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|. Introducti OF POOR QUALITY

A proposal entitled "Analysis of Reqolith Electromagnetic Scatterinn as
ronstrained by High Resolution Farth-Rased “easurements of Lunar “icrowave
Fmission™ was submitted to NASA's Lunar and Planetary Proqram on Auqust 1, 1979,
The planned research constituted a continuation of lunar reqolith studies
oriqinally prposed by the Principal Investiqator in 1978 while at the
Lamont-Noherty feological Nbservatory of Columbia University, The work described
herein beqan in the spring of 1979 and covers a four-year period ending July 31,
1983,

The primary objectives of the proposed research were the development of
theoretical models of planetary reqolith scattering processes and an analysis of
the effects of scattering on the interpretation of passive microwave and radar
remote sensinq rdata, Netailed resuits are presented in the attachments and will
only be summarized within this report, In Section Il, knowledqe of lunar renqolith
nroperties prior to this study is reviewasd, and the justification for scattering P
studies is presented., In Section IIl, results of the vertical structure modeling
studies are presented and app!ications to the moon and “ars described. In Section
1V, the volume scattering mod=ls are described, and results relevant to the
intepretation of lunar remote sensinqg data are outlined, A summary and

recommendations for future studies are presented in Section V., -

I't. 3ackaround

The Apollo Program provided a wealth of data relevant to the thermal and
electrical properties of the lunar reqolith, In sity experiments and
i ahoratory measurements of returned samples yielded critical constraints on ths
depth and/or temperature dependence of raeqolith density, thermal conductivity, é
heat capacity, and dielectric properties. (n particular, at the Apollo 15 and 17

heat flow sites, surface and subsurface temperatures were measured directly over
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many lunations, permitting the developmen* of a detaiied model of reqolith

thermophysical properties (Xeihm gt al., 1973; Keihm and Lanqseth, 1973),

This model was remarkably successful in matchinq previous earth-based ohservations
of lunar disk center phase and eclipse variations at both infrared and microwave
wavelenqths (Keihm and Langseth, 1975),

This result qensrated confidence that the reqolith oroperties measured at a few
local sites were representative on a qglobal scale, and that hiqgh resolution
microwave measurements from a lunar orbiter could be utilized to map local
variations in mineraloqgy and heat flow.

In the mid=197N's, however, confidence in the notential of remote microwave
lunar mapping suffered a setback when a number of theoretical studies (e/q.,
Fnqland, 1975; Fisher and Staelin, 1977} suqqested that scattering, assumed to be
nanliqible in previous reqolith models, could be siqnificant in masking the
microwave sinnatures of hoth mineralony and heat flow., In addition, new
hinh-resolution measurements of the nhase variation of the lunar disk center
hriaohtness temperature indicated that in sity reqolith electrical losses were
larner than those measured on returned samples by a factor of 1,5 ~ 2.0 at
centimeter wavelenqgths (Sary and Xeihm, 197%), The additional component of
elactrical loss was postulated to be due to scattering and the need for a
refinement of the reqolith model to include a realistic treatment of scattering
effects was clearly identified. For the ensuinn research, two distinct scattering
reqimes were considered: (1) vertical variations in dielectric constant, and (?)

volume scattering due to subsurface rock fragments,

i, i ruct *
Prior to this study, previous theoretical models have examined the effects of
vertical dielectric structure for snecific applications with limiting

anoroximations (e.,q., Survich gt al., 1973; Tsanq and Xonq, 1975; Tsana ot
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al., 1975; Fisher and Staelin, 1977). The method employed for our analysis of
lunar reqolith vertical structure places no rastrictions on the dielectric
orofiles which could be treated. The analysis is based on the formulation of
Stoqryn (1970) who outlined a numerical aporoach for solution of the wave equation
and derivation of the reflectivity and emission waiqhting function of a vertically
varying half-=space,

Three types of vertical variations, aopropriate to the lunar reqolith
structure, were considered: (1) A two-layer model, composed of solid rock
overiain by a mantle of fine soil; (2) A multi-layer structure composed of
centimeter-scale strata of coarse and fine-qrained soils with moderate dielectric
contrasts between adjacent layers; (3) A continuous variation of dielectric
constant with depth, ‘'odels were analyzed in terms of their effects on the zeroth
and first harmonic (phase variation) of the lunar disk center brightness
temoerature, Netailed results are nresented in Xeihm and Cutts (1981; Attachment
?) and can be summarized as fol lows:

elLarqe impedance contrasts (bedrock overlain by a soil mantle) will

cause no siqnificant spectral variation over the wavelenqgth range 3-30 cm

unless interfaces occur within 3 m of the surface. Rock substrates

occurring at depth <1 m could produce a neqative spectral qradient

comparable in maanitude to the effect of a heat flow qradisent, However,

suych shallow hedrock occurrence is helieved to be rare for the lunar

frontside.

elLunation variations in microwave brightness temperatures are not
affected by a rock substrate that is deeper than 19 ¢m,

oThe occurrence of multiple soil-strata layers of moderate dielectric
contrast (as sunnaested by Apollo core tube studies) is not likely to

affect either the absolute level or lunation variation of centimater-wave
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brightness temperatures due to lateral variations in layer thicknessas

and depths.

®'odels of the ranid increase in soil density, believed to be
_ characteristic of the lunar reqolith's upper 1N cm, predict a briqhtness
* temperature decrease of 2-10% over the wavelenqth ranqge 3=30 cm, The
onset of the spectral decrease occurs at a wavelength of 3=15 em,
dapendent on the thickness of the porous reqolith surface layer (~1-2
cm). The mannitude and slope of the spectral decrease depend,
~es.pactively, on the contrast and thickness of the density transition
~ayer,
®Plausible continuous donsity variations do not siqnificantly effect
the amolitude of diurnal brightness temperature variations or suhsequent
inferences of elactrical loss prooerties,
The two-layer models have also heen utilized to examine the feasibility of
renorted (7isk and “ouqginis-"ark, 19%1) seasonal variations in the radar
reflectivity of the Sinai Planum reqion of “ars, "e have proposed an colian

exnlanation for the reflectivity variation, postulating a seasonal stripping and

recoating of near surface rock strata by local transport of dust, Netails are

presented in Nutts and Keihm, 1983 (/. +tachment S),

Iv. Yolum taring *!

orior to this study, Fnaland (1975) anplied radiative transfer theory, using
the Raylerqh approximation, to the problem of lunar reqolith fraqment scatterina.
Assuming a sinqle effective particle size, he concluded that spectral brinhtness
temperature variations of tens of degrees could occur at centimefer wavelenqths,

- completely maskinqg the snectral siqnatures of mineralogy and heat flow, The

method applied for the present study also utilizes the radiative transfer !

formulation, but empioys "ie scatterinn phase functions and allows for a

G-
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continuous distribution of particle sizes, ‘'lode! results and implications for
lunar remote sonsinqg interpretation are presented in Xeihm (1992; Attachment 3)
and can be summarized as follows:
®For subsurface fragment size populations representative of Surveyor
mare sites, emission darkening of 1-4% s predicted. For freshly
cratered reqions, such as Tycho, brightness temperature decreases of up
to 79 , relative to the non-scattering case, are predicted.
eSpectral signature due to fraqment scattering depends on the
ralative distriburion of particle sizes, For mare sites. a small
increase in briqhtness temperature, approximately IN" of that due to
heat flow, is predicted over the wavelenqgth ranqe 3-31 cm., Reqions
with a hiqh fraction of larqer size (21N cm) franments, such as Tycho,
can produce nenative spectral aradients, comparahble in magnitude to the
heat flow signature,
oThe amplitude of lunavion variations in brinhtness temperature can
he affected by fragment nooulations in the upper 10 cm surface layer.
| f mare-type populations exist in this tayer, scattering losses wi.l be
comparable to absorotion losses; and purely absorptive properties, such
as the electrical loss tangent, can be seriously overestimated from
remote measurements if scattering is not taken into account.
romparison of laboratory and remote inferences of electrical loss
sunqest +hat scattering effects may be particularly significant at
wavelengths of =13 cm for the lunar disk canter,
oThe featurelessness of microwave briqhtness temperature maps of the
lunar frontside indicates that the scatterinqg properties of the upper

10 cm of reqolith are remarkably uniform on a 7517 km scale.
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Nur understanding of the thermonhysical properties which control the thermai
and radiative transport of enerqy in the lunar reqolith exceeds that of any other
extraterrestrial ob ject. Fxtansive evidence doas exist that renolith nroperties
are remarkably uniform on a 750 km scale, Comprehensive models now exist which
could be used to generate infrared and microwave maps of the lunar frontside at
all phases to be used as an absolute calibration standard., In this reqard, the
orimary questions remaining center on the variation of emissivity and surface
rouqhness effects with wavelenqgth,

Nur models of lunar reqolith enerqy transport processes are now at the state
for which a maximum scientific return could be realized from a lunar orbiter
microwave mapping experiment, A detailed analysis, includinqg the effects of
scattering, has produced a set of nominal briqhtness temperature spectra for lunar
enquatorial reqgions, which could be used as a calibration reference for mapping
km=scale variations in mineraloqy and heat flow (Xeihm, 1983; Attachment 4), A
complementary radar reflectivity experiment at comparable microwave wavelennths
would qreatly enhance the sciontific return of a passive orbital experiment,

The techniquns developed for modeling the lunar eqolitth have broad application
to the interpretation of remote sensing data of othar dry, atmosphereiess bodies.
It is anticipated that our proqgress in understanding the thermal and radiative
hehavior of the lunar reqolith will lead to investinations of other planetary

surfaces which can be pursued with increased confidence and scientific outnut,
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