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PREFACE 

This report outlines some general methods for analyzing the 

geometry of planetary topography and illustrates them with results 

obtained for the Moon. Its contents apply to selection of landing sites 

for spacecraft, planning traverses for vehicles, and to other aspects 

of planetary exploration that involve numerical expression of topographic 
st.,,92/-2 -L4 

form primarily for engineering purposes. The report is divided into three A 

sections. Part I treats descriptive and predictive techniques for terrain 

slope. Part II describes the analysis of fine-scale surface roughness for 

the NASA Lunar Roving Vehicle, which was first deployed on Apollo mission 

15 in the Hadley Rille area of the Moon. Part III applies the method of 

numerical taxonomy to multivariate characterization of lunar terrain and 

geologic map units. Although the findings described here are for the 

Moon only, the approaches and techniques could be used to solve terrain-

related problems on any of the terrestrial planets. The author hopes 

that this study will stimulate further research in both terrestrial and 

extraterrestrial landscape morphometry. 
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LUNAR LANDSCAPE MORPHOMETRY 

Part I: PREDICTIVE TECHNIQUES IN PLANETARY SLOPE ANALYSIS 

Abstract 

Values of terrain descriptors can be predicted from close inter-

relations among some variables and the strong scale-dependence of others. 

Mean absolute slopes of six generalized lunar terrain types are extra-

polated from 750 m down to 1 m by logarithmic expressions sloping at 

-0.25. Slope components, or profile slopes, are converted to true, or 

point, slopes by the constant 1.5708. The half-normal frequency distri-

bution is used to describe distributions of absolute slopes. By the 

Wood transformation, conversion of individual slope values into percent-

ages of the mean, entire frequency distributions are generated from any 

mean slope value. A semi-logarithmic expression is fitted to Wood curves 

for both lunar and terrestrial slope distributions. The dispersion 

coefficient is introduced to express the relative dispersion of slope 

and slope curvature and to assist in predicting values of maximum slope. 
leo5th 

To some extent, frequency of slope reversal at 750 m base covaries nega-
4 

tively with absolute slope. Natural slope, the slope between adjacent 

topographic reversals, is introduced in lunar terrain description. The 

length of the longest natural slope can be predicted from the frequency 

of slope reversal. The angle of the longest slope can only be roughly 

estimated from mean base-length slope. 
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INTRODUCTION 

Using various lunar slope parameters, this section develops some 

predictive techniques for extrapolating descriptors of small-scale 

planetary slope to lower levels of generalization. Quantitative descript-

ions of large-scale surface characteristics are useful in planning land-

ings of manned and unmanned spacecraft on unfamiliar planets. Such 

data assisted in targeting the successful lunar Surveyor and Apollo 

landings and in designing the Lunar Roving Vehicle. The difficulty in 

estimating large-scale surface roughness characteristics of the moon 

before obtaining data from the Ranger, Orbiter, and Surveyor missions 

will be cclapounded during subsequent efforts to land spacecraft on 

planets situated at much greater distances from earth. Prior to such 

landings, all possible geometric information must be extracted from 

whatever terrain data can be secured from precursor fly-by and orbiting 

missions, particularly in cases where pre-lander missions will be 

lengthy, expensive, and few in number. It is essential to be able to 

extrapolate small-scale roughness data down to a scale relevant to space-

craft landing and vehicle mobility problems. Most of the techniques 

developed here originated in predictive approaches first applied by L. C. 

Peltier (1953, 1954) and subsequently expanded by Wood and Snell (1957, 

1959) and Wood (1961, 1967). The 750 m resolution earth-based photo-

clinometric lunar data of Rowan and McCauley (1966) and Rowan et al. 
are used to illustrate the 

(1971), hereafter referred to as "the 750 m lunar data,"/Itechniques. 

These data describe diverse lunar terrain types at a scale at which 

initial batches of topographic data might well be obtained from other 

planets. Important topographic variables not available for the 750 m 

8 



 

data are analyzed using terrestrial terrain samples obtained at several 

scales from topographic maps and from profiles surveyed in the field. 

EXTRAPOLATION OF SLOPE MEDIANS AND MEANS 

McCauley (1964) suggested that median topographic slope on the 

moon at about 1 km resolution could be extrapolated into the 1-10 m 

range with acceptable accuracy for preliminary terrain descriptions. 

He constructed a diagram in which the logarithm of median slope 

measured at a constant slope length or LA,, increased linearly with de-

crease in the logarithm of the slope length for three small-scale 

samples of lunar slope angle. By extrapolation of this relation, Mare 

Cognitum, which has a median slope of 0.65° at a of 750 m (Rowan and 

McCauley, 1966), should have a median slope of about 3.3° at a slope 

length of 1 m. Rowan and McCauley (1966) subsequently obtained a 

median slope of about 3.50 for an area in Mare Cognitum with data at 

this slope length from analysis of Ranger VII imagery. A sample of 

900 slopes obtained for the present study from a topographic map of 

Mare Cognitum (USGS Open-file map, 1964) yields a median slope of 4.00 

at a 1 m slope length. Both figures lie fairly close to the predicted 

median slope value. The slope of the extrapolated trend is almost 

exactly -0.25°. McCauley (1964) found this slope also applied to three 

samples of terrain from the Sierra Nevada Province of California. To 

further study the variation of median slope with LZ, fifty terrestrial 

profiles were obtained from topographic maps at several scales and from 

surveyed traverses at 1 m slope length. Median slope data were gener-

ated for the base length at which elevations were read and for seven 
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different multiples of this base length. The primary trend defined by 

superposition of all 50 curves is a broad band of median slope:base 

length data sloping at about -0.25 from 1 m to 10,000 m base length. 

This supports McCauley's results as applied to a few, highly general-

ized terrain categories. Individual curves, which typically extend for 

two log cycles of base length values, vary considerably from an overall 

slope of -0.25. Most of these curves are steeper than -0.25 and are 

convex upward. However, of the 15 curves describing relatively fresh 

volcanic surfaces, all but one (Bonito Lava Flow) have a slope of 

approximately zero. 

Using the 750 m data, the median slope:base length extrapolation 

technique has been modified to predict values of mean slope at the 1 m 

scale for six gross categories of lunar terrain (Table 1). Wood et al. 

(1962) showed that the median slope of most terrestrial slope frequency 

distributions (absolute values of slope) is a constant percentage, 0.76, 

of the mean slope value. This relation enables a more powerful statis-

tic, the arithmetic mean, to supplant median slope for the purposes of 

extrapolation. Most (45) of the 51 750 m samples fall into one of six 

groups, according to terrain (Rowan et al•, 1971) and geologic (Wilhelms 

and McCauley, 1971) map units: rough, hummocky, and smooth upland and 

smooth, simple rough, and complex rough mare. Mean slope values 

averaged for samples in each of the six basic terrain groupst a 

slope length of 750 m] Linear trends drawn with a slope of -0.25 

through these six average slope values, points A-F in Figure 1, con-

stitute the predictive models for average lunar surface slope at the 

1 m scale. The range of mean slope values at 750 m in Figure 1 in 

7776/e z )
each category can be used to estimate the range of mean slopes at smaller 
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base lengths if linear extrapolation of these extreme values is valid. 

Table 2 lists the relevant data for each of these models. The models des-

cribe only average lunar terrains within each of the six gross morphologic 

categories. Specific samples of lunar terrain will be both rougher and 

smoother than the six ideal cases described here. Data derived from Lunar 

Orbiter spacecraft photoclinometry (see, for example Watson, 1968, Lambiotte 

and Taylor, 1968) give- three mean slope values which suggest that these 

models yield reasonable extrapolations into the 10-100 m range. In Figure 

1, points I, J, and K are samples of, respectively, rough, hummocky, and 

smooth upland terrains. Each of these points falls on or near the appro-

priate extrapolation. Points L and M, which comprise over 170,000 individ-

ual 1 m slopes from 32 photoclinometric samples of high resolution Lunar 

Orbiter imagery, describe rough and smooth mare, respectively. These two 

points suggest that linear extrapolation into the 1 m range may also be 

warranted. An extrapolation of point G, describing Mare Cognitum at 750 m 

results in a 1 m mean slope value only 0.20 lower than point H, that ob-

tained from Ranger VII data by Rowan and McCauley (1966). The two dashed 

curves describing hummocky terrain near the Apollo 14 landing site (upper 

curve) and the very smooth mare surface near Apollo 11 site were computed 

from topographic map data (MSC NASA 13,720-scale map of Fra Mauro Landing 

Site, 1970, and NASA/MSC-ACIC experimental topo map, 1:2,000, of site 

II-S-a, 1967). They are in excellent agreement with the extrapolations of 

the various terrain types.. 

SLOPE COMPONENTS AND TRUE SLOPES 
on'Y 

Slopes along random or arbitrarily oriented profiles are components 

of slope along the profile, not true slopes, or slopes normal to elevation 

contours. Both types of slope are useful in predictive work. 
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Wentworth (1930), determined that the mean horizontal spacing of 

topographic contours along a random profile exceeded the mean contour 

spacing normal to the slope by a factor of 7/2, or 1.5708. Accordingly, 

terrain slopes measured along profiles at a constant base length 

probably are related to slopes of similar length, but oriented normal 

to contours, by the same constant. Conversion of slope components to 

true slopes is not always desirable. Although true slope values would 

be needed, for example, in assessing an area for spacecraft landing, 

slope components would be more realistic values for planning vehicular 

traverses. Since in the latter case, the vehicle would not tend to be 

purposely driven on true slopes, a pre-mission roughness evaluation 

based upon true slope would be needlessly pessimistic and perhaps unduly 

restrict mission activities. 

The method devised by Wentworth (1930) for determining mean true 

topographic slope can be used to extract slope means from large-scale 

topographic maps for extrapolation down to smaller slope base—lengths. 

This technique is much more convenient and rapid than the base length 

technique, in which several hundred elevations must be accurately 

measured along a profile and then converted to slope angle. However, 

the base length at which the Wentworth mean slope applies must be de-

termined as well. This value is simply the total length of the sample 

transect divided by the number of contours encountered along the profile, 

and may be converted to true, that is downslope, contour spacing by the 

constant 7/2, or 1.5708. Mean contour spacing seems to define the 

theoretical resolution of a contour map. In practice, mean contour 

spacing often is equivalent to the smallest base length at which slope 

data can be obtained from a contour map with good accuracy (< 10% error 
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in the mean slope value), although it can vary widely for maps of 

similar scale and contour interval. Thus slopes measured at this 

minimum Ax should be closely related to slope values generated from the 

Wentworth formula. This is the case; the equivalence is shown in 

Figure 2, in which the Wentworth (true) slope means have been converted 

back to profile means by dividing by the constant 1.5708. 

SLOPE FREQUENCY DISTRIBUTIONS 

Statistics describing frequency distributions of slopes measured 

over a constant horizontal increment, or base length (fix;), are useful 

parameters for comparing and contrasting topographic surfaces (Strahler, 

1950) and for predicting large-scale surface-roughness (McCauley, 1964). 

Where terrain samples are obtained along linear profiles, as in the case 

of most lunar and planetary data, base length slopes can be treated in 

two ways (Rowan and McCauley, 1966). Slopes facing one end of a sam-

pling transect can be designated positive, and slopes facing the 

opposite direction can be labelled negative (or vice-versa; there is no 

convention). Since distributions containing a large number of both 

positive and negative slopes, or algebraic frequency distributions,,are 

symmetric and often approach the gaussian model, meaningful values of 

dispersion statistics, such as standard deviation, variance, skewness, 

and kurtosis, can be computed. However, central tendency statistics of 

algebraic distributions approach zero in most cases, and an alternative 

distribution must be used to generate useful estimates of the mean, 

median, and modal slope. Such a distribution, the absolute slope fre-

quency distribution, results when the algebraic signs are ignored. It 

is strongly skewed toward low slope values. 



 

 

Where sampling has been adequate, frequency distributions of 

absolute base length slopes approach and often correspond to the form 

of the half-normal distribution, a special case of the folded normal 

distribution. Daniel (1959), Leone et al. (1961), and Elandt (1961) 

have described some of the properties of this useful distribution. For 

example, 

if7c= 0.80 0-, (1) 

where is the mean of the half-normal (absolute slope frequency) dis-
h 

normal 
tribution and c is the standard deviation of the4(algebraic slope fre-

quency) distribution (Elandt, 1961). Most of the earth-based photo-

clinometric slope data of Rowan et a1.(1971) follow this relation and 

thus are distributed according to the standard normal and half-normal 

models. Subsequently this relation is used to define a parameter of 

relative dispersion, the dispersion coefficient. Daniel (1959) con-

structed half-normal probability paper on which the graph of the theore-

tical cumulative half-normal distribution is a straight line through 

the origin, so that it is not necessary to construct an algebraic fre-

quency distribution to test a slope sample for normality. In Figure 3, 

absolute slope data for lunar terrain sample no. 39, Bode B, from Rowan 

et al.(1971) are plotted on Daniel's half-normal grid (Curve B). Clearly, 

this absolute slope distribution is normal when compared with the correct 

theoretical model. Further, Elandt (1961) points out that for the 

half-normal distribution, 

= 1.32 (2) 

where and : are the mean and standard deviation, respectively, of
-f f 



the folded normal distribution. Figure 3 shows five additional data 

plots on the Daniel grid. Corresponding -f/c f values, which can vary at 

least from 0.40 to 1.80 according to deviation of the distribution from 

the half-normal condition, can be used as a rapid initial test for the 

half-normality of an absolute slope frequency distribution. 

WOOD CURVES AND FREQUENCY DISTRIBUTION OF ABSOLUTE SLOPE 

An entire absolute slope frequency distribution can be generated 

readily from values of mean absolute slope obtained by extrapolation to 

the desired resolution and converted, if need be, to or from true slope 

means. Wood et al., 1962 showed that, given a truly representative 

sample of about 50-100 slopes, all terrestrial distributions of absolute 

slope frequency can be transformed to similar cumulative frequency 

curves by dividing all constituent slope values in the sample by the 

sample arithmetic mean, regardless of how steep or how gentle the 

ofk'd 
average slopes might be. This simple conversion,4formally designated 

here the Wood transformation, applies equally well to frequency distri-

butions of valley depth and ridge-to-valley spacing (Wood, 1961; Pike, 

1962). The slope used by Wood is not base length, or A,Z slope, but slope 

lying between two adjacent reversals of slope from concave to convex 

curvature, or vice-versa, at a hill top or a valley bottom as encount-

ered along a profile. The percentage-of-mean cumulative slope frequency 

curves, formally designated here Wood curves, can be generated from 

base length slope data as well, and used to predict slope frequency dis-

tributions for any type of terrain and at any resolution for which the 

mean slope is known or can be predicted with reasonable accuracy. 

15 



Wood distributions are most usefully expressed as semi-logarithmic 

functions. Previously, Wood curves were cumulated with the gentlest 

slopes at the lowest %N values, and plotted on arithmetic scales. The 

resulting curve could not be transformed to a linear function. However, 

if the data are cumulated with the gentlest slopes at the highest -7,,N 

values, and plotted on semi-log scales, then the resulting curve is 

linear for %N values 0.10 (this technique had been applied to raw 

slope data by Choate, 1966). Wood distributions in this format can be 

described by a simple exponential function of the form 

Y = Bx+A, 

where Y is log of cumulative percentage of slope angle in degrees, B is 

log of slope of the trend, x is percentage of mean slope angle, and A 

is log of the y-intercept. 

Figure 4 shows five Wood curves for terrestrial slope data at base 

lengths ranging from 1 m to nearly 5,000 m. Although these curves differ 

from each other below 0.10 N, they are similar in overall con-

figuration. The median (curve B) for 11,289 1 m slopes probably is 

more accurate than the mean (curve A) for the same data, owing to the 

strong skewness of curve A toward higher % mean slope values. This 

skewness is due to inadequate sampling of diverse terrain types. The 

increasing spread as maximum slope /5 approached reflects the 

instability of this value. It may be a function of several variables, 

including (1) sample size, and despite the Wood transformation, (2) mean 

slope and (3) slope length. The more slopes are included in a sample, 

the greater is the probability that a still higher value will be encoun-

tered. This is suggested in Figure 5, where Wood curves are stable, 

to 



 

regardless of sample size (presumably adequate to begin with), for all 

N except zero, which theoretically, is indeterminate. At zero ZN, 

the largest samples have two to three times the %mean slope values of 

the smallest samples. The Wood transformation does not remove all of 

the dependence of maximum slope upon the mean slope. Figure 6 shows this 

clearly in a sample of 147,200 terrestrial slopes at a base length of 

61 m. Although the typical maximum '/,mean slope value for these data 

lies between 4 00 and 5 00, the values range from 2 40 in the steepest 

areas sampled to 17 00 in the gentlest areas, This systematic variance 

is a residual from the Wood transformation, and may be used to improve 

estimates of maximum slope angle, It is not knowluto what extent it 

exists at other values of base length. Finally, the scale, or level of 

generalization may have some effects on the shape of the Wood curve at 

,q and .1 
70N values under 0.20 or so. In Figure 5, curves comprise only

A 

very long slopes. These two samples show much lower %mean slope values 

than do the remaining samples because there are very few steep slopes 

at such great slope lengths. Figure 7 shows a fairly systematic rela-

tion between % mean slope at 0%N and base length for eleven different 

samples of base length slope data. 

Figure 8 is a composite Wood curve derived from lunar photoclino-

metric data at a resolution of 1 m, The measurements were reduced from 

_2-1400/2E 

Lunar Orbiter imagery (Lambiotte and Taylor, 1968). The curve is described
A 

by the exponential expression 

-0.48x + 0.0267 
y = 10 (3) 

or more conveniently 
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Seventh, many descriptive variables are needed to represent the 

numerous and diverse attributes of terrain geometry. This does not mean 

simply calculating the same parameters at different base lengths for the 

same sample. This study has shown that up to eight relatively indepen-

dent factors are present in the moon's topography,¢, modest number .04,,4, 

is hardly sufficient. Experiments in progress (R. J. Pike, unpublished 

U.S. Geological Survey data) indicate that at least twice this number 

2 
OCc 4,2 in 90 diversel.4 km samples of terrestrial topography at a 

map scale of 1:24,000 and a basic contour interval of 3.3 m. Additional 

factors can be generated, although they tend to become increasingly 

abstract in expression (c.f. Stone and Dugundji, 1965). Presently, 

numerical description of terrain is at a very elementary level. Simple 

characterizations of terrain using only a few variables, such as slope 

mean or standard deviation, or parameters of PSD functions, are inade-

quate. Natural topographies require numerical descriptions commensurate 

with their great complexity and observed contrasts. 

Eighth, the best results of multivariate terrain taxonomy seem to 

depend upon prior simplification of the original data matrix through 

elimination of the most redundant variables. In part, this reflects the 

lack of significantly diverse and precise terrain descriptors. However, 

other types of data appear to cluster satisfactorily in unweighted 

groupings of all input variables (c.f. prior references to cluster 

analysis). 

Ninth, non-geometric terrain variables, in the case of the moon, 

albedo, crater size-frequency, and the presence of qualitatively expressed 

phenomena such as rays, can contribute to the discrimination of one type 
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of terrain from another. Although such data are not used here, they 

should be considered in subsequent classification work. 

Despite limitations summarized by these nine observations, the 

terrain classifications derived for the 70 m and 750 m lunar data have 

furnished some insight into the contrasting surface geometry of lunar 

terrain and geologic units. The minimal acceptable result of this set 

of experiments is the consistent differentiation of mare from upland. 

More significant is the isolation of a few major terrain and geologic 

units within these two overall categories. The 70 m data seem to have 

distinguished between mare and mare with prominent structures. No 

geometric distinction is evident between the more typical, Imbrian mare 

surfaces and the darker, Eratosthenian mare surfaces. Recognition of 

the rilled terrains at 70 m is a trivial result because the uniqueness 

of this topographic type is so self-evident from visual inspection. 

Hummocky upland terrain was strikingly isolated in the 750 m data set 

and to a lesser extent in the 70 m data. The most satisfactory result 

obtained is the recognition of smooth upland plains in both sets of 

data. At 750 m, most upland plains differ from most mare surfaces in 

having a higher frequency of terrain slope reversals and a much higher 

coefficient of slope dispersion. For the 70 m data, the upland plains 

differ from average mare surfaces in having significantly lower slope 

dispersion at both 70 m and at 2700 m base lengths, a lower natural 

slope trend intercept, and a more steeply inclined PSD trend. The mare-

upland plains contrasts are significant, and presumably reflect real 

differences in mode of origin, physical properties, and geologic history. 

One potential application of lunar landscape morphometry is its use 

119 



in checking the validity of lunar geologic mapping. Results of the 

present study do not include this capability. Moreover, the very 

feasibility of such an evaluation from morphometric data alone is 

questionable. Not only do lunar geologic units have considerable topo-

graphic diversity, but some of them, notably the basin ejecta blanket, 

are essentially gradational in character. Since geologic units are 

mapped on the basis of multiple criteria including overall surface tex-
ct-a ry, 

tures, reflectance characteristics, stratigraphic position, and geogra-
A 

phic distribution, checking them on only one factor, surface geometry, 

hardly seems sufficient. Since the proper application of landscape 

morphometry depends so strongly upon sample adequacy, a serious attempt 

to assess the validity of lunar geologic map units would require a very 

extensive moon-wide sampling program. 

As grouped by Q-mode cluster analysis, the 70 m lunar terrain data 

provide an opportunity to evaluate two of the predictive models derived 

in Part I of this study. Performance of the average slope model is 

outstanding, while that of the slope reversal frequency model is only 

fair. Absolute slope means describing most of the 70 m terrain groups 

were predicted accurately frown linear extrapolation of the 750 m data 

(Part I, Figure 1). In Table 12, the ten 70 m clusters are grouped 

into the six generalized terrain types adopted for the 750 m data in 

Part I. The discrepancies, which range from zero to 277 of the measured 

values and average only 8%, are largely attributable to sampling inade-

quacies in both sets of data. The most serious error is reduced to zero 

if only samples of the Fra Mauro Formation are used to compute the mean 

slope of cluster II, hummocky upland. The linear model predicting slope 

120 



reversal frequency (Part I, Figure 13), did not accurately forecast 

values of this parameter at 70 m. Although about 70% of the predicted 

values fall into the overall range of slope reversal at 70 m, the pre-

dicted values were systematically high by a factor of about 2. More 

seriously, the relative order of high and low values of slope reversal 

at 70 m is reversed from that characterizing the moon at 750 m. Whereas 

gentler (mare) samples have fewer reversals than steeper (upland) 

samples at 750 m, the 70 m data reveal a high slope reversal frequency 

in mare terrains and a much lower frequency in the uplands. This de-

crepancy may reflect a real scale-dependent difference or a systematic 

error in one of the data sets. Analysis of higher-quality, terrestrial 

terrain data has not suggested which, if either, of these alternatives 

is the correct explanation. 
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TABLE 1 

Input options for computer classification of terrain 

Basic 
L, 
(m) 

Number 
D4-64 of 
source samples 

Moon 51 

Earth 
and 94 

Moon 

Moon 78 

Earth 
and 92 

Moon 

Moon 183 

Earth 
213 

and 
Moon 

e0-67) /;.,c4c,tres cy 

Number 
of 

variAb/es 

8 

4 

8 

4 

39 

8 

39 

8 

19 

8 

19 

8 

,r a/a c?"13- Zi8-

Number of R-mode factors*4-

weighted unweighted 

5,4 5,4 

4 4 

5 5 

5 5 

10 6 

8 6 

10 --

8 5 

10 5 

3 5 

10 --

8 5 

is r4 a. is? /-/7‘ 

C o *Pr,SI zie/-
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TABLE 2 

Diagonal matrix of product-moment correlation coefficients, r 0.50, relating 

19 original and 8 selected topographic variables for 213 lunar and terrestrial 3m 

sem les. 

A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

I 

2 .96 

3 

4 .79 .87 

5 .62 .63 .53 

6 .67 .71 .67 .95 

7 

8 .71 .77 .82 .79 .90 

9 

10 .72 .79 .76 .71 .81 .85 

11 

12 .50 -.59 .72 

13 .80 .82 .68 .52 .57 .61 .63 

14 .52 
• 

15 :51 753 755 754 -.62 

16 .54 .61 .58 .82 

17 .56 .63 .63 .51 .61 .57 .77 .89 
, --. 

18 .63 .63 .60 .54 .62 .51 .51 

19 .60 

B. 2 3 7 9 12 14 18 19 

2 

3 .14 

7 .16 .23 

9 -.08 .23 -.33 

12 .04 -.13 .51 -.61 

14 -.05 .17 .53 -.21 .43 

15 -.49 -.26 -.23 -.23 .18 -.27 

19 .07 -.11 .13 -.01 .02 .12 -.10 
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TABLE 3 

Principal axis factor loadings of 19 original and 8 selected terrain 

variables against 5 R-mode factors for 213 3m lunar and terrestrial Sarnto/eS 

Original 
variables I II 

R- mode fAlc foes 
III IV V 

1 0.864 0.208 -0.235 -0.114 -0.228 

2 0.920 0.170 -0.129 -0.018 -0.131 

3 0.186 -0.151 0.543 -0.482 0.345 

4 0.881 0.234 0.106 -0.160 -0.063 

5 0.775 -0.413 -0.034 0.117 -0.291 

6 0.861 -0.318 0.094 0.050 -0.260 

7 0.218 0.564 0.597 -0.119 -0.008 

8 0.902 -0.070 0.182 -0.012 -0.158 

9 0.114 -0.792 0.202 -0.008 -0.008 

10 0.895 -0.095 0.158 0.102 -0.035 

11 -0.117 0.737 0.273 -0.041 -0.216 

12 -0.047 0.891 0.037 -0.052 -0.211 

13 0.819 0.135 0.384 -0.135 0.128 

14 0.001 0.499 0.630 -0.048 0.051 

15 -0.616 0.139 -0.494 -0.108 0.068 

16 0.692 0.094 -0.335 -0.379 0.393 

17 0.753 0.079 -0.255 -0.260 0.422 

18 0.699 0.212 0.008 0.516 0.281 

19 0.119 0.195 0.097 0.815 0.427 

7 Total 
variance: 42.285 16.334 9.973 7.849 5.682 

B. CR-mode factors) -N. x 

Selected 
variables I II III IV V 

2 0.303 -0.508 0.612 -0.416 0.161 

3 9.090 -0.620 -0.532 -0.025 0.538 

7 0.810 -0.184 -0.198 0.025 0.060 

9 -0.601 -0.537 -0.171 0.276 -0.192 

12 0.782 0.410 -0.017 -0.156 -0.010 

14 0.728 -0.136 --0.320 -0.310 -0.326 

15 -0.240 0.817 -0.255 -0.009 0.328 

19 0.213 0.050 0.492 0.788 0.297 

7 Total 
Variance: 

29.522 22.781 14.187 12.386 8.222 
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TABLE 4 

Percentage of total variance explained by R-modc factors I-V 

F A C T 0 R S
Data Number of 
set variables I II III IV V 

TERRESTRIAL -----_____--- AND LUNAR DATA 

750 m 8 original 59.0 18.6 11.6 5.6 --

750 m 4 selected 41.1 30.8 20.0 8.4 --

70 m 39 original 48.3 17.5 10.2 3.9 3.6 

70 m 8 selected 28.9 18.5 17.4 12.2 11.5 

3 m 19 original 42.3 16.3 10.0 7.8 5.7 

3 m 8 selected 29.5 22.8 14.2 12.4 8.2 

LUNAR DATA ONLY 

750 m 8 original 54.8 17.1 12.6 8.6 --

750 m 4 selected 39.8 28.6 20.1 11.6 --

70 m 39 original 47.8 11.7 7.5 5.3 4.7 

70 m 8 selected 32.1 24.4 16.7 10.8 7.2 

3 m 19 original 38.2 17.3 10.6 8.6 5.9 

3 m 8 selected 33.5 21.9 12.0 10.6 9.6 
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TABLE 5 

R-mode principal axis factor loadings for the 78 70 m lunar samples 

R-MODE FACTORS 

Selected 
variables I II III IV V VI 

2 0.814 -0.215 0.240 0.040 -0.182 0.421 

4 0..206 -0.485 0.639 0.481 -0.150 -0.151 

12 0.329 0.327 -0.439 0.686 0.339 0.079 

25 -0.813 0.044 0.319 0.339 -0.110 0.008 

31 0.740 -0.021 -0.395 0.076 -0.362 -0.367 

32 0.414 -0.661 0.234 -0.159 0.505 -0.173 

34 0.598 0.668 0.366 -0.114 0.043 0.059 

35 0.113 0.824 0.477 -0.031 0.097 -0.206 

% Total 
variance 32.070 24.408 16.668 10.793 7.244 5.220 

Variable 2 - algebraic standard deviation of slope 

4 - dispersion coefficient of slope at 70 m 

7 - dispersion coefficient of slope at 2700 m 

25 - frequency of slope reversal 

31 - length of longest: natural slope 

32 - intercept of trend relating natural slope length and 

declivity 

34 - intercept of fitted PSD trend 

35 - Elope of fitted PSD trend 
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TABLE 6 

Characteristics of ten Q-mode groups for 70 m lunar data 

---
Q-mode N % mare Predominant ter- Predomi- Averaged values of five characters Diagnostic relations 
group SA.Pes rain type nent (see 7-44/f ir) among characters 
no. of AI geologic 

unit 2 4 12 32 35 

I 21 81 mare, undifferen- Im 1.9 1.31 1.01 1.74 -2.05 low slope o, others 
tiated-smoother at moderate 
gross scale ....-

II 10 30 Upland, hummocky5 
ejecta blankets 

-- 3.0 1.15 0.85 1.87 -2.09 
u

low slope - and a, 
x

othersmoderamoderate 

III 5 20 Upland, smoother Ip 2.0 0.97 0.52 1.52 -2.13 All low except moderate 
plains PSD slope 

IV 6 16 Upland, rough- -- 4.9 1.19 1.04 1.71 -2.01 PSD slope gentle, 
dominated by others moderate 
single structures 

V 4 0 Upland, rough- -- 5.6 1.22 1.12 1.86 -2.32 PSD slope very steep, 
dominated by slope a higher, others 
single structures moderate 

VI 3 67 Mare with struc- Em 3.6 1.39 1.10 2.02 -1.96 Highest natural slope 
tures - rougher y-cept and gentlest PSD 

slope, others moderate 

VII 7 86 Mare, undifferen- Im 2.1 1.30 1.02 1.74 -2.39 Steepest PSD slope, 

• 
tiated - rougher 
at gross scale 

others same as I 

VIII 7 0 Upland, very 
rough - dominated 
by large rilles 

Cp, 
CEch 

8.1 1.58 1.29 1.86 -2.13 Highest slope a and ----
Xmoderate y-cept and 

PSD slope 

IX 2 0 Upland, rough - -- 6.9 1.22 0.94 1.56 -2.10 High a, low y-cept, 
rims of large others moderate 
craters 

X 6 67 Mare with struc-
tures/ smoother 

Im, 
Em 

2.9 1.47 1.13 1.89 -2.07 High y-ceps and both 
lower a slope 

i 
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TABLE 7 

Percentage distribution of geologic units among Q-mode samples* and 

Percentage composition of Q-mode groups, by geologic units** for the 70 m lunar data 

Geologic Q-mode 
I II III IV V VI VII VIII IX X Indep. 

units 
groups 

n 21 10 5 6 4 3 7 7 2 6 7 

Em, Im undifferentiated 21 
6767 

0 520 0 
0 0 

1y5757 
0 0 0 

29IC' 

Em, Im with structures 17 
17 14 2340 

0 
617 

0 1/ 
67 

1229 
0 0 

23 
67 6/-714 7-

If 2 0 ,197//
20 

0 0 0 0 0 0 0 0 0 

Cp, CEch (Iarge rilles) 8 0 0 0 13
17 

0 0 0 
86 

0 0 
2-71 4 7 

Ip, undifferentiated 7 299 0 
5780 

0 0 0 0 0 0 
1417 0 

Ip, with structures 3 
25 

0 0 0 0 
33/ 

0 0 0 
317)

0 

Ih, Ihp 6 
5 101-X77-

0 '-
1717 3350 

0 0 0 0 0 
1714 

Ccr 6 0 
30))//// 

0 
17 
17 

0 0 
)3 14 

0 0 0 
14
7' 

100 
Ec 2 0 0 0 0 50 0 0 0 0 0 0 

Ic, plc 6 0 0 0 
3333 

0 0 0 
14 100 ..,1/71 /////7 3) 

0 
)) 14 

* Upper values 

** Lower values 



TABLE 8 

PRINCIPAL AXIS FACTOR LOADINGS FOR 51 750 M LUNAR SAMPLES 
A 

R-mode factors 

Selected I II III IV 

variables 
1 0.377 -0.686 0.607 -0.137 

4 0.866 0.094 -0.005 0.491 

6 0,812 0.023 -0.403 -0.421 

8 0.195 0.814 0.524 -0.160 

Total 
variance: 39.759 28.550 20.113 11.578 

Variable 1 - algebraic mean slope 

4 - percentage slope reversal 

6 - absolute mean slope 

8 - dispersion coefficient of slope 
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TABLE 9 

PROPERTIES OF Q-MODE TERRAIN CLUSTERS FROM 750 m DATA 

q-niod.14 

3roup N % Mare Predom. Predominant terrain unit Alg. % Slope Abs. Slope 
no. samples geol. slope reversals Slope dispersion 

at N unit mean mean coeff. 

I 9 89 Im Smooth, mare, undifferentiated 0.17 17.4 1.04 1.24 

II 5 60 Im 0.51 20.2 0.87 1.18 

III 3 100 Im 0.08 15.7 0.87 1.32 

IV 14 57 Im-Ip Rough mare) upland plains 0.18 25.1 1.27 1.37 

V 4 25 -- Undifferentiated upland, smooth 0.17 33.2 1.27 1.26 

VI 7 0 If Hummocky upland 0.45 30.6 2.18 1.32 

VII 5 20 -- Undifferentiated upland, rough 0.08 26.3 2.76 1.26 

11111 2 so rm-rp 1?,,,, I. fr.a,--,I: u//iv.../ /0/4,,,s O.oc /6.8 1.1/ /.6 4 



 TABLE 10 
51 

PRINCIPAL AXIS FACTOR LOADINGS FOR 1834 3 m LUNAR SAMPLES 

F- PATO e c s 
Selected 

I II III IVvariables 

2 0.729 0.076 0.528 -0.101 -0.236 

3 0.346 0.625 -0.321 -0.341 -0.425 

7 0.779 0.127 -0.170 0.008 -0.264 

9 -0.417 0.720 -0.016 0.238 0.242 

12 0.682 -0.555 -0.213 -0.069 0.109 

14 0.686 0.030 -0.401 0.191 0.510 

15 -0.557 -0.480 -0.509 0.007 -0.360 

19 -0.040 -0.530 0.296 0.790 -0.028 

7. Total 
variance 33.502 21.904 12.040 10.609 9.574 

Variable 2 - algebraic standard deviation of slope 

3 - dispersion coefficient of slope 

7 - dispersion coefficient of curvature 

9 - slope reversal frequency 

12 - longest natural slope 

14 - intercept of trend relating natural slope length and 

declivity 

15 - slope of trend relating natural slope length and declivity 

19 - slope of PSD trend 

1 3 5 



TABLE 11 

FIVE GEOMETRIC PROPERTIES OF Q-MODE TERRAIN CLUSTERS FROM 3 M DATA 

Super Group n %Mare Mean values of characters 
group samples 2 7 9 14 19 

1 I 36 28 3.8 1.40 38 0.16 2.5 

II. 8 38 2.1 1.32 64 0.20 2.3 

(n=48) III 4 50 3.1 1.43 74 0.32 2.3 

IV 5 0 4.3 1.70 27 0.80 2.4 

2 V 23 22 5.6 1.40 17 0.17 2.2 

(n=28) VI 5 20 9.7 1.55 13 0.37 2.0 

VII 20 25 4.4 1.40 43 0.22 3.0 

3 VIII 6 17 3.2 1.35 35 0.27 3.1 

IX 5 20 4.5 1.34 36 0.10 3.6 

(n=60) X 14 14 2.1 1.39 53 0.17 2.8 

XI 15 33 2.5 1.34 32 0.16 2.3 

XII 3 0 15.8 2.38 36 0.44 2.9 

XIII 2 100 6.8 1.28 121 0.01 3.3 

XIV 2 50 5.3 1.41 145 0.13 2.3 

Characters: 2, slope dispersion coefficient at 3 m; 7, curvature 

dispersion coefficient at 3 m; 9, slope-reversal frequency in revs./km; 

14, y-intercept of trend relating natural slope length and declivity; 

19, slope of trend relating power spectral density and frequency. 



TABLE 12 

CORRESPONDENCE OF MEAN SLOPE OF 70 M TERRAIN TYPES WITH PREDICTED VALUES 

Q-mode N Terrain Mean absolute slope Z Error 
Groups type Predicted Averaged of 

from 750 m from 70 m predictions 
data ('') clusters(c) 

I, VII 28 Mare,smooth 1.3 1.5 - 13 

X 6 Mare, rough 2,0 2.0 0 

VI 3 Mare, rough , 2.7 2.6 + 04 
complex 

III 5 Upland, smooth 2.1 2.1 0 

II 10 Upland, hummocky 3.3 2 . 6 + 27 

IV,V, 12 Upland, rough 4.8 4.7 + 02 
VIII, IX 

1737 



FIGURE CAPTIONS Page 

Figure 1. Dendrogram displaying unweighted Q-mode grouping of 
, • . 

78 terrain samples, each comprising 8 selected vari-

ables, on 6 R-mode factors explaining 96% of the 

variance. Data reduced from Lunar Orbiter IV high 

resolution imagery by photoclinometric processing. 

Average resolution of data in each sample is 70 m. 

Ten clusters, accounting for 71 (91%) of the 78 

samples, are defined at the 0.140 phenon. 

Properties of the clusters are described in 

Tables 6 and 7. 

2. Profiles of characters for each of the ten Q-mode 

clusters (I-X) showing averaged values of five 

selected characters: 2, standard deviation of 

absolute slope at 70 m; 4 and 12, slope dispersion 

coefficient at 70 m and at 2700 m., respectively; 

32, intercept of linear trend relating natural 

slope length and slope angle; 35, slope of trend 

relating power spectral density and frequency. 

Character designations correspond to those in 

Table 5. 
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FIGURE CAPTIONS Page 

Figure 3. Dendrogram displaying unweighted Q-mode'grouping 

of 51 terrain samples, each comprising 4 selected 

variables, on 4 R-mode factors explaining 100% of 

the variance. Data reduced from earth-based tele-

scopic photography by photoclinometric processing. 

Average resolution of data in each sample is 750 m. 

Eigkt clusters, accounting for 47 (967.,) of the 51 

samples, are defined at the 0.190-phenon. Properties 

of the clusters are described in Table 8. Numbers 

1-51 are samples in Table 2 of Rowan et al. (1971). 
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