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1. Executive Summary

Conclusions

1.

Summary datemert. The Itaian Space Agency (ASl) Shdlow Subsurface Sounding Radar
(SHARAD) 20 MHz center frequency, 10 MHz bandwidth orbital radar proposed for the Mars
Reconnai ssance Orbiter (MRO) can probably detect liquid water and ice to depths of about 100
metersin the Mars subsurface. 1dentification of areflector as being related to either form of water
will require supporting information, and will likely be possble only where the porogity and saturation
arehigh.

Depth of invedigation Globaly, depth of penetration could be asllittle as one meter in materids
with high losses (wet clays or brines), or as deep as 5 km in homogeneous, low-loss polar ice.
These estimates of depth performance are based upon congderation of the high-levd SHARAD
radar system parameters againgt a background of ground-penetrating radar experiencein terrestrial
permafrost, sand dunes, and ice sheets. Further, these estimates assume reasonable scattering and
materia property characteristics, and the absence of perched brines, hydrated clay/zeolite minerds
or dgnificant magnetic minerdogy. If any of these conditions were encountered, the depth of radar
penetration would be more limited. A reliable sgnal from afesture a depth requires awell-
differentiated reflector such as a classical water table, and that the upper agueous surface, either
water or ice, is reasonably flat with respect to thein situ radar wavelength (which is on the order of
ten meters).

Detection of Water. We presume that the surface of Mars will not be uniformly amendable to using
radar sounding in the search for water. We further presume that it will be possble to find conditions
of favorable radar viewing geometry, interface scattering, surface and volume scattering, and
meaterid properties, which may dlow usto see useful reflections of agueous layers from orbit.

When strong internd reflections do occur, they will be identifiable as aqueous only by contextud
inferences drawn from the characteristic geologica context of water habitats.

Other Science Vaue. Independent of any ability to directly detect water or ice, the SHARAD
radar should make sgnificant new scientific data available toward addressing critica scientific
problems on Mars, including the existence and distribution of buried paleochannels, regalith layering,
an improved understanding of the electromagnetic properties of the “stedth” region, further inaghts
into the nature of patterned ground, and other morphol ogies suggestive of the presence of water at
present or in the past. In addition, it should be possible to answer certain kinds of geologic
questions, such asthe character of the surface below the polar ice caps and the nature of some of
the layered terrain.

Reation to MRO Science Objectives. In addition to its primary impact on thefirst of the Group 2
objectives from the 2005 SDT report (detect liquid and frozen water), thisinstrument will contribute
in avery sgnificant way to the second and third of the Group 1 objectives. Regarding the second
objective, Steswith agueous or hydrothermd activity are dmost ways associated with near-
surface geological effects which may be imaged by GPR. Regarding the third objective,
characterizing the gtratigraphy requires information from below the top layer.

Reation to MARSIS, Nozomi. Deferring the design of SHARAD until after the datafrom Mars
Express and Nozomi have been interpreted would be an advantage, but we do not consider it
necessary. Itisnot clear whether either of these precursor instruments will produce interpretable
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subsurface data. However, they should both provide information about background radio
frequency noise sources, the trangparency and attenuation of the atmosphere and ionosphere, the
reflectivity of the surface, and possbly about the properties of the subsurface. Due to the absence
of any direct HF/VHF radar measurements on Mars, SHARAD needs to consider a design that
would minimize its risk by an appropriate choice of frequency to addressissuesraised in Section 4
of this document.

Recommendations

This team has reached consensus on the following recommendations.

1
2.

We recommend that a radar sounding instrument be included in the payload of the 2005 Orbiter.
We recommend that the science objectives currently proposed for this radar instrument be
modified. The science objectives currently stated will be difficult or impossible to achieve.
However, there are many good scientific reasons beyond those stated for including this instrument.
We cannot endorse the detailed technical specifications for any given radar instrument at thistime.
We have been provided only generalized information about the proposed Itdian radar, so this
ingrument would certainly fal within the scope of the above satement. There are a number of
technical parameters that need to be carefully chosen and optimized relaive to the instrument’s
science objectives. We recommend that these issues be worked prior to the PDR, and we have
made some suggestions in the content of this report regarding these issues. However, we see no
reason that these modifications would cause the instrument to exceed its resource dlocations.

It is important to for the purpose of this document to clarify use of the word “detect”, which is fundamental to
the questions under discussion. There is an implied standard of certainty associated with this term which
may mean different things to different people. For the purpose of this report, we use the term “detect” as a
representation of the preponderance of evidence, rather than absolute proof, for which “identify” is used. An
analogy which is partially relevant is that this is the sort of standard used in the U.S. legal system to
distinguish civil and criminal judgements.

04-09-01 Radar ISDT Report.doc 4 05/25/01



2. Introduction

Assessment of Shallow Subsurface Sounding Radar Concept

TO: David Beaty
FROM: Richard Zurek
DATE: March 21, 2001

SUBJECT:  Assessment of Shalow Subsurface Sounding Radar Concept

After weighing various factors, including the likdy timing of MARSIS data acquisition and andysis and
the present absence of data characterizing the Martian subsurface, the Mars Reconnai ssance Orbiter
(MRO) Science Definition Team (SDT) recommended that a subsurface profiling radar be flown
sometime as part of the Mars Exploration Program (MEP) and that, for the 2005 launch opportunity, it
be considered for flight through the AO process as a Group |1 Science objective. Asareminder,
Group |1 objectives were regarded as having high scientific priority for MEP, but dso entailed significant
risk with regard to implementation as an optima experiment for amisson launched in 2005. The SDT
further recommended that any radar considered for flight on MRO should focus on the detection of
liquid water and the profiling of water ice in the uppermost 1 km of the Martian surface.

Since the dliberations by the SDT in January, NASA has continued to study possibilities of enhancing
future science return within the MEP. One activity well underway isthe possible provison of a
communications satellite for Marsto be built by the Itaian Space Agency (ASl) and to be launched to
support missons ariving a Mars after 2007. In return, NASA and ASl are consdering flight of a
shallow subsurface sounding radar (SHARAD) to be flown on the MRO. The ASl team has proposed
asngle frequency, 20 Mhz, radar system, which they believe will penetrate from 300 m to 1 km into the
Martian subsurface.

As co-chair of the MRO Science Definition Team, | would like you to reconvene at least a subset of
your radar study group to address the following issues.

1) Canasngle frequency (20 MHz), wide bandwidth (10 MHz), credibly detect liquid water and
characterize unambiguoudy the distribution of water ice in the uppermost part of the Martian subsurface
(<1 km)? Factorsto be consdered are:

i) Will the system be able to detect water and water iceif present in the 0.3 - 1.0 km
depth zone, as well as nearer the surface?

i) How definitive will the detection of liquid water be?

iii) How definitive will the profile of subsurface ice digtribution be?

2) Assuming that the single frequency approach is deemed credible, are the other basic design features

proposed for SHARAD (mass, power, data rate, antenna length) appropriate to achieve the science
objectives?
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Detection of liquid water to depths of 0.5 km or more
Detection and profiling of water ice to depths of 0.5 km or more, with vertica resolutions of 10-
30 m (emphasizing best resolution near the surface)

3) If there are uncertaintiesin the technical ability to achieve the science objectives, would these be
substantively reduced if MARSIS data were in hand?

Let me thank you and your group in advance for asssting us in assessing the scientific
desirability of this potentidd MRO facility radar. Becausetimeis short, | ask that you
provide us areport by April 9.

M or e information on requested RADAR analysis

TO: David Beaty
FROM: Jm Gavin
DATE: March 21, 2001

SUBJECT:  Moreinformation on requested RADAR andysis
CONCEPT CHARTER "IDST" STUDY (avirtua IDST)
Given the WHITE PAPER of the Sub-Surface Working Group chaired by you and the science drivers
framed in that Document, plus the science priorities discussed by the 2005 MRO SDT (cf. copy by
Zurek and Gredley, 2001), what are REALISTIC measurement objectives for an orbiting sounding
radar for the MRO, given mass, power, and observationa congraints? What is aredigtic top-level
instrument design gpproach (frequency, bandwidth, etc).
CONSTRAINTS (boundary conditions):
Facility Orbital Radar Sounder Expt for MRO 2005 (FORSE):
MASS: 15 kg (with max of 3 kg contingency). Not to exceed 18kg (if it doesit will be deleted)
POWER: Pesk (during transmit) <+ about 60W with standby or OFF mode
EMI/RFI: TBD but depend on Jm Graf's spacecraft RFP specs
DATA: Observations to be made when the GROUP 1 High res. sensors are NOT collecting

data (i.e., nightsde), in targeted mode, avoiding data playback times (downlinks);
data volume condrained (Rich Z. knows what is redlistic here)
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SCIENCE (to be traced by IDST STUDY TEAM as above): SHALLOW ONLY sounding,
with focus on uppper 300-1000m, at highest possible along-track sampling (< 1 km)
and with potentia for 10m vertical resolution depending on diglectric contrasts and
geoelectric properties. Aim isto explore layering structure of upper 100'sm at high
gpatid and vertica resolution, provide complementary datato MARSIS, and st the
stage for a dedicated orbita radar satellite perhaps in the 2009 opportunity (maybe a
SAR/sounder?). Thisisto bean EXPERIMENT and not a mapping instrument and we
need to know under what natura conditions a FORSE instrument might detect
subsurface ice, water, clathrates, etc. definitively enough to warrant surface-based
senaing or drilling (maybe in 2007).

Given these congraints and the further policy that the FORSE will not have any observationd priority
over the high res. or dimatology sensors during the primary misson (one Mars year), what are the most
desirable system parameters to optimize such asystem? In other words we want the virtua IDST to
addressin aforward sense what might be the most risk-adverse approach for this EXPERIMENT (a
shdlow radar "pathfinder” rather than the definitive globa mapper). For example, must we have amulti-
frequency approach or interferometric observationsor ...

Given that result, then does the tentative, proposed ASl "design” [20 MHz, 7 mtip to tip dipole, etc.
etc.] meet the standards of the charter in terms of boundary conditions (constraints) and top level design
choices.

Furthermore, does ANY single-frequency 20 MHz radar sounder address the SSWG/SDT (and

MEPAG) top measurement objectives?

Clarlfyl ng note added based on discussion of March 30, 2001
Given current mission priorities, we cannot expect that thisinstrument will be used for globa
mapping. With itsreative priority, it islikdy to used to investigate targeted areas. Thereis
potentid for the amount of coverage to go up substantidly during the extended misson.
Given that Marsisinhomogeneous, it is of questionable vaue to ask if a GPR will detect water
on an average Mars. What would be of more would be to modd the best and worst cases. Is
there ANY combination of conditions on Mars that would alow useful data to be collected?

In response to the above two pieces of correspondence, an Ad Hoc Instrument Science Definition
Team (see cover sheet for members) was formed on March 23, 2001. Results were requested by April
9, 2001, and if possible, by April 6, 2001. Thisteam therefore conducted the following analysis over a
period of about two weeks.
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3. Detection of liquid water and water ice

1) Can a single frequency (20 MHz), wide bandwidth (10 MHz), credibly detect liquid water and
characterize unambiguously the distribution of water ice in the uppermost part of the Martian
subsurface (< 1 km)? Factorsto be considered are:

i) Will the system be able to detect water and water iceif present inthe 0.3 - 1.0 km
depth zone, as well as nearer the surface?

i) How definitive will the detection of liquid water be?

iii) How definitive will the profile of subsurface ice distribution be?

Summary
No, in general. The didectric contrasts between dry rock and ice-rock or water-rock mixtures at

moderately low porosity (<10%) are comparable to the contrasts that might be expected between
different dry rock or soil types or due to gratigraphic variaions in dendty, and so water or ice cannot
aways be confidently identified from reflectivity done. Water in high-porosity (>20%) aguifers could be
identified with relatively high confidence. As such high porosities are mogt likely in the shdlow
subsurface, high-level water is agood target for radar sounding. Massvely segregated ice may dso be
detectable but, on the basis of reflectivity aone, could be confused with low-dengity regolith. In
generd, ice or water must be identified qualitatively from the geologica context of subsurface
reflections (see response to Question 4). Thisis best done with some ability for 3D geologica mapping
(not necessarily true 3D imaging) and will require areas 10s of km in diameter with orbit tracks spaced
100s of m to km with good orbital positioning and antenna orientation information. Layering, scaitering,
and absorption may limit the effective depth of exploration of 20-MHz radar to afraction of the desired
design depth, perhaps as low as 20-100 m.

Limitations imposed by the volume of ice or water

Fird, it must be recognized that radar cannot unambiguoudy identify water as, for example, aminerd is
identified in athermd or visible spectrum. Dielectric-relaxation responses can uniquely identify water
and ice, but these lie at frequencies of >10 GHz and <10 kHz, respectively, well above and below the
GPR radar band, and above 10 GHz the depth of investigation will be far less than one meter. The
didectric rlaxation of clathrate hydrates (Davidson, 1973) at frequencies of afew MHz may be directly
detectable by radar. In generd, though, radar detection of water must then be based on a contrast in
dielectric congtant. At radar frequencies, representative dielectric constants for rock, liquid water, and
iceare 6, 87 (near freezing), and 3, respectively (Fletcher, 1970; Hasted, 1972; Franks, 1972;
Olhoeft, 1981), with stronger temperature dependence in ice than liquid water, and hardly any in rock.
The large difference between rock and water appears to be very favorable for water detection, but not
for water identification without measuring through the frequency of awater or ice dielectric relaxation.
For groundwaeter in pores, however, the effective contrasts are much smaller. At 5% porosty, perhaps
characteristic of solid rock at depths of kilometers, the dielectric congtant of arock-water mixtureis 7-
9, indigtinguishable from modest contrasts between different rock (these calculations use the well-known
Hashin-Shtrikman bounds, but even smple linear mixing by volume will illudrate the point; Shivola,
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1999). Asthedieectric constants of most kinds of rock can be expected to lie below 10 (but can be
as high as 15 in some rock types), larger values derived from radar sounding would be strongly
suggestive of water. The HS bounds would therefore require the porosity to exceed 10-30%. Thisis
not unreasonable for poorly compacted regolith or porous sedimentary or volcanic rocks (in some
basdts, porogitiesin excess of 90% are possible). As high porosity is more likely to be found closer to
the surface, high-level groundwater is a good target for radar sounding. This conclusion is based on the
expected reflectivity one and does not consider scattering or absorption losses (see below).

Detection of ice is much more ambiguous, because the contrast issmdler: the didectric congtant of the
rock-ice mixture will not decrease to 4 until icefills 60% of the volume. Therefore only massvely
segregated ice such asice wedges or pingos, and not ground icefilling norma porosity, islikely to be
observable. However, reflectivity-based discrimination may il be difficult, because dry regolith or soil
layers can have didlectric constants comparable to that of ice (~4 @ 2 g/lent) (Olhoeft and Strangway,
1975, Carrier et a., 1991).

Identification of water and ice on Mars based on radar reflectivity isthen likely to be statistical, with
higher confidence being assigned to larger apparent dielectric contrasts. At present, however, we do
not know if the geologic conditions favoring direct detection are met, and therefore large amounts of
groundwater exist that cannot be confidently identified. 1f the *preponderance of evidence” suggeststhe
presence of water or ice, it will be acceptable to indicate such detection. Radar may never lead to
confirmation of water or ice on Mars with “beyond a reasonable doubt” identification. The most likely
scenario is one in which characteristic statistical heterogeneity patterns in geology (that are caused by
processes involving water movement) will be detected in the subsurface geology if the radar system has
sufficient resolving power: buried stream beds and channds, patterned ground from freeze-thaw and
wet-dry cycles, ice wedges and pingos, etc. (Schaber et a., 1986, Olhoeft, 1994).

Depth of investigation

Magor concerns exist about the ability of the radar to penetrate to the desired depth (300-1000 m).
Penetration is controlled by avariety of sgna losses, including geometric spreading, electrica
conduction, dielectric and magnetic relaxations, and interface and volume scattering. These losses dl
cause frequency dependences which complicate Sgnal processing, as can condructive and destructive
interference from multipathing, waveguiding, etc. Frequency dependence especidly complicates sgnal
deconvolution. Waveguide effects are not expected to be a problem (though the properties of the
Martian ground-ionosphere waveguide are unknown, they probably occur a sgnificantly lower
frequencies). Multipathing may be a problem when cross track reflections occur from severe
topography (mountains like Olympus Mons and the degp canyons), and they will most impact the
shdlow subsurface interpretation much like the smilar problems on the Apollo 17 orbital Lunar Sounder
Experiment (ALSE, 1972; Phillipset d., 1973; Porcello et d., 1974).

As an example of one control on penetration, consder the total dB loss as afunction of average
dielectric contrast and thickness of rock layers. If layers average 30-m thick and have a 10% contrast,
the two-way lossis 15 dB/km; such interface losses would likely be deemed acceptable. If, however,
layers average 10-m thick and have a 20% contrast, then the two-way loss is 90 dB/km, which would
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likely limit penetration to afew hundred meters or less. Terrestria experience using 80-MHz GPRin
permafrost and sand dunes would suggest a reasonable expectation of less than 100 meters penetration
(Olhoeft, 1975, 1977, 1980, 1994; Olhoeft et d., 1979; Schaber et ., 1986; Schenk et al., 1993),
though more might be possible based upon recent experience in the dry valeys of Antarctica (S.
Arcone, 2001, U.SArmy Cold Regions Research and Engineering Laboratory, persond
communication).

More detailed models of the radar return aso include effects of 3D propagation, pulse shape, antenna
beamwidth, volume scattering, surface scattering, and absorption in addition to layer reflectivity. These
amulations (in Appendix 1) demonstrate that water and ice can generate measurable reflections,
especialy when aided by SAR processing, from depths up to several hundred meters. Under more
conservative assumptions, the depth of exploration may be limited to 100 m or so and, under
unfavorable conditions, could be limited to ~20 m. In dl cases, interpretation of the reflectors asice or
water is subject to the same uncertainties discussed above.

One agpect of the smulations that may require further exploration is volumetric scattering. The
distribution of rocks was set to have a mean diameter of 1 m and a volume fraction of 5%. The Viking
and Pathfinder sites have some rocksthat are much larger than this, yet were consdered relaively
smooth to be chosen for landings. A power-law digtribution of clast Szesis expected for megaregolith
and therefore larger scatters, while less abundant, may certainly be present.

The magnetic properties, especidly potentia ferromagnetic and superparamagnetic relaxation losses,
are of particular concern at both low (Olhoeft and Strangway, 1974) and high frequencies (Ol hoeft,
1991, 1998). On Viking and Pathfinder, there were experiments to measure static ferromagnetic
properties (Morriset d., 2001). These are important, but say nothing about dynamic megneticsin fine
dusts, especidly superparamagnetiam, which is commonly observed in the fine volcanic dugts in Hawaii
(J. Kauahikaua, 2001, USGS Hawaiian Volcano Observatory, persona communication). On the earth,
the Swedish airborne CARABAS GPR had problems with thin layers of magnetite in the Yumatestsin
the Lechiguela Desert in southern Arizona where the magnetic losses were sgnificantly higher than the
electrical losses at radar frequencies (Olhoeft and Capron, 1993). Thisisadso truein Idaho, severd
placesin Colorado, and Audtrdia. Dry or freeze the water out of those systems and the magnetic loss
dominance gets even larger (in the absence of clay and zeolite minerds).. Thin layers of magnetite a
Great Sand Dunes National Monument also form strong reflectors (Schenk et d., 1993). However, in
many "red" soils, especidly in the Western US and Audtrdia, the superparamagnetic component
dominates, strongly influencing the frequency band from kilohertz to hundreds of megahertz (Taylor et
al., 1987; Spies and Frischknecht, 1991; Hansen et al., 1996). We know nothing about thison Mars.
The JSC-1 Mars soil amulant is not magnetic in the dynamic sense, but this is probably only because
this property has not been measured in situ!' The mineralogy may be subtly different (the Satic
magnetics measurements on Pathfinder have not produced definitive mineraogy limits, Morriset d.,
2001).

Furthermore, allittle titanium with the iron oxide magnetic minerds can dso have alarge effect (Dunlop
and Ozdemir, 1997). One important point is alittle titanium can make the Curie temperature drop
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dramaticdly, so that the difference between day-night or winter-summer is a materid that is
ferromagnetic when cold, and paramagnetic or superparamagnetic when warm, even on the earth (but
especidly true in the wider temperature swings of the moon and Mars). That suggests it will be
important to measure both day and night responses (complicated by the differencesin the ionosphere
between day and night on Mars).

Some specific comments regarding imaging of the “water table” and the 3D
distribution of water

Thin films of liquid water exist on minera surfaces at subfreezing temperatures because of the difference
in molecular structure between the mineral and bulk pore water (Anderson and Tice, 1973). This
unfrozen water is observed in fine-grained terrestria soils down to temperatures of

-140 C (Mclntosh, 1966; Fordund and Jacobsson, 1975) and could exist at lower temperatures on
Mars due to the freezing-point depression in sdine groundwater (Brass, 1980). The unfrozen water
tends to be interconnected and thusis eectrically conductive to thicknesses gpproaching a monolayer.
The attenuation of EM waves will be strongly dependent on the sdlinity of martian groundwater. If
shdlow groundwater is very fresh, then radar may penetrate through the unfrozen weter in the
cryosphere and directly detect alarger contrast with subcryospheric water. On the other hand, even
moderate sdlinity may absorb al the energy: the presence of water would be inferred from the lack of a
radar return and the depth to true groundwater below the cryosphere would have to be estimated from
geotherma modds. Similarly, it isvery unlikdly thet radar will be able to penetrate substantia depths
into martian groundwater in order to map its 3D digtribution. Low-frequency EM methods, with greater
skin depths, are necessary for this, at the expense of poorer vertica resolution.

Findly, the presence of capillary water in a subcryospheric vadose zone may not provide a distinct
water table to be imaged from dielectric contrast. In fine grained soils with thick capillary fringes,
arborne GPR, which issmilar to an orbital radar, has not been very successful in identifying water
tables on the Earth. We can find only afew cases where stronger radar returns were correlated with
water tablesin very dry areas with very little lossin such soils. However, GPR has been successful at
identifying water tables below coarse-grained soils. In these cases, water presence must be inferred
from the bulk dielectric congtant of alayer using the gpparent velocity of that layer.

Even with these condraints, it is possble that the depth to water can be approximately mapped in three
dimensons. True 3D imaging would require that orbital tracks be spaced and precisdly known a
distances comparable to awaveength (15 m), whichisimpractical. Instead, synthetic-aperture
processing can produce useful 2D images aong track, which can then be interpreted for 3D structure
under the usua condraint that the geologica structureitself does not vary in the cross-track direction
much faster than the orbit spacing and assuming no problems from cross-track multipathing.
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4. Will the design of SHARAD achieveits science objectives?

2) Assuming that the single frequency approach is deemed credible, are the other basic design
features proposed for SHARAD (mass, power, data rate, antenna length) appropriate to achieve
the science objectives?

Detection of liquid water to depths of 0.5 km or more

Detection and profiling of water ice to depths of 0.5 km or more, with vertical resolutions

of 10-30 m (emphasizing best resolution near the surface)

Summary
Theability of SHARAD to achieve the science objectives will be largely dependent on the dectrica

properties, both permittivity and permesbility, of the soil, degree of scattering off the surface and
volumetric debris, and the stratigraphica layering of the subsurface. Dueto ahigh leve of uncertainty in
the above parameters, it is possible, given the gppropriate subsurface modd, to predict both success
and failure, with the median of partia successindicating ambiguous detection of some of the subsurface
layers.

Although the levd of uncertainty in the subsurface characterigtics of Marsis high, the surface features
such as surface roughness and dopes are better understood thanks to recent information from MGS
(Mars Globa Surveyor). Theseinformation can help usin desgning amore optimum radar. Asit will
be described below, the most important design parameter is the choice of the operating fregquency.

It isimportant to not overstate the capability of the proposed GPR to detect liquid water to depths of
0.5 km or more and to detect and profile water ice to depths 0.5 km or more with a vertical resolution
of 10-30 m, asthereisavery good chance it may not be able to even detect water or ice
unambiguoudy.

It is important to note that the authors of this report, during its preparaton, had very little
information regarding the technical specifications of the proposed SHARAD instrument.

Freguency Selection

The primary design festures influencing the detection and vertical resolution cagpabilities of the radar are
the operating frequency and bandwidth, in which there are obvious trade-offs. In order to meet the
above stated objective of avertica resolution on the order of 10-30 meters, a corresponding bandwidth
of a least 2-6 MHz is required (assuming a didlectric constant of 2.5).

The science objectives for the MRO radar are different from those of MARSIS. The maximum
required penetration depth is 1 km and thereisa cdl from the science community for higher spatia
resolution in both depth and laterd dimensions. Consequently, it may be possible (and necessary) to
increase the radar operation frequency to accommodate the increased bandwidth. In this respect, the
ASl proposed radar SHARAD presents an appropriate concept by operating at a higher frequency
(eg. 20 MHz). However, the increase in the operation frequency needs to be balanced considering the
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following factors (with the increasing frequency, the correlation is shown in () and the impact on the
performanceisshownin [ ]):

Depth of penetration (-) [bad]

Attenuation due to the volumetric scattering (+) [bad]
Surface clutter (volumetric debris) (+) [bad]

Sengtivity to surface height r.m.s (+) [bad]

lonospheric digpersion and attenuation (-) [good]

Faraday rotation due to the Mars magnetic field (-) [good]

Spatia resolution (+) [good]

©O© oo ~NOOlLbh W

Depth of Penetration

Obvioudy, the decreased depth of penetration is the prime concern of dl the factors listed above. Itis
essentid for the system to achieve even the least acceptable penetration to produce any scientific return
regardless of any other positive impacts. As stated in section 3, the penetration depth could vary from
meters for the worst conditions to afew 10s of meters for the average conditions and up to hundreds of
meters for favorable conditions. Under worst case conditions, the penetration depth will be on the same
order astheresolution and it is likely the radar will be unable to detect anything; however, it is unlikely
that this would represent the global conditions of the planet. For both average and favorable condition,
the penetration depth should be sufficient enough to obtain responses off the subsurface layering.

Attenuation due to the volumetric scattering

Other than the decrease in penetration depth, increasing the operating frequency will increase the
attenuation due to scattering of volumetric debris. At both the Viking and Pathfinder landing Stes, a
sgnificant amount of surface rocks were observed. These rocks varied in size from afew cm’sto as
large as 7 m, and the surface percentage occupied by rocks was as high as 30% [Results from the Mars
Pathfinder Camera, Smith et a. Science 1997]. The attenuation is accounted for with an effective
imaginary permittivity thét is proportiona to the frequency® and rock radius® [Electromagnetic Wave
Theory, Kong, 1986].

Surface clutter

The surface of Mars exhibits both large and smdl scales of surface roughness. The smdl scae of
roughnessis only significant at large backscattering angles, and thus will not influence the performance.
However, the large scale will dominate and contribute to backscatter at off-nadir angles. The
backscatter from this roughness could potentialy mask the detection of subsurface layers. To be able
to detect a subsurface layer, the layer reflection must overcome both the attenuation of the wave through
the soil and the amount of backscatter occurring at the same range. For this case, even if the wave can
penetrate, detection gtill may not be possible. The higher the frequency, the more the clutter sgnd level
will be. Thiswill impact the radar by limiting the operation of the radar to regions of Mars thet are very
smooth. Thishasto be anayzed and play arolein choosing an appropriate frequency.
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lonospheric dispersion and attenuation
The ionospheric attenuation and digperson is most severe for frequencies close to the plasma frequency.
Asaresult, the higher frequency radar is favored.

Faraday rotation dueto Mars magnetic field

Recent MGS magnetometer data has pointed to much stronger magnetic field than previoudy expected
for Mars. Although these strong magnetic fields are mostly locdized, there are Significant aress,
especidly, in the southern hemisphere, which have strong magnetic fiddds.  The strong magnetic field in
conjunction with a significant ionogphere can impact the operation of radars operating in the HF and
VHF region (very smilar to that expected on earth). To addressthis problem, instead of asingle
dipole, at very low mass pendty, one can include a cross-dipole to remove senstivity to the Faraday
rotation. ' This changein design, in addition to reducing risk, will have added science benefits which are
presented in section 6.

Spatial resolution

Thelateral spatia resolution of an orbiting radar will improve by increasing frequency. Thiswill hepin
detecting and analyzing targets with smaler surface area. The depth resolution is defined by the
bandwidth of the radar system. For higher bandwidth, one can get higher resolution depth profiles. In
generd, there is a connection between the bandwidth and the frequency through limitations in designing
radar systems with high bandwidth/carrier ratio. Asaresult, higher carrier frequencies may be
necessary to achieve high depth resolutions.

Except for items 1-3, an increase in the operation frequency has a positive impact on the performance.
At higher frequencies, the radar coverage is reduced due to relaively higher surface roughness and
subsurface attenuation. The choice of frequency has to be made such that the coverage is maximized
subject to a cost function that accounts for the loss of spatia resolution.

Spacecr aft accommodation consider ations

In the design process, in addition to radar performance, the following spacecraft accommodation issues
need to be considered:

Antennasize (-) [good]

Antenna efficiency (+) [good]

Required accuracy for spacecraft orbital parameters (+) [bad]
Spacecraft induced eectromagnetic interference (-) [good]

~AwbdpE

Antenna size
Antenna size will decrease as the frequency increases.

Antenna efficiency
Antenna efficiency tends to be better at higher frequencies with lower relative bandwidith.
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Spacecr aft orbital parameter knowledge

Operation at higher frequency, or shorter wavelength, will require tighter congtraints on the spacecraft
orbital knowledge of position and orientation. The orbital knowledge is necessary for both radar
operation and science data processing.

Spacecr aft induced electromagnetic interference (EM1)

In generd, EMI is better controlled at higher frequency in both radar-on-spacecraft and spacecraft-on-
radar modes. Although thisfactor in relation to others mentioned above is not as sengtive to the
frequency change. In terms of the frequency selection in the range of 10-50 MHz, thisissue may be
treated as neutra.

Scientific Return

Changing the design parameters of the SHARAD radar will in turn modify the scientific return
capabilities. The trade-off of ground-penetrating radar implies a reduction of bandwidth (and thus
poorer resolution) with a decrease in operating frequency. Alternatively, increasing the operating
frequency will improve the resolution at the cost of poorer depth penetration and loss of coverage due
to the increased clutter over increasing more percentage of Martian terrain. The factors outlined in the
previous paragraphs show the advantages and disadvantages of increasing the operating frequency in
terms of radar performance, but the scientific return of a higher resolution system should be evaluated to
fully assess the capabilities of such an ingrument. With a high frequency radar, the upper layers of the
Martian crust could be mapped with finer resolution and possibly detect surface features that indicate
the presence of water at greater depths. However, these higher resolution profiles may only be usable
over few percent of Mars. So thereis aneed to baance the issue of the qudity with the quantity.

In conclusion, we believe SHARAD will have the highest potentid to meet its science objectives as
dated earlier in this document after addressing the following issues:

1. optimize the operating frequency in terms of radar performance and scientific return

2. re-evauate the choice of the bandwidth (related to operating frequency)
3. replace the current dipole antenna with a cross-dipole
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5. Would uncertainties bereduced significantly by delaying until after
MARSISdata areavailable?

3) If there are uncertainties in the technical ability to achieve the science objectives, would these
be substantively reduced if MARS S data were in hand?

Summary

Y es - both the European Mars Express MARSIS and the Japanese Planet-B PWS/LFA datawould
help. They should both provide information about background radiofrequency noise sources, and the
LFA will provide noise data useful in designing low frequency sounders for rovers that could detect the
water ice dieectric relaxation. They will dso both provide data about the transparency and attenuation
of the atmosphere and ionosphere, the reflectivity of the surface, and possibly about the properties of
the subsurface. PWS has cross-dipole antennas that also will provide useful information about surface

and volume scattering.

Discussion

MARSIS (Mars Advanced Radar for Subsurface and lonospheric Sounding) on Mars Expressto be
launched by the European Space Agency (ESA) and the Plasma Wave and Sounder/Low Frequency
Wave Andyzer (PWSLFA) on Nozomi (Planet-B) aready launched by the Japanese Ingtitute of
Space and Aeronautical Science (ISAS) are both expected to arrive at Marsin late 2003. Their

respective insrument characterisics are listed in Table 1.

Table 1.

MARS S

PWS

LFA

Primary Mission

Toinvestigate the surface and
subsurface structure of Mars

Toinvestigate theionosphere
of Mars

Frequency analyzer

Secondary Mission Toinvestigate theionosphere To investigate the surface N/A
of Mars property of Mars
Antenna Onedipole consisting of two 20 | Two dipole each consisting of Same as PWS
m elements two 25 m elementsin cross-
One 7 meter monopole dipole configuration
Transmitter frequency 100 kHz —5.5 MHz 50 kHz - 10 MHz N/A
range In surface sounding mode the In surface sounding mode the
frequency rangeis 1.3-5.5 MHz | frequency rangeis8-10 MHz
Pulse length 30-1000 us 300 us N/A
Number of channelsin Four 1 MHz bands with the One 2 MHz band N/A
surface sounding mode ability to use any two withina
single PRI
Peak transmit power 10W 600 W N/A
Pul se repetition frequency 130 Hz 8Hz N/A
Dynamic range 45 db 120 db 120 db
Orbit 250 x 11000 km 300 x 51000 km 300 x 51000 km
Orbit incination 87 (near polar) 170 (near equatorial) 170 (near equatoria)
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Mars global access Closeto global Equatorial region Equatorial region
Orhital period 7.5 hours 38.5 hour 38.5 hour
On-board processing Yes Unknown yes

Ability to reject surface Yes No N/A

clutter

Polarimetric capability No Yes Yes

Both PWS/LFA and MARSIS will study the Martian ionosphere (Matsumoto et ., 1998, Ono et dl.,
1998), and it is unknown how much data will be taken at night when subsurface sounding might be
possible, athough their use as atopography mapper (Oya and Ono, 1998) would suggest that night
time operation might be expected (to get global coverage). Asfar as subsurface sounding is concerned,
the rlevant bandwidth is 1 MHz and above since even at night one cannot go through the ionosphere
below that frequency. PWS/LFA is primarily designed as an ionospheric sounder and as aresult is not
optimized for subsurface or even dtimeter operation. MARSIS on the other hand is primarily designed
as a subsurface sounder having astated “... primary objective to map the distribution of water, both
liquid and solid, in the upper portions of the crust of Mars’ with additiona ionospheric sounding
cgpability (Picardi et ., 2000).

Some thumbnail observations regarding MARSIS and PWS/LFA

- PWSLFA are designed for ionospheric study. On PWS, thereisan ALT mode which
operates from 8 to 10MHz at 8 Hz PRF with a600 W peak power. Thisisthe only dedicated
mode for Surface or subsurface sounding (which is relevant to this work).
MARSIS can operate at two one-MHz bands a a given time at any of the 4 bands that it has
from 1.3 to 5.5 for subsurface sounding at a PRF of 130 Hz with 10 W peak power.
Accounting for the PRF difference (factor of 16) MARSIS has an equivaent power of 160W
which means an overdl power advantage of 5-6 db for PWS. 5-6 db advantage at 9 MHz
may trandate into an additiona 250m penetration which is about 5% of MARSIS 5 km
penetration depth.
However, PWS dueto its low PRF has essentialy no ability to regect clutter, which it will have
more than MARSIS, due to its higher frequency. Asareault, it will not be able to interpret
subsurface echoes aswell as MARSIS can.
PWS has onboard processing, compression, and a“ program to optimize the data to fit the
observation conditions’ (Ono et al., 1998).
PWS has a frequency band starting at 20 KHz, but it is not relevant to either MARSIS or the
'05 radar because ionospheric experiment is not the primary god of either of these two
missons. The relevant subsurface sounding operation frequency a Mars, even during night, is
above 1 MHz. So the band from 20 KHz to 1 MHz is purely used for ionospheric experiment.
MARSIS has its band arting at 100 kHz to 5.5 MHz with the primary subsurface sounding
band starting at 1.3 and ending at 5.5 MHz.
PWS has a polarimetric set-up. With the recent discovery of strong magnetic field over some
regions of Mars, the existence of the cross-dipole configuration has sgnificantly increased the
science return over al frequency bands.
LFA will provide RF noise information down to 10 Hz that will be very useful in designing future
low frequency dectromagnetic systems to search for water and ice at kilometer depths.
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Using radiowaves (radar) to sound the subsurface of Mars from orbit requires consderation of the
following (asin the radar equation): frequency, transmitter power, antenna properties, media properties
(including ionosphere and the soil & rock), background noise, receiver noise/sengtivity/dynamic
range/bandwidth, multipathing, antennalocation and orientation, as well as other misson concerns about
datarate, weight, volume, spacecraft integration issues (such asinsrument coupling and interference)..

Of thisligt (neglecting the mission considerations), the big unknowns are the background noise and the
media properties. Both MARSIS and the LWA should provide information about background noise.
Both MARSIS and PWS/LFA are designed to characterize the ionosphere properties. This leavesthe
media properties of the Martian subsurface materials: soil and rock. Both MARSIS and PWS are
expected to receive reflections from the planetary surface. With apair of cross-dipole antennas, PWS
will receive polarization information that MARSIS will not have. Polarization datawill alow better
understanding of surface and volume scattering (Ulaby and Elachi, 1990) if Faraday rotation can be
edimated accuratdy (this may be asgnificant chalenge).

To measure the subsurface properties, the data processing and modeling will become very important,
and the details expected for these are unknown. With dipole antennas, multipathing will be amgor
problem. Will reflections be from the subsurface below the orbitd track or from the surface of that
mountain off to the Sde? Thiswas a sgnificant issue in the Apollo Lunar Sounder Experiment (ALSE,
1972; Phillipset d., 1973; Porcdlo et d., 1974). Clutter (unwanted scattering) may aso be a problem.
If these issues can be resolved, then both MARSIS and PWS may provide information within their
frequency range about subsurface attenuation mechanisms.

Radar energy is attenuated and lost on leaving the antenna by a variety of mechanisms. It is Spread over
the surface of a sphericaly expanding wavefront (like a balloon being blown up around the antenna)
caled geometric spreading loss as the energy dendity drops. It istransformed into heat by dectrica
conduction, eectrochemica and dielectric relaxation mechanisms and by magnetic relaxation
mechanisms. It isreflected, refracted, and diffracted in undesirable directions (meaning the transmitted
power does not make it back to the receiver by any sensible path) by surface and volume scattering. It
may follow multiple paths which cause amdl time (phase) shifts resulting in congtructive and destructive
interference at the receiver. Excepting geometric spreading, each of these |oss mechanisms causes
characterigtic frequency dependence (dispersion) in the data (Olhoeft, 1984). The frequency range of
MARSIS and PWS/LFA istoo narrow to alow any useful expectations about the separation and
identification of loss mechanisms. The presence of water aso causes frequency dependence in radar
data which can be exploited to determine water content (Olhoeft, 2000) even at low water
concentrations, but that requires awell characterized radar system.

The Japanese Planet-B mission is expected to have anear equatoriad orbit for the spacecraft, which will
produce much redundancy in the data. Over a course of the seasons, the PWS could monitor
sgnificant changes associated with water transport and phase changes (vapor/liquid/solid) that would be
avery useful scentific return.
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6. What isthe potential scientific return of the orbital radar currently
being discussed?

Summary
A wideband HF/VHF radar (eg. 10 MHz bandwidth at 20 MHz) will provide vauable information on

the sub-surface dructure of Mars. Radars with smilar characteristics have provided vauable
information onthe stratigraphy of temperate ice [Arcone et a., 2000]. Radar data will supplement and
complement hyperspectra data. We believe that incluson of a high-frequency radar will provide
ggnificant scientific return and contribute  invaluable information to design future sounding and imaging
radars.

The digtinct advantage of aradar at higher frequency than MARSIS isthat it should be capable of better
gpatid resolution which would enable it to detect smdler features on the surface and subsurface. The
countervailing disadvantage is that it would not be capable of deep penetration. If intended for an
experimenta exploratory mode, an HF/VHF sounding radar would provide an excdllent complement to
presently planned missions.

In summary, the mgjor scientific returns can be given as:

1) Finding representative areas with higher likelihood of near-subsurface liquid water tables

2) Profiling the ice thickness of the polar region (or possibly 3-D imaging of theice cap)

3) Characterizing the Mars magnetic field and ionosphere using polarimetric data

4) Polarimetric study of the radar return from the Mars surface if the Mars magnetic fidd can be
assumed known through independent measurements (eg. MGS magnetometer) and eectron column
dengty can be measured accurately. Two areas of specid interest are the Thargs “ stedth region” which
gives very little reflection using earth based radars Muhleman et d., 1991, 1995; Grant and Schultz,
1996; Edgett et a., 1997, Edgett and Mdin, 2000) and the areas with high resdud magnetic field in the
southern hemisphere.

The Importance of an Orbital Radar Sounder in Providing a Global Context

in the Search for Subsurface Water

Terredtrial experience has demondirated that the accurate identification of subsurface water and ice
often requires the application of multiple geophysica techniques, which are most effectively employed a
the surface. The principd attributes of such investigations (such as lander-based GPR) are their
improved coupling to the surface (which minimizes dectromagnetic Sgna |oss) and their gbility to
identify variations in subsurface didectric properties a high resolution (because of their proximity to the
target).

But a strategy to search for water on Mars by proceeding directly to the use of high-resolution surface-
basad investigations has a sgnificant drawback — for while such surveys may help determine the locdl
digtribution of volatiles to high precison, they provide no globa context. Thisgloba context is
important because, given the natura heterogeneity of crustal properties, the distribution of subsurface
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H.O islikely to differ subgtantialy from one location to the next. Thus, while a high-resolution
investigation might suggest the presence of a specific volatile target at a depth of 500 m at one location,
it could well miss the opportunity — located only 20 km away — where that same volatile target was
present at a depth of 100 m. Differences of this magnitude could well be critica to the success or failure
of any follow-on drilling effort.

Therefore, given the fact that the Mars program doesn't have the resources to cover the planet with
surface-based geophysica stations, how do we most effectively employ the limited number of surface-
or arborne geophyscd investigations that we will likely be able to fly?

Even with dl its acknowledged limitations, an orbita radar sounder has one significant advantage over
any other type of geophysica investigation that might be flown in thet it can provide near globd
coverage (to a currently unknown and spatialy variable depth) using a sngle spacecraft. Although, by
itself, it may not be capable of making an unambiguous determination of the presence water or ice, it
could potentialy be used to diminate Sgnificant aress of the planet from congderation and help identify
the most promising locd sitesfor further sudy. The "best” of these could then be targeted for loca
surveys (conducted by aerobots, dense local

surface networks, rovers and other types of missions) to verify and map the distribution of volatiles a
high resolution.

The value of higher freguency

In areas that support deeper radar penetration, higher frequencies than those used by MARSIS could
provide higher-resolution profiles of the Martian subsurface. Such profiles would help deeper
undergtanding of the subsurface structure of Mars. The radar data can be used to devel op geophysica
modds or EM modds of the Martian crust. These modds will be invauable in designing and optimizing
future lander-based radar sounders and imaging systems. A mgjor objective of a higher-resolution radar
isto indicate areas that have higher likelihood of near-subsurface agueous layers. The presence of an
area-extensve didectric layer in afamily of profiles cannot be interpreted by itself asindicative of water,
but it would provide strong evidence of a region worth more focused exploration.

In areas where there is minima penetration, radar data can be used to estimate surface characteristics
including roughness and didectric properties. [[Are there any locations where there are sub-surface
rocks or boulders that may act as point targets?]] If there are we can estimate velocity of propagation
which is rdlated to the dielectric congtant that will provide some information about the materid

properties.

Polarimetric study of the Mars magnetic field and ionosphere

A magor recent discovery on Marsis the detection of a strong but regiondly localized magnetic field on
Mars. MARSIS was designed under the assumption that Mars did not have a sSgnificant magnetic field,
which implies that MARS'S may be “blind” under certain local circumstances. The existence of the
magnetic fied in conjunction with a strong ionosphere will cause Faraday rotation for HF and VHF
radars operating on Mars. Faraday rotation can render the single-polarized reflections to be invisble to

04-09-01 Radar ISDT Report.doc 20 05/25/01



the radar, much as polarimetric eye glasses suppress solar reflections. Even at 20 MHz, Faraday
rotation can be sgnificant. Since it is frequency-dependent, it could reduce the potentia resolution of
any radar under the best of circumstances. The negative impact of Faraday rotation can be minimized by
using a cross-dipole antenna rather than a single dipole (Section 4). The cross-dipole antennawould
recelve both polarizations.  Thiswould have two digtinct advantages: 1) The polarization information
aong with the disperson of the sgna could be used to measure the Martian magnetic fied
independently; and 2) Combination of the sgnas received on both cross-polarizations would avoid
sgnd fading.

In those areas in which Faraday rotation is significant, then MARSI S would encounter difficulty. Thisis
likely to be true, for example, over parts of the southern hemisphere where the magnetic field is
particulary strong (3000 nT or more). A radar enabled to receive both polarizations with a cross-dipole
antennawould be able to operate normaly in such regions.

Polarimetric study of the M ars Surface and Subsurface

Although it is not certain that in the presence of the Faraday rotation surface polarization information can
be isolated, it should be addressed in the design of the insrument. If there is adequate SNR, it is
possible to separate the Faraday rotation effects by taking advantage of dready existing Mars Magnetic
field values from MGS and an accurate estimation of the eectron column density of the ionosphere.

Potential Value of Sounder to Polar/Climate Studies

Onetopic for which there is greet potentid for scientific return from a20-Mhz orbital sounder is
contributing to an improved understanding of the nature and evolution of the Martian polar regions -
where, assuming loss characterigtics smilar to glacid ice, it may help to provide information on the total
thickness, basal topography and internd structure of the layered deposits.

Among the specific questions that an orbital sounder might address are:
What is the thickness, extent and continuity of the layers within the polar deposits?
Is there any evidence of mgor uncomformities, or variationsin the past extent of the caps,
preserved within the polar sratigraphy or in the surrounding terrain?
Is there evidence of internd deformetion indicative of glacid flow?
Is there evidence of basal melting, basal |akes, or periphera ice deposits that may have been
associated with subglacia discharges?

Dueto its high inclination near-circular orbit, the polar regions will be covered with a dense grid of sub-
satellite sounding tracks. One vauable contribution of such coverage would be the rdatively high spatidl
and subsurface resolution of the Martian ice caps. The ice should admit reliable and geophysicaly
useful radar penetration & HF/VHF frequencies, yielding depth profiles with maximal heritage to our
present Earth-bound experience base. Dense spatia coverage will generate a pseudo-3D subsurface
image of the region. Under favorable conditions, dense mutually coherent data could support 2D
gperture synthesis, which would alow a demongtration of an holographic 3D portraya of the near sub-
surface structure of the ice caps.
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Unraveling the complex geologic and climatic record preserved in the layered deposits would be grestly
aded by theidentification of aredly-extendve stratigraphic horizons that could serve as tempord
benchmarks (i.e., sratathat might be targeted by future in-situ, or sample-return, dating efforts).
However, even with assistance of high-resolution MOC images, it has proven enormoudy difficult to
establish layer continuity on exposed scarps, even between neighboring troughs. In contrast, the ability
of aradar sounder to identify high-contrast layers (such as those created by volcanic ash deposits)
offers the potentid for identifying such horizons over the extent

of the cap.

While a polar-orbiting radar sounder appears to offer consderable promise for polar investigations, the
inherent difficulty of discriminating between the dielectric properties of ice, embedded dust, and a polar
basement of unknown lithology may introduce sufficient uncertainty in the interpretation of the radar data
that a combination of other geophysica techniques and/or in Situ drilling may ultimately be required for
its vaidation.

The Value of a Negative Result

In discussing the ability of the SHARAD ingrument to detect liquid water, much of the concern has
focused on how other substances or conditions within the subsurface might cause asmilar lack of
penetration, precluding an unambiguous identification. Nevertheless, our models clearly show that if
liquid water is present in Sgnificant concentrationsin the volume being investigated, a suggestive return
will result. Thismeansthat if the sounder gets NO suggestive returns anywhere, or gets them from just a
few percent of dl the areas it observes, thislack of areturn implies (to ahigh leve of confidence) that
near-surface liquid water is not present at those locations. This negative result would dill bea
tremendoudy important finding because it would help diminate many areas from consideration for future
near-surface investigations. This ability to diminate and prioritize potentid landing tes for further sudy
underscores the importance of orbital sounding as avitd precursor to landed missions.
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APPENDIX 1.
Simulation of Ground-Penetrating Radar/Or biter.

The scientific return of a GPR on Mars s highly dependent on the stratigraphy and lithology of the
subsurface layers. Since the dectrica properties governing scattering and propagetion of these layers
are, to alarge extent, unknown, predicting the performance of aradar will involve extensve smulations
over awide range of modes from smple two to three layer configurations to many-layer configurations
of different geologica locations. The results shown in this gppendix represent afew possible moddsto
facilitate a better understanding of what specifics problems may be encountered. Excluding the receiver
minimum detectable signd, the sources of attenuation, reflection, and clutter are given below aong with
agenerd condition for detection.

Sour ces of attenuation (other than constant spherical spreading 10ss)
1. Transmission and reflection off intermediate layers (dependent of the number of layers and
dielectric contrasts)
2. Attenuation due to soil properties (dependent on the soil type, magnetic content)
3. Attenuation due to volume debris (dependent on the size and distribution of buried rocks,
accounted for in an effective permittivity)

Sour ces of refection (gain, other than antenna and system properties)
1. Reflection coefficient of desired layer (dependent on the didectric contrast of the layer)
2. Surface Roughness (dependent on the r.m.s. dope the reflection, ideally specular)
3. SAR Processing (dependent on aperture length, sampling rate, and surface roughness)

Sour ces of clutter
1. Scattering off volume debris (dependent on the size of buried rocks)
2. Multiple scattering off intermediate layers (dependent on dielectric contrasts)
3. Off-nadir rough surface backscatter (dependent on the r.m.s. dope)
4. Noise (dependent on receiver bandwidth)

Condition for detection —to be able to detect a subsurface layer, the sources of reflection minus the
sources of attenuation must be grester than the sources of clutter.

For an orbiter radar, where the distance of the radar is much gregter than the depth of penetration, the
transmission and reflection of the incident pulse can be gpproximated as a plane propageting normaly
through alayered media This one-dimensiona responseis caculated by representing the subsurface as
a st of transmission lines (each with a complex propagation constant and characteristic impedance
corresponding to the eectrica properties of the layer) and calculating the complex reflection coefficient
versus frequency. The three-dimesiond return is obtained by: 1) generating the 1-D plane wave
response; 2) multiplying by the antenna pattern and surface backscatter and time scaling for responses
from off-nadir angles; 3) convolving with a surface random variable; and 4) gpplying spherica spreading
loss and other system parameters.
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Smulation 1

The first smulation shows the response from a three-layer medium containing alayer of ice. The mode
parameters are shown in Table 1, and the transmitted signal is a 20 MHz center frequency, 10 MHz
bandwidth Gaussian pulse. The dectricd properties were determined using Smple dengity and linear
mixing formulats [Electrica Properties of Rocks, in Physical Properties of Rocks and Minerds, Olhoeft,
G. R,, 1989]. The smulation results shown in figures 1 and 2 show the radar response for surface
roughnesses of 0.015 and 0.007 rad. In the first smulation, it is clear to see that without SAR
processing it would be impossible to detect the third layer due to the off-nadir clutter. For the
geometric optics backscatter approximation, it can be shown that the clutter response will fdl off by a
rate inversaly proportiona to the r.m.s. surface roughness. Figure 2 supports this relationship by
showing a detectable layer when the roughness is reduced.

Tablel. Threelayer configuration.
Ys e at 20 MHz

thickness %porosity %iron oxide  saturation phase Y2 et e2
400km* 100 0 - - Yo 1.0 0.00
200m 50 15 - - Yo 3.0 0.02
200m 30 15 80 ice Yo 54 0.05

20 15 - - Yo 58 0.07

*fird layer isthe haight of the radar.
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Figure 1. Smulation resultsfrom modd 1 with an r.m.s. surface dope of 0.015 rad. From |eft to right
are shown the permittivity depth profile, unprocessed image, SAR processed image, and dB plots
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normalized to transmit power for (solid-dot) idedl, no surface clutter response, (solid) raw data,

(dashed) SAR processed data.
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Figure 2. Smulation results from moded 1 with an r.m.s. surface dope of 0.007 rad.

Smulation 2

The second smulation, mode shown by Table 2, replaces the layer of ice with adightly denser soil.
The result in figure 3, shows that the reflection off of the dense layer isvery smilar to that produced by
the layer of ice. It becomes apparent that even if the dendity was kept constant and the ice was
removed, the radar response would gill be very smilar to that shown by model 1.

Table 2. Three layer configuration. e a 20 MHz
thickness %porosity %iron oxide  saturation phase > e¢ e?
400km* 100 0 - - 7 1.0 0.00
200m 50 15 - - Y 30 002
200m 25 15 - - 7 52 0.06
- 20 15 - - Y 58 0.07
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Figure 3. Resultsfrom model 2 (without ice), 0.007 rad surface roughness.

Discussion

The smulations above show the response of athree-layer modd. If chirp radar is used, an additiona
compression gain of approximately 200 (23 dB) could be expected and must be added to the received
sgnd responses shown. Thiswould place the normalized surface response at gpproximately -70 dB
and the third interface at gpproximately -120 dB. Noise cdculations show the minimum detectable
sgnd isapproximately -130 dB. Usng this vaue as alower bound, it can be seen that the third layer in
the above smulations will be detectable with a 10 dB signd-to-noise (SNR) ratio. This SNR may seem
low, but it should be pointed out that the didectric contrast of the third interface is only about 10%
corresponding to areflection coefficient of about -30 dB. If this contrast were increased, say for the
extreme case of alayer of water, and the attenuation was smilar to the above smulations, it may be
possible to see areflection as deep as 1 km.
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APPENDIX 2: SCIENCE OBJECTIVESFOR THE MRO (reprinted
verbatim from the SDT Report)

SCIENCE OBJECTIVES FOR THE MRO

The Mars Exploration Program has adopted a “Follow the Water” strategy, which provides the
crosscutting theme through the Mars Exploration Program’s four main areas of emphasis: Life, Climate,
Geology, and Preparation for Human Exploration of Mars. The SDT focused on the first three of these
aress, which moativate the core science investigations. The “Follow the Water” drategy isvery
ambitious, and any single misson can accomplish only a part. Also, the degree of progress that can be
made in any one area, N0 matter how high its scientific priority, often depends criticaly on the progress
of ingrument technical development. Thisis particularly important for the MRO misson as described by
the Project to the SDT, asit appears to have a doable, but still chalenging schedule for spacecraft and
payload development, assembly, test and launch. Furthermore, dthough the SDT did not discuss
mission budget in any detall, there are concerns that the funding available cannot support substantia
instrument technica development. The MRO budget portion for the science payload appears to have
been taken from the 03 M SO study (adjusted for inflation). That study emphasized flight-proven
ingrument design and hardware, due to the even more demanding schedule required for launch in 2003.

With these potentia condtraints in mind, the SDT has divided the recommended science objectives for
the MRO mission into two categories. The SDT recommends thet the core objectives (Group I) must
be addressed in a significant way by any payload selected for MRO. However, the SDT believes
that instruments addressing these core scientific objectives do not require the full capabilities alocated
for payload in the MRO reference mission. Within the remaining resources, NASA should consider
selection of investigations that address additional high priority scientific objectives (Group I1).

The scientific objectives recommended for the MRO mission are then:
Group I:

1. Recover the MCO atmosphere and climate science objectives:
» Characterize seasond cycles and sample diurnd variations of water, dust, and carbon
dioxide to understand processes of present and past climate change.
» Characterize globd atmaospheric structure, transport, and surface changes to €lucidate
factors controlling the variable didtributions of water and dust.

2. Search for stes showing evidence of agueous and/or hydrothermd activity:
» Search for localized areas showing past agueous minerdization.
> Observe detailed geomorphology and sratigraphy of key locaes to identify formation
processes of geologic features suggesting the presence of liquid water.

3. Explorein detall hundreds of targeted, globaly distributed Sites:

04-09-01 Radar ISDT Report.doc 30 05/25/01



» Chaacterizein detall the Stratigraphy, geologic structure and composition of surface
features to better understand the formation and evolution of complex terrain.
» Didinguish processes of eolian and non-eolian transport and surface modification.

Group II:

1. Detect the presence of liquid water and determine the distribution of ground ice in the upper surface,
particularly within the near-surface regalith.

2. Provide atmospheric observations in addition to the MCO capabiilities (i.e., PMIRR and MARCI
Wide Angle) to further define atmospheric structure and circulation.

3. Characterize the gravity field in greater detail to understand better the geologic history and structure
of the crust and lithosphere.

4. Explore additiond ways of identifying steswith high scientific potentid for future Mars landed
invesigetions.

(Theligtings within Group | and Group |1 do not imply priority.)

The gtrategy outlined above is the recommendation of the SDT. However, it was not unanimous, in part
because there are a least two views of what reconnai ssance meansin the context of an '05 Mars
mission. One view isthat it should be “reconnaissance in force’, in the sense that the misson and
gpacecraft resources are fully dedicated to one or two primary investigations (e.g., ultra-high-resolution
imaging or subsurface sounding). In this view, one attempts to bring to closure one or two primary
scientific objectives, as completely as can be achieved from orbit (within the foreseegble future).

The second—and mgority—view of the SDT was that an’ 05 orbiter mission should be one of
exploration and discovery in afew carefully chosen aress, rather than detailed characterization in
support of a single objective, even as the misson focuses on a single theme (* Follow the Water”).
Thereis much that we do not know or understand about Mars, and a significant effort in afew well—
chosen, high priority areas was judged by a mgority of the SDT to be most likely to advance
subgtantialy our understanding of Mars. Furthermore, a cross-disciplinary MRO mission will provide—
together with 2001 Mars Odyssey and ' 03 Mars Express—the critical data needed to define such
highly focused *dosure’ missons, each of which might well require the equivaent of the MRO
gpacecraft and mission resources, as part of the ongoing Mars Exploration Program.

In summary, the SDT recomends that the MRO m ssion address
each of the Goup |I objectives and, as resources permt, one
or nore of the Group Il objectives.
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