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We have applied computer stereophotogrammetry to Apollo Lu-
nar Surface Closeup Camera (ALSCC) pictures of the lunar sur-
face to construct the first-ever digital topographic relief maps of
undisturbed lunar soil over spatial scales from 85 pm to 8.5 cm. Us-
ing elevation histograms, fractal analysis, and Hapke’s photomet-
ric roughness model we show that Apollo 14 (Fra Mauro) Imbrium
ejecta is rougher than average Apollo 11 (Mare Tranquilitatis) and
Apollo 12 (Oceanus Procellarum) mare surfaces at submillimeter
to decimeter size-scales. We confirm the early result of K. Lumme
et al. (1985, Earth Moon Planets 33, 19-29) that the cumulative dis-
tribution of elevations for lunar soil is typically well described by
Gaussian statistics. However, cumulative distributions are insensi-
tive to asymmetries in the shapes of elevation histograms: Of 11 dis-
crete elevation histograms we measured, about half exhibit signif-
icant deviations from Gaussian behavior. We also confirm Lumme
et al.’s finding that the roughnesses of all lunar surfaces increase
with decreasing size-scale. We further show that the scale depen-
dence of roughness is well represented by fractal statistics. The rates
of change of roughness with size scale, represented by fractal dimen-
sion D, are remarkably similar among terrians. After correcting
for the contribution of large-scale roughness, our average value of
D =2.31 4 0.06 falls within the range 2.0 < D < 2.4 reported from
lunar radar studies. The amplitude of roughness, which we charac-
terize with the rms slope angle at 1-mm scale, varies significantly
among terrains. For lunar mare, the average rms slope angle is
16° + %° and that for Fra Mauro regolith is 25° & 1°. By compar-
ison to radar data, we suggest that the roughness of Fra Mauro
(Imbrium ejecta) regolith is similar to that of lunar highland ter-
rains. We find that the Gaussian slope distribution assumed in B. W.
Hapke’s model (1984, Icarus 59, 41-59) adequately describes typi-
cal lunar regolith surfaces. A revised form of Hapke’s equation that
models realistic particle phase functions and the coherent backscat-
ter opposition effect was fitted to disk-resolved lunar photometric
observations and yields estimates of 8 =27 £ 1° for highland and
6 =24 4 1° for mare regolith. These values of 6 as well as the im-
plied relative highland : mare photometric roughness ratio are best
matched in our elevation data by the cummulative contributions of
surface topography covering all scales greater than 0.1 mm. Less

than 5% of the photometrically detected roughness of lunar re-
golith is contributed by surface relief at scales larger than 8 cm.
This conclusion implies that values of 8 derived from whole-disk
and disk-resolved photometry, respectively, may be taken to rep-
resent the same physical quantity. In addition, particulate samples
used in goniophotometric measurements should not be assumed to
be photometrically smooth (i.e., # =0°), as is often done in labo-
ratory applications of Hapke’s photometric model. The predicted
photometric roughness at size scales of 0.1 mm and less signifi-
cantly exceed photometric estimates and suggests that there exists
a measurable size scale below which topographic relief either is not
photometrically detectable or is not represented in the Hapke model
as macroscopic roughness.  © 1999 Academic Press

Key Words: stereophotogrammetry; lunar regolith; photometry;
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1. INTRODUCTION

The Apollo Lunar Surface Closeup Camera (ALSCC), show
in Fig. 1, is a 35-mm stereo format photographic instrument th,
was used by Apollo astronauts on the lunar surface nearly thr
decades ago (Gold 1970, Anderson 1971, Anderson and Niks
1971). Each photograph provided stereoscopic coverage o
7 x 8 cm area of lunar soil at very high spatial resolution (86
atthe surface). The complete collection of ALSCC images s pr
sented in a series of preliminary science analyses (Gold 19¢
1970, 1971; Goleket al. 1970). Relatively little quantitative use
has been made of these pictures despite the fact that, to d:
they represent our beBt situ observations of undisturbed lu-
nar regolith texture and topography at submillimeter to sut
decimeter scales. ALSCC images of astronaut bootprints and t
tracks left from the Modularized Equipment Transporter (MET
see Fig. 3) were used to investigate lunar soil mechanics (i
Mitchelletal.1971). A specially designed sequencépbllo 14
ALSCC images was used to support the Thermal Degradati
Samples (TDS) experiment which tested the effects of lun:
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108 HELFENSTEIN AND SHEPARD

dust on candidate thermal coatings for future space hardwa
Shoemakeet al. (1970) studied the size-frequency distributior
of fragmental material i\pollo 12soil by carefully analyzing a
single ALSCC image (AS12-57-8451). More recently, Lumm
et al. (1985) performed optical stereophotogrammetry on thre
ALSCC stereo pairsApollo 11, AS11-45-6702 and AS11-45-
6707; andApollo 12 AS12-57-8455) to extract and analyze
several topographic profiles. Their results showed that regoli
surface roughness, as measured by average rms slope an
monotonically increases with decreasing size scale and that
cumulative distribution of elevations is typically Gaussian.

In this study, we apply computer stereophotogrammetry -
construct digital topographic maps from the subset of the Apol
closeup stereo pairs that best represent the texture of undistur
lunar soils. Our main purpose is to produce a topographic de
base to be used as “ground truth” for the testing and improv
ment of radiative transfer models that are used to measure pla
tary surface roughness from remotely sensed data such as re
observations, optical polarimetry, and photometry. The top
graphic maps also provide fundamental geological informatic
about the textural similarities and differences among a variety
lunar soil types. Using them, we expand considerably the eal
effort of Lummeet al.(1985). For example, while Lumne al.
(1985) extracted 1400 elevation measurements from 3 stel
pairs, we will make use of 11 stereo pairs to collect over 9 mi
lion elevation measurements. We will also extend the analys
to Apollo 14images (excluded by Lumnet al). We compare
a variety of different lunar surfaces in terms of roughness vari
tions as measured by elevation histograms, fractal statistics, ¢
Hapke’s (1984) macroscopic roughness parameter.

2. IMAGE SELECTION

The ALSCC was used on only three Apollo flightisl( 12,
and14) from which a total of 48 stereo pictures were returne
(17 fromApollo 11, 15 fromApollo 12 and 16 fromApollo 14).
Only about a third of the pictures show examples of undisturbe
lunar soil or rock surfaces of which 11 were selected for th
present study (Table Il). We excluded from the analysis pictur
which show lunar soil that was disturbed by rocket exhaust
that was extensively covered by granular “foot spray” particle
kicked up by the astronauts’ boots, and pictures showing lun
soil that was intentionally disturbed to demonstrate its cohesi
properties.

Our selection (Table II; Fig. 2) consists of three pictures fror
Apollo 11(Mare Tranquilitatis), four fronApollo 12(Oceanus
Procellarum), and four frompollo 14 (Fra Mauro). At least
two frames from each mission (AS11-45-6699/6701; AS12-5
8449/8453; AS14-77-10368/10370) represent typical exampl
of undisturbed lunar soil. A few less-common surfaces are al

FIG.1. ApolloLunar Surface Closeup Camera (ALSCC). The stereo Opti:[ﬁctured. These include two examples of soil-covered rock
are contained in the upper portion of the camera base along with a 100-exposure

magazine of high-definition 35-mm indefiIm.AninternalﬂashbulbiIIuminate(?l‘"‘f‘?“Ces (AS14-77-10371/72), clumpy regolith on the insi

the target surface. The camera was operated by placing the camera base @h@ crater (AS12-57-8454), and glass-coated regolith clum
target surface and depressing the trigger on the handle to expose the film. (AS11-45-6704) and stones (AS12-57-8452pollo 11 and
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12 examples are considered to represent lunar mare regol{iggrrelation window) extracted from each half of a stereo pai
while Apollo 14 soils (Fra Mauro) are interpreted as ImbriunNone of the pattern-matching algorithms attempted to adju
basin ejecta. None of our independently selected stereo palrs brightness patterns within correlation windows to accoul
match those chosen by Lumreéal. (1985) listed earlier. We for relative foreshortening (or stretching) of the brightness pa
excluded AS11-45-6702 because it showed a pattern that gtemms that accompany planar projection of three-dimensional fe
the appearance of aerodynamic erosion and scouring by rockees from the two different viewpoints. In addition, the correla
exhaust could not be ruled out (Gold 1970). Our selection tibns corresponding to each tiepoint were not used as statistit
Apollo 12picture AS12-57-8454 shows an unusual clumpy soibeights in performing the interpolation of intermediate points
inside an impact crater which is remarkably like clumpy soil iand no provision was made for measuring and correcting a
an open area seen in Lumraeal's AS12-57-8455. We chose possible misalignment of the stereo frames.
the former over the latter because the 8454 frame is known toOur feature-matching program was developed from subpixe
have originated inside a crater, whereas 8453fyothesizetb precision image-coregistration software and measures pixel 0
be impact ejecta (Gold 1970, Godd al. 1970). Finally, while setsin the liney) as well samplex) directions to account for the
AS11-45-6707 was one of our candidate images, we noticttt that slight rotations and offsets may have been introduc
more extensive deposits of relatively coarse particles (reminishen we digitally scanned the separate half of each stereo p:
cent of footspray contamination) than in images which GolM/e have developed a two-stage, iterative approach that adju
(1970) classified as “undisturbed soil.” correlation windows for relative foreshortening, makes use
The exact locations on the lunar surface where most therrelation coefficients to interpolate poorly correlated region
ALSCC pictures were acquired cannot be determined with gresdtthe offset map from surrounding pixels that are well corre
confidence. AlApollo 11ALSCC pictures were obtained within lated, and measures offsets to subpixel precision.
15 m of the lunar module; however, because of the small sizeThe left half of each stereo pair is adopted as the geomet
of the camera footprint, the specific targets cannot be identifiszference frame and stereo offsets (pixel displacement vecto
within the large-scale lunar surface photography (Gold 196%e measured to features in the right frame. The displaceme
Apollo 12ALSCC pictures were obtained on the north side argkarch is performed pixel by pixel. For any given pixel locatiol
within 70 m of the lunar module. However, the 5 minutes dh the left image, a rectangular correlation window centered ¢
time available to expose the 15 stereo pairs was insufficientttmt pixel location is defined. To overcome ambiguity that resul
allow astronauts to properly orient the camera and documevtien bland (featureless) areas of a scene are encountered,
the targets and their locations (Beatral. 1970). We are able to size of the correlation window is automatically adjusted until th
identify the locations of thépollo 14(Fra Mauro) images used maximum contrast of pixel brightness values within the windov
in this study. They were obtained at Geology Station A, 180 exceeds a threshold contrast value (usually 15—-25% for ALSC
ENE from the lunar module. The pictures were taken on andimages). Next, a correlation window of the same size is extract
the vicinity of “sloping rock,” a gently sloping rocky surface thafrom the right image at a location centered on a trial positio
is seen inApollo 14Hassellblad picture AS14-68-9409 (Fig. 3which is incrementally changed until the linear correlation i

from a distance of about 15 m (Swaanal. 1971). pixel brightness values between the left and right correlatic
windows is maximized. Even on modern computer workstation
3. STEREOPHOTOGRAMMETRY it is impractical to search a large range of trial offsets at ful

spatial resolution. To streamline the speed of the search proce
Stereophotogrammetry relies on the measurements of paeseh stereo pair is first reduced #bits original size and a/b-
lax offsets between individual features visible in both left- anscale offset vector mapis constructed along with a correspondi
right-side frames of a stereo pair. Each ALSCC stereo pair canap of pixel-by-pixel correlation coefficients. The correlatior
sists of a separate left- and right-side 35-mm color slide tramsap is used to identify areas where displacement vectors f
parency. We enlarged and digitally scanned each stereo halborly correlated features must be interpolated from vectors f
frame into a byte-format data array with pixel dimensions largairrounding well-correlated features. It also provides statistic
enough to oversample the limiting spatial resolution by 25%.weights for performing the interpolations. The low-resolutior
We developed our own computer software for automatestereo pairs and their corresponding parallax offset maps &
pixel-by-pixel measurements of parallax offsets. While conincrementally resized to higher resolution where they are used
puter software for stereophotogrammetry is now widely avaiiirst approximations in subsequent measurements atincreasin
able, the packages we examined prior to developing our oWwigher precision levels. The process is repeated until it converg
are interactive programs that rely on manual or computer-aided full-scale offsets measured tp16 pixel precision.
identification of individual tiepoints followed by resamplingand During the first stage of the parallax measurements, no ¢
interpolation of a large number of intermediate points to formtempt is made to adjust for rotation and offset distortions ir
rectangular grid of parallax offsets. The most reliable approatrioduced during digital scanning and for foreshortening of fee
employed two-dimensional Fourier autocorrelation methods tiares within correlation windows due to planar projection o
match brightness patterns contained in a small square subsedfiwae-dimensional surfaces from different viewpoints. Howeve
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FIG. 2. Stereo images selected for this study.Aapllo 11images: AS11-45-6699 (top), AS11-45-6701 (middle), AS11-45-6704 (bottompaljo 12
images: AS12-57-8449 (top), AS12-57-8452 (middle), AS12-57-8453 (bottom§falo 12image AS12-57-8454 (topApollo 14images AS14-77-10368
(middle) and AS14-77-10370 (bottom); (Apollo 14images of soil-covered rock: AS14-77-10371 (top), AS14-77-10372 (bottom).
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FIG. 2—Continued
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FIG. 2—Continued
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FIG. 2—Continued

accurate parallax offsets can be derived only if these distortions

are iteratively corrected during the pattern-matching process.
; ; TABLE |

Thus, the second stage of displacement measurement applies

the first-stage results to remap and reduce distortions of features ~ Relevant F(‘?ICtS abOl(J:t the Apgl'_"stlc’:”ar Surface

in the right image so that they better match corresponding fea- oseup Camera ( )

tures in the left (reference) images. The distortion correctiopg,,

Kodak Ektachrome MS (SO-368)

are iteratively improved as the second-stage search progresses 35-mm color reversal film
to increasingly higher levels of accuracy. Magnification 0.3%

The camera geometry data needed to compute elevations frogllax angle _ °
corresponding parallax offsets is given in Table I. The eIevati(]lﬂ’i"”zo.m"’II spatial resolution 85m

. . L ootprint 72x 82.8 mm

map coordinate systenx(, Ye, Ze) has its origin at the base of Base-to-height ratio 0.16
the camera assembly, centered at the midpoint separating dbfcs Kodak M-39 diffraction-limited copy lenses
two lenses of the stereo camera. We define separate Cartesian f/17 full aperture stopped down t932.6
coordinate systems, respectively, for the left,(y.) and right Focal length: 46.12 mm

Focal plane distancefg): 64.065 mm
Focus H): Fixed at 187.065 mm
Lens separation¥): 29.0 mm

(Xr, Yr) image component of each stereo pair, with the positive
x directions of each system increasing in exactly opposite di-
rections away from the origin of the elevation system. The origin
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~ "Sloping Rock"
L
+ - ,

o Approximate size of ALSCC
frame in inset above

AS14-68-9409

FIG. 3. Location whereApollo 14 ALSCC images used in this study were photographedAfmllo 14Hasselblad image AS14-68-9709. The ALSCC is
seen in its stowed position on the Modular Equipment Transporter (MET) at the far left (arrow). The lunar module is visible on the horizon (left Saqaste
outline at right highlights the location of “sloping rock” shown in greater detail in inset. (b) Enlargement of outlined section in (a). Featuresrmawvatrast
enhanced to show details. Arrow points to “sloping rock” where ALSCC images AS14-77-1037/10372 were obtained. Scalebar refers to (b). Alstvehov
approximate projected footprint size of an ALSCC frame.

of each frame’s coordinate system is its principal point (i.eoffsets occur only in the direction (i.e.,yr — y. =0). Prior to
the nadir projection of the optical axis onto the plane of thapplying Eqgs. (1), we correct for any misalignment of the left an
camera base). To optimize the stereo overlap between left aight frames by searching for whole-frame rotation and offse
right frames of each stereo pair, the ALSCC was designed so tifet minimize the sum of squares g§ — y.. Also, because
the principal points are.87+ 0.02 mm to either side of centerwe originally scanned the images with 25% oversampling, w
of each frame as measured in the film plane. Due to parallaxesize and renormalize the offset maps to proper scale at t
surface feature with nonzero elevation is projected onto the rigitage.

image plane as foreshortened (or stretched) inxtldgrection We adopted the above approach to construct 11 raw elevati
relative to its counterpart in the left image plane. The elevatiomaps that have horizontal spatial resolution of@®&/pixel and a
Ze, of any such feature relative to datukh (the vertical distance nominal vertical resolution of 5@m. In our raw elevation maps,
of the lens plane from the camera base), is computed from thean elevations (Table II) were found to deviate slightly (usuall

parallax offsetxg — x_ as lessthan 1 mm) fromthe camera base datum. Insome casesiit!
evident that the astronauts positioned the camera base somev

7 _H_ fpD (1a) above the lunar surface, apparently to avoid disturbing the sc

© XR — X To correct for differences in the camera placement, we renc

malized each digital elevation map relative to the mean report
where fp is the distance of the focal plane from the lens, &8nd in Table Il. All 11 elevation maps are presented in Fig. 4. Th
is the lens separation distance. Because we measured paralays show elevations ranging fron2.5 to+2.5 cm. It is clear
offsets relative to the left frame of reference, the horizontal effom direct examination of the maps that at subdecimeter scal
evation map coordinate, Ye) are evaluated from left-frame undisturbed lunar mare are typically smoother than undisturb
coordinates using Fra Mauro (Imbrium ejecta) soils—an inference that we explol

in detail below.

X D
Xe=L(H—-Z)——= and Ye=I-(H — Zo). (1b, 1c)
fP 2 fP 4. MEASUREMENTS OF SURFACE ROUGHNESS

When the stereo pair is properly aligned for stereo viewing, In this section, we compare the surface roughness of differe
the principal points define a single line that is coincident witlunar soils as measured by three different methods: elevati
the x axes of the two frame-coordinate systems and parallaistograms, fractal analysis, and Hapke’s (1984) photomett
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TABLE Il

Apollo Stereo Images Used in this Study

Elevation map normalization data

Mean elevation Local slope
Frame number Description (mm) angle/azinfuth
AS11-45-6699 Undisturbed mare soll 0.129 0.5 —-1177°
AS11-45-6701 Undisturbed soil with trace —0.328 4.6 —731°
amounts of footspray
AS11-45-6704 Undisturbed mare soil with 0.053 °1.1 —1044°
glazed regolith clumps
AS12-57-8449 Undisturbed soil with striation 0.667 2.1 +1085°
of unknown origin
AS12-57-8452 Undisturbed soil and glazed 5.213 °4.4 +1448°
pebble inside a crater
AS12-57-8453 Undisturbed soil with minor —0.19 3.3 +1050°
contamination by footspray
(lower edge)
AS12-57-8454 Undisturbed clumpy regolith -0.221 8.3 —-911°
inside a crater
AS14-77-10368 Undisturbed soil -0.101 4.2 —1003°
AS14-77-10370 Undisturbed soil 0.547 6.8 +99.7°
AS14-77-10371 Soil-covered rock surface —2.074 2.2 +63.9°
AS14-77-10372 Soil-covered rock surface —2.427 3.2 —533°
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2 The tilt azimuth of the upward-facing surface normal as determined from the best-fit plane is measured positive in
the counterclockwise direction from right in the elevation map frames.

roughness model. The elevation maps in Fig. 4 show lunar s@with the possible exception of profile k) appear to have simile
face relief superposed on an overall local slope (either a rdiale-scale textures. At least to visual inspection, the primat
topographic slope or an apparent one due to nonvertical poidifference among the profiles appears to be in the contrib
ing of the camera). To remove the local tilt from each magpon of larger-scale (approximately centimeter and larger scale
and represent elevations relative to a flat datum, we resamexture.
pled the elevations relative to their distance from the best-fit
(least-squares) plane covering the footprint area. The slope an
gles and tilt azimuths of the least-squares planes are given'i
Table II. Tilt corrections ranged from 0.%0 8.3 but averaged  Two alternate methods for describing the statistical distribt
about 3.7. Even the tilt corrections themselves provide somtion of elevations are elevation histograms and cumulative di
information on the subdecimeter-scale roughnesses of diffetbutions of elevations, respectively. Lumreeal. (1985) stud-
ent soils. For example, the rms tilt correction for our undised cumulative distributions of elevations from several ALSC(
turbed Fra Mauro regolith (3° & 1-3°) is more than a factor of 2 topographic profiles and concluded that lunar soil topograpt
larger than the average from five examples of undisturbed matseys Gaussian statistics at subdecimeter scales. However, t
(2.8 £1). did nottesttheir conclusion against discrete elevation histograr
Figure 5 provides a topographic profile extracted from eacorresponding to individual ALSCC images. In Fig. 6, we ex
image. We have arranged them such that profiles with relativelynine our data both in terms of elevation histograms (Fig. 6
large relief are at the top and examples with relatively smalhd cumulative distributions of elevation (Fig. 6b).
relief are at the bottom. Profiles a and b are examples of soilElevation histograms (Fig. 6a) were sampled in horizontz
on rock in which some of the rock is exposed. Profiles c—g aresolution increments of 0.085 mm and binned in 0.1-mm incre
typical profiles from lunar mare. To give some idea of the visibi@ents of elevation. Most of the histograms are unimodal, a
range of topography, we chose profiles that traversed relativéiypyugh multimodal examples are evident in cases where si
large stones in profiles e and f. Typical examples of Fra Maunificant portions of the frames are covered with large stone
regolith are shown in profiles h and i. Profile j is a profile pas§AS12-45-8452), soil-covered rock (AS14-77-10372), or con
ing through a large stone at the bottom of a mare crater, amgnination from footspray (AS12-45-8453). The most notabl
profile k shows the unusually fluffy clumps of regolith found orsystematic differences among terrains are that the narrowest
the inside of a mare crater. At the smallest scales that cantbgrams (AS11-45-6699, -6701, -6704, and AS12-57-8449
seen (approximately submillimeter scales), nearly all terraiffgg. 6a) occur for undisturbed lunar mare, while the broade

. Elevation Statistics
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peakedness of the distribution and is equal to 3 for a Gaus

,\Aﬂ‘/\\_/\j,\ ian distribution (cf. Chou 1972). Distributions with kurtosis val-
k ues less than 3 (mesokurtic distributions) are more strong

kf\f\\ peaked than Gaussian, and those with kurtosis values grez
. than 3 (platykurtic distributions) are broader than Gaussic

forms. Table Il shows that the average range of elevation

e T e characterized by, is narrower for typical mareApollo 11,
e ] | 1.0840.04 mm andApollo 12 1.354 0.64 mm) than for undis-

turbed Fra Mauro regolithXpollo 14 1.95+ 0.49 mm), consis-
tent with the interpretation that maria are smoother than F
-\—M f Mauro soils even at these small scales. Broad elevation h
e N e tograms (relatively larger and kurtosis) occur when large
e (centimeter-scale) isolated stones or fluffy clods of regolith al
present. There is no obvious systematic relationship betwe
skewness and regolith type; however, nonzero values of sk
indicate that the height distributions exhibit significant non

I e | Gaussian behavior in about half of the cases studied. To bet
T T 2 illustrate the extent to which individual histograms in Fig. 6a ar
T B B B well represented by Gaussian distributions, we have plotted t
0 20 40 80 80 corresponding Gaussian distribution functions

DISTANCE (mm)
2
FIG. 5. Elevation profiles extracted from each of the elevation maps (no fa(h) = exp<—} |:_i| ), (2)
vertical exaggeration). At the bottom (a,b) are two soil-covered rock surfaces. «/Ea 2|0

Immediately above are five examples of lunar mare soils (c—g). Two lunar high-

land soils are represented in (h) and (i). Profile (j) is across a large stongghere height is representedhaando is the standard deviation
the bottom of arApollo 12crater. Profile (k) represents unusual, fluffy regolithfrom Table Il

inside anApollo 12crater. . L . . .
The cumulative distribution gives the fraction of total points

whose heights lie in the intervalh/o <y <+h/o, and can be

occur in undisturbed Fra Mauro regoliths (AS14-77-10368) amdeasured by direct numerical integration of the histograms
the unusual clumpy regolith that was found inside a crater at thigy. 6a. An obvious shortcoming of a cumulative distributior
Apollo 12landing site (AS12-57-8454). is that information about the asymmetry (skewness) of the hi

The elevation histograms were analyzed (Table Il1) in termiegram is lost by integrating from the negative to positive rang
of standard deviation about the mean),(skewness (skew), of h/o. Consequently, it is possible for many different types o
and kurtosis (kurt). Skewness is a measure of the deviatistatistical distributions to approximate Gaussian behavior whe
of the shape of the distributions from symmetric. For a Gausepresented in cumulative distribution form. In Fig. 6b, cumula
sian (symmetric) distribution, skew0. Kurtosis measures thetive distributions of elevation are represented as solid lines. Tl

TABLE 111
Elevation Histogram Analysis of Apollo Closeup Elevation Maps

Elevation histogram

Picture frame o (mm) skew kurt Modality Comment
AS11-45-6699 11 +0.9 3.9 Unimodal Nominal mare soil sample
AS11-45-6701 11 +0.4 4.1 Unimodal Small stones present
AS11-45-6704 1.3 +1.3 6.2 Unimodal Nominal mare soil sample
AS12-57-8449 0.9 +0.4 3.8 Unimodal Nominal mare soil sample
AS12-57-8452 3.6 +1.3 4.8 Trimodal Large stone present
AS12-57-8453 1.8 -0.2 2.1 Bimodal Nominal mare soil sample
AS12-57-8454 2.6 +0.7 6.3 Unimodal Unusual fluffy regolith inside crater
AS14-77-10368 2.3 -0.1 2.4 Bimodal Nominal Fra Mauro soil sample
AS14-77-10370 1.6 -0.2 3.1 Unimodal Nominal Fra Mauro soil sample
AS14-77-10371 15 +0.7 4.7 Unimodal Soil-covered rock

AS14-77-10372 2.3 -0.1 2.2 Bimodal Contact of rock with sail fillet
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FIG. 6. (a) Elevation histograms derived after removing local topographic gradient (see text). Data were sampled in horizontal resolution incremn
0.085 mm and have been binned in 0.1-mm increments of elevation. Top rpolk 11 middle rowApollo 12 and bottom rowApollo 14examples. Solid
line shows the Gaussian distribution corresponding to the sample standard deviation about thé fNgagis the number of samples normalized relative to the
maximum number per bin. (b) Cumulative distributions of elevation corresponding to the elevation histograms in (a). Solid lines represet# tficirestly
integrating the elevation histograms. Dashed lines show the cumulative Gaussian distribution (@iLahrb@85).

corresponding cumulative Gaussian distribution (Lumenal. in Fig. 6b. While Figure 6b supports Lumnagal’s conclusion
1985),Fs(y), for each is derived by integrating ovég(h): that the cumulative distribution of elevations for lunar regolitt
are generally Gaussian; comparison to Fig. 6a demonstra
that cumulative distributionglo not provide a very sensitive
measure of the true shape of elevation histograms—about h
of the elevation histograms exhibit non-Gaussian shape asy
Cumulative Gaussian distributions are plotted as dashed limastries.

y
Fe(y) = 2 / foh)dh— 1. 3
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4.2. Fractal Analysis is measured as a function of size scalg, wherez is eleva-

tion and the mean is obtained by summing over all horizont:

A s_lgnlflcant body of work has es_tabhshed _that the tolo?(')cations,xj. A surface exhibits fractal behavior over the do-
graphic roughness of naturally occurring geological surfaces, as

. ain of scales for which a single power law relates the mee
measured by mean slopes, changes with the length scale use, lgln variance to size scale
its measure. Fractal analysis (cf. Kaye 1978, Orford and Whalley
1983, Mark and Aronson 1984, Power and Tullis 1991, Turcotte

1992, Chase 1992, Shepartal. 1995) has become a popular

quantitative method for characterizing both the rate of changg,qre the coefficient2, is the Allan variance at a unit reference
of roughness with :?‘pgtial scale and the amplitude of rougky,je (i.e.,an:lmreﬁ) ancH is known as the Hurst exponent.
ness. Fractal descriptions of surface roughness have receqfly g rface fractal dimension is related to the Hurst exponent
been introduced to remote-sensing models (Shegtat1995, §_3_ 4 The rms slope angle at unit reference scllgus,
Shkuratov 1995, Campbell and Shepard 1996, Shepard ad pe evaluated from
Campbell 1998). Natural topography is best characterized by
self-affine fractal measures. Self-affinity is the property of sur- tan©rwms) = \/UT . (6)
face topography to scale more slowly in the vertical direction ref
than in the horizontal direction, with a rate characterized by the p variogram plot (i.e., a log—log plot of Allan variance as a
fractal dimensiorD, where 2= D < 3. Surfaces with smalD  fynction of corresponding size scale) for each of our elevatic
are visually perceived as retaining their roughness as the Sizgns is provided in Fig. 7. The data points in these plots we
scale increases, while those with larGeappear to smooth ¢olected after cropping the elevation maps to the largest possil
quickly as scale is increased. The amplitude of roughnesseisntinuous rectangular subsection. As a check of consisten
characterized by the rms slope angle at a unit reference scalexia, variances collected along thex direction (from left-to-
this study, at 1-mm scale). right) are plotted separately in Fig. 7 from those collected in th
We explore the fractal behavior of lunar soil relief by applying_y girection (from top-to-bottom). The variograms demonstrat
the variogram method (Mark and Aronson 1984, Chase 19984t nearly all of the Iunar soil examples are well represente
to analyze our digital topographic maps from which the regiongy, fractal statistics over size domains from 0.1 mm to 1 cn
tilt has been removed. In this method, the mean Allan variangg scales larger than a few centimeters, the slope of the plc

Ua = VierAX*", (5)

(Allan 1966), appears to change, most likely because we renormalized the
1 N evation maps relative to a flat datum and because the size s¢

V2 = N [2(x; + AX) — z(x))]?, (4) of measurements approaches the limiting size of the elevati

j=1 maps. However, deviations from fractal behavior are not unusu

TOP: asll1—45-
MIDDLE: asi2-57—
BOTTOM: as14—77—

T [z(x+As)—z(x)]?/N

v

1 1 10 1 1 10 .
SIZE SCALE As (mm)

FIG. 7. Variogram plots for each of the 11 lunar maps. Solid dots represent Allan variances measured from left-to-right over the entire map. Open cir
Allan variances measured from top-to-bottom. Least-squares fit of a straight line (in log—log space) is shown only over the size scales (0.1 toviftichrt)éo
fits were performed. Fractal dimensions and rms slope angles of the surface at 1-mm scales obtained from the fits are reported in Table IV and Fig. 8.
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in nature and generally indicate that different processes are op-
erative at different physical scales (cf. Campbell and Shepard
1996, Shepard and Campbell 1998pollo 14examples 10371

TABLE IV

Fractal Analysis of ALSCC Elevation Maps

and 10372 exhibit different behaviors in thex and +y di- Fractal
rections, perhaps indicating that some directional process (for Picture number D ORMS
example, slumping) has been operative in this area. These are
both images of soil-covered rock for which the depth of soil AS11-45-6699 2.48:0.02 12.1£03
cover significantly varies across the pictudg@ollo 12example AS11-45-6701 2.3%0.02 14.220.1
; SO AS11-45-6704 2.32.0.04 18.0£0.7°
8454, which represents unusually fluffy clods of regolith within
ter, also deviates from fractal behavior at very small scales AS12-57-8449 2.38:0.02 13.9:0.6
acrater, y AS12-57-8452 2.340.01 37.0:15
(~1 mm). AS12-57-8453 2.32:0.01 18.3:0.3
We derived the fractal dimension and rms slope angle at 1-mm AS12-57-8454 2.38:0.02 345£1.3
scale (Table 1V) for each elevation map by performing least- AS14-77-10368 2.340.01 23.2:0.8
squares fits of a simple power law to the variogram data in AS14-77-10370 2.330.01 23.0:0.1
Fig. 7 over size scales from 0.1 mm to 1.0 cm. Figure 8 plots AS14-77-10371 2.420.07 22.2:1.6
AS14-77-10372 2.4%0.09 24.6-2.3

rms slope angle and fractal dimensién Values ofD range
from 2.32 to 2.49. The rate of change of roughness with scale
is remarkably similar for all regolithdX = 2.36+ 0.03) except
soil-covered rock surface®(=2.48+ 0.01), which appear to significantly varies among the regolith surfaces. Not unexpec
become slightly smoother at size scales larger than typical ey, the rms slope variations strongly correlate with the widtt
Mauro regolith. This latter behavior is because lrge-scale of elevation histogramso() discussed earlier. Fluffy regolith
roughness is dominated by the underlying rock and not by urlumps and soil surfaces with large stones exhibit fractal dime
derlying regolith. sions similar to typical undisturbed soils; however their ampli
While the rate of change of roughness with spatial scale ( tudes of roughness are significantly larger than those for me
is similar for most regoliths, the amplitude of roughne8gys) or undisturbed Fra Mauro soils. Figure 8 suggests that me

40 T T T l T T T | T T T | T T T | T T T
- crater deposits E @
A Apollo 11
- L B Apollo 12 i
g 30 — @® Apollo 14 —
o L _
(] — -
S i J
n | Fra Mauro soil I Fra Mauro soil on rock |
§ 20 — —
5 - i
% : mare soil }‘F‘-I_LI :
2 10 —
m —_ —_
0 | | | | | | | I | | 1 | ) I 1 | 1 1
2 2.2 2.8 3

2.4 2.6
FRACTAL DIMENSION (D)

FIG. 8. Roughness amplitud®gms) vs fractal dimensioD derived from each digitial elevation map. Nearly all soil types exhibit fractal dimensions ne
~2.4 indicating that their rates of change of roughness with size scale are similar. Undisturbed mare and Fra Mauro soils are distinct by virtuatcdshiag co
roughness amplitudes (represented by the rms slope at 1-mm scale). Largest rms slope is for unusually fluffjptildsidfregolith inside a crater. The nearby
Apollo 12point represents image AS12-57-8452 in which a significant part of the scene is covered by large, glazed stone within the crater.
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(a) Average rms slope angles for undisturbed mamo(los 11and12) and Fra MauroApollo 14 soils, respectively, measured as a function of size

scale from digital topography maps after subtracting regional tilt. Solid lines are measured values and dashed lines represent one staslatmdethatmean.
(b) Data from (a) after statistical restoration of the decimeter-scale roughness contribution (see text). Error envelopes (dashed lines)unciexdainty in the
large-scale roughness correction in addition to errors shown in (a).

and Fra Mauro soils can be distinguished from each other trihe lunar surface was ideally smooth at decimeter and larg
the basis of rms slope. The mean amplitude of roughness $male,a (tand) would be unity at) =0 and zero at all other
all Fra Mauro soils at 1-mm scale (me&kus=231+1°) is slope angles. For this ideal case, Eq. (7) correctly predicts th
significantly larger than that for typical lunar mare soils (meag(tand, Ax) = ag(tang, Ax).
Orms = 15+ 3°). To evaluate Eq. (7) and apply the correction to the data
The results in Table IV and Figure 8 provide a useful firstig. 9a, we need to know the average large-scale slope distrit
order comparison of theelativeroughness of different regolith tion g (tan6) for mare and for Fra Mauro regoliths, respectively
examples. However, before making a general comparison\We make the well-justified assumption tlagtanod) is Gaussian
remotely sensed data or to measurements from natural ter(@&sction 4.1) and constrain the widths of the distributions fc
trial surfaces, we must account for having subtracted out tRea Mauro and typical mare, respectively, by requiring that the
regional tilt of the footprint area from each topographic malistribution means (rms slopes) match corresponding avera
Because we normalized elevations relative to a flat datum, wegionaltilt corrections from Table Il. The rms average oftilt cor.
must now statistically restore an estimate of relief at size scatestions obtained from undisturbed Fra Mauro regolith exampls
larger than the coverage of our maps (i.e., greater thadm). is 5.7° £11°, while that from undisturbed mare is& = 2.
The problem is illustrated in Fig. 9a, which shows that the ralo evaluateag(tanf, Ax) we assume it is also Gaussian with
(tilt-subtracted) rms slopes angles for undisturbed Fra Mauaccorresponding rms slope Atx given by Fig. 9a. Figure 9b
and Mare, respectively, appear to converge to zero at a size scalews the rms slopes of Fra Mauro and mare regoliths, respe
near 1 dm as a result of our initial normalization to a flat daturtively, after the statistical restoration of large-scale roughnes
Let tand be the local topographic slope at a given small scal&he roughnesses at smallest scales are only slightly increa:
AX. To estimate the contribution of relief at decimeter and largby the introduction of modest slopes at larger scale.
scales we must describe how the topographic map slope distriTo test the realism of our approach, we consider analogo
bution,ag(tan 8, Ax), is perturbed by superposing or “painting”roughness reported in radar studies of the lunar surface. Unfor
the subdecimeter-scale features on alarger surface thatis smoattely, we cannot directly compare radar rms slopes to our restu
at subdecimeter scales but which itself has a nonzero distrilmecause, as inthe case of photometric measures of roughness
tion of decimeter and larger scale slopes. &éBn0) represent relationship between the size scale of geological features and
the distribution of slopes one would measure at decimeter scedear wavelength used to detect them is poorly understood.
if relief at subdecimeter scales were spatially unresolvable obi&st, we can say that the size scale of geological featuresiis lik
the surface were perfectly smooth at smaller scales. The additagneast as large as the radar wavelength, but perhaps as larg
of large-scale relief effectively broadens the slope distributiotsns or hundreds of radar wavelengths. With this restriction |
at smaller scales. The effective slope distribution for the comind, we note that the curves of Fig. 9b flatten at decimeter sce
bined small- and large-scale surfaces can be computed from a&inel the rms slopes remain under ll0unar radar rms slopes de-
convolution of slope distributions rived from centimeter-to-decimeter wavelengths are general
within this range as well (Simpson and Tyler 1982; Kroupeni
et al. 1975; Kroupenio 1972, 1973; Tyler and Howard 1973
Hagfors 1970; Evans 1969; Muhlemeinal. 1968a,b; Beckman
and Klemperer 1965). Radar studies (cf. Simpson and Tyl
1982, Tyler and Howard 1973) also show that radar rms sloj

fo as(tand — tany, Ax)a(tan®) d(tan®)

tand, Ax) = =
e ) Jo a(tany)d(tany)

)
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angles of highland soils are typically about a factor of 2 to 8f roughnesses at different size scales to measured valiges ¢
larger than mare soils; similar to the factor of 2 obtained froiy using a synthetic (computer-generated) cratered surface r
our rms tilt corrections for Fra Mauro and mare, respectiveljesenting scales fro 1 m to 1 km anctoncluded tha# is an
A more rigorous comparison between radar roughness studigtegral measure of roughness in that it is affected by topogr
and our topographic data can be made for the rate-of-changgh¥ at all scales up to the size of the resolution of the detect
roughness with scale (i.e., fractal dimension). An important coBhepard and Campbell (1998) more recently confirmed this fin
sequence of the statistical restoration of large-scale roughniggswith a generalized fractal model of surface roughness ai
represented in Fig. 9b is that thffectivefractal dimensions for demonstrated that, while photometric roughness was integ
mare and Fra Mauro must decrease relative to fractal dimetith decreasing size scale, for natural surfaces that obey frac
sions that were determined prior to adding large-scale slopggtistics, photometric roughness should be dominated by s
The curves in Fig. 9b imply an effectivi® =2.31+0.04 for face relief at the smallest scales for which the surface can
Fra Mauro andD =2.31+0.06 for mare (evaluated as beforeapproximated by a distribution of topographic “facets.” It is im:
over size scales from 0.1 mm to 1.0 cm). For comparison, Shgrtant to note that the studies of Helfenstein (1988) and Shep:
ardet al. (1995) evaluated the fractal roughnesses implied froand Campbell (1998) rely on artificial surfaces and computi
lunarradar studies and found)2< D < 2.4. Hagfors and Evans modeling to investigate the contributions of topography at di
(1968) reported radar observations of the moon at wavelengfbgent size scales—as yet no one has tested valugsiefived
of 3.6, 68, and 600 cm, from which Shepatial. estimate a from photometry again situmeasurements of surface texture
fractal dimensiorD =~2.2 in reasonable agreement with ougt size scales that are likely to be important in photometry.
results. The corrected avera@ems =25+ 1 for Fra Mauro  Our present elevation map data set provides the first-ex
and®gryvs = 16° = 3° for mare, respectively. means of investigating the geological significance of Hapke
For the purposes of subsequent discussions, hereafter weradghness model using the true topographic roughness of a
opt Fra Mauro regolith as a possible roughness analogue to tyfiately sensed natural surface at size scales that critically affe
ical highland regolith. This suggestion is supported by the faghotometric behavior. Below, we will use our elevation map
that we find Fra Mauro rms slopes at large scale to be greai@rexplore the following questions: (1) How do@ssary as a
than those for mare by about the same amount as is impliegiction of size scales on real regolith surfaces over the ran
for highlands relative to mare from radar studies (cf. Simpsdrom submillimeter to decimeter? (2) How do estimates) of
and Tyler 1982, Tyler and Howard 1973). In addition, the ratsbtained from lunar photometry compare with values derive
of change of roughness with size scale (represented by fraetiabctly from topographic data? (3) Can lunar mare and highlar
dimensionD) for Fra Mauro regolith is typical of that for mostregoliths be distinguished from each other on the basis of ph

lunar materials. tometric surface roughness? (4) Is Hapke’s assumed Gauss
_ distribution of slopes valid for regolith surfaces? (5) Is Hapke’
4.3. Photometric Roughness roughness parameter sensitive to departures from Gaussian

A variety of radiative transfer models have been developed?8Yior? , o _ _
describe the way rough particulate surfaces scatter light (for ex1aPke’s formal definition of the parameter derives from the
ample, Hapke 1984, Lumme and Bowell 1981, Shkuratsl.  Veighted mean of topographic slopes
1998). Hapke’s (1984) photometric roughness model is widely _ o [
applied in planetary surface photometry. Although the model tand = —/ a(tand) sing tano do, (8)
was derived primarily as a correction to his smooth-surfaced T Jo

photometric function (Hapke 1981), it has found increasinghere¢ is topographic slope angle amdtans) is the unidi-
use as a remote-sensing tool to measure relative differengg&ional distribution of slopes (i.e., the distribution of slope
in subresolution-scale topographic roughness of geological sg& measured in a single direction from a topographic profile
faces. Hapke characterizes the macroscopic surface roughm&sisation (8) can be numerically integrated to obtaitirectly
using a single parameter; a mean topographic slope afiglefrom a histogram oé(tand) siné tané measured from unidirec-
corresponding to an assumed Gaussian distribution of surfagmal topographic profiles extracted from our elevation map
slopes. For average lunar mare and highland terrains, estimatgfs approach makes no a priori assumptions about the possi
of & =8 and 24, respectively, have been derived from surfacgrm of the slope distribution.
photometry (Helfenstein and Veverka 1987). Hapke (1984) employed Eq. (8) by assuming that the unidire
Hapke’s photometric roughness parameteris difficult to  tional slope distribution is Gaussian with respect to slope (i.€

interpret in a geological sense because it is not clear what sjgigh respect to tafi) defined such that the azimuth-independer
scale of geological features it represents—Hapke's model mak@spe distribution has the form

no assumption about the size scale of surface features that con-
trol photometric roughness other than that the roughness ml:ﬁt . tarr 6 .
. : . aftand)sinf do = exp| — secd sind do.
occur at a scale that is smaller than the spatial resolution ) 7 taré(9) N~ 1o
the detector. Helfenstein (1988) investigated the contributions 9)
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Although Hapke assumes that the unidirectional slope distribu- TABLE V
tion is Gaussian with a peak at tar= 0, the azimuth-indepen- Photometric Roughness of Lunar Soils at Different Size-Scales
dent distribution will generally be asymmetric with a nonzero

peak becausa(tand) is weighted by si@ in Eq. (9). Since Photometric roughnessX
there could be a wide range of possible unidirectional slope Ppicture 0.085mm  0.85mm 8.5 mm 85 mm
distribution function which, when weighted by ginyield sim-
ilar azimuth-independent distributions, we expect that Hapke%sﬂ‘jg‘gggg izigg’ ﬂ-;‘ig-g g-iig-i i-ji 8-;
Gau35|_ar_1 slo_pe apprOX|m_at|(_)n may be satlsfac_tory even |f &1 456704 1898 140506 0 12405
true unidirectional slope distributions are not strictly Gaussian.
Equation (9) provides a second method for determigifigm AS12-57-8449  36421"  118+10 >2+£02° 101202
) ' X = AS12-57-8452 47 31° 16+ 6° 17+% 3.0+£0.5
topographic profiles at any chosen size scalean be deter- ag12.57.8458 39422 146+0.7 84405 19403
mined by fitting the Gaussian distribution of Eq. (9) to meaAs12-57-8454 46-15° 21+ 9 1343 2.0+0.4
sured histograms @f{tanf) sind. However, Eq. (8) provides the as14-77-10368 41+ 23 17+ 3 13+£2° 3410
preferred approach because the method of Eq. (9) is adversalyi4-77-10370 42423 1744 8.3+ 0.4 15+£0.5
sensitive to the coarse quantization of elevation increments thfggl4-77-10371  4321°  17+3° 6.1+0.1° 1.0+£0.5°
occurs in histograms at the smallest spatial scales (see belfwt4 7710372 4816 17+5 82403 1.3+0.4

and Fig. 10). B

We have used both of the above methods to measinanm
our topographic maps over length scales from 0.085 to 85 mm
(Table V). At each length scal&\x, we collected histograms segments to all points falling along a given traverse of bas
of a(tand) sind anda(tand) sind tand and binned them in uni- line length Ax. Figure 10 compares examples of histogram
form slope incrementg) tand = Az/Ax, whereAzrepresents of a(tand)sind collected for three different orders of magni-
the nominal vertical resolution of our elevation maps (68). tude of length scales (0.1, 1.0, and 10 mm). As a result
Individual slopes were measured by fitting least-squares linar slope bin optimization criterion, bin widths decrease witl

b Typical example of undisturbed lunar regolith.
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FIG. 10. Histograms of azimuth-independent slope distributions for AS11-45-6699 at three different size-scales (0.1, 1.0, and 10 mm). The data wer:
in uniform increments of slope, although they are plotted here as a function of slope angle. The width of the bins vary with the size scale beingaseas
described in the text. Dashed lines represent the best fit of an assumed Gaussian distribution of unidirectional slopes (see text for disoussion).aésthe
best-fit values ob from the Gaussian approximation (error bar is the differenéebatween the best-fit Gaussian and direct integration of the histograms).
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increasing size scale. To test the adequacy of Hapke’s assumdtian the method Eq. (8). The results suggest that Hapk
Gaussian distribution of slopes, we used Eqg. (9) to find values®@aussian slope distribution function is a good approximation
6 that best reproduce the slope histograms. At 0.1-mm scale, ftales larger than about 1 mm. At scales less than 1 mm, |
histogram slope increments are large because the size sca@asssian approximation appears to significantly underestimg
close to the vertical resolution of the elevation maps and the however, it is not clear how much of the inconsistency i
accuracy to which best-fit values @tan be found is somewhatdue to the large bin sizes used in slope histograms at very sir
poorer than at larger size scales for which slopes are binnedaales (see Fig. 10). In all caséslecreases with increasing size
finer increments. As the size scale is increased, the histograoale (see also Fig. 11). At any given size scale, valuésaf
peaks become well defined and the Gaussian distribution &pical examples of lunar mare are similar to one another. Typic
pears to become a progressively better approximation to thpollo 11and12 mare soils are not statistically distinguishable
actual slope distribution. from one another on the basis ®f However, values of for
Table V lists values of derived from direct evaluation of Eq. Apollo 14Fra Mauro regoliths are generally larger than for mar
(8) for histograms obtained at four different size scales that ranggls. The relative variations in photometric roughness amor
over four orders of magnitude from the resolution limit (%) terrains correlate well with similar variations in rms slope angl
to the size limit of our maps¥85 mm). Error bars represent thein Table IV. B
magnitude of difference ¥ is estimated by fitting a Gaussian In Fig. 11a we evaluated over size scales from 0.1 mm
distribution of slopes to the histogram data (i.e., the method 8 cm and averaged results, respectively, for typical mare 1
of Eq. (9)). Equation (9) consistently yielded smaller values gpliths and for undisturbed Fra Mauro regoliths. However, as
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FIG.11. (a)Average values af for undisturbed mareXpollos 11and12) and Fra MauroApollo 14 soils, respectively, measured as a function of size sca
from digital topography maps after subtracting regional tilt. Solid lines are measured vatuasdtlashed lines represent one standard deviation about the me

(b) Data from (a) after statistical restoration of the decimeter-scale roughness contribution (see c—f). Error envelopes (dashed lines)unciedaitity in the
large-scale roughness correction in addition to errors shown in (a). (c) Model valaesbtdined by applying Eq. (10) to the data of Fig. 9a. (d) Model value
of ¢ including statistical restoration of decimeter-scale roughness obtained by applying Eq. (10) to data of Fi@. &xréstion for decimeter-scale Fra Mauro

roughness as a function of size scale obtained by subtracting the model Fra Mauro curve in (c) from the corresponding curve in (d). (f) Same as\@)raréor
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the case of our raw (tilt-subtracted) rms slope angle measuieast significant (about a degree or less) at the smallest sca
ments (Fig. 9a)¢ converges toward zero at decimeter scalgs-0.1 mm). This is an important result because if photometr
in Fig. 11a (and Table V) only because we have subtracted @ally detected roughness is most representative of large sloj
the regional tilt of the footprint area to normalize elevationghich occur at the smallest size scales, then the accuracy
relative to a flat datum. To accurately compare terrain-averaghich we can measure the mostimportant size scale is relative
values off to values reported from fits of Hapke’s model tansensitive to any uncertainties in our large-scale roughness c
lunar photometry, we include a scale-dependent corred®n rection. In Fig. 11b we have addesb to the data, Fig. 11a,
(Figs.11e, 11f) for the contribution of surface roughness at simeobtain corrected curves 6fvs size scale. Figure 11b shows
scales larger than those represented in our elevation maps, aisas especially at the smallest scales of our data, the photome!
done in Fig. 11b. As shown in Figs. 11c and 11d, we can deriv@ughness of Fra Mauro regolith is measurably greater than tt
A6 for mare and Fra Mauro regolith by first applying an approoef lunar mare, but the difference is not very large at any sing
imate relationship between rms slope an@eandé (Shepard common scale.

and Campbell 1998), Fits of Hapke’s model to lunar photometric data (Helfenstei
_ and Veverka 1987) imply that the photometric roughness of lun.
tan@) = 0.7 tan©), (10) highlands § = 24°) should be three times larger than that for lu-

nar mareq = 8°). Numerical values of for Fra Mauro regolith

to the data of Figs. 9a and 9b (as is done in Figs. 11a and 1ftbm Fig. 11b best match =24 for average highlands ter-
respectively) and then by subtracting the curves in Fig. 11c frammins derived from lunar photometric observations (Helfenste
their counterparts in Fig. 11d (as is done in Figs. 11e and 11&nhd Veverka 1987) at a size scale of 0.33 mm. In contrast, n
Although Eq. (10) is valid strictly for surfaces f@ = 2.5 (in merical values ob for lunar mare (Fig. 11b) best matéh= 8°
contrast toD ~ 2.3 that we have found for Fra Mauro and lunafrom lunar photometry at a size scale of 6.5 mm—a factor of 2
mare surfaces), comparison of Figs. 11a and 11c demonstrdéeger than the size scale that appears representative of highl;
that Shepard and Campbell’s (1998) approximation is excell@egolith. There is no obvious reason to expect that the size sc
at nearly all size scales greater than about 0.2 mm and sligh@ypresentative of for mare should be significantly larger than
underestimate$ as smaller scales. The values/d are largest that for highland regolith. Figure 12 shows that there is no sir
near the upper size limit of our elevation maps3(cm) and gle size scale for whicé measured for Fra Mauro regolith from

40 —
30 |—
I -
[72]
@ i
2 20
i !
9
m b
10 |-
B // B This study .
i - @ Helfenstein and Veverka (1987)
0 | I I | I | I | | I 1 1 1 I L1 1 1 I | | I | I I | I | I I |
0 5 10 15 _20 25 30 35
MARE 8

FIG. 12. Comparison of Fig. 11b values gffor highland (Fra Mauro) regolith to those for mare at each spatial scale. Dashed lines envelope the ran
uncertainties in average valuestofrom Fig. 11b. The data point from Helfenstein and Veverka (1987) is derived from lunar photometry and falls well outsic
the uncertainty envelope. New fits photometric estimatesdsrived in this study (Fig. 13) better agree with topographic estimates at a common size scale.
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our topographic maps is larger than that for mare by the factibie behavior we see is opposite—smaller scales appear to be
of 3 implied by the photometric estimate from Helfenstein angctable on the highland surface which is higher in albedo th:
Veverka (1987). We resolve these inconsistencies in Section Suhar mare.

In summary, we have found that the photometric roughness ofPerhaps the most likley explanation is that the Hapke ph
highland regolith is generally larger than that of mare soils, btdmetric model used in Helfenstein and Veverka (1987) we
not by as large a margin than is implied from early photometrioo simplistic to accurately retrieve the absolute roughnesses
modeling. There appears to be no single size scale for whidifferent lunar terrains. In the past decade, a variety of deve
6 measured from our topographic maps simultaneously matepments in photometric theory have lead to improvements
mare and highland values reported from lunar photometry lifapke’s model. Among the most significant improvements a
Helfenstein and Veverka (1987). For typical lunar regolith suthe incorporation of realistic particle phase functions (Bowe
faces, the relative contribution tofrom surface relief at scaleset al. 1989; Clarket al. 1999; Domingueet al. 1991, 1995,
of 8 cm and larger is small in comparison to the contributiobomingue and Hapke 1992; Domingue and Verbiscer 199

from surface relief at submillimeter scales. Helfensteinet al. 1991, 1997, 1999; Simonelkt al. 1998;
Thomaset al. 1996; Verbiscer and Helfenstein 1998; Hartmal
5. DISCUSSION and Domingue 1998) and the discovery that coherent backsc

ter and shadow-hiding mechanism both contribute to the opr
sition effects of planetary surfaces (Burattial. 1996; Hapke

In Section 4.3 we found that the photometric roughness ef al. 1993, 1998; Helfensteirt al. 1997, 1999; Hillieret al.
undisturbed Fra Mauro regolith is larger than that of undisturbd®99; Mishchenko 1992; Mishchenko and Dlugach 1992, 199
mare soils at all size scales (though not by a large margin). \8akuratov 1988; Shkuratov and Ovcharenko 1998; Shkurat
also found that there is no single size scale for witiadmea- et al. 1999). Helfensteiret al. (1997) altered Hapke’s (1981,
sured from our topographic maps simultaneously match phott984, 1986) equation to include a realistic particle phase fun
metrically derived mare and highland values from Helfenstetion (Kattawar 1975) and simultaneous modeling of shadov
and Veverka (1987). The size scale at which Helfenstein ahidling (Hapke 1986) and coherent-backscatter (Mishchen
Veverka'sé = 8° for mare was best matched is a factor of 20992) opposition effects, and then tested it on whole-disk al
larger than the best matéh= 24° for highland soils. In addition, disk-resolved photometry of the lunar surface. Among their finc
there is no single size scale for which highland soils are thrag®s was that the more sophisticated Hapke model results ir
times rougher than mare soils as implied from lunar photometsygnificantly larger average lunar valueét= 26.7 + 0.1° than

It is not clear why the size scales that best match photométe corresponding estimate®# 20.0 £+ 0.6° from Helfenstein
ric estimates o for mare and highland surfaces should diffeand Veverka (1987).
by a factor of 20. There are several possible explanations forTo see if the Hapke/Mishchenko model used by Helfenste
the inconsistency that we can consider here. First, it is posst-al. (1997) leads to significantly different photometric esti
ble that the limited suite of examples we have examined in thizates of9 for mare and highlands, we fit it to the same disk
study is not truly representative of average highland and maesolved data set (Shorthdt al. 1969) for dark (mare), average,
soils. However, theApollo astronauts chose the photographiand bright (highland) terrains used in Helfenstein and Veverl
sites at random, and we expect that our examples are repre¢@887). These data cover phase angl&s 2 « <1357°, inci-
tative because we find no statistically significant differencés indence angles.®* <i <89.6°, and emission angles@ <e<
among typicaApollo 11and12mare soils. Second, itis possiblel357°. The available range of phase angles is inadequate
that we have not adequately accounted for the contributionssifnultaneously constrain the coherent-backscatter and shads
roughness at all scales greater than 8 cm in Fig. 11b. Howevdding opposition surge parameters, and coverage does not
as Figs. 11e and 11f show, the contributiorotérom relief at tend to large enough phase angles to fully constrain the thr
decimeter and larger scales have only a small effect on the neledel parameters fo the particle phase function. However, &
atively large roughness at very small scate®.(l mm) that are cause can be constrained by limb-darkening behavior, reaso
expected to have the strongest effects on photometric behawbte estimates @f do not demand the data at all available phas
(Hapke 1984, Helfenstein 1988, Shepard and Campbell 1998)gles: We can obtain acceptable estimates by restricting the
Third, itis possible that the size scale of roughness@hiapre- to phase angleswhere the contribution from the opposition effe
sents trulydoesvary among terrains. Shkuratov and Stankevidls small ¢ > 30°) and the forward-scattering contribution from
(1997) and Shepard and Campbell (1998) have proposed ttet particle phase function is not large & 135’). Following
the smallest representative size scalegforay be different for Helfensteinet al.(1997), we also restrictdd< 75° ande < 80°.
soil surfaces composed of constituent particles exhibiting cadsing the grid-search approach of Helfenstetial. (1997), we
trasting optical properties. For example, for surfaces composslight values for only two model parametéandw, (the av-
of high-albedo particles, roughness at very small scales menage particle single-scattering albedo), that minimize the rn
be photometrically undetectable because multiple scatteringre$iduals between the photometric data and model predictio
light between particles and interstitial voids in the regolith atteff-he remaining six model parameters were fixed at the valu
uate projected shadows (Buratti and Veverka 1985). Howevderived by Helfensteiet al. (1997).

5.1. Photometric Roughness
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FIG. 13. Results of parameter grid search to find least-squares fit valgefothree lunar terrains previously examined by Helfenstein and Veverka (198
A distinct minimum in the curves identifies the solution value. (a) Solution for mare (dark terrain of Sherrtiill 969) give®) =24+ 1 andwo =0.16+ 0.03.
(b) Solution for average lunar terrains gives: 26+ 1 andwg = 0.31+ 0.03, and (c) solution for highlands (bright terrain of Shortétlal. 1969) give®) =27+ 1
andwo =0.40+ 0.03.

The results of the grid-searches are shown in Fig.13, whereThe fact that our estimates 6ffrom lunar photometry cor-
we plot rms residuals as a function of assurietlVe obtained respond to very small size scales is consistent with the expec
0 =274 1° for bright (highlands)d = 26 £ 1° for average, and tion that the largest average topographic slopes occur at dime
6 =24+ 1° for dark (mare). The value &f =26+ 1° for aver- sions where interparticle cohesive forces can overcome grav
age terrain is not statistically different from the global averagélapke 1984, Helfenstein 1988, Shepard and Campbell 199
value of =26.7+ 1° derived in Helfensteiret al. (1997) and Figure 11f (see also Table V) suggests, however, that at sca
indicates that we have retained enough photometric coverag®.1mm and smaller, values éfexist which are significantly
to adequately constraif in all three cases. As in Helfensteinlarger than those found from fits to lunar photometry data. TF
and Veverka (1987), the value éffor average lunar materialsimplication is that there is a size scale below which topograph
falls sensibly in between those for smoother mare and rougielief either is not photometrically detectable or is not repre
highland materials. Figure 12 suggests that the new photonsgnted in the Hapke model as “macroscopic” roughness. T
ric values for highlands and mare, respectively, both represéotmer possibility has recently been considered by Shepard a
similar size scales in our topographic measurements. Spe@ampbell (1998) who proposed that large roughnesses at ve
ically, our new photometric estimate 6f=27+1° for high- small scales may be photometrically undetectable because nr
lands best matches Fig. 11b at a size scale. 288 352 mm, tiple scattering of light between particles and interstitial void
and our new photometric estimatedof= 24+ 1° for mare is best in the regolith attenuate projected shadows (see also Bure
matched in Fig. 11f at size scales 020+ 39, mm. Within the and Veverka (1985) and Shkuratov and Stankevich (1997
expected uncertainty, these two size scales are not statisticalhjs hypothesis predicts that the size scale thaepresents
distinguishable from each other (see also Fig. 12). We conclutiepends on the albedo of the surface—high albedos with sign
that, for typical lunar soilg] is representative of the cumulativeicant multiply scattered light restriétto larger size scales than
contribution of surface relief at all size scales larger than abdot low-albedo surfaces where multiple scattering is weak. TF
0.1 mm. slightly larger numerical value for the size scale of photometri
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roughness for highland regolith.@5+ 332 mm) than for mare model to analyze such laboratory measurements, it is often :
(0.20+ 397 mmy is consistent with Shepard and Campbell's hysumed that the samples are macroscopically smooth (i.e., it
pothesis; however, as noted earlier the difference may not &gsumed that = 0°). Our results show that the most importan
statistically significant. contributions to® come from surface relief at submillimeter
The alternative (or perhaps complementary) hypothesis, tigéte scales—smaller than typical dimensions of laboratory sal
topographic relief at size scales smaller than 0.2 mm is not reppée dishes. Consequently, in the analysis of spectrogoniomet
sented as macroscopic roughness, requires that the photoméié from laboratory specimens, it may be important to consid
effects of this very small scale roughness be described by soffe effects of photometric roughness, especially in observatio
other component of the Hapke model. The most logical posébtained at relatively large incidence, emission, or phase ang|
bility is that topographic relief at such small scales falls into
the same physical realm and is modeled as the shadow-hiding. Geological Implications

opposition surge (Hapke 1986). This possibility is especially Among our most significant findings is that three differen

relevant to the geological interpretgtion of Hapke model paraMiaosures of roughnes (rms slope angles, elevation histogra
eters. Hapke’s (1984) macroscopic roughness model assu &5 Hapke’s photomeric roughess parameter) indicate tt

that the optical interaction§ are taking_p_lace on afaceted Surfaﬁﬁdisturbed Fra Mauro regolith is rougher than lunar mare
Hapke's (19,86) ;hadovx{-hld|ng opp93|t|on effect model asSUMBP size scales greater about 0.1 mm. The same measures
that the optical interactions are taking place among a loose "Fl(gﬂghness reveal no significant difference in the average textu

gregate of indivi_dual particles in mutual contact. In the contex}, - .- taristics of soils from two different mare sitapgllo 11
of this hypothesis, our results would suggest that we have fou re Tranquilitatis andpollo 120ceanus Procellarum).

the threshold below which optical interactions are better repre-n approximately centimeter and larger size scales, the cor

sented as occurring among a loose particle aggregate thana light . roughnessespollo 11and12regoliths and the larger
scattered from a faceted surface (see also Shepard and Cam Vo 14regolith roughness are easily explainagolio 11and

(1998)). 12 lunar mare were emplaced as relatively smooth, inviscic

While it is beyond the scope of the current paper to do s, fiqws, whereas Fra Mauro originated as a massive eje

both of the above hypotheses may be tested with our digi@éposit from the Imbrium basin and was probably quite hun

elevation maps of lunar regolith. By applying computer @mocky and rough. While differences in the way Fra Maur

tracing teghniq_ues_ to the d_igitgl maps at a var.iety of differeffyy junar mare were emplaced may also explain the pers
assumed illumination and viewing geometries, it should be pQg, e qown to submilimeter scales of the roughness dichotot
sible to model the extent to which multiply scattered light attenihveen mare surfaces and Imbrium basin ejecta, further cc

ates shadows projected by topographic features at different SIZ€ration is warranted. Because fieollo 11and many of the

scales. Following the method of Helfenstein (1988), it shoulg, 4 12A1 SCC pictures were obtained in close proximity tc
also be possible to simulate reflectance phase curves from

: . i lunar module, it is possible that they show soil surfaces th
elevation maps to compare with actual lunar photometric phar§§ve been scoured by the descent engine’s rocketAlasilo 14

curves and dete_rmi_n_e if topograp_hic relief at size scales grealglscc images were acquired far enough away from the Iun
than 9‘985“?; significantly contributes to the shadow-hiding,,y,je that scouring from the rocket blast is not a concern. Tl
opposmon ed(_act. lusi h ) . . relative consistency in our roughness estimates from differe

Our immediate conclusions have a variety of important ims, o 165 of “undisturbed mare soils” at different sites sugge

plications for photometry of planetary surfaces and laboratogy, ey et blast erosion did not significantly affect the targets

goniophotometric studies. In nearly all applications of Hapkef, o| scc images that we selected for study. Rms slope ang

model to planetary photometry, it is generally assumed that t 1-mm scale from Table IV imply that Imbrium basin ejects

photometnchroughnesi egtm:ated from erg,ler;?'s_k pg?tometéxd mare regolith roughnesses continue to differ, even after st
represents the same physical quantity as whisrierived from ., ing the decimeter-scale slopes. Table V (see also Fig.

disk-resolved measuremehtsven though whole-disk ObserV‘""suggests, however, that the difference becomes increasingly |

tions include an additional contribution of surface relief covering nificant with decreasing size scale below 1 cm. At these sm

size _scales ext_ending Severa! orders of magnitude larger than(g centimeter) scales, the size distribution and cohesivenes
spatial resolution of typical disk-resolved data. By demonstrar 'golith grains could play a significant role in controlling sur

ing that topographic relief at scales larger than decimeter scallg e texture so that it is worth examining the extent to whic

do not typically contribute much to_ the obseryed .photqmetr ain sizes differ among lunar soil samples collected nearby t
roughness we have shown that this assumption is valid. L

: . ¢ ol "SCC locations.
oratory spectrogoniometric measurements of particulate samMqy,g e gistribution of particles in lunar regolith is strongly

ples are usually obtained from sample dishes that are millime, 0 t4 regolith maturity. Mature soil has a smaller mean gra
ters to centimeters in size. When applying Hapke’s photometdf, o han immature soil because it has had a longer exposur

the comminuting effects of micrometeorite impacts. An imma
11tis also often assumed that the whole-disk observations are dominated§€ SOil can evolve to maturity on time scales of several hundri
terrain of a single type. million years if not influenced by addition of immature materia
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TABLE VI of D for the soil-covered rock surfaces is mostly due to the relz
Maturity of Soil Samples Obtained Near ALSCC Locations tive absence of subdecimeter-scale topographic undulations
: the gently sloping rock from which the ALSCC images were
Maturity® obtained. This is qualitatively clear from Fig. 5 elevation pro
Site Picture Soilsample ¢{/FeO Classification files, which show that the soil-covered rock surfaces and typic
lunar mare surfaces have very similar visual textures at ve
Apollo 11 AS11-45-6699 10010 750 Mature  gmg|| scales (i.e., near the limit of the map resolution). Th
Q"rzrnequi“taﬂs e e ao Maure value of D = 2.41 for soil-covered rock is similar to values de-
rived from studies of centimeter and larger scale roughness

Apollo 12 AS12-57-8449 12001 56.0 Submature . .
Oceanus AS12.57-8452 12003 57.0 submatureof terrestrial basalt flows (Farr 1992; Campbell and Shepal
Procellarum 12070 47.0 Submature 1996; Shepard and Campbell 1995, 1998). Farr (1992) stu
Apolio 14 AS14-77-1068 14259 85.0 mature  i€d differences in the fractal dimensions Cima Volcanic flow
Fra Mauro AS14-77-1070 (Mojave desert) of different ages and erosional states. Farr fou
D =2.49 for the freshest flow (16000 years), but values fo
& From Morris (1978). older, more highly weathered flows often exhibited smaller va

ues 227 < D < 2.46.
from subsequent impacts (cf. McKayal. 1991 and references
therein). A widely used index of regolith maturity Ig/FeO,
wherelg is the measured ferromagnetic resonance intensity and

FeO represgnts the total Fe c':ontent OT the sample (Morris 1978)Using digital elevation maps derived from stereophotogran
Three maturity levels are typically defined (McKetyal. 1974): metry of Apollo lunar surface closeup camera images, we ha

immature soils with ® = IJ/FeO < 29.0 units, submature demonstrated that average undisturbed Fra Mauro regolith

soils with 300 < I¢/FeO < 59.0 units, and mature soils with . .
-, = = e . rougher than lunar mare regolith over all size scales from 0.0¢
Is/FeO> 60.0 units. Table VI identifies soil samples that were 9 9

I d he ALSCC si d thei di 0 85 mm. We confirm the earlier result of Lumraeal. (1985)
collected nearest the sites and their corresponding Migss o mulative distributions of regolith elevation are well rep

tum'is' The sgllalrlltyllg Su(l;;nzlllImleter-tg;\;upcent;meltgl;fscaIFeS'emed by Gaussian statistics. At the same time, we show t
roughnesses oxpofio 1.an SONis and heir mutual diter- o 1ative distributions are relatively insensitive to asymme

ence frorrquIIo 14(_axar_nples IS QV|dentIy nota str_ong functio ries in the detailed shapes of elevation histograms and that s
of lunar regolith grain-size variations. On the basis of Table V ificant deviations from Gaussian behavior is demonstrated
one would expect thapolio 11(mature).and°\pollo 12(sub- about half of the elevation histograms we studied. We also co
mature) surfaces should be texturally different and Aqzalio firmed Lummeet al.s finding that the roughnesses of most luna

11 and14 (mature) surfaces would be texturally similar. Th'?egolith surfaces increase with decreasing size scale. In additic

is not the case and we may conglud_e that the su_b_mﬂhmetw-e find that this behavior is well represented by fractal statistic
scale roughness of the lunar terrains is not a sensitive mea

s ) SHIE rates of change of roughness with size scale, represen
of regolith maturity.

by fractal dimensionD, are remarkably similar among aver-

Another significant result of our study is that lunar surfacgé;e terrains. After correcting for the contribution of large-scal

roughness at submillimeter-to-subcentimeter scales is well re Ughness, our average valuedt= 2.31+ 0.06 falls within the
resented by fractal statistics (i.e., a simple power law is suffici E ' | ;

6. CONCLUSIONS

| he d ) | i i il Fa ge 20< D <2.4 reported from lunar radar studies (Shep
to relate the decrease in average slopes with increasing en%ll et al. 1995). We find a larger valueD(= 2.41+ 912 for

scales). In contrast to results of radar studies that reveal Signé-gently sloping soil-covered rocky surface. The amplitude ¢

cant differences in fractal dimension with terrain type, howev%ughness which we characterize with the rms slope angle

our study shows that overall the fractal dimensions of a varieiymm scale, varies significantly among terrains. For lunar mar
of lunar soils are remarkably similar at size scales smaller th average rms slope angle at 1-mm scale is- 86 while
those important in radar studies. One interpretation of this res, Et for undisturbed Fra Mauro regolith is 251°. Compari-
is that, at subcentimeter scalése rate that roughness increasesson of our results radar roughness data shows that Fra Ma
W'th. decreasing size scale largely controlleq by regolith 94 regolith (Imbrium basin ejecta) exhibits similar roughness t
dening processes that evolve the top centimeter of regolith ar highland surfaces. While undisturbed Fra Mauro regolit

:elleg_lvely s_hor; tlmeﬁ scales. dNotekthatfwe:E;ougd‘élleaggi]ze r2 MaGirfaces are rougher than mare surfaces at all scales, the cont
al dimension for soli-covered rock surtac €2 007 in roughness between the two regolith types is less significa
than for regolithic surfaced)=2.314+ 0.06). The larger value at subcentimeter scales than it is at larger scales.

We have verified both from direct measurement of topogre
) . . _phy and from fits to disk-resolved lunar photometric observe
The method of Section 4.3 has been used to adjust for the contnbutlﬁgns that the photometric rouahness of lunar highland reqolith

of large-scale roughness. An average tilt correction ®#20.5° (Table Il) was P . g ) 9 . 9
adopted and a new fractal=2.41+ 332andOrwvs = 24+ 2° were determined larger than mare regolith. Values of Hapke’s photometric rougt
from the corrected data. ness paramete#) derived from lunar photometry (Helfenstein
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and Veverka 1987) are found to be quantitatively inaccura®@yratti, B., and J. Veverka 1985. Photometry of rough planetary surfaces: T
probably due to the simplicity of the early Hapke photomet- role of multiple scatteringcarus 64, 320-328.
ric model that was used in that study. Fits of a more receBiratti, B., J. Hillier, and M. Wang 1996. Lunar opposition surge: Observatior
Hapke model, that includes a description of realistic particlePy Clementinelcarus124, 490-499.
phase functions and the coherent backscatter opposition effé@f"Pell B., and M. K. Shepard 1996. Lava flow surface roughness and de
. . = 5 . - o larized radar scattering. Geophys. Re401, 18,941-18,951.

yield estimates of =274 1° for highlands and = 24+ 1° for ) _ . ,

Th | @f_ I the i lied relati hiah Chase, C. G. 1992. Fluvial landsculpting and the fractal dimension of topogr
mare. These values of as well as the implied relative high- ‘s o omhologs, 39-57.
land marg photometric rothneSS_ ratio are_ be_St matched freﬂ?)u, Y. 1972 Probability and Statistics for Decision Makinglolt, Rinehard
our elevation data by the cumulative contributions of surfaceand winston, New York.
topography covering all scales greater than 0.1 mm. Less thagk B. E., J. Veverka, P. Helfenstein, P. C. Thomas, J. F. Bell, Ill, A. Harc
5% of the photometrically detected roughness of lunar regolithM. S. Robinson, S. L. Murchie, L. McFadden, and C. Chapman 1999. NEA
is contributed by surface relief at scales larger than 8 cm. Thighotometry of Asteroid 253 Mathildécarus 140, 53-65.
conclusion implies that values éfderived from whole-disk and Davis, J. R., and D. C. Rohlfs 1964. Lunar radio-reflection properties at decan
disk-resolved photometry, respectively, may be taken to repre!®” Wavelengthsl. Geophys. Re€9, 3257-3262. _ _
sent the same physical quantity. In addition, particulate sampfg"ngue, D-, and B. W. Hapke 1992. Disk-resolved photometric analysis-

. . . earopan terraingcarus 99, 70-81.

used in goniophotometric measurements should not be assurped

h icall h (i 5 is of . omingue, D., and A. Verbiscer 1997. Re-analysis of the solar phase curves
to be photometrically smooth (i.¢1,=0°), as is often done in . icy Galilean satellitescarus 128, 49—74.

laboratory applications of Hapke’'s photometric model. The Pr8omingue, D., B. W. Hapke, G. W. Lockwood, and D. T. Thompson 1991
dicted photometric roughness at size scales of about 0.1 mm angliropa’s phase curve: Implications for surface structicgrus 90, 30— 42.
less significantly exceed photometric estimates. This result Si@mingue, D., D. L. Lockwood, and D. T. Thompson 1995. Surface textur:
gests that there exists a size scale below which topographic religfoperties of icy satellites: A comparison between Europa and Rteras

either is not photometrically detectable or is not represented 15 228-249.
the Hapke model as “macroscopic” roughness. Evans, J. V. 1969. Radar studies of planetary surfadesu. Rev. Astron.
Astrophys7, 201-248.
Farr, T. 1992. Microtopographic evolution of lava flows at Cima Volcanic Field
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