible to find the subsurface

signature of impacts that are no longer evident at the sur-
face, which would place constraints on the resurfacing pro-
cesses that operate at Europa.

Impact processes affect the structure of the icy shell to
different extents depending on the size of the impactor, and
it is possible that Europa’s subsurface records events that
have penetrated the entire thickness of the shell (at the time).
Three types of dielectric horizons are expected to be de-
rived from impact:  the former surface buried beneath an
ejecta blanket, solidified eutectics in the impact structure
itself, and impact-related fractures (e.g., a ring graben).

The surface gradually accumulates contaminants from
Jupiter orbit, mostly from Io, but also from micrometeorite
impact (Eviatar et al., 1981; McEwen, 1986). These micro-
meteorites also gradually mix the uppermost few meters of
the ice in a process known as impact gardening. When a
larger impact occurs, this surface layer is buried by many
meters of ice derived from deeper and presumably cleaner
regions (Fig. 1c). Thus a dielectric discontinuity is created
between the ejecta blanket and the old surface. This hori-
zon will be nearly horizontal (some postimpact deforma-
tion is expected as the crater relaxes) and should be sharp,
because the contaminants accumulate most strongly in the
top tens of centimeters. The horizon should approach the
surface as the distance from the crater increases.

Multiple, overlapping ejecta blankets may create a com-
plexly layered structure, with several subhorizontal horizons
at different depths. This type of structure is similar to that
produced by interlayering of snow and ice with volcanic
deposits in terrestrial ice sheets. Europa has very few ob-
vious craters, but if the process that removes them is sur-
ficial (e.g., shallow tectonic reworking), the deep structures
created by previous impacts may be preserved. On the other
hand, if the resurfacing process involves the entire shell
thickness (melt-through), then such structures will be erased
as well. Subsurface sounding will make it possible to test
hypotheses for the processes that govern resurfacing on
Europa.

In the center of the impact crater, melt will be produced,
which will pool at the base of the crater and then freeze
out rapidly (Fig. 1c). The melt pool will contain the impu-
rities initially in the ice that was molten during the impact,
but as it freezes, the impurities in the pool will concentrate,
and various eutectics will be reached depending on the ini-
tial composition. We can thus expect a vertically and con-
centrically layered structure of ice and eutectic composi-
tions with a sharp transition (a few centimeters) between
relatively pure ice and the first eutectic solid. Subsequent
relaxation of the crater may deform this structure vertically,
creating a domed, concentrically zoned structure. A central
peak, if formed, would result in an initially ring-shaped melt
pool and subsequent rings of eutectic zonation.

Radial fractures near the crater accommodate relatively
little motion, but the possibility of melt injection along these
fractures (as seen in the Sudbury and Vredefort structures
on Earth) may create very strong dielectric contrasts as de-
scribed above. These structures will be nearly vertical and
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may extend downward beneath the impact crater itself as
well as radially away from the center. The injected dikes
may be up to several meters wide near the impact structure
and will gradually thin with distance, depending on the size
of the impact. The melt will freeze quickly once it has trav-
eled away from the strongly heated region near the crater
and may contain enhanced levels of impurities because some
water may have been lost during the impact event itself. If
sufficient melt is produced, the circumferential fractures
may also become melt filled, or melt may be produced by
friction along the circumferential fractures during the rapid
collapse of the transient crater (analogous to the pseudo-
tachlyte zones associated with the Sudbury structure).

Finally, tectonics is also driven by the impact process. As
mentioned above, the large-scale concentric fractures ob-
served on several icy bodies may offset preexisting horizons
by hundreds of meters. The scale of motion on these fea-
tures can be large, up to several kilometers on the largest
features (Moore et al., 1998). Although subvertical near the
surface, these features are predicted to flatten with depth,
and may preferentially sole out into preexisting horizons,
a hypothesis that may be tested by sounding.

Vertical resolutions on the scales of a few tens to hun-
dreds of meters will be required to identify ejecta blankets.
Detection of at least the edges of steep interfaces would aid
in the identification of radial dikes, buried crater walls, and
circumferential fractures.

3. FUNDAMENTALS OF RADAR SOUNDING

Radar systems are active remote sensing systems that op-
erate by transmitting an electromagnetic pulse at a given
time (tr) and receiving an echo at a later time (tr). For a mono-
static system, where the transmitting and receiving elements
are collocated, the range (r) to the target will be

r = c
(tr – tt)

2

where c is the speed of light in the material between the
transmitter and the target (Fig. 2). For sounding through ice,
the range will be

r = c
(tsurface – tt) + (tbed – tsurface)/nice( )

2

where tsurface is the time of the surface echo, tbed is the time
of the basal echo, and nice is the refractive index of ice. The
reflection radar equation for power received for a specular
interface, monostatic system, and transmission through free
space is

Pr = Pt : 4π
λ 2

:
(2r)2

G2R01 (1)

where Pr is the power received, Pt is the power transmitted,
λ is the wavelength of the carrier wave, G is the gain (the
“focusing”) due to the antenna, and R01 is the effective re-
flection coefficient of the surface.

Electromagnetic radiation interacts with surfaces in a
number of ways; it can reflect off of a surface flat at wave-
length scales, it can scatter off wavelength scale diffract-
ors, and it can be transmitted through the surface. While
the scattering radar equation uses an r4 term [e.g., used for
side-looking SAR imaging and observatory-based planetary
radar systems (Campbell, 2002; Stiles et al., 2006)] with
which many may be familiar, the surface return from a
nadir-pointed system can be treated as that of a mirrored
transmitter, as in the above equation. The implication of this
equation is that the inverse square law will reduce the re-
ceived power, while the gain of the antenna will boost it.

This process is repeated as fast as the travel time will
allow as the platform moves along its track. For sounding
systems, the resulting waveform records (after processing
and coding of intensity) are used as columns in depth pro-
files known as radargrams (e.g., Figs. 2 and 3). Important
parameters in detecting and interpreting these echoes in-
clude the system’s signal to noise ratio (SNR, which rep-
resents signal quality and dictates the depth of penetration),
its bandwidth (which controls the radar’s range resolution
and hence the vertical resolution of a radargram), its beam
pattern (which determines the radar’s azimuthal resolution
and hence the horizontal resolution), and its center fre-
quency (which determines its sensitivity to the size of struc-
tures and the depth of penetration).

3.1. Signal Quality and Vertical Range Resolution

The first two parameters, SNR and bandwidth, are linked.
The SNR is the comparison between the power of the echo
of interest and the power from all other sources. Given the
large dynamic range of radar receivers, and the geometri-
cally controlled exponential decay rates of radar energy, it is
convenient to use a logarithmic scale for expressing power
ratios. We use deciBels [i.e., dB; 10log10

power1

power2 ] to discuss
the ratio of two powers, and similarly use dBm to compare
absolute power to a 1 mW reference.

Bandwidth (BW), measured in Hertz, is the range of fre-
quencies over which the system responds. The vertical range
resolution for a nadir-pointed system that is implied by a
given bandwidth is

δr =
2BWnice

c

Bandwidth is often much lower than the system’s center
frequency. Higher bandwidth means that the system is capa-
ble of resolving smaller time intervals, and hence, smaller
range differences. A simple way of generating a received
echo with wide inherent bandwidth is to transmit a very
short pulse. However, this approach limits the total energy
a pulse can carry, and thus reduces the likelihood of detec-
tion above electronic noise in the receiver. A long pulse with
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narrow bandwidth can contain more total energy and will
be more easily detected, but will poorly resolve the target
range.

A solution to this conflict has been to use “chirped”
pulses, where the frequency is swept across the desired
bandwidth with specific phase, over an extended pulse
length. The received extended echo is “pulse compressed”

through convolution with the original signal, to return the
resolution implied by the bandwidth. A side effect of pulse
compression are low-amplitude “sidelobes” preceding and
following the real echo. In the example of the SHAllow
RADar (SHARAD) system on the Mars Reconnaissance
Orbiter (Seu et al., 2007) (Fig. 2), pulse compression yields
a 27.5-dB power enhancement over a conventional pulse

Fig. 2. (a) Illustration of the typical geometry of an air- or spaceborne radar altimeter or sounder, illustrating the concept of the
Fresnel zone — a region over which adjacent reflecting spots on a flat surface reenforce. (b) Example radargram from the SHARAD
instrument penetrating Mars’ north polar layered deposits, from MRO orbit 1957. Each column of the radargram represents a separate
time series sampling the reflected radio pulse. (c) Schematic view of the effects of different along-track processing methods on radar
sounding. Case 1 shows incoherent processing, where the phase of the signal is ignored and only the total power is considered. Case 2
shows unfocused SAR, which is effectively filtered so that only reflections with zero Doppler shift are passed. Case 3 shows focused
SAR, where effectively beams of different Doppler frequency are separated out and recombined at high angular resolution.
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Fig. 3. Three examples of terrestrial radar sounding, all using a 60-MHz radar sounder. (a) Example of a radargram from the Lake
Vostok airgeophysical survey. The radar is incoherent with 4-MHz bandwidth. The radar data has been converted to absolute magni-
tudes and logarithmically scaled. (b) Example of a radargram from a 15-MHz bandwidth radar across an iceberg (Peters et al., 2007b).
These data are incoherently processed. Point corner reflectors (bottom cracks) appear as clearly identifiable hyperbolas as each point
is seen by multiple successive pulses. (c) Contrasting sounding radars of different bandwidth and processing methods, taken over the
onset of Kamb Ice Stream; in CI we show an older, low-bandwidth radar that did not record the phase of waveforms, and thus cannot
screen out surface clutter through post-acquisition processing (Blankenship et al., 2001). In CII, we compare a more modern high-
bandwidth radar (Peters et al., 2005), with a 3.5-m unfocused aperture length, which reduces some clutter and reveals new bed topog-
raphy. CIII shows the same data processed using two-dimensional focused SAR and a 2-km aperture length (Peters et al., 2007a).
Much more detail in the bed and layers is revealed, while along-track clutter is eliminated.
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of the same bandwidth. This enhancement is important,
given the –95 dB geometric power loss due to the 330-km-
high orbit.

A second method of increasing the signal quality is to
increase the pulse repetition frequency (PRF), and add the
collected waveforms. The useful PRF is limited by the mo-
tion of the radar system with respect to the ground target,
and the time delays required to accommodate both the tar-
geted span of ranges and the distance between the radar
platform and the target. For a fast moving, distant satellite
like the Mars Reconnaissance Orbiter, the pulse repetition
frequency is limited to 700 Hz by the pulse travel time (Seu
et al., 2007). In the example of the University of Texas’
HiCARS radar sounder, mounted on a slow-moving, low-
flying aircraft, the PRF used is 6408 Hz (Peters et al., 2005).

Returning signals must be digitized at a rate that cor-
rectly samples the returning waveform without aliasing, i.e.,
at least twice the signal frequency. For VHF frequencies this
can be technically challenging. One approach is to use mul-
tiple digitizers operating out of phase of one another. As
the carrier frequency is often much higher than the band-
width, a more sophisticated approach is to recognize that
much of frequency content of the signal is redundant. Mix-
ing a generated monochromatic waveform back into the
signal allows downconversion to a manageable frequency
range that is only slightly larger than the bandwidth.

3.2. Clutter Reduction and Azimuthal Resolution

The lateral resolution of the system is in part determined
by the nature of the target, and the design of the system.
For surfaces smooth at the length scale of the carrier wave-
length, the resolution will be determined by the Fresnel zone
(DF). The Frensel zone is the spot below the radar over
which reflected echoes have similar phase, and thus reen-
force. As one moves away from the nadir point, the phase
of echoes will systematically shift, until destructive inter-
ference occurs (see Fig. 2). So far as the radar is concerned,
the Frensel zone is illuminated simultaneously. The Fresnel
zone for the single layer case can be calculated by

DF = 2 – r2

4 2

2

r +
rλλ

: ~ : 2

For rougher surfaces, phase coherency will not be pre-
served. Instead, a weaker echo will be returned from a larger
region defined by the transmitted bandwidth of the system.
The equation for the single layer pulse-limited footprint is

– r2
2

DP = 2 r +
c

BW

For smooth horizontal interfaces, the earliest echo will rep-
resent the nadir point. However, regions of more complex-
ity (and of interest ) will suffer from the indiscriminate wide

beams of physical radio antennae. Echoes of the same range
but different location overlap. This phenomenon is called
clutter (see Fig. 2a). To reduce clutter from surface features,
the radar system needs to narrow its beam size.

For a simple dipole antenna of length Lt, the half-power
beam width in radians (Campbell, 2002) is given by

0.88λ
Lt

θantenna =

The resulting beam pattern will have enhanced gain per-
pendicular to the dipole, while having nulls aligned paral-
lel to the dipole. It can be seen that the beam width can be
reduced, and hence the resolution improved, by decreasing
the wavelength to antenna length ratio. For wavelengths able
to deeply penetrate ice (ranging from 1 to 300 m), this for-
mula implies a large antenna to obtain focusing. Such an-
tennas are usually technically precluded from free-flying
systems.

Because of the broad beam pattern obtained from typi-
cal radar antenna, without further processing, targets will
be detected in multiple records. Point scatterers are smeared
out into hyperboloids as the radar passes the target with
changing range (Fig. 2c). Energy from such scatters at the
surface can obscure reflections of interest deeper in the ice.
To reduce this clutter, the radar beamwidth along-track must
be reduced. The motion of the platform allows a means of
doing so.

Reducing the angular width of the radar beam, and thus
increasing the gain, is done through constructive interfer-
ence of nadir signals and destructive interference of off-
nadir signals. This can either be done physically, by using
the real aperture of an antenna, or electronically, by record-
ing waveforms at a high enough sampling rate so as to pre-
serve phase information. Such a radar is known as coherent.
As the radar platform moves, it can “stack” independent
waveforms digitally, a technique known as synthetic aper-
ture radar (SAR). The SAR method, while potentially more
powerful than using a real antenna for radar wavelengths,
only works in the along-track dimension for a single an-
tenna system.

Unfocused SAR involves coherently adding consecutive
waveforms without adjusting their phase (i.e., Peters et al.,
2005; Seu et al., 2007). To ensure that only coherently re-
solved echoes from a contiguous Fresnel zone are being
illuminated, the maximum along-track integration distance
(the aperture, L) is the same length as the Fresnel zone. The
operation is simple enough to be conducted in real time,
prior to recording. The result for flat surfaces will be elimi-
nation of echoes fore and aft of the nadir spot, and enhance-
ment of the power of the nadir echo that is directly propor-
tional to the number of pulses received over the aperture
(see Fig. 2b). The along-track beam width in radians φx is

φx =
λ

2L

A disadvantage to this approach is that echoes from sloping
surfaces are canceled out.
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With ancillary data regarding platform position and ve-
locity, more sophisticated processing can be performed.
Instead of filtering out signals with off-nadir origins, we can
use focused SAR (Legarsky et al., 2001; Peters et al., 2007a;
Heliere et al., 2007) by using the phase history of the re-
turns to establish the target’s azimuth in each record (see
Fig. 2c). Because of limited bandwidth, the phase of the
echo near the nadir will be far more sensitive to basal to-
pography than the apparent range measured from the echo
delay. In one-dimensional focused SAR (Legarsky et al.,
2001; Peters et al., 2007a; Heliere et al., 2007), a matched
filter processor convolves a model for possible phase-azi-
muth relationships for a given range. However, once the
range to a target begins to change significantly, this convolu-
tion will fail, limiting the length of the aperture, effectively,
to the diameter of the pulse limited footprint. Two-dimen-
sional focused SAR (Peters et al., 2007a) involves a corre-
lation on both phase and range data, allowing much larger
apertures to be synthesized, and thus narrower effective
beam widths. In theory, the aperture can be as long as the
target is in sight of radar, although in practice it is limited
by waveform duration, storage capacity for full phase wave-
forms and significant processing capacity. Longer apertures
also allow steeper specular surfaces to be detected, as echos
from shallower angles are retrieved (see CIII in Fig. 3c).

To prevent aliasing, waveforms need to be recorded for
SAR processing at more than twice the maximum rate of
observed phase change (the Doppler bandwidth) (e.g., Fran-
ceschetti and Lanari, 1999). The Doppler bandwidth im-
plies the minimum data rate required to achieve the maxi-
mum resolution of the system. For an airborne system the
Doppler bandwidth is calculated as

fDoppler = λ
2v

where v is the platform velocity.
For a spacecraft in a circular orbit around a slowly rotat-

ing spherical body, it would be

fDoppler = 2
R

GM
λ (R + h)3 (2)

where R is the radius of the body, h is the height above the
surface, G is the universal gravitational constant of 6.673 ×
10–11 m3 kg1 s2, and M is the mass of the body. This formula
assumes that the antenna beam has little along-track direc-
tionality.

3.3. Clutter and the Center Frequency

We have shown that much of the along-track clutter can
be removed by using a coherent radar. However, cross-track
clutter produced by scattering is difficult to address, espe-
cially for orbiting systems. Interpreting sounding radar-
grams under these conditions requires a good understand-
ing of the scattering processes, as well as being of intrinsic

interest (see chapter by Moore et al.). Clutter can be divided
into two classes: random clutter, which is derived from sub-
resolution, statistically homogenous structures, and deter-
ministic clutter, which comes from discrete sources that are
resolvable in the radar bandwidth. A second impact of ran-
dom clutter processes is an attenuation of throughgoing sig-
nals, as transmitted energy is scattered away from the re-
ceiving antenna.

Random clutter can be separated into three components:
quasispecular scattering, diffuse scattering, and volume
scattering. In quasispecular scattering, the incoming signal
reflects off of facets whose slope variation is small over a
resolution bin. Therefore there will be coherent summation
of adjacent echoes (similar to the case of SAR focusing
above), which imparts a strong directionality on the back-
scattered echo. For wavelength-scale roughness that has a
length scale much smaller than a resolution cell, phase will
be uniform in the recorded echoes, and neither constructive
or destructive interference will dominate. The backscattered
power will be less than the specular return, but the signal
will be weakly dependent on across-track angle. Campbell
and Shepard (2003) point out that for long wavelength sys-
tems with high bandwidth, this assumption may break down
as the range-defined resolution cells shrink in horizontal
size away from nadir.

In the case of volume scattering, point diffractors with
dimensions near a wavelength within the sounded medium
contribute to the backscatter, again with a low angular de-
pendence. For centimeter-scale wavelengths, this effect can
dominate backscatter of icy moons (Ostro and Shoemaker,
1990; Ostro et al., 2006; Wye et al., 2007; see chapter by
Moore et al.) and even provide apparent reflection coeffi-
cients greater than 1, as energy is being returned from a vol-
ume instead of a surface.

Resolvable features off nadir introduce deterministic
clutter that can complicate the interpretation of subsurface
echoes. On the Mars Advanced Radar for Sounding and
Ionospheric Studies (MARSIS) (Picardi et al., 2005) in orbit
around Mars, a receive-only monopole oriented perpendicu-
lar to the main dipole was intended to preferentially detect
off-nadir echoes, thus allowing cancellation. Low signal-
to-noise precluded use of this antenna (Plaut et al., 2007),
and indeed it may not have successfully deployed (Adams
and Mobrem, 2006). However, MARSIS has demonstrated
that, if high-resolution digital elevation models (DEMs) of
the surface are available, radar models can be constructed
that simulate most relevent surface echoes (Nouvel et al.,
2004; Picardi et al., 2005). Comparison of such synthetic
radargrams with the real radargram allows true subsurface
echoes to be isolated and identified. Conversely, echoes can
be picked out of a radargram, and mapped back onto a DEM
(Holt et al., 2006).

Most sounder systems cannot distinguish between echoes
arriving from the left or right sides of the track. Imaging
radar systems [for example, the radars on Magellan (Saun-
ders et al., 1992) and Cassini (Elachi et al., 2005)] resolve
this issue by using a high enough frequency so that they
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can ensure that the entire beam points to one side of nadir.
This approach implicitly assumes that only one interface is
observable, which makes them inappropriate for airborne or
orbital deep sounding. It has been suggested that the inter-
ference patterns between the surface and bed signals can
be used to unwrap ice thickness in this geometry (Jezek et
al., 2006); however, in this case valuable internal structures
must be ignored. Side-looking geometries have been dem-
onstrated for groundbased systems, although significant
coverage has not been obtained (Musil and Doake, 1987;
Gogineni et al., 2007).

Ice-penetrating radar systems have traditionally operated
in two bands: HF (3–30 MHz; 10–100 m wavelength in
free space) and VHF (30–300 MHz; 1–10 m wavelength in
free space). The UHF band (300 MHz to 3 GHz; 0.1–1 m)
has typically been restricted to shallow ice sounding ( e.g.,
Spikes et al., 2004), although it is now being investigated
for Earth orbital ice sounding (Jezek et al., 2006; Heliere
et al., 2007), because of limited ionospheric distortion and
regulatory availability. As bandwidth is restricted by the
carrier frequency, VHF systems have a superior range and
azimuth resolution (tens of meters in ice) to HF systems
(hundreds of meters). Random clutter is more of an issue
for VHF systems, as by Rayleigh’s law for structures much
smaller than a wavelength, the scattered power intensity
increases by the fourth power of the frequency, and must
be considered in planetary radar design. Conversely, the
difficulty in fielding antennas with high lateral directional-
ity for HF systems means that deterministic clutter will be
unavoidable, especially for orbital systems.

A good example of these tradeoffs comes from recent
observations of Mars’ ice-rich north polar layered deposits
(NPLD) (Phillips et al., 2008). The SHARAD system, op-
erating at 20 MHz with 10 MHz of bandwidth, provides an
excellent view of the internal layer structure of the upper
portion of the NPLD, but cannot penetrate a rough, dust-
rich basal unit; the MARSIS system, operating at either 3,
4, or 5 MHz with 1 MHz of bandwidth, poorly resolves in-
ternal layering, but retrieves a strong echo beneath the basal
unit. A multifrequency approach will be optimal for orbital
radar sounding of Europa’s icy shell.

4. RADAR OBSERVATIONS OF
THERMAL/COMPOSITIONAL HORIZONS

AND STRUCTURES IN EARTH’S ICE SHEETS

The fact that Earth’s ice sheets are soundable by radar
was discovered accidentally during HF ionospheric obser-
vations at the United Kingdom’s Halley Antarctic station
(Evans, 1961), because of destructive interference with the
floating ice shelf’s basal echo and the failure of UHF air-
craft radar altimeters over deep ice (Waite and Schmidt,
1962). This property has been subsequently exploited for
investigating ice sheet thickness and internal properties (see
reviews by Bingham and Siegert, 2007; Dowdeswell and
Evans, 2004). Below we provide an overview of a range
of terrestrial targets sounded by radar sounders. The most
obvious analog for Europa subsurface targets are subgla-

cial and englacial water bodies and their associated ther-
mal and compositional horizons and structures.

4.1. Flat Subglacial Interfaces

Subglacial lakes in Antarctica were first revealed by their
effect on the overlying surface, as the overriding ice flat-
tened through decoupling with the bed, causing landmarks
that could be exploited by airborne navigators (Robin et al.,
1977). Later airborne surveying revealed that bright contin-
uous basal reflectors with a slope opposing that of the sur-
face (see review by Siegert, 2005, and references therein).
The most famous example is Lake Vostok (see Fig. 3a).

If the base of the ice is at the pressure melting point,
water is present. For a static water-ice interface, the slope
at the base of the ice must balance the variation in the the
weight of overlying ice, i.e., the lake surface is in hydro-
static equilibrium. This slope criterion can be expressed as

d zice – h
ρice

ρwater

1 –

dx
= 0

(3)

where zice is the ice surface elevation with respect to the
geoid, h is the ice thickness, ρice is the density of ice, ρwater is
the density of water, and x is horizontal distance. When this
condition is met, there is no local pressure gradient and the
water-ice interface will be stress-free. Carter et al. (2007),
using collocated airborne laser altimetry and radar-sound-
ing profiles, used this condition as a primary criteria for
automatically identifying subglacial lake candidates under
East Antarctica’s ice sheet. Their classification process for
these subglacial water bodies is instructive for understand-
ing potential water discrimination on Europa — bounding
any stresses being supported by the overlying ice.

4.2. Attenuation Within the Ice

Carter et al. (2007) used a secondary property of the
basal interface to classify subglacial lake candidates: the
basal echo strength. The ice-water interface should have a
reflection coefficient — the ratio of transmitted into the bed
to that reflected — of between –3 and 0 dB (Peters et al.,
2005).

The measured echo strength will be much less than this,
and needs to be corrected using the radar equation (equa-
tion (1)), in order to identify the composition associated
with a particular dielectric horizon (Peters et al., 2005; Neal,
1979). In addition to the factors listed in equation (1), the
attenuation because of the finite permittivity of the ice needs
to be addressed. MacGregor et al. (2007) present a review
of ice absorption in terrestrial ice sheets. Ice absorption in
terrestrial ice sheets is primarily a function of the conduc-
tivity of the ice, and can be expressed as

α ≈ 0.912σdBkm–l

where σ is the conductivity in µSm–1 (Evans, 1965).
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In turn, conductivity is mainly controlled by the tempera-
ture of the ice and impurity content. The conductivity of
ice can be expressed as a series of Arrhenius functions (e.g.,
Corr et al., 1993)

Eice

k TrT
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where σice is the conductivity of pure ice; µX, EX, and [X]
are the molar conductivity, activation energy, and molar
concentration in µMol of ionic component X, respectively;
T is the ice temperature in Kelvin, and Tr is a reference
temperature of 251 K; and k is Boltzmann’s constant. The
major impurities important for meteoric ice (ice precipitated
from the atmosphere) are acids and sea-salt-derived chlo-
rides, with ammonia being important in the northern hemi-
sphere.

At Siple Dome, Antarctica, where temperature and ionic
concentrations are available from an ice core, MacGregor
et al. (2007) found that the contribution from pure ice domi-
nated loss for ice temperatures above 30°C (243 K); this
temperature will be highly dependent on ionic concentra-
tions. Measured and calculated rates of ice attenuation at
various locations in the Antarctic Ice Sheet can be found
in Table 1. When comparing these values to those calcu-
lated for Europa in the next section, one should bear in mind
that while the base of the ice is at the pressure melting point,
the surface temperature of the ice sheet (210 to 240 K) is
dramatically warmer than that of Europa (~100 K).

For Earth’s ice sheets, lateral flow of ice, the potential
for basal melting, and ice dynamic timescales on the order
of major climate variations mean that the internal tempera-
ture structure of the ice remains one of the great problems
in glaciology. Given the implications of temperature for the
radar equation, the search for subsurface water would ben-
efit from a search for the absolute value of the basal reflec-

tion coefficient. In fact, it has been common to utilize rela-
tive variations in basal echo strength to identify free water
(e.g., Gades et al., 2000; Catania et al., 2003) or fix the
attenuation rate using a point reference where the basal
reflection coefficient is believed to be known (Shabtaie and
Bentley, 1987; Bentley et al., 1998; Peters et al., 2005).

Carter et al. (2007) used both methods to classify sub-
glacial lakes, combining impurity estimates from distant ice
cores and one-dimensional models of ice sheet thermal
structure to derive loss values over lake candidates. Lake
candidates that were both 2 dB more reflective than their
surroundings, and had an absolute reflection coefficient
above –10 dB, were classified as definite lakes; if a candi-
date failed the absolute reflection coefficient critera, it was
classified as a “dim” lake. Because these dim lakes were
in clusters and in hydrostatic equilibrium it was recognized
that the attenuation model overestimated the amount of
absorption over these candidates, with implications for ther-
mal history and impurity fluxes in the overlying ice. A simi-
lar approach will be necessary for any water search at
Europa, although both impurity flux and thermal evolution
will need to be hypothesized.

Vertical variations in the dielectric properties of ice
lead to radar layering. Englacial radar layers in ice have
been long identified in studies of terrestrial ice sheets (see
Dowdeswell and Evans, 2004) (Fig. 3a). These layers cor-
responding to the chemical, density, or crystal fabric stratig-
raphy of the ice. On Earth at 1–100 MHz radar-sounding
frequencies, chemical variations dominate, with the source
of the layers ultimately tied to acidic aerosols from volca-
nic eruptions, a hypothesis verified through connecting lay-
ers to ice cores (e.g., Jacobel and Welch, 2006). While ra-
dar layers due to particle inclusions are less common on
Earth, they have been identified in some locations (Corr and
Vaughan, 2008).

4.3. Accreted Ice at Ice Shelves and Lakes

While the vast majority of terrestrial ice is meteoric in
origin, some originates from liquid reservoirs, with different
chemistry. An example is found in West Antarctica’s central
Ronne Ice Shelf. The results of analog airborne radar sound-
ing from 1969 appeared to show that much of this ice shelf
was anomalously thin and had echo strengths much lower

TABLE 1. Depth-integrated attenuation rates for Antarctica.

Location Two-Way Attenuation Reference

Ronne Ice Shelf 9 ± 1 dB km–1 Corr et al. (1993); measured
Interior Ross Ice Shelf 17.3 dB km–1 Bentley et al. (1998); measured
Interior Ross Ice Shelf 18 dB km–1 Peters et al. (2005); measured
Dome C, East Antarctica 20.2 dB km–1 S. P. Carter, personal communication, 2008
Siple Dome 20.9 ± 5.7 dB km–1 MacGregor et al. (2007); calculated
Siple Dome 25.3 ± 1.1 dB km–1 MacGregor et al. (2007); measured
Iceberg B15 22.5 dB km–1 Peters et al. (2007b); measured
Taylor Glacier 22–32 dB km–1 Holt et al. (2006); calculated
George V Ice Shelf 26.8 ± 1.5 dB km–1 Corr et al. (1993); measured
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than would be expected for a smooth ice water interface
(Robin et al., 1983); it was hypothesized that unusual ice
dynamics were locally thinning the ice shelf, with the low
echo strengths being explained by saline, lossy basal ice,
as observed in the Ross Ice Shelf (Neal, 1979). A more ad-
vanced radar sounder was flown over the ice shelf in 1983–
1984 (Thyssen, 1998), and found that the basal echo split at
the edges of the “thinned” area, with the deeper layer being
eventually lost. By applying the isostatic criterion (cf. equa-
tion (3))

zice – h 1 – = 0
ρice

ρwater

(4)

it was found that up to 400 m of the ice shelf was com-
posed of a discrete package of lossy ice, a result confirmed
by boreholes through the ice (Engelhardt and Determann,
1987). This remarkable result was due to the oceanogra-
phy of a sloping ice shelf. High pressures depress the melt-
ing point of water ice; thus, very deep portions of an ice
shelf will melt. Being fresher than its surroundings, the melt
water will rise up the ice shelf front to regions of lower
pressure, where it will promptly recrystallize. As the new
crystals are lighter than water, they will settle against the
overlying ice shelf, while the rising melt water sucks in
more warm deep water against the ice shelf. These phenom-
ena are termed “ice pumps” (Lewis and Perkin, 1986).

The result is a slowly compacting layer of ice crystals
immersed in very saline, electrically conductive brines
termed marine ice (see section 2.1) (Moore et al., 1994).
Typical attenuation rates for marine ice at the pressure melt-
ing point range from 140 to 300 dB km1 (Blindow, 1994).
However, the lower interface of an actively accreting ice
shelf may also be gradational at radar wavelengths (Engel-
hardt and Determann, 1987), preventing a sharp reflective
interface. Timescales available for settling in an ice shelf
environment, however, are short; ice shelf spreading rates
are on the order of a kilometer per year, so most marine-
ice deposits are destroyed within a few centuries, leaving
little time for trapped brines to migrate out of the ice. Given
ice thickness and surface elevation with respect to the geoid,
deviations from equation (4) can be used to map out the
distribution of basal accretion (Fricker et al., 2001), a tool
that may be useful for Europa.

Accretion is also observed at subglacial lakes. At Lake
Vostok (Fig. 3a), enough of a pressure melting point gra-
dient exists to drive an ice pump, and thus accretion at one
end of the lake. Fortuitously, we have samples of this ice
through the Vostok core (Souchez et al., 2004, 2003). In this
case the opposite attenuation properties are seen; conduc-
tivity decreases in the accreted section, because of a near
complete loss of acids (De Angelis et al., 2004). The inter-
face between accreted and meteoric ice is visible in radar-
grams (Oliason and Falola, 2001; Bell et al., 2002) as a
low-amplitude horizon above the main lake reflector. How-
ever, lake surface reflection coefficients are not strongly

perturbed by the accretion layer (Carter et al., 2007). This
lack of impact on the loss profile of the ice column is pri-
marily due to the low salinity of the layer; however, it may
be a function of the 25,000 years needed to advect the ac-
creted ice across the lake surface, as residual liquid between
crystals drains back into the lake.

4.4. Vertical Structures

Tension fractures generally dominate the grounded ice
sheet surface where there are large gradients in ice velocity,
whereas tension fractures dominate both the surface and
base of the ice where grounded ice sheets (or ice streams)
transition to floating ice shelves. The process that controls
the distribution of these fractures is the balance between
the spatial strain rate gradient and the ability to accommo-
date these strain rates through annealing (which is a func-
tion of temperature). Similarly, pervasive and nearly chaotic
shear fractures characterize the lateral boundaries of the ice
streams over regions that are many times the ice thickness
in width. The ice streaming process that controls the posi-
tion and width of these zones is dominated by stress con-
centrations at the boundaries of gravity-driven slab flow.

Vertical structures cannot be directly imaged using a
nadir-pointed sounding system. However, scattering points
at edges can be detected, and where a vertical plane inter-
sects a horizontal surface, a corner reflector geometry will
occur when the platform track is oriented perpendicular to
the vertical surface. This property can be exploited to ex-
amine both the composition and size of a vertical structure.

The giant Antarctic iceberg B-15 was surveyed in De-
cember 2000 and December 2004 (Fig. 3b). The data were
acquired using the University of Texas at Austin’s high-
bandwidth coherent HiCARS system in 2001 (Peters et al.,
2005). On this occasion, the data was analyzed without any
SAR processing in order to look at basal diffractors with
a range of look angles and identify corner reflectors that
we reinterpreted as the lower edges of basal cracks (Peters
et al., 2007b). The classification includes major crevasses
filled with seawater and incipient or freezing crevasses that
are either small with seawater or larger with marine-ice
accretion. The large water-filled crevasses likely exhibit
varying amounts of marine-ice accretion with moderate
brine inclusions. Crevasse height estimates were obtained
under the assumption that all crevasses have interfaces simi-
lar to known water-filled crevasses or iceberg edges. These
statistics are indicative of the basal dynamics of the sea-
water/iceberg interface.

4.5. Volume Scattering

Volume scattering has presented a challenge to sound-
ing terrestrial ice. Peters et al. (2005) presented a map of
derived reflection coefficients for the lower reaches of two
West Antarctic ice streams, Whillans Ice Stream and Kamb
Ice Stream (formerly “Ice Stream C”). This map (Fig. 4)
was derived from airborne data collected in 1987 (Bentley



Blankenship et al.: Radar Sounding Europa’s Subsurface 13

et al., 1988, 1998). The radar sounder was a coherent sys-
tem with a wavelength of 6 m using a unfocused synthetic
aperture of 40 m, resulting in an along-track spot size of
~40 m at the ice surface.

Although seawater is easily identified in these basal
reflection maps, in the shear margins of the ice streams
the apparent basal reflection coefficients abruptly drop by
20 dB. Pervasive surface crevasses, several meters wide, line
the ice streams and effectively attenuate throughgoing sig-
nals. The effect of this was demonstrated when the ICESAT
laser altimetry experiment, monitoring surface elevation
changes, detected an extensive subglacial water system
(Fricker et al., 2007) beneath the northern margin of Whil-
lans Ice Stream with a predicted reflection 36 dB higher
than observed in these radargrams.

Focused SAR, unavailable for the 1987 radar data, can
improve on this performance by effective allowing more
independent “looks” at a single bed target. Peters et al.
(2007a) demonstrated this algorithm on the upstream por-
tions of Kamb Ice Stream. Coherent waveforms were re-
corded with a PRF of 6400 Hz that was coherently stacked
to 400 Hz (well above the Doppler bandwidth of 28 Hz) and
processed with both an unfocused aperture of 70 m and a
two-dimensional focused aperture of ~1500 m. The result,
shown in Fig. 3c, is an astonishing increase in resolvable
structure (and improved resolution) as well as a significant
increase in the basal echo strength under active shear mar-
gins for the focused SAR case. These techniques form the
benchmark for approaches to sounding the subsurface of
Europa’s icy shell.

Because water pockets exist at the melting point of ice,
volume scattering is dominant in temperate terrestrial ice
caps and glaciers. For these bodies, pervasive englacial
water pockets act as a cloud of diffractors greatly increas-
ing the apparent scattering cross section (Bamber, 1988).
These pockets also merge to form englacial conduits within
the ice (Bamber, 1987), and freeze to form ice lenses within
the more porous snow column (Paterson, 1994; Pälli et al.,
2003). Because of these characteristics, temperate (and
polythermal glaciers) will be important Earth analogs for
sounding hypothesized melt-rich targets on Europa.

5. A RADAR-SOUNDING APPROACH
FOR EUROPA

As discussed previously, we consider multiple models
to represent ice growth mechanisms that may be present on
Europa (Blankenship et al., 1999; Moore, 2000). The first
of these is a europan crust dominated by marine processes
(Fig. 5a) with slow accretion (freezing) or ablation (melt-
ing) on the lower side of the icy crust with temperature gra-
dients that are primarily a function of ice thickness (Squyres
et al., 1983). A second possible mechanism is the very rapid
freezing of ocean water in the linear fracture zones caused
by tidal/tectonic processes where large temperature gradi-
ents will be present. This process could lead to ice with
properties similar to sea ice. This tidal/tectonic model
(Fig. 5b) (Greenberg et al., 2002) could represent an oce-
anic imprint on a primordial europan crust that had been
well below the melting point throughout its history, or could

Fig. 4. Map of basal reflections and corresponding sketch map from coherent radar sounding of West Antarctic ice streams (Peters
et al., 2005). White regions (high reflection coefficient) correspond with floating ice; narrow dark lanes (low reflection coefficient)
correspond to shear margins.
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represent the ice formed entirely by ocean water injected
in cracks and then spread over much of the crust by tidally
driven tectonic processes. In addition to these two processes,
Pappalardo et al. (1998) used evidence from Galileo im-
agery to support the idea of convection in an isothermal
layer under a rigid ice crust up to a few kilometers thick
that is thermally conducting (Fig. 5c). This convecting ice
model could be dominated by ice very similar to that for
the tidal/tectonic model although subject to a dramatically
different thermal regime.

5.1. Absorption in Europa’s Crust

A comprehensive model for electromagnetic absorption
in Europa’s icy crust was presented by Moore (2000). He

noted that the species of impurity known to have non-neg-
ligible solubility in ice are NH+

4, H
+, F–, and Cl– (Gross et

al., 1978) and presented arguments for the dominance of
Cl– in europan ice formation. He then used an activation
energy for Cl– of 0.19 eV (18.4 kJ/mol), measured for ma-
rine and meteoric ice on Earth over a wide range of con-
centrations and at temperatures down to 210 K (Moore et
al., 1992), to estimate the absorption of ice derived from a
europan ocean with a range of salinities.

Moore (2000) also noted that for impurity concentrations
in the ice above a species-dependent solubility limit, the
species must be present outside the crystal structure as a
liquid or separate salt phase and that radar losses can also
come from interfacial polarizations and scattering that oc-
curs whenever the radar waves encounter these mixtures of

 

Fig. 5. Schematic diagrams of three ice formation processes that may occur on Europa with expected temperature and radar absorp-
tion vs. depth for each assuming a “midlatitude” surface temperature of 80 K (Blankenship et al., 1999). The properties of the com-
ponent ices and ocean are given in Table 2. (a) Model of ice formation similar to that for marine ice on Earth (potentially applicable
to Europa’s chaotic terrains) with parts of the base subject to melting (ablation) and others to slow freezing (accretion) of frazil ice
crystals. (b) Ice formation via extrusion into cracks or fissures with rapid freezing (potentially applicable to Europa’s ridged terrains).
(c) Convection scenario with a cold rigid crust underlain by thicker isothermal convecting ice. The dashed and solid lines in the rightmost
charts represent approximate system dynamic range for sub- and antijovian Europa sounding with a high-frequency (50 MHz), low-
bandwidth (0.85 MHz), and low-power (20 W peak) system.
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insoluble impurities. Examples of these mixtures were dusty
or salty ice (Chyba et al., 1998) and sea ice, where milli-
meter-scale brine pockets are trapped in the ice by rapid
freezing. Because of the large difference in dielectric con-
stant between liquid brine and ice [typical dielectric con-
stants of 86 and 3.2, respectively (Moore et al., 1992)], sea
ice is characterized by very large absorption at radar fre-
quencies.

Table 2 reproduces Moore’s (2000) estimates of the ab-
sorption at radar-sounding frequencies for a range of ices
consistent with the europan ice formation processes pre-
sented in Fig. 5. Endmembers of the table are pure ice with
the conductivity and activation energy given by Glen and
Paren (1975) and sea ice formed in the relatively low sa-
linity (3‰, parts per thousand) Bay of Bothnia in the Bal-
tic Sea where ice salinities are about 0.5 to ~1‰ and brine
pockets are common (Weeks et al., 1990).

Moore’s (2000) preferred model for marine-ice forma-
tion was based on a straightforward model of the geochemi-
cal evolution of Europa (Kargel, 1991), which predicts the
icy crust to be largely dominated by sulfate salts, mainly
MgSO4 and Na2SO4, noting that there could also be about
1% by weight Cl, mainly as NaCl and MgCl2. McKinnon
and Zolensky (2003) have critiqued this view of Europa’s
geochemistry, using revised meteorite chemistries to sug-
gest a subsaturation concentration of oxidized sulfate in
Europa’s ocean, and thus a very minor component of Eu-
ropa’s crust; however, this debate has a small impact on our
assessment of loss. Moore’s (2000) calculation of absorp-
tion for the marine-ice models in Table 2 also required an
estimate of the distribution coefficient, k, for the Cl¯ con-
centration in ice relative to that in the liquid it is grown in.
Table 2 uses a distribution coefficient for marine ice, kMI =
7 × 104 (Moore et al., 1994), that is derived from measure-
ments on samples formed under accretion rates observed
for the previously described Ronne Ice Shelf in Antarctica.

As an unlikely endmember for marine-ice processes,
Moore et al. (1994) calculated the absorption losses for the
marine ice of the Ronne Ice Shelf using experimental val-

ues of conductivity that are well known over the tempera-
ture range 200 to 273 K. For marine ice formed by a chlo-
ride-dominated europan ocean, Moore (2000) used a direct
comparison to Earth. Given that the ocean volume to crust
ratio for Europa and Earth are about the same, and that the
land surface of Earth is about 10 times that of Europa, a
simplistic estimate for europan ocean chlorinity is about
one-tenth that of Earth’s oceans or about 3.5‰. This is con-
sistent with more-detailed geochemical models (Zolotov and
Shock, 2001) that predict chlorinities ranging from 9.3 to
0.055‰, and with analysis of Galileo magnetometer data
that allows for comparatively low salinity for Europa’s ocean
(Hand and Chyba, 2007).

For a sulfate-dominated europan ocean, Moore (2000)
noted that sulfate ions are not soluble in ice to any signifi-
cant degree and experiments on ice formed naturally on
Earth (and in laboratories) show that SO4

2– seems to play
no role in electrical conduction (Gross et al., 1978). He also
noted that the permittivity of these solid salts would be simi-
lar to that for rock, so the tidal/tectonic processes of Fig. 5b
assumed dusty (salty) ice derived from Chyba et al. (1998).
The 1% soil mixture of Chyba et al. (1998) was used as an
acceptable representation of the absorption of a sulfate-
dominated icy crust on Europa that is being generated and
modified by either tidal-tectonic or convection processes.

Given the ice formation processes of Fig. 5, Table 2 also
reproduces Moore’s (2000) calculated radar absorption av-
eraged over the total ice thickness for a range of possible
europan ice. Figure 5 presents the calculated temperature
and absorption as a function of depth [T(z) and α(z), re-
spectively] for these ice-formation processes given TS, the
surface temperature, and Tb, the temperature at the base of
the thermally conducting layer:  The surface temperatures
on Europa were assumed to range from 50 to 100 K. For
the marine-ice and tidal/tectonic processes of Fig. 5b, Tb
was assumed to be close to 270 K for reasonable ice thick-
nesses.

In the case of convecting processes, where a cold brittle
outer crust is underlain by warmer convecting ice that is

TABLE 2. Radar absorption (α) for various ice types and temperatures in Europa’s icy shell.

Ice Type Impurity Content α(dB m–1) I (dB km–1) II (dB km–1) Notes

Pure ice Nil 0.0045 1.4–2.4 0.2–0.3 Glen and Paren (1975)
Marine-ice (Cl– Europa) 3.5‰ chlorinity 0.0016 4–7 1.6–2.8 Scaled from Earth; kMI = 7 × 10–4

Marine-ice (SO4
–2 Europa) 10‰ chlorinity 0.037 9–16 4–7 Kargel (1991) kMI = 7 × 10–4

Dusty/salty ice 1% lunar soil 0.008 5–6 3.6–4.1 Chyba et al. (1998) recalculated
Dusty/salty ice 10% lunar soil 0.01 8–9 6–7 Chyba et al. (1998) recalculated
Dusty/salty ice 50% lunar soil 0.021 30–33 28–31 Chyba et al. (1998) recalculated
Marine-ice (Ronne Ice Shelf) 0.025 chlorinity ice 0.15 36–61 18–31 Moore et al. (1994)

(≈35 ocean)
Sea ice (Baltic Sea) ≈3 chlorinity ocean 0.85 50–85 16–27 Moore (2000)

(at 270 K)

Column I is for a thermally conductive shell with a surface temperature of 50–100 K and its base at the pressure melting point, i.e.,
over water (≈270 K). Column II is for a thermally conductive shell over “ductile” ice at 250 K. Ice type and impurity content is ex-
plained in the text. From Moore (2000).
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nearly isothermal at perhaps 235–260 K, Moore (2000)
chose the the value of Tb for the conducting layer to be the
temperature of the isothermal layer. Interestingly, because
the radar absorption is governed by the exponential depen-
dence on temperatures, he showed that an average two-way
absorption (per kilometer) that is independent of total ice
thickness can be found for a given surface temperature.
Table 2 reproduces Moore’s (2000) averaged two-way ra-
dar absorption per kilometer of total ice thickness for two
conducting models:  one with Tb = 270 K corresponding to
marine ice or tidal/tectonic ice in contact with an ocean,
and one with Tb = 250 K corresponding to the base of the
cold brittle shell of the “convection” model. The range of
absorption for each of the conducting models in Table 2
corresponds to a range of surface temperatures (50–100 K)
on Europa.

5.2. Noise Environment

Any radar sounding of Europa’s icy shell will be con-
strained by the radio noise environment, which is impacted
by two main sources: galactic background noise and emis-
sions from Jupiter’s extensive ionosphere. It has been known
since the 1950s that Jupiter is a major source of HF radio
noise (Burke and Franklin, 1955). It was subsequently found
that a substantial portion of this decametric emission (DAM)
occurs when the electron flux tube connecting Io to Jupiter
is dragged over certain longitudes of Jupiter’s polar regions
(Bigg, 1964). The result is an episodic energetic beam emit-
ting at frequencies between 8 MHz and 40 MHz (Zarka,
2004). Other, less-well-understood sources, linked to specific
sites within Jupiter’s magnetic field and tied to Jupiter’s ro-
tation, emit narrow episodic beams between 2 and 40 MHz
(Zarka, 2004). These cyclotron masers abruptly cut out at
40 MHz, and the VHF background is dominated by con-
tinuous synchrotron emissions from Jupiter’s radiation belts
that are ~50–60 dB lower in intensity (Fig. 6).

Observations during Galileo’s E12 encounter, which
came within 201 km of Europa’s antijovian hemisphere,
indicate that Europa does screen out RF noise for a por-
tion of the antijovian hemisphere (Kurth et al., 2001). How-
ever, given the 100–200-km height of an orbiting space-
craft over Europa, Jupiter’s large angular size as seen from
Europa, and Europa’s synchronous rotation, observations
of up to three-quarters of Europa’s shell could be exposed
to this episodic HF noise, especially the polar regions. The
power intensity of episodic DAM events at Europa, scaled
from Zarka et al. (2004), would be ~–28 dBm at 5 MHz
and 1 MHz bandwidth; at 50 MHz and 1 MHz bandwidth,
the power intensity is –99 dBm because of continuous syn-
chrotron emissions observed around subjovian Europa
(Zarka, 2004) and –123 dBm because of the galactic back-
ground (Cane, 1979), which could be observed from about
half of Europa’s antijovian hemisphere.

Given the tight beams of the DAM emission, the impact
of these events on HF radar observations would vary regu-
larly as Io and Jupiter rotate with respect to Europa. Compar-

ison with Cassini Radar and Plasma Wave Science (RPWS)
instrument flyby data (e.g., Zarka et al., 2004) suggest that
at 5 MHz, at least 55% of unocculted radar observations
would escape interference from DAM emissions. Lastly, the
well-shielded portion of Europa’s farside includes many
important targets for exploration, such as Argadnel Regio
and Thrace.

5.3. Volume Scattering

At UHF frequencies, acquired by Earth-based radar, the
radar cross-section from Europa exceeds unity, suggesting
extensive internal scattering (Ostro and Shoemaker, 1990);
however, this return decreases significantly as the wave-
length increases (Black et al., 2001). This suggests that low-
frequency returns from Europa may be due to surface scat-
tering mechanisms similar to those operating from Earth’s
icy surfaces.

Eluszkiewicz (2004) performed a worse-case analysis for
volume scatterering, examining the case of a regolith with
quarter-wavelength-sized cavities [which, for the 50-MHz
frequency favored in some studies (Chyba et al., 1998;
Blankenship et al., 1999) for Europa sounding, corresponds
to ~1 m). Eluszkiewicz (2004) found that a 5% porosity
regolith with such cavities could have a two-way attenua-
tion of 113 dB.

Lee et al. (2005) used analogy to terrestrial ice to con-
strain a porosity for the regolith, and suggest a typical pore

Fig. 6. Radio noise power at Europa, for a 1-MHz bandwidth
receiver and an omnidirectional antenna. The data for the sub-
jovian hemisphere (showing episodic polar DAM and continuous
equatorial synchrotron noise) is compiled from Cassini and terres-
trial observations (Zarka, 2004), while the calculation of galactic
noise, appropriate for the antijovian region, comes from Dulk et al.
(2001). The peak (dotted) and typical (solid) intensities of DAM
events are shown. The large drop in jovian noise above 40 MHz is
very apparent.
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size of the centimeter scale. In this case, HF and VHF ra-
dar would not be strongly affected.

5.4. Surface Scattering

The ice at Europa’s surface is much colder and stiffer
that in Earth’s ice sheets, and is in a lower gravity field.
The results are that at small scales the surface of Europa is
much rougher that that of a typical ice sheet. Combined with
the wide beam spot implied by the 50–200-km-high orbit
of a Europa sounding mission, surface scattering could be
significant. Working to mitigate the effect of this clutter is
the low surface reflectivity of water ice (ranging from –11
to –26 dB for a porous regolith), and the fact that the power
returned by incoherent clutter drops with a 1

r4  spreading loss
vs. 1

r2  for smooth nadir targets.
In order to predict the nature of scattering we need to

know the topography of the surface of Europa. Neither the
Voyager or Galileo spacecraft carried explicit altimetry in-
struments; therefore, the best available data for the large-
scale surface characteristics of Jupiter’s moons is obtained
by using combined stereo and photoclinometric DEMs ob-
tained by using Galileo imagery (e.g., Schenk and Pappa-
lardo, 2004; Giese et al., 1998). Because of the failure of
Galileo’s high-gain antenna, high-resolution stereo coverage
is limited. Some early work on analyzing the small-scale
topographic spectrum of Europa relevant to radar studies
is reported in Blankenship et al. (1999), Schenk (2005), and
Nimmo and Schenk (2008).

To sample a variety of terrain types, Blankenship et al.
(1999) examined DEMs generated for Pwyll crater (300 m
to 30 km resolution); the “Wedges” region, Argadnel Regio
(100 m); and the Conamara Chaos region (20 m to 3 km).
They found that the slope distribution at measurable length
scales was consistent with a power law distribution. At Pwyll
crater, the slope spectrum was consistent with a self-affine
Brownian distribution, implying relatively rough slopes at
small scales [RMS slope of ~45° at 1 m; see Shepard et al.
(2001) for an explanation]; however, at Pwyll crater the min-
imum horizontal resolution was still much larger than can-
didate sounding wavelengths. Later work by Schenk (2005)
and Nimmo and Schenk (2008) appear to show that at shorter
length scales relevant to radar, the power law is closer to a
true fractal for many terrains, implying lower small-scale
roughness (RMS slopes of ~11°), which would be “smooth”
by many radar criteria. Therefore, only geometric optics
scattering, which assumes smooth surfaces at a wavelength
scale, will be described further.

Using the slope distributions for the Pwyll region, Blank-
enship et al. (1999) predicted a geometrical optics contri-
bution that decreases from about –10 dB to –20 dB as the
incident angle varies from 0° to about 20° (for a 200-km-
high orbit, this clutter would overlap subsurface echoes
~20 km below the surface). For incident angles greater than
20°, the geometric optics cross section remains roughly
constant at about –20 dB for incident angles smaller than
45°. Modeling the scattering from any europan ice/ocean

interface remains problematic because the geometry of any
presumed interface is uncertain.

5.5. Sounding Europa’s Crust

The radar sounding required to search for any ice-ocean
interface on Europa and test first-order predictions of ice-
ocean exchange by marine and convective processes must
have a very high total sensitivity and multikilometer or
better horizontal resolution. For the limited region around
the antijovian point, an HF system styled on MARSIS or
SHARAD may fulfill this requirement. A 5-MHz system
with 1 MHz of bandwidth orbiting 200 km above Europa
would have an in-ice vertical resolution of 85 m, with hori-
zontal resolutions at the surface ranging from 20 km (pulse-
limited) to ~270 m (one-dimensional focused SAR).

To search for shallower subsurface water, a SHARAD-
type system (20 MHz bandwidth and 10 MHz bandwidth)
would have theoretical vertical resolutions of 8 m, and hori-
zontal resolutions at the surface ranging from 4.9 km (pulse-
limited) to ~153 m (one-dimensional focused SAR) at an
orbital height of 100 km. However, the severe but episodic
RF noise environment for the other three-quarters of Eu-
ropa’s surface could be an operational challenge for any
global mapping program using the HF band.

A 50-MHz system with 10-MHz bandwidth would have
horizontal resolutions at the surface down to 62 m (one-
dimensional focused SAR) at 100 km height. Such length
scales are near those required to test hypotheses concern-
ing shallow europan tectonics and impact processes as well
as to characterize shallow subsurface water. While Jupiter’s
synchrotron radiation remains problematic in the VHF band,
a 50-MHz system has a greater probability of global success
for targets in the top few kilometers. Ten-megahertz band-
width waveforms would require greater than 20 MHz sam-
pling, a rate that would likely fill data buffers too quickly
to characterize a crust of several tens of kilometers in thick-
ness. Theoretically, two-dimensional focused SAR incorpo-
rating 1 µs of range data for every resolution cell could re-
solve structures as small as a few tens of meters; however,
the processing requirements are high, and probably too
stringent for continuous onboard use. The Doppler band-
width from equation (2) for such a system is 900 Hz; cur-
rent downlink technology preclude returning radar records
at this rate. High-rate data recorded over local carefully
selected targets and later returned to Earth for deeper pro-
cessing represents a solution to this problem.

A multifrequency system may be the best approach for
fully investigating Europa — comprising a high-bandwidth
system for shallow crustal studies, and a low-bandwidth,
deep-penetration system, with a low enough information
density to record over the full depth of the crust. The re-
sults of the deep penetration study will be determined in
large part by the absorption profile of Europa’s crust.

Figure 5 shows the estimated two-way absorption vs.
depth for the three proposed ice formation processes on
Europa (Blankenship et al., 1999; Moore, 2000), and Fig. 7
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shows the modeled strength of the return from an ice/ocean
interface for these processes (Blankenship et al., 1999) for
a high-frequency (50 MHz), low-bandwidth (0.85 MHz)
system. For both the marine-ice and tidal-tectonic processes
(i.e., Tb = 270 K), the ability to characterize any ice/ocean
interface or internal layering can be inferred directly from
these plots. Recalling that a smooth ice-ocean interface
would give negligible reflection losses, Fig. 5 shows that
the total absorption is less than a nominal instrumental dy-
namic range of 60 dB over the full range of total ice thick-
nesses estimated for both marine and tidal/tectonic ice for-
mation processes on antijovian Europa at 50 MHz. This is
also the case for the rougher ice/ocean interface assumed
in Fig. 7. In addition, Fig. 7 shows that the range of total
ice thickness soundable on subjovian Europa is reduced by
about one-third (to a little over 2 km for marine ice and
6 km for tidal/tectonic ice formation processes) compared
with antijovian sounding.

For the “convection” processes of Fig. 5, the deeper warm
layer is likely to contain brine pockets as the ice tempera-
ture will be above the eutectic point of some chloride salts.
Because of this, absorption will become very high (similar
to the sea ice of the Baltic Sea or even higher; Table 2) and
radio waves will be unable to penetrate the convecting ice to
any subsurface ocean. If the boundary is reasonably sharp,
there will be a radar reflection from it because of the change

in dielectric impedance. The magnitude of the reflection
will depend on the brine content in the ice and its spatial
distribution.

A relevant example on Earth is the reflection coefficient
observed at the boundary between cold-dry and temperate-
wet glacier ice with an essentially uniform distribution of
water pockets, as seen in the Arctic’s polythermal glaciers,
typically about 20 dB (Bamber, 1987). Assuming a similar
reflection coefficient for convection processes on Europa,
Figs. 5b,c show that it is very likely that a 50-MHz instru-
ment will penetrate a broad range of rigid lid thicknesses
and allow characterization of the interface with the convect-
ing layer beneath.

6. DISCUSSION AND CONCLUSIONS

There are strong scientific reasons for studying the sub-
surface structure of Europa’s shell, especially as related to
subsurface water and the nature of surface-ice-ocean ex-
change. The dielectric losses in very cold ice are low, yet
highly sensitive to increasing temperature, water, and impu-
rity content; therefore, much can be learned through orbital
electromagnetic sounding of the icy shell. This is especially
true when subsurface profiling is coupled to observations of
both the topography and morphology of surface landforms
and placed in the context of both surface composition and
subsurface density distribution. Because of Jupiter’s strong
radio emissions and the unknown size of volume scatter-
ers within Europa’s icy shell, the range of sounding frequen-
cies must be carefully matched to the science objectives.
The thickness of Europa’s icy shell is one of the most im-
portant questions left unanswered by Galileo. Determining
the icy shell thickness is of fundamental astrobiological sig-
nificance: It constrains the tidal heat the satellite is gener-
ating, whether the silicate interior is Io-like or not, and the
means and extent to which the ocean and near-surface are
likely to exchange material.

Science objectives for a radar sounder include charac-
terizing the distribution of any shallow subsurface water;
detecting the presence of a ice-ocean interface; correlating
surface features and subsurface structure to investigate pro-
cesses governing communication among the surface, icy
shell, and ocean; and characterizing regional and global heat
flow variations. The subsurface signatures from near-glo-
bal surveys at high depth resolution combined with surface
topography of similar vertical resolution would identify re-
gions of possible ongoing or relatively recent upwelling of
liquid water or brines. Orbital subsurface profiling of the
top several kilometers of Europa’s icy shell is possible, at
frequencies slightly above the upper end of Jupiter’s radio
noise spectrum (i.e., about 40 MHz), to establish the ge-
ometry of various thermal, compositional, and structural ho-
rizons to a depth resolution of about 10 m (requiring a band-
width of about 10 MHz). This high-resolution search for
shallow water will produce data analogous to that of the
SHARAD instrument.

Subsurface signatures from lower resolution but more
deeply penetrating near-global surveys might reveal a shal-

Fig. 7. System performance for a nominal 50-MHz, 0.85-MHz
bandwidth Europa radar sounder derived from Blankenship et al.
(1999) in the context of a Gaussian scattering model (Peake and
Barrick, 1967) for Europa’s surface (dashed lines), and a direc-
tional antenna beam pattern. Signal strength is increased by 53 dB
through SAR processing and pulse compression. The strength of
the return from a specular ice/ocean interface is presented as solid
lines with differing ice absorption values (see Table 2). RF noise
limits for each side of Europa, derived from Fig. 6, are also pre-
sented.
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low ice-ocean interface, which could be validated over a
region by carefully correlating ice thickness and surface to-
pography. An unequivocally thin icy shell, even within a
limited region, would have significant implications for un-
derstanding direct exchange between the ocean and the
overlying ice. Similarly, the detection of deep subsurface
interfaces in these surveys and the presence or absence of
shallower interfaces above them could validate hypotheses
regarding the convective movement of deep ductile ice into
the cold brittle shell implying indirect exchange with any
ocean. Additional orbital profiling of the subsurface of Eu-
ropa to depths approaching 30 km with a vertical resolu-
tion of about 100 m is recommended to establish the ge-
ometry of any deeper geophysical interfaces, in particular,
to search for an ice-ocean interface. Although warm ice is
very attenuating, “windows” of cold downwelling material
may exist within the icy shell, allowing local penetration to
great depths (McKinnon, 2005). Moreover, while the pres-
ence of meter-scale voids within the icy shell (Eluszkiewicz,
2004) would confound sounding efforts at higher frequen-
cies (15 MHz), the presence of such large voids is probably
unrealistic.

A deep ocean search would produce data analogous to
that of MARSIS. Profiling could establish the geometry
of any deeper geophysical interfaces that may correspond
to an ice-ocean boundary to a vertical resolution of about
100 m (requiring a bandwidth of about 1 MHz). In particu-
lar, frequencies significantly less sensitive to any volume
scattering that may be present in the shallow subsurface pro-
filing detailed above (i.e., about 5 MHz) should be used on
the antijovian side of Europa, which is substantially shad-
owed from Jupiter’s radio emissions. This low-frequency,
low-resolution profiling could complement high-frequency,
low-resolution profiling over Europa’s subjovian surface
(where Jupiter’s radio noise is an issue for low-frequency
sounding).

Ultimately, observation campaigns targeted to specific
features will be required to understand the processes con-
trolling the distribution of any shallow subsurface water and
either the direct or indirect exchange of materials between
the icy shell and its underlying ocean. The presence of ma-
jor cracks and faults as well as topographic and composi-
tional anomalies, when correlated with subsurface structures
within a particular targeted region, can provide critical in-
formation on tidal response and its role in subsurface fluid
migration. Important factors include localized heating, the
magnitude of tectonic stress, and associated strain release.
Similarly, variations of the physical and compositional prop-
erties of the near-surface ice may arise because of relative
age differences, tectonic deformation, mass wasting, or im-
pact processes.

Because of the complex geometries expected for subsur-
face structures, full unprocessed subsurface imaging could
be obtained along profiles at least 30 km long in any region
of targeted study, either to a depth of several kilometers for
high-resolution imaging of shallow targets or to a depth of
tens of kilometers for lower-resolution imaging of deeper
processes, in conjunction with co-located topographic meas-

urements. These targeted subsurface studies would be a path-
finder for future in situ astrobiological exploration.

The thermal structure of the shell (apart from local heat
sources) is set by the transport of heat from the interior. Re-
gardless of the properties of the shell or the overall mecha-
nism of heat transport, the uppermost several kilometers is
thermally conductive, cold, and stiff. The thickness of this
conductive “lid” is set by the total amount of heat that must
be transported, and thus a measurement of the thickness of
the cold and brittle part of the shell will provide a power-
ful constraint on the heat production in the interior. For a
thin icy shell, the ice-ocean interface forms a significant
dielectric horizon at the base of the thermally conductive
layer.

However, when warm pure-ice diapirs from the interior
of a thicker convective shell model approach the surface,
they may be far from the pure-ice melting point and above
the eutectic point of many substances and may therefore
create regions of melting within the rigid shell above them
as the temperature increases above the flattening diapir. Any
dielectric horizon associated with these melt regions would
also provide a good measurement of the thickness of the
conductive layer. Global radar profiling of these subsurface
thermal horizons to depths of tens of kilometers at a vertical
resolution of 100 m will be vital in characterizing both re-
gional and global heat flow variations in Europa’s icy shell.
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