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Abstract: A digitized table of 1,866 higher accuracy crater depths from the Apollo era
associated with U.S. Geological Survey Gazetteer of Planetary Nomenclature (GPN) positionsis
provided in the supplementary materials. 86% of the cratersin table have diameters less than
20km and 83% have depths of lessthan 2km. Existing catalogues of crater depths and feature
heights have a5 to 10% variation for craters with diameters larger than 10 km and up to 30% for
craters less than 10km. Developments increasing the accuracy of techniques used to measure the
height of lunar topography are reviewed from the Apollo erato the present, including lunar
control point networks, digital elevation modelsfrom stereophotography and laser atimetry,
Doppler radar interferometry, photoclinometry, and shadow measurements. Even with
technological developments, advances in consumer astrophotography and computing provide an

opportunity for amateurs to make continuing contributions to lunar topography studies.

1. Introduction

“How big and how deep is that hole?’ are common questions received by lunar observers
from the general public. Y et answering that question with a reasonable degree of scientific
certainty is more difficult than appears on initial inspection. Lunar topography is a statistical
science. Thereisno absolute true height of Mons Piton or depth and diameter for Bessel H.

There are statistical estimates for those values which have an inherent uncertainty.



A few standard references that are consulted for the depths of larger named lunar craters
include Westfall’s compilation of crater diameter and depth catalogues and Viscardy’s Earth-
based shadow measurements (Westfall 2000, Viscardy 1985). The GPN is another well -known
standard reference for crater diameters which incorporates earlier work by Andersson and

Whitaker. (USGS 2006b, Andersson and Whitaker 1982) Although Andersson and Whitaker

(and the GPN) contain high-accuracy crater diameters, the catalogue rounds crater diameters to

the nearest kilometer. The catal ogue includes no crater depths or feature heights.

When the depth or diameter of archetypal features are compared between catalogues —
such as thediameter of Tycho or the height of its central peak — variations of greater than 10%

can be found between different sources:

Resear cher Diameter (km) Depth (km) Central peak height
(km)

US Air Force, NASA 4.46 1.56-2.19

and ACIC LAC112

1967

Wood 1973 2.26

Pike 1976 85 4.6

Andersson and 102

Whitaker 1982

Viscardy 1985 88 4.8

Margot et al. 1999a 85 4.7 24

Table 1- Measurements of the diameter and depth of Tycho and its central peak



Lesswell known are a series of high-accuracy crater depth and feature height data made

during the Apollo era by Arthur, Pike and Elachi with respect to smaller satellite feature craters.

(Arthur 1974, Elachi et al. 1976, Pike 1976, and Wood 1973). These researchers based their
work in part on oblique stereophotography from the Lunar Orbiter missions of the 1960s and

Apollo 15, 16 and 17 Command Modules.

Thirty years later their work still represents some of the highest accuracy topography data

available on the lunar nearside lunar surface:

Despite the fact that the Moon has been visited by six manned
missions and a multitude of unmanned spacecraft, its surface is far
from being completely explored. . . . [T]he best available set of
spacecraft images globally covering the lunar surface, taken under
low to moderate illumination angles and thus revealing the relief of
the lunar surface, is still that obtained during the Lunar Orbiter

programmein the mid-1960s. [ L ena 2006.]

Part of higher accuracy Apollo era catalogues of Arthur, Elachi et al., Pike and Wood
have been associated here with standard GPN feature names. Those crater depth and diameter
measurements, mostly for smaller satellite features, are digitized in the supplementary materials.
While answering the questions “How big and how deep isthat hole?’, areview of Apollo era

topography studies also tells an interesting story of aportion of that exploration’s history.

Thishistorical review isintended as a continuation of Davis 1997 for the period 1996

through 2006.



2. Crae depthand diange measurenentsduringthe ApdloEra

2.1 150 mee accuracy - Lunar Aeronautica Chart (LAC) measur enentsfrom Earth based
tdescopes

In 1960, D.W.G. Arthur, E. Moore, JW. Tapscott and E.A. Whitaker (Gerard Kuiper ed.)
published the Photographic Lunar Atlas, a compilation of lunar terrain photographs from the

best telescopes in theworld (St. Clair et al 1979). Companion volumeswere published: the

Orthographic Atlas of the Moon in 1961 and the Rectified Lunar Atlasin 1962 (Kuiper 1961,

Whitaker, Kuiper and Hartmann 1963, St. Clair et al 1979). Rectification removes

foreshortening and displays features on the lunar surface in their correct geometrical relationship.

The Army Corps of Engineers' 1964 Topographic Lunar Map represented the first Apollo
eraattempt to create anearside lunar elevation map - now commonly called digital elevation
maps or "DEMSs" - from which the relative altitudes of features could be ascertained (Army Map

Service 1964). The 1964 Topographic Lunar Map (TLM) has avertical resolution of 1,000

meters based on a sphere of 1737.988 kilometers. All elevations were based on alow-nearside
zero elevation point on the floor of Aristarchuswhich was measured to be about 7,000 meters

below the floor of the Méstling A (Schimerman, U.S. Defense Mapping Agency 1973 at Sec.

4.1.7). Recent values for these elevations are 1735.96 kilometers for Aristarchus (ULCN 2005
Control point BA4127C) and 1737.465 (ULCN 2005 Control point 8) for Mostling A — arelative

elevation difference of about 2 kilometers (Archinal et al. 2006b). The Topographic Lunar Map

was devel oped from stereo-projection of plates taken at the Paris Observatory between 1896 and
1907 at different libration angles. No uncertainty statement concerning elevationsis provided on

the TLMs.
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Figurel - Topographic L unar Map 1964 (Excerpt for the region surrounding Aristoteles
Eudoxus and Biirg)

In the early 1960s, the Aeronautical Chart and Information Center of the U.S. Air Force

published the Lunar Aeronautical Chart (LAC) series as navigational aids for the Apollo
missions. St. Clair provides aretrospective of the U.S. Defense Mapping Agency (USDMA)

LAC program and other USDMA Apollo charting efforts (St. Clair et al 1979).

The LAC charts were based in part on photocomparator measurements of Pic du Midi

Observatory telescopic photographs of the Moon (Arthur 1974, p. 116). The stated uncertainty is

printed on each chart. For example, LAC 112 for the Tycho region reads: “The probable error of
the localized relative elevations is 100 meters in the vicinity of the center of the moon with the

magnitude increasing to 300 meters at 70° from the center due to foreshortening.”

Thereisasystematic bias of up to 1500 meters present in the original LAC charts (C.A.
Wood, 2006 personal communication). The systematic error in the LAC chartsistraceableto

the Pic du Midi Observatory negatives (Arthur 1974, p. 117).




The elevation of lunar features can be stated in either relative or absoluteterms. Ina
table of relative feature heights, for example the crater depth table in the supplementary
materials, only provides information the relative distance between the mean rim crest of a crater
and its mean floor. Absolute elevations are expressed with respect to a common base elevation
and are more useful. For the Moon atypical base elevation is 1,739km. Charts based on
absolute elevations are more useful. Absolute elevation charts provide not only the height of the
central peak of crater Tycho relative to itsfloor, but also inform the users of whether the central

peak of Tychoisin absolute terms higher or lower than the central peak of Arzachel.

To convert relative elevation data on a series of images or charts to absolute elevations, a
series of control points— locations whose three dimensional positions are well-established —must
be used to register each image or chart into a common coordinate system. The control point
network used to align a series of images or charts into acommon system also hasits own

uncertainty, separate from relative elevation measurements on an individual chart or image.

Chartsinthe LAC series are a hybrid of relative and absolute elevation methods. Most of
the measurements on the chart series are relative, e.g. the central peak of Tychoon LAC 112is
1.56km above the crater floor in one direction and 2.2 km above the floor in another direction.
Control points with absolute elevations are plotted separately, e.g. the floor of the satellite
feature Kaiser C (S36.3, E9.7, dia. 12.45km) shown on LAC 112 islisted at an absolute elevation
at alunar radius of 1,739.1km; therim to floor depth is 1.35km, and the rim to surrounding
plane height is0.54m. A later higher accuracy depth measurement, listed in the supplementary
table, shows Kasier C'sdepth at 2.52km. In the ULCN 1994, discussed below, Kasier Cislisted

with an absolute elevation at alunar radius of 1,737.2 km.



The Aeronautical Chart and Information Center (ACIC) Selenodetic System of 1965

(revised 1969) provided a network of 150 control points that supported the absolute elevations

listed on the LAC series (St. Clair et al 1979). The ACIC of 1965 was prepared from Earth-

based tel escope observations and had a horizontal accuracy of 500 to 2000 meters (St. Clair et al

1979).

LAC topographic crater measurements and control points areillustrated in the following
excerpt from LAC 26 for the crater Eudoxus. A control point in the floor of crater Eudoxus D at

elevation-radius 1,739.4 km is highlighted by the red box.

A m.aw

Figure2- Lunar Aeronautical Chart 26 (Excerpt for theregion surrounding Eudoxus)

During the early 1960s, the United States Geologic Survey (USGS) under the direction of

Eugene Shoemaker prepared the Geologic Atlas of the Moon, a 13-color geologic chart series

that parallels the LAC series (Cherrington 1984 at 45).



2.2 100mee verticd accuracy - theL unar Orbiter 1V imagemeasur ements
By 1965, D.W.G. Arthur concluded that unexplained abnormally large errorsin earth
based tel escope measurements could not give useful data on the diameters and rel ative depths of

smaller craters (Arthur 1974, p. 117). 1966 through 1967 brought the first systematic remote

satellite imaging of the Moon by the Lunar Orbiter I-V series. Arthur undertook measurement of
smaller craters based on Lunar Orbiter 1V images to a two-significant digit precision. During
1969 through 1973, Charles Wood joined the Lunar and Planetary Laboratory, University of
Arizona, working under D.W.G. Arthur, and supervised the higher precision measurement of the
diameter and relative depth of about 7,000 nearside craters using Lunar Orbiter 1V images
(Wood 1974, unpublished, Wood 2004). Arthur published approximately 1,900 of Wood's
measurements including crater size, crater depth and Arthur crater class (Arthur 1974). Arthur

described prosecution of the work as follows:

The work was performed by student assistants under the immediate
supervision of Charles A. Wood. | set out the general guide lines of
thework and formulated the special mathematics required for the
reduction. Occasional visits were sufficient to exercise general
supervision and to deal with special problems. . . . [Arthur found
that] [t]he smaller lunar craters are indeed smaller than indicated

by the ACIC [LAC] determinations and those of Baldwin [Arthur

1974, p. 117].



With respect to approximately 1,900 craters that are a subset of Wood's 7,000 plus
nearside measurements, Arthur noted that his 1974 catal ogue was restricted to those craters that

have higher confidence measurements:

The catalog of this paper is much briefer [than Wood's full
catalogue], isrestricted to those craters which were included in the
measures, and is quite differently arranged. The two catalogs,
however, contain the same depth results, except where | have
suppressed heights relating to large irregular objects. Note that the
measures were restricted to those craters in which the lower end of
the shadow (the tip) fell closeto the center of theinterior of the

crater [Arthur (1974), p. 118].

Arthur stated measurement uncertainty for the reduced catalogue at +- 100 meters for

large complex craters and +- 25 to 50 meters for smaller simple craters (Arthur 1974, p. 121).

Although the original Wood catalogue covers the entire nearside, in the smaller higher
confidence catalogue, Arthur limited crater depth datato a spherical square bounded the north-

south 45° and east-west 45° selenographic meridians (Arthur 1974, p. 120) as shown in Figure 3.




Figure 3 - Distribution of Arthur 1974 crater depths presented in the supplemental
materials. Image-LTVT

1610 diameter and relative depth measurements from Arthur’ s catalogue are digitized in
the supplementary material table. The remaining crater depths either could not be associated

with GPN names or did not meet the inclusion criterion discussed in the Appendix.

Arthur also developed a new method for reducing feature heights and depths from

shadows.

In the classical reduction method derived from Earth based observations, the geometry of
Earth, Sun and Moon relationship are determined from alunar ephemeris, the angular size of the
hypotenuse shadow is determined using areticule, microfilament or lunar photograph and the
linear height of the feature is estimated (Chervel and Legrand 1994, Kopal 1962, MacDonald
1931). Jamieson’s DOS lunar reduction tool software — which is based on MacDonald's

classical mathematical algorithm for shadow measurement - historically has been used lessen the

burden of reduction of Earth-based shadow measurements (Davis 1997, Jamieson 1997,

Jamieson 1993).
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In Arthur’ sreduction method for Lunar Orbiter images, an initial guess of the linear size
on the Moon of the hypotenuse shadow is made (for example, from arough chart take-off), the
order of computation isreversed and an estimate of the photographic linear size of the
hypotenuse shadow and the height of the feature are made. Itineration is used to minimize the
root mean square error of the estimate of the size of hypotenuse shadow on the photographic

image (Arthur 1974, p. 118-120). Thisaso yieldsafina estimate of the height or depth of the

feature.

Wood also estimated the heights of approximately 37 central peaks of craters (Wood

1973).

2.3 100mete vertica accuracy - L unar TopographicOrthgphotanap (L TO) series
High-resol ution photography from the Command Module of the last three Apollo
missions - Apollos 15, 16 and 17 - launched another phase in lunar cartography. The images for
the nearside roughly correspond to a"V" shaped band running between N20° and S20°

selenographic latitudes shown in Figure 4.
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Figure4 - NASA 1980. Lunar Topographic Orthophotomap (L TO) Series Apollo Photo
and Map Index Map fitted to lunar globe. Image-LTVT

Stereographic photomaps were prepared by the U.S. Defense Mapping Agency from the
Apollo images - the NASA L unar Topographic Orthophotomap (L TO) series - with an
unprecedented depth accuracy stated by Schimerman: "The evaluated horizontal and vertical
accuracy of subject series at 90% probability generally ranges from 160-500 meters and 30-115
meters respectively . . . [ Schimerman, U.S. Defense Mapping Agency 1973.]” A sample excerpt
for a 100-meter accuracy LTO map for the Apollo 15 - Mt. Hadley landing siteisshown in

Figure 5.

12
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Figure5 - U.S. Defense Mapping Agency 1975. Map L TO-41B4 (Excer pt)

Individual mapsin the series contain additional accuracy statements. Map LTO-41B4
states a 90% accuracy of 176 horizontal meters and avertical accuracy of +41 meters. The LTO

seriesare available by internet download from the Lunar and Planetary Institute.

Although highly accurate, the LTO series covers less than 20% of the Moon’s near and

farside surface (Archinal et al. 2005).

2.4.2050 me g acauracy - Lunar Topophotamap (LTP) series
Micromaps of specific lunar features from the Apollo stereograms - the NASA | unar
Topophotomap (TPM) series - where prepared by the U.S. Defense Mapping Agency with 20
meter contour lines. The uncertainty for each map is printed in itslegend. Typical ismap LTP
41B4S1(50) for the Apollo 15 Mt. Hadley landing site which states a horizontal accuracy of 61

meters and a vertical accuracy of +-20 meters.

13



TheLTO and TPM series represent a major advancement over the LA C seriesin lunar
topographic charting. All elevations on the LTO and TPM series are absol ute with respect to
common base elevation of 1,730km. For example, on map LTO-41B4, crater Hadley C is shown
as having floor at an elevation of 4,230 meters, arim at 5,500 meters and the surrounding plain
at 5,100 meters. Thisimpliesa crater depth of 1,270 meters. The table in the supplementary

materials lists Hadley C with a depth of 1,160 meters.

The Apollo 15 Control System provided a network of 5,629 control points based on

Apollo 17 LIDAR dataand Apollo 15, 16 and 17 stereophotographs (S. Clair et al 1979,

Archinal et al. 2005).

2.5 Pike'scrate depth measurenentsfromthel TO and L T Pseries
Pike used a combination of measurementsfrom Arthur, lunar topographic orthomaps,

Lunar 1V imagery and Apollo 15 through 17 panoramic picture cameras to measure nUmMerous
dimensions for 484 craters and other features on the near side Moon (Pike 1976). The table
presented in the supplementary materials extracts 212 of Pike's crater measurements for diameter
and depth that easily could be associated with GPN listed features. The remaining measurements
in Pike's catalogue are for unnamed craters, non-crater features, craterswith no corresponding
GPN entry or craters that did not meet the inclusion criterion described in the Appendix. Pike's
catalogue al so indicates whether a crater has a central peak, but does not record the height of the
central peak. Figure 6 shows the distribution of part of Pike's and Elachi et al' s catalogues

(discussed below) on the nearside. Compareto Figure 4, above.
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Figure 6— Distribution of featuresdigiti zed from Pike 1976 and Elachi et al. 1976. Image -
LTVT

2.6 25mee accuracy - Apdlo 17radar altimeter and Elachi etal. depth measurements
Elachi et al. reported the results of aradar altimeter that was attached to the Apollo 17

Command Module - the Apollo Lunar Sounder Experiment (ALSE) (Elachi et al. 1976). (The

lead researcher, Dr. Charles Elachi, is presently a director of the Jet Propulsion Laboratory and a
leader on the Cassini Titan radar team (JPL 2006).) The ALSE provided a continuous 30
kilometer wide swath of altimeter readings, including profiles for large marialike Crisium,
Tranquilitatis and Serenitatis. Elachi et al. also reported high precision 25 meter accuracy crater
diameters and depths for 16 craters. Ten of these 16 craters could be easily matched to the GPN
and seven are included in the supplementary material table. Smaller crater measurements cover

featuresin Arthur 1974.

2.7. Relationghipsbetween crate dimensons
2.71.Crae depthtocrate diamee relationships

Among the features measured by Pike, included:
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Rim diameter - average rim-crest to rim-crest diameter;

Depth - vertical distance from the rim diameter elevation to the crater's central low point;

Floor diameter - diameter of the floor to terraced or slumped walls;

Rim flank - horizontal distance from rim crest to elevation of the level of surrounding
plain;

Rim height - vertical distance between rim crest to elevation of the level of surrounding
plain;

Apparent diameter - the diameter of the crater at elevation of the level of surrounding
plain; and,

Apparent depth - vertical distance from the apparent diameter elevation to the crater's

central low point (Pike 1976, id. at Fig. 1, Pike 1977).

In The Lunar Sourcebook, Heiken et al. summarizes empirical relationships found from

the Apollo eradata (Heiken et al. 1991 at Table 4.1). Such empirical mathematical relationships

aredl intheform of y =a* Drc"b - whereaand b are coefficientsand “Drc” istherim to rim

diameter of the crater.

16



Pike found empirical relationships between crater depth and diameter based on 170 small
craters less than 15km in diameter (Pike 1974). Elachi et al. also plotted small crater depths to
their diameters, finding that for his small sample of craters lessthan 30 kilometersin diameter,

theratio of the crater depth was constant at 0.2 (Elachi et al. 1976, id. at Fig. 2). For large

craters, Pike also found an empirical relationship of rim-to-rim crest to depth of about Drc™0.3.
Pike did further follow-up work on the crater diameter to depth rel ationships based on apparent
crater volumes as opposed to rim-to-rim crest diameters (Pike 1977). These diameter to depth

relationships are summarized in the following table and figures.

Resear cher Appliesto crater dia. km N crater Equation

Elachi et al. 1976 < 15km 16 Dp=0.2*Drc

Pike 1974 < 15km 171 Dp=0.196* (Drc*1.010)
Pike 1974 > 12 - < 275km 33 Dp=1.044* (Drc"0.301)

Table2- Crater diameter to depth relationships
A plot of theratios of 1,905 crater depthsto diameters —an expanded set of craters from

the list in thesupplemental materials—is shown in Figure7 and illustrates Elachi et al.'s small
crater depth to diameter ratio of 0.2*Drc. In Figure 7, the trend lineisfitted to 11 of 16 of Elachi

et al.'s craters.
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Figure7- Small crater (<15km) depth to diameter relationship
Pike' slarge crater depth to diameter relationship isillustrated in Figure 8 by crater

diameter for 1,905 nearside craters. To improve graphic clarity, Figure 8 plots the reciprocal of

Pike's large crater relationship —theratio of the crater depth to diameter to crater diameter.

0.3
Ratio of Depth to Crater Diameter
0.2 by Diameter (km) N=1905
(Trendline is based on Pike 1974
large crater relationship)
0.1 -
0 20 40 60 80 100

Figure8- Largecrater (>12km) depth to diameter relationship
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Wood and Andersson examined 2,589 fresh Copernican nearside craters in more detail

(Wood and Andersson 1978). They defined morphology classes for this group of young craters

into statistical archetypesrepresented by Albategnius C, Biot, Sosigenes, Triesnecker, and
Tycho. Wood and Andersson better defined equations statistically relating the diameters of
craters in each morphologicd subtype to their depths and central peak heights. They reconciled
differences between crater diameter to depth relationships found in their larger crater sasmple and
in Pike's previous work based on differences between subpopulations of highland and mare

craters.

2.72.Central pesk heighttocrater diamet e relationships
Hale and Head measured the characteristics of crater diameter, rim crest height and
central peak height for 90 nearside and 85 farside craters from the LTO map seriesfor craters

larger than 17 km in diameter (Hale and Head 1979). Thiswas part of a continuing series of

studies following up on Wood 1973. They proposed equations to relate rim crest crater
diameters and the crater floor width to the height of the crater's central peak. Hale and Head did
not publish a catalogue of craters and central peak heights on which they based their conclusions.
Hale and Grieve performed asimilar analysis based on digitized LTO maps and the volumes, not

diameters, of craters (Hale and Grieve 1982). The empirical relationship between crater rim-to-

rim diameter and central peak height is summarized in the following table and graph:

Researcher Appliesto crater dia. km Equation
Wood 1973 > 35km Hcp=0.006* (Drc"1.28)
Hale and Grieve 1982 > 17km - < 51km Hcp=0.000589* (Drc"1.969)

Table 3- Crater to central peak height relationships
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Figure9- Diameter to Central Peak Height Relationships after Hale and Grieve 1982 and
Wood 1973

As noted above, Wood and Andersson better defined diameter to central peak height

relationships for young fresh craters (Wood and Andersson 1978).

That Pike did not record central peak heights and that Hale and Head did not publish a

catalogue of central peak heights creates an amateur research opportunity (Pike 1976, Hale and

Head 1979). Pike identified about 80 craters as having a central peak that are on LTO 100-meter
accuracy maps, but for which there is no currently published 100-meter accuracy central peak
height measurements. A 100-meter accuracy central peak height measurement might be

recovered for these craters from the LTO maps.
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2.8 NASA Catalogueof L unar Nomendature (NCLN) 198
After Wood's departure from the Lunar & Planetary Institute in 1973, Wood's work was
continued on farside craters by Leif Andersson under the direction of Ewen A. Whitaker. The
combined Wood-Arthur and Andersson-Whitaker catalogues were published in 1982 by

Andersson and Whitaker 1982. Andersson and Whitaker 1982 is often referred to by its

common title - the NASA Catalogue of Lunar Nomenclature (NCLN). The NCLN contained a
reduced data set: only crater diameters are reported, not depths. Depths are rounded to whole

kilometers.

The NCLN contains no statement of uncertainty for crater diameters.

The NCLN also sought to reconcile IAU recognized features with NASA feature
assignments. Leif Andersson, who passed away shortly before the publication of the NCLN, was
honored post-humously by assignment of his name to C. Andersson, a 13 kilometer diameter

crater at $49.7, W95.3. Jonathan McDowell digitized the NCLN in 2004 (McDowell 2004).

1995 saw thefirst publication of the GPN by Batson and Russell (Batson and Russell

1995). The current online version of the GPN is accessible over the internet (USGS 2006b).
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3. Maeaasuranentsbased on theClamentineera
3.1.900-1000 mete accuracy depths - ClanentineDigtd Elevation M odels (DEMS)

1994 saw the Clementine multi-spectral lunar imaging mission. Clementine took muilti-
spectral images of the lunar surface, took photographic stereograms, and using a laser atimeter
and ranging instrument (LIDAR) located absolute elevations for approximately every 512 square
kilometers of the lunar surface with spacing varying between 20 and 100 kilometers depending
on terrain (USGS 2002). Clementine collected 72,548 LIDAR elevation points between 79°
south and 81° north (USGS 2002). Clementine LIDAR points have a vertical accuracy of 130

meters (Archinal et al 2005). Figure 10 shows aplot of Clementine LIDAR atimeter points

from about 45 north to the north polar limit.

Figure 10- Clementine LIDAR points. Image—LTVT
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LIDAR technology can measure the distance between two points with a high degree of
precision and reliability between a known and an unknown point, but the vertical accuracy of
Clementine LIDAR pointsis dependent on the accuracy of the orbital model that provides a
reference position of the satellite with respect to the center of the lunar body. The Clementine
spacecraft was a moving orbiter of the Moon, a body whose gravitational field varies greatly

(Konopliv et al. 1998). Because of variationsin the Moon's gravitational fields, the orbits of

lunar spacecraft generally are unstable (Bell 2006).

In 1994, Zuber, Smith and Lemoine et al produced the first accurate global topographic
model of the Moon using Clementine LIDAR data, named the Goddard Lunar Topography

Model-1 (GLTM-1) (Zuber, Smith and Lemoine et al 1994). In 1997, the accuracy of GLTM

was improved (GLTM-2) (Smith et al. 1997, Lemoine et al. 1997). The GLTM-2 model had a

vertical resolution of 100 meters and a horizontal resolution of 2.5°. An improved GLTM-2B
data set with a horizontal resolution of 0.25° or 900 metersis available by internet distribution

(NASA and Washington Univ. 2006a). The following figure plots the GLMT-2B topographic

model. Light areas are higher in elevation; darks areas are lower. The GLTM-2B model isvalid

to north/south 78° lunar latitudes.
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Figure11- Plot of GLTM-2B data from NASA and Washington Univ. 2006a. Image -
author

These digital elevation models have a low-topographic resolution with respect to
individual crater features as compared to earlier stereo-photo-comparator €l evation maps,

including the 1964 Topographic L unar Map or the mid-1970s L unar Topographic

rthophotomap (LT i

Although the LIDAR atimeter points have a much higher level of accuracy at widely-
spaced measuring points, once combined with stereogramsinto adigital elevation model, the
accuracy of thefinal digital elevation model is reduced. The reduction in horizontal resolution of
100-150 metersin Clementine visual band stereograms to 1 kilometer resolution binsin afina

lunar digital elevation map also was dictated by the need to conserve computing resources:
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Images are matched for every other pixel in the overlap regionin
each stereo pair - matching every pixel would unfortunately
quadruple the expected processing time of four months. . . . . The
sampling spacing of matched points, every 2x2 pixels, although
smaller than afinal 1 km DEM pixel size, can provide ~50-100
height measurements per DEM pixel for asingle stereo pair since
the UVVIS image pixel size is 100-150 m/pixel. The DEM pixel
size of 1 km, although lower in resolution than the original UVVIS
images, is useful for two purposes: 1) it compensates for most
gross navigation errors in camera pointing, and 2) it allows the
averaging of many height points contained within each 1x1 km
pixel, thus improving the topographic signal to noise ratio over that

of asingle stereo matched point [Cook et al, 2000].
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Using a combination of Clementine LIDAR elevation data and stereograms, Rosiek et al.
produced a digital elevation map of the north and south lunar pol es between 64° north and south
latitudes and the north and south [unar poleswith a vertical accuracy of approximately 180

meters (Rosiek et al. 2001). Rosiek et al. merged a Clementine LIDAR digital elevation map,

Clementine stereophotos, and pre-existing shaded relief maps into an updated full-Moon LIDAR

topography map with a 1km horizontal resolution (Rosiek et al. 2002, USGS 2002). The vertical
error of the LIDAR topography map is 180 meters at the north pole and 164 meters at the south
pole. Thisdataset forms one core of the USGS Map-A -Planet online application and its option

to plot a“Clementine LIDAR topography” map (USGS 2006d, USGS 2006€). The 2002 Rosiek

et al. map adsoisavalablein apetal leaf format (USGS 2002).

Cook et al. prepared awhole Moon digital elevation model based on a 5km and a 1km
horizontal resolution in order to better reduce noise in vertical measurements.  The resulting
models had a +-300 meter vertical uncertainty in 5km horizontal model and a +-100 meter

vertical uncertainty in the 1km model. (Cook et al. 2002).

Figure 12 shows a Clementine digital elevation map in Mercator projection of the whole

Moon (Archinal et al 2006c).

Figure 12- Full Moon Topography Mercator Projection from Archinal et al 2006¢. |mage -
USGS
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The Rosiek et al. 2002 digital elevation map was combined with an air-brush terrain map

of the lunar surface with 900 meter per pixel resolutionin USGS Map Series 1-2769 (USGS
2003). Thel-2769 datasets form another core of the U.S.G.S. Map-A-Planet online application
familiar to many amateur lunar observers. USGS Series 1-2769 is the map that displays as

shaded-terrain relief in USGS Map-A-Planet renderings of the lunar surface.

Rosiek continued refinement of the 2002 model, correcting for errorsin the 1994 CLCN,
and in 2006 issued a revised whole Maoon topography model —the ULCN 2005 Topographic

Model (Archinal et al 2006a Archina et al 2006b). On 18 January, 2007, the U.S.G.S. internet

distributed the ULCN 2005 topographic DEM (Archinal et al 2006¢). The ULCN 2005 DEM

can be displayed using USGS using private vendor software licensed by the USGS for free

public redistribution (Archinal et al 2006c, USGS 2006f). The freeware also allows to user to

register images to the DEM, to overlay DEM contours onto a user image, and to graph line-of-

sight elevation profiles.

The following figure from the ULCN 2005 topographic model shows a DEM and contour
plot for the same region surrounding Aristoteles, Eudoxus and Birg as is depicted from the 1964
Topographic Lunar Map, above at Figure 1. The 200 meter contoursin this DEM excerpt are

relative to abaseline lunar radius of 1,737.4 kilometers:
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Figure 13 - ULCN 2005 topographic DEM (Excerpt for theregion surrounding Aristoteles
Eudoxus and Biirg, image coversapprox. 12° lunar latitude by 20° longitude). Image —
USGSDIgv32 Pro

Although of low-resolution compared even to the 1964 TLM, the ULCN 2005
topographic DEM can provide useful information with respect to large craters. The resolution of
the DEM istoo low to capture a sharp crater rim. The DEM does provide information on the

relative height of larger crater floors to surrounding plains as shown in the following figures:

-3000 m
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M. Imbrium — - — - — - — - — @B - — - ..
2250m—-—-—- “Plate- AT e~ ——-
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Figure 14 - Profilesof Aristoteles(top) and of Plato (bottom) from M. Imbrium to M.
Frigorisat W10 longitude generated from the UL CN 2005 topographic DEM (Archinal et
al 2006¢). Image— USGS DIgv32 Pro
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See Figure 13 with respect to the profile sight-line for Aristoteles and Rukl Charts 3, 4 and 11 for

Plato profile sight-line.

In 2007, Rosiek et al announced the computation of preliminary revised 1 kilometer and
5 kilometer resolution DEM s based on the new ULCN 2005 model (Rosiek et al 2007). The
revision updates Rosiek et al ‘s 2002 DEM and covers 35% of the Moon's surface. 66% of the
DEM tileshave avertical accuracy between 300 and 500 meters, 33% have avertical accuracy

between 500 and 1000 meters.

3.2137-219me e accuracy degpths— ClementineContr d Pant Networks
Interplanetary body control point networks, like their terrestrial counterpart, provide for
the location of local features on abody’ s surface where the body’ s fundamental points are

obscured by the local horizon (Schimerman, U.S. Defense Mapping Agency 1973 at Sec. 3.0).

Thelocal control points provide an intermediary reference between the feature’ s position and
fundamental points. In addition for computing feature positions, control networks can be used
register lunar images to maps of the Moon’s surface. For the Moon, fundamental points are
usually taken as the center of the Moon’s spheroid and/or the center of the floor of satellite

feature Mostling A at S3.2, W5.2 lunar latitude and longitude.
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In 1994 and prefatory to analysis of Clementine mission images, Davies et al. prepared
an updated control point network of 1478 points, 1286 of which are on the nearside, commonly

known as the Unified Lunar Control Network (ULCN 1994) (Davieset al. 1994a, USGS

2006¢€). ULCN 1994 is based on improved processing of datafrom the Apollo 15 control
system, on imagery from the Mariner 10 and Galileo missions, and on Earth-based photography
(USGS 2006¢). ULCN points have a horizontal accuracy of 100 metersto 3km and vertical

accuracy of afew kilometers (Archinal et al. 2005, USGS 2006c). ULCN 1994 control points

are generally located on the floors of satellite feature craters ULCN 1994 isincluded as adata
filein Mosher’'s and Bondo's Lunar Terminator Visualization Tool, discussed below, or is

available by internet download from the USGS (M osher and Bondo 2006, Davieset al. 1994b).

In 1997 as part of processing Clementine imagesinto mosaics Merton Daviesand Tim
Colvin created the Clementine Lunar Control Network (CLCN) —a set of 271,634 control points
(USGS 2006¢). The CLCN was used to register over 40,000 Clementine images into the digital
elevation models discussed above. The accuracy of the CLCN was called into question and in
August 2006, Archinal et al.issued acorrected set of 272,931 3-D coordinates —the Unified

Lunar Control Network 2005 (ULCN 2005) (Archinal et al. 2006b).

The ULCN 2005 has a mean vertical uncertainty of 137 meters, with afirst standard

deviation error of 219 meters (Archinal et al 2006c at 2). The mean horizontal position accuracy

is 335 meters with a maximum three standard deviation error of 5.1 kilometers (Archinal et al
2006¢ at 3). The control points have a density of one point per 46 km?, or one point every 6.8

kilometers.
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In 2007, Archinal et al announced the completion of the ULCN 2005 Control Network

and Lunar Topographic Model (Archinal et al 2007). Planned improvements to the control

network and model have been placed on hold due to United States federal budget cuts.

3.3100-325met e accuracy crate diamee s- Clanentinebassmapimages
Clementine visual images were taken at too high a sun anglein order to be useful for
shadow depth or height measurements (Lena 2006). But Clementine 750nm base map images

can be used for the study of horizontal crater diameters.

The Clementine 750nm base map images, also available from USGS Map-A-Planet, have
a horizontal resolution between 100 to 325 meters and typically cover about 40 square kilometers
(USGS 2006€). The USGS Map-A-Planet Clementineimages display in arectified format and
can be used to measure crater diameters with common desktop paint utilities. The USGS Map-A-

Planet applet displays the resolution of the image at the bottom of screen in pixels per kilometer.

Figure 15- C. Plinius (dia. 41.2 km) at 237 meters per pixel resolution. Image - USGS
M ap-A -Planet
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Clementine base map images are also available from NASA Planetary Data Services as

collections CL-3001 through CL -3015 (NASA 20063).

3.4.20-100mee accuracy crate diange s- ClanentineHiRes polarimagemap
Two other Clementine image series are available at higher resolutions, but finding and
using the images related to specific features requires more effort. Theimagesin these
collections do not display in arectified format, making reduction of crater diameters from the

images complicated.

Figure 16 — Messier A (dia. 13.25 km) and Messier (dia. 11.63 km) from CL-4013, Image
UI03S045, at 100 metersper pixel. Image- NASA PDS

The PDS Clementine CL-4001 through CL -4078 image series provides a dightly higher
precision of 100 meter horizontal resolution over the CL-3000 series (NASA 2006b). The PDS
Clementine Data Node also provides internet distribution of the Clementine HiRes polar image
map with a 20-30 meter horizontal resolution as collections CL-6001 through CL-6022 (NASA

2006¢). These images are not rectified.
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Clementine 750nm base map, HiRes and HiRes polar images are stored at the NASA

Washington Univ. (St. Louis) Planetary Data Systems (PDS) Clementine Data Node (NASA -

Washington Univ. 2006b). The PDS Clementine Data Node provides a browser image viewing
interface for some collections NASA-JPL also provides a desktop viewer compatible with
Clementine PDS stored images for either Windows, Apple/Macintosh or UNIX operating

systems (NASA and JPL 2006).

3.5 Digtal elevation modelsfrom Clementinedatavs.Apolloera ster eophotagraph
measur ements

Because Clementine digital elevation models aggregate vertical elevation datain 1,000
meter horizontal bins, they do not provide asignificantly improved level of vertical accuracy

(180 meters by Rosiek et al. 2001 and 100 meters by Cook et al. 2002) as compared to the 61

horizontal meter by 20 vertical meter accuracy achieved by the Apollo era Lunar Topophotomap
seriesor the 160-500 horizontal meter and 30-115 vertical meter accuracy of the Apollo Lunar

Topographic Orthophotomap series.

Digital elevation models on a 1,000 meter horizontal resolution also have limitations with
respect to small craters depths for features located on irregular terrain. At a 1km resolution, the
odds of having elevation pointson arim crest or crater floor become small. Conversely, with
respect to larger craters, digital elevation models make craters more amenable to volumetric
fitting, similar to that explored by Hale and Grieve in the 1980s based on digitization of the LTO

map series (Hale and Grieve 1982).

33



In this respect, Clementine era digital elevation models have alower vertical resolution
than the Apollo eradata discussed above. Conversely, the Clementine digital elevation models
have coverage over the entire Moon with all measurements being expressed with respect to a

1737.4 kilometer idealized surface.

Control point systems like ULCN 1994 and ULCN 2005 have avertical uncertainty

greater than the Apollo era data discussed here.

4. MeasurementsfromtheEarth-based radar interferomery era (1997-2006) - 20mee vertica
accuracy and 150meer horizontal accuracy

Earth-based radar mapping of the Moon began in the post-World War 11 era using surplus
military antennae. Thompson produced a whole nearside Doppler radar map of the Moon to a

resolution of 1 kilometer using the Haystack and Arecibo radio observatories (Thompson 1979).

Stacey continued and expanded this work using the Aricebo observatory by developing
new Doppler radar analysis techniques that could image to a 20 meter resolution (Stacy et al.

1997).



Since the mid-1990s, four researchers —B.A. Campbell, D.B. Campbell, N.J.S. Stacy and
J.L. Margot - have pioneered the use of radar interferometry to prepare high resolution maps of

lunar craters (Stacy et al. 1997, Margot et al. 2000 and Campbell et al. 2004). Their efforts have

been principally focused on mapping possible ice deposits at the lunar poles (Stacy et al. 1997,

Margot et al. 2000 and Campbell et al. 2006). In the search for lunar ice deposits, Margot and

B.A. Campbell each illustrate how the technique is usually used to achieve 400 meter resolution
near the lunar limb, but can be pushed to a 150 meter horizontal and a 20 meter vertical

resolution (Margot et al. 2000 and B.A. Campbell et al. 2005).

Margot et al. prepared a detailed topographic map of the crater Tycho with a horizontal
resolution of 200 meters and a vertical resolution of 20 meters using Earth-based radar
interferometry (Margot et al. 19998). Margot et al. found that Tycho's central peak rises 2,400
meters above the mean crater floor and that the crater's depth was 4,700 m between mean rim
and mean floor. Compare with Apollo eraestimatesin Table1. A radar map image of Tycho

can befound in Figures 5 and 6 of Margot et al. 2000.

Margot et al. aso prepared the north and south lunar pole radar interferometer maps of
the north and south lunar poles above north-south latitudes 87.5° to a horizontal resolution of

150 meters and a vertical resolution of 50 meters (Margot et al. 1999b).

B.A. Campbell et al. produced a 300 meter horizontal resolution radar map of Posidonius

(Campbell et al. 2003). A 400 meter horizontal resolution radar maps of the lunar south pole and

for the lunar nearside have been produced (Campbell et al. 2004, Campbell et al. 2005).
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B.A. Campbell et al. prepared a 20-meter horizontal resolution image of the Cobra's
Head on the Aristarchus Plateau and a digital elevation model of Reiner Gamma formation

(Campbell, Carter and Campbell et al 2006).

D.B. Campbell et al. achieved 20 meter vertical resolution in mapping C. Shoemaker at

the lunar south pole (Campbell and Carter 2006). In October, 2006, based in part on this

increased resolution, D.B. Campbell et al. concluded that it was unlikely that there wereice

deposits at the south [unar pole (Campbell et al. 2006).

Like shadow measurements, the accuracy of Doppler radar is not uniform across the
nearside. Shadow measurements decrease in accuracy closer to the lunar limb. Doppler radar is

more accurate (300-400 horizontal meters) closer to the lunar limbs but decreases to 900 meters

for features near the central annulus of constant radar signal return. (Margot et al. 2000,

Campbell et al. 2005).

Although Doppler radar studies are currently focused on lunar ice at the poles, the north
and south lunar pole digital elevation models with 20 meter vertical resolution could be used to
prepare enhanced accuracy crater depth, diameter and volume catalogues. As of this date they
have not be used for that purpose. Using Earth-based Doppler radar, a 20 meter vertical

resolution digital elevation map of the entire nearside appears technologically feasible.
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5. Local feature DEMsfram Shgpefr an-Shading (SFS) photodinometry
As shown in Figure 14 above, whole-Moon DEMs based on orbiter stereophotography
and LIDAR measurements have low detail resolution even for large craters. An alternative

method for rendering localized DEMSs is photoclinometry based on “ shape from shading” (SFS).

The basic concept underlying SFS photoclinometry is that alunar surface reflects light in

| Deteted: )

proportion to Sun’s altitude in the lunar horizon system of the feature to be studied, J//

5.1 Computationally complex SFS algorithmsafter Hapkeand Kirk

If asurfaceisauniform diffuse-light-scattering surface — it is a Lambertarian surface.

Few lunar surfaces reflect light in a uniform manner due to variations in surface composition.

Hapke provides a computationally complex method for guantifying the reflectance of lunar

surfaces (Hapke 1993). Hapke's methods are incorporated by Kirk into a software package

called Integrated Software for Imagers and Spectrometers (1S1S) (USGS 2007, Kirk, Barrett

and Soderblom 2003). SIS currently is used by researchers on Mars orbiter missions to convert

Marsimages to DEMs. SIS will be used on future lunar missions, described below. for the

Same purpose.

5.2 _Readuced computaiond SESalgorithmsafter Wohler, Hafea andlL enaetal

//{Ddeted: an }

Wohler and Hafezi and Lena, Pau and Phillips et al described a computationally reduced, .~

- { Deleted: more detailed }

-

-
-

Deleted: from avariant of
photoclinometry termed “shape from
shading” (SFS)

-

that the lunar surface to be measured is a uniform diffuse-light-scattering | ambertarian surface -~

{ Deleted: The core assumption of the }
777777777777777777777777777777777777777777777777777777777777777777777777 T W Deleted: surface. A lunar surface that

SFS-photoclinometry technique is that

(\N('jhler and Hafezi 2005). R (r:nalelegj;hisuniformitycriteria—also

\
\
\

Deleted: surface - reflects low-angle
light in portion to the height of the

37



Many classes of lunar features do not meet this basic criteria and are excluded as suitable
candidates for SFS-photoclinometry. Such classes of features have albedo variations related to
the changesin surface mineral composition. Examples includeradial banded craters like
Bessarion, dark mantle pyroclastic deposits near Rima Bode, the cryptomare in Schickard,
magnetic swirls like Reiner Gamma, dark halo craters like Copernicus H, dark-rayed craters like
Dionysius, and, in high-altitude lighting, bright-rayed craters like Tycho. Not al bright-rayed
craters are excluded. As discussed below, some bright-rayed craters reflect uniform-diffuse light

in the visible band under low-angle solar illumination.

SFS-photoclinometry works best in low Sun illumination —less than 20-30°.  Low

illumination angles imply the SFS works best on features with a height above surrounding plain

of onekilometer or less. Under low illumination, terrain on the shadow side of afeature still will

reflect light. Information on terrain gradient from reflectance will not be lost in dark-deep

shadows, as occurs for tall mountains and ridge systems on the edge of basins.

Where alunar feature does meet the basic criteria of uniform diffusereflection, the SFS-
photoclinometry algorithm described by Wéhler and Hafezi and Lena, Pau and Phillips et al can

be applied._The Wohler and Hafezi algorithm structurally isforward-fitting (Kirk, Barrett and

Soderblom 2003 at 3-4). Conceptualy, the SFS algorithm is simple:

A computational DEM matrix isinitialized with zero elevation heights,

A seedabalo of aflat or nearly flat surfacewithin the user' simageisfound basad slopeanalysis
dete'mined from classical shadow measurements;

Theheight and albedo of eachpixd intheDEM matrix isestimeted from pixel’ s current estimated
slope;

Theresidual error between each pixel’ s computed al bedo in the computational DEM matrix and
theuser'simage isedimaed;
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Theheight of eachpixd inthe DEM matrix is updated based on the pixd’ sresidual error; and,

TheDEM matrix isrecomputed until theresidual error of each pixd isminimzed (Lena Pauand
Phillipset al 2006, W&hler and Hafez 2005).

The Geologic Lunar Research Group (GLR Group) has applied this SFS method to a

5.21.20%+ height accur acy — SFSphotcclinametry of craters and miscdlaneousfeatures - { Formatted: Heading 3

usinatheWohler and Hafezi algorithm

Examples of Lambertian surfaces on the Moon that can meet the basic photoclinometry
criteriaof uniform diffuse surface reflectance include wrinkle ridges on mares, straight faults on

mares and some craters.

Wohler and Hafezi demonstrated SFS-photoclinometry on these classes of features
(Wohler and Hafezi 2005). Examples of their local feature DEMs for awrinkle ridge, straight

fault and part of alarge crater are shown in Figure 17 to Figure 19.
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Figure 17— L ocal feature DEM for part of the East slope of Copernicus (radius ~46.5km).
Image - Wohler and Hafezi 2005
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Figure 18- Local feature DEM for a marewrinkleridge south-west of crater Aristarchus.
Image - Woéhler and Hafezi 2005

Figure 19- Local feature DEM for the north end of RupesBirg. (~ 10 km by 10 km)
Image- Wahler and Hafezi 2005

Resolution in these local feature DEMs is much greater than whole-Moon DEM

resolution shown in Figure 13 above. The modern depth estimate for Copernicus is 3,800 meters

(Pike 1976).
. { Deleted: Geologic Lunar Research
G
Per GLR Group, members Wohler, Lenaand Lazzarotti, the typical standard errorfor .~ { - ; )
height measurements obtained through SFS-photoclinometry is 20% (Waéhl er, Lenaand  (Deleted:

Lazzarotti et al 2006). Lighting anomalies can produce height artifacts, e.g. — the crater in the

upper left-hand corner of Figure 19 (Wohler and Hafezi 2005).
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Because many wrinkle ridges, straight faults and craters may have albedo variations
confounded by changing surface mineral composition, SFS-photoclinometry should applied to
such features with caution. Application of multiple measuring techniques to afeature (shadow
measurements and light profiles) and false color ratio imagery can minimize spurious

measurements of heightsand corroborate the photoclinometry result (e.g. Lena, Wéhler and

Bregante et al 2006, Wohler and Hafezi 2005).

5.22.10%+ height accur acy, |essthan 100meter s— SFSphotodinometry of lunar domes = <~ { Formatted: Heading 3

usingtheWohler andHafezi algorithm "~ {Deleted: Less

Domes are one of the best lunar features that meet the basic SFS-photoclinometry criteria
of uniform diffuse reflectance. That lunar domes reflect diffuse light uniformly is known to
many amateurs who have conducted a futile search for these features in high-altitude lighted
Clementineimages. Lunar domes generally are indistinguishable from their surroundings in
Clementine 750nm base map images precisely because they reflect light uniformly and at the
same intensity as the surface materials that surround an individual dome. This characteristic of
high-altitude Clementine photographs of lunar domes makes those images unsuitable for

stereophotography, but conversely shows that lunar domes are good candidates for SFS-

photoclinometry (Wohler, Lenaand Lazzarotti et al 2006).
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Figure 20— Six lunar domes north of C. Hortensius, ~6to 12 km in dia, contained within
the boundaries of this Clementine 750nm base map image arealmost invisible. Hortensius
dia. is14 km. Image- USGS M ap-A-Planet

GLR Group members Kapral and Garfinkle published a catalogue of approximately 2,500
verified and unverified domes and other miscellaneous features (Kapral and Garfinkle 2005).
The Kapral-Garfinkle catalogue is a compilation of domes compiled from approximately 25
journal and other sources, including the Journal of the Assoc. of Lunar and Planetary Observers.
Of those entries, approximately 750 involve verified and unverified domes (as opposed to
miscellaneous features) and 186 verified and unverified domes have associated height
measurements. The distribution of those 186 domes is plotted in Figure 21. The distribution of
751 verified and unverified domes with known diameters do not differ significantly from Figure
21 and are not plotted separately here. A digitized catalogue is provided by the GLR Group
(Kapral and Garfinkle 2005). This catalogue is also plotted by the GLR Group on a copy of the

LAC charts (Shaw 2006).
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Figure 21 - Distribution of 186 verified and unverified domeswith listed heights per Kapral
and Garfinkle2005. Image- LTVT

The morphology of domes also is favorable to application of SFS photoclinometry.

Lunar domes tend to be about one kilometer in height and at most 20 kilometers in diameter

(Hiesinger and Head 2006 at 42). At low solar illumination, lunar domes do not cast dark, deep

shadows on the shadow-side of afeature. The distribution of heightsof verified lunar domes

E | and Garfinkd hown in Flaure22. Ninetvfi f thed

heights less than 1.2 kilometer; sixty-six percent have heights less than 400 meters.
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Figure 22 - Distribution of heights of 130 verified domesper Kapral and Garfinkle 2005.




The GLR Group'sWohler et al described a SFS-photoclinometry technique that uses

dome albedo to measure the height of lunar domes down to below a 100 meter level of precision

(Wéhler, Lena and L azzarotti et al 2006). The stated precision is 10 percent for dome heights

and 5 percent for dome diameters (Wohler, Lena and L azzarotti et al 2006). Traditional shadow

measurements of lunar dome heights yield “dope and height values consistent with those

obtained by the [SFS] image-based 3D reconstruction . . . [Ld].”

using SFS-photoclinometry. A partia representative list of studies concern unlisted domes

analysis and re-evaluation of known dome fields (Lena, Wéhler and Bregante et al 2007

(unlisted dome near Messier), Wohler, Lenaand Lazzarotti et al 2006 (Cauchy and Hortensius

domes fields), Lena, Pau and Phillipset al 2006 (unlisted dome near the Valentine dome), Lena,

Wohler and Bregante et al 2006 (unlisted dome on the floor of the Petavius)).

20%+ heigh racy —SEFSph lin rv of lunardom inatheminimal SF
algorithmsof Carlatto 19%6

Evans, _an amateur GLR Group member, described a SFS-photoclinometry technique,

using simple Excel spreadsheets, to measure lunar dome heights after the computationally

minimal technique of Carlotto (Evans 2006a, Carlotto 1996). Evans Excel spreadsheet can be

obtained through the Selenology Today website (Evans 2006b).

.| Deleted: Evansillustrates a version of
the photoclinometry technique using a
simple Excel spreadsheet to measure
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In Carlotto’s method, SFS computation is reduced to a minimum by using

astrophotography software to rotate alunar dome so the apparent solar azimuth incidence is 270°.

Evans demonstrated that Carlotto’s method produces elevation models that have an accuracy of

about 9% of the elevations obtained in the GL R Group lunar dome studies (10%) discussed

above. Thisimplies about a 20% height accuracy for lunar domes

In addition to the basic SFS criteria of uniform reflectance, Carlotto notes that his

method is limited to scenes illuminated by Sun altitudes of |ess than 20-30°.  Evans recommends

that the method only be used for features between 30° N/S lunar latitude due to the effect of

foreshortening. The end-result of this SFS process are pixel scaled elevation maps similar to

Figure 18, above, or awireframe model similar to Evans' rendering of the 12.2 kilometer

diameter Cauchy Omega dome.

Eigure 23— A DEM wireframe rendering of Cauchy Omega. |mage — Author from Evans
2006b data.
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How accurate can amateurs measure crater depths and feature heights from the Earth
using modern tools? Has amateur astrophotography progressed to the point in the last three
years, where reasonably accurate height and depth shadow measurements from lunar
photographs? Istheir accuracy sufficient to compete with traditional Earth based micrometer
measuring? Can they provide useful topographical data for specific features that supplements

digital elevation models prepared from lunar orbiters?

The major components of error in making feature height or depth measurements by the

classical shadow method include:

Accurate ephemeris

Accuracy in determining feature coord nates;
Topographic slopevariatiors;

Atmospheric seeing;

Computational error; and,

Technique in measuring shadow |ength (Davis1997).

6.1 10% height —Traditiond amateur shadow measur enentswith microfilamentmete's
Amateur Bill Davis describes how he tested the accuracy of his use of a microfilament to
measure the height of features on the Moon (Davis 1998). Davis called the ALPO'’s Dr. John
Westfall. In the context of that work, Westfall suggested using the Lunar Topographic
Orthophotomaps as a practice baseline. From 119 micrometer measurements, Davis found he
estimated heights to within a 10% accuracy of the LTO map value for Mt. Harbinger and 18
other lunar mountains. Davis commented that the best measurements were made with a solar

angle between 3 and 6 degrees.
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Davis simulated shadow measurements for a 1,500 meter central peak and found that a 1
degree negative slope of a surrounding mare results in about a 23% over estimation of height; a
1 degree positive slope resultsin about a 16% under estimation of height (Davis 1997). With
respect to positive relief dome heights, Lena, Pau and Phillips et al suggest compensating for this

confounding factor by estimating feature height from the difference between a morning and

evening elevation measurement (Lena, Pau and Phillips et al 2006).

6.2 Ludy | maging astr gphotography combinedwith shadow measuringand light curvepr dfiles
Recently, advanced amateurs like Paolo Lazzarotti regularly make lunar images with
linear resolutions down to 0.11-0.22 arcsecs per pixel that correspond to sub-kilometer linear

distances (see Wohler et al 2007 at p. 76). For alunar feature at NO, EO when the Moon is at

384,440 kilometers distance, 0.11 arcsecs corresponds to about 200 meters.

There are competing parameters that affect the resolution of shadowsin modern

astrophotographs — the moving terminator versus repeated imaging over time.

The shadow cast by alunar feature moves. At low oblique sun angles, the shadow cast
by feature will be longer than 200 meters even though the feature is less than 200 metersin
height or depth. But at the equator, the terminator moves across the lunar disk at about 510

meters a minute. At 45 degrees north latitude, it moves at about 360 meters a minute.
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Modern high-resolution amateur astrophotographs usually are acquired over time using

the technique of “Lucky imaging” (Law, MacKay and Baldwin 2006, Tubbs 2004). The

astrophotographer (1) takes many images over several minutes, (2) selects images with the best
point-spread function during a moment of atmospheric calm within alarger interval of
atmospheric turbulence, (3) registers the image by cross-correlation, (4) averages the correlated
images, and (5) applies filtering techniques such as convolution to the averaged image. The
characterization of the technique as“lucky imaging” comes from the probability associated with
taking an image during a moment of atmospheric quiet within agiven interval of general
atmospheric turbulence. During the first step of the lucky imaging process, the feature shadow
moves between taking of individual images. Averaging images results in afuzzy position of the

shadow during the imaging session.

Jim Mosher and Henrik Bondo implemented a modern graphical user interface for the
manipulation of and feature plotting on user lunar photographs —the Lunar Terminator

Visualization Tool (LTVT) (Mosher and Bondo 2006). LTVT includes a shadow measuring

tool. In order to model the accurate position of the lunar terminator and to determine the lunar
azimuth and altitude of the Sun at alunar coordinate, LTVT downloads high accuracy Jet
Propulsion Laboratory (JPL) lunar ephemerisfiles. To assist in the accurate determination of
lunar coordinates, LTVT includes afeaturefor registering a user lunar image to either 1994 or
2005 ULCN points. The shadow measuring tool does not follow the classical mathematical

algorithm of MacDonald.
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The accuracy of measurements made using LTV T's measuring tool has not been fully
tested. LTVT isstill in the post-beta revision, development and refinement stage. Initial
anecdotal testing indicates that a crater depth accuracy between 5-10% compared to LTO map
depths can be achieved with careful technique, including checking image alignment to 1994

ULCN control points (Wood 2006, Mosher, personal communication).

Another useful feature of LTVT, unrelated to shadow measurements but alsoworth

noting, isits ability to easily rectify user lunar images.

Wohler et al. described a topographic study of Rupes Biirg that applies shadow
measuring to advanced modern lunar astrophotographs (Wohler et al. 2007). Wohler et al.
estimated the height of Rupes Biirg at approximately 400 meters. Wohler et al. also
demonstrated how light profile curve tools, afeature of many common astrophotography
software packages, can be used to characterize the topographic profile of lunar ridges. Thereis

no uncertainty statement for height measurementsin Wohler et al. 2007.

The application of traditional shadow measuring techniques to modern “L ucky imaging”

high-resolution amateur lunar photographs could benefit from further characterization of the

method’ s accuracy.

Davis's technique of using test measurements based on featureson LTO and LTP mapsin
order to establish an accuracy baseline suggests a method by which amateurs can quantify the

reliability of any technique that they use.,
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7. TheFuture—Geologic DEM§ SMART-1, SELENE andLRO

Cadlibrating multispectral imaging from the Clementine and Lunar Prospector missions
with the spectrographic response of Apollo and Lunamission soil return samples has expanded
and changed our understanding of global lunar surface geology (Hiesinger and Head 2006 at 8,

64-65).

The next logical step in the evolution of topographic DEM information and new geologic
insights from multispectral remote sensing is the combination of the two data sets into a new
geologic atlas of the Moon — updating the thirty-year old Apollo era atlas mentioned above

(USGS, NASA and US Airforce ACIC 197 ). In 2006, the USGS announced the first results of

apilot project funded by NASA to prepare a new geologic lunar map series on a 1:2,500,000
scal e based on updated Clementine multispectral image analysis (Gaddis et al 2006). Gaddis et
al includesa preliminary draft of the first quadrangle map produced by the pilot project for the

Copernicus area.

New SMART-1 imaging has not been released for public access, as of this paper.
Koschny et al discussed the distribution of SMART -1 images on the lunar globe (Koschny et al

2007).

Rosiek et al. have experimented using overlapping Lunar Orbiter, Apollo 15 and
Clementine images of the Apollo 15 Mt. Hadley landing site to automatically generate digital

elevation maps with the precision equal to the TPM series (Rasiek et al. 2006).
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With respect to the SELENE mission to be launched in the summer of 2007, Honda et al
described initial tests of stereographic mapping software designed to convert stereophotographs
into digital topographic models (Honda et al 2007). SELENE'sterrain mapping camerahas a
horizontal resolution of 10 meters/pixel. Software tests on simulated lunar surfaces where able
to build DEMs with a vertical accuracy 5 to 25 metersfor one standard error. Softwaretestson a
Apollo 15 stereophotograph created a DEM that could resolve craters more than 100 metersin
diameter and arille about 1 kilometer in width. Y okota et al also demonstrated SELENE
kilometer scale DEM software for the production of orthotopographic terrain maps, again using

Apollo era stereophotographs as test data (Y okota et al 2007).

A SELENE mission goal is to prepare anew high accuracy global DEM based on low-
altitude orbit stereophotographs. The mission intends to fill-in 80% of the lunar surface not

covered the Apollo era stereophoto L TO maps (Honda et al 2007).

The Lunar Reconnaissance Orbiter (LRO) is scheduled to fly in October 2008. Chin et al
describes the L RO’ stopographic-mapping related instruments, including a laser altimeter, an
imaging camera and side-l1ooking synthetic aperture radar. Data from these instruments will
support new global topographic mapping and detailed mapping of cold traps at the lunar poles

with between 15 to 100 meter horizontal resolution (Chin et al 2007).
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8. Conclusion

This retrospective on the gathering of higher accuracy lunar crater and feature depth,
height and diameter measurements represents one of many of the high-points of the Apollo era
explorations. It represented a great-1eap forward in our understanding of lunar topography. That
effort continued through the Clementine era and subsequent Earth-based radar interferometry

and will continue in future orbiter imaging missions.

There isa cautionary lesson-learned in this history. Some measurements from the Apollo

era have been lost where catalogues were not preserved by publishing for later historical use

Hopefully, the future will chart a path towards preserving raw measurements and
preventing the loss of hard won lunar data while continuing the USGS-NASA practice of open
internet distribution. At the 57th Annual International Astronautical Congress, NASA Chief
Administrator Griffin asked that "lunar science data should be openly shared among the science
community, just as we do with other planetary science data[ Griffin 2006, p. 11].” Griffin
suggested the collective sharing and standardized formatting of al data from upcoming lunar
missions (Ellison 2006). In 2006, NASA announced a partnering initiative with the online

search engine Google.com to distribute 3-D lunar surface renderings (NASA 2006d).
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For amateurs concerned that pursuit of lunar topographic studies with amateur tools has
been deprecated by digital elevation maps generated from orbiter missions, modern lunar
astrophotography appearsto have alevel of precision sufficient to justify follow-up topographic
study of individual terrain features. The foregoing review provides an overview of professional
studies and resources, so the amateur can avoid duplicative effort, or use existing professional
data as a baseline against which to practice technique and/or corroborate their depth-height

measurements.

The Appendix describes the method by which atable of higher accuracy crater depth and
central peak heights measurements from the Apollo erawas developed and matched with the

USGS GPN.

Thetable of digitized Apollo eracrater depths is distributed electronically as

supplemental material in the following formats:
Pdf -

http://members.csol utions.net/fisherkal/astronote/plan/craterdepth/trans/CraterDepthFeatureName

pdf

Csv -

http://members.csol utions.net/fisherka/astronote/pl an/craterdepth/trans/ Crater DepthsFeatureNam

€.Ccsv
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LTVT compatible feature plotting files used to generate Figure 3 and Figure6 can be

found at the author’ s website:

LTV Tdatefiles

The Appendix in Westfall’s Atlas of the Lunar Terminator remains the best general

amateur source for the depths of larger named crater depths (Westfall 2000).
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Appendix —Degription of Apolloeracrate tabledigtization

A table craters and satellite feature names, positions and diameters was prepared from the
online USGS Gazetteer of Planetary Nomenclature. Pike 1976 was reviewed. Where Pike's
measurement corresponded to (1) the Gazetteer feature name and (2) the crater diameter was
within 3 kilometers of the Gazetteer measurement, Pike's crater diameter, depth and peak height
were digitized. Approximately 239 crater depths were digitized. Arthur 1974 was reviewed.
Where Arthur's measurement corresponded to (1) the Gazetteer feature name and (2) the crater
diameter was within 5 kilometers of the Gazetteer measurement, Arthur's crater diameter was

digitized. Eleven cratersfrom Elachi et al. 1976 and one measurement from Margot et al. 1999a

were added. 37 central peak measurements from Wood 1973 were added.

Thisresulted in atable pairing the USGS Gazetteer lunar feature name, position, NCLN
crater diameter with the crater diameter and depth from other higher accuracy Apollo era

catalogue sources.

Next theinitial digitization wasfiltered to exclude craters larger than 10 km in diameter

where the diameter varied by more than 10% from the NCLN crater diameter.
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The difference between the NCLN crater diameter and source catal ogue diameters was
computed (except for thelist of central peaks from Wood 1973) in order to verify an association
based on feature name and size. For craters over 10 kilometersin diameter, the criteria of a 10%
difference was applied. For craterslessthen 10 kilometersin diameter, all craters were included
because a criterion based on crater diameter difference was not statistically meaningful due to the
whole number precision used in the GPN catalogue. Thefilter criteria excluded the

measurement of Tycho from Margot et al. 1999a.

Inthefinal table, 91% of the craters have a diameter that differs from the GPN
measurement by one kilometer or less. Examples of craters that meet the 10% difference
criterion and aso that have absolute crater diameter differences exceeding 10 kilometers are

larger named craters such as Clavius, Hipparchus, Langrenus and Neper.

Inthefinal table, 86% of craters have a diameter less than 20km, 11% between 50km and
20km, and 3% are larger than 50km in diameter. 50% have depths of less than 1km, 33%

between 1 and 2km, 12% between 2 and 3km, and 4% greater than 3km.
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