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ABSTRACT

The increasing volume of planetary lidar data is creating global datasets of unprecedented resolution and accuracy, an
presenting new challenges. From 1971-72, when three Apollo missions carried laser altimeters to the Moon, to the Mars
Global Surveyor mission operating the MOLA instrument for nearly 1000 days, the number of planetary ranges has in-

creased by more than 5 orders of magnitude, and accuracy by nearly 3 orders. Significant refinements to orbital and attitude
knowledge result from the use of millions of altimetric crossover constraints.

1 INTRODUCTION timeters, but coverage was modest. The Apollo laser trans-
mitters were short-lived. Pulse width was controlled me-

Table 1 shows the dramatic improvement in laser terraichanically, and their flashlamp exciters required 16-32 s to
mapping since the first use of lasers by the Apollo Orbitersecharge. In the low-inclination (2§ orbits used for land-
The NEAR Laser Rangefinder (NLR) returned 16 millioning approaches, only a limited region of terrain was sampled
ranges and the Mars Orbiter Laser Altimeter (MOLA) in-(Figure 3). Apollo 17’s laser outlasted the others, enduring
strument returned over 600 million ranges, five orders df2 revolutions as the command module grazed within a few
magnitude more than the first altimeters flown by the Apoll&ilometers of the surface. Had the astronauts persisted and
lunar orbiters. Over a time span of 25 years, this represerite lasers not failed, orbital decay would soon have ended
a doubling of yield every 18 months, similar to Moore’s lawthe missions.
for transistors! The Geoscience Laser Altimeter System and

MultiBeam Laser Altimeter instruments are expected to in]Wo decades later, Clementiridzette et a).1994], a joint

nization, spent two months in a 5-hour eccentric lunar or-

This paper compares Clementine, Shuttl_e Laser AItimet%rit, with a 400-km periapse placed first at’8) then 30N.
(SLA), NLR and MOLA from the perspective of data anal-cjementine obtained useful lidar data from 284 of its revolu-

ysis and validation. Apollo, Clementine, SLA, NLR, andy;, g [smith et al, 1997]. With a hardware limited maximum
MOLA operations span nearly three decades. The smaji g4 km, the moon was within lidar range for at most 30
number of orbital lidar missions is surprising in view of their i \tag per orbit. The detector system shared optics with the
success and modest cost. Pl_anet_ary terrain mapping dep_eegr%era and was poorly tuned for mapping, so that few laser
on coverage, instrument calibration and performance, tiniy, s \were returned from rough terrain. Laser shots were in-
ing, pointing, and precise orbital analysis. \We review eacfjoayed with imaging sequences, limiting firing rate. Cov-
of these factors over the course of these missions. We thgfhge was spotty at best in the rough topography of the lunar

describe some of the unique characteristics of long durﬂighlands, where the shot-to-shot variance exceeded 1 km
tion laser altimetric missions, focusing on the geolocatio['smith et al, 1997]

of NLR and MOLA ranges.
Clementine demonstrated new, efficient, diode-pumped laser
1.1 Coverage technology. Its significance might have been less had the
Mars Observer mission not been lost the previous year. The
Despite numerous orbital missions, lunar topography révars Observer Laser Altimeter (MOLA) was a redesigned
mains poorly known at scales less than 100 km. Opticdlinar altimeter (not surprisingly called LOLA) sharing her-
and radar ground-based mapping of landmarks is limiteithge with Clementine, optimized for planetary mappifg{
to the nearside and has only recently achieved good redwer et al, 1992]. Lacking an immediate reflight, MOLA
lution [Margot et al, 1999, and references therein]. High-spares were assembled with ancillary electronics to cre-
resolution regional contour maps were created from Apollate the Shuttle Laser Altimeter. SLA was a Hitchhiker
metric camera stereo images, using control from laser ghayload on STS-72 and later on STS-85afvin et al,
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Table 1. Laser Altimetry Missions

Mission Launch Type Firin}g_| Shots Geolocated Horizontal Vertical Vertical
Name Date Rate, Hz fired Ranges accuracy precision accuracy

Apollo 15, 16,17 1971-1972 Ruby 0.06 7,080 5,140 30km 4m 400m
Clementine 1994 Cr:Nd:YAG 0.6 600,000 72,300 3 km 40m 90m
SLA-01 01/1996 Cr:Nd:YAG 10 3,000,000 1,203,000 40m 0.75m 2.78m
SLA-02 08/1997 Cr:Nd:YAG 10 3,000,000 2,090,000 40m 0.75m 6.74m
NLR 02/1996 Cr:Nd:YAG 1-2 20,000,000 15,868,304 20m 0.31m 10m
MOLA 11/1996 Cr:Nd:YAG 10 675,000,000 583,000,000 100m 0.38m Im

2The number of geolocated ground returns does not necessarily reflect the instrument’s ability to range. Spacecraft
off-pointing, data loss, gaps in tracking, clouds, as well as range failure limit the altimetric product.
bChromium:neodymium-doped yttrium-aluminum-garnet

recovery was nearly perfect, with full attitude and timing re-
constructions provided. Many track crossings were obtained.

The delayed MGS mission allowed limited coverage of the
northern hemisphere of Mars in 1997-98. During aerobrak-
ing MOLA ranged intermittently from 170 km to 785 km

in an elliptical orbit Zuber et al, 1998]. In mapping orbit,
MOLA operated continuously at elevations of 365 to 430
km for a total of 26 monthsmith et al. 2001b] before los-

-90° = ing a critical oscillator signal on June 30, 2001. More than
0° 60° 120° 180° 240° 300° 360° 98% of laser shots returned ground ranges. About 8% of
ranges were unusable due to telemetry losses, attitude recon-

Figure 1. NLR coverage of 433 Eros on day 2000-111. Typstruction gaps, and other events. The MGS orbital inclina-

ically most of the coverage was acquired in rapid off-nadiion of 92.7 allowed nadir coverage of 99.9% of the planet,
scans. with a few off-nadir observations of the poles. So many re-

turns were obtained that in many regions topographic ter-
rain models are better than Viking-era imag@éthers and

1997, 1998]. SLA-01 and 2 demonstrated the effectivenedumann2001]. With shot spacing typically 300 m along
of orbital laser altimeters for terrestrial geodesy despite refrack, nearly 50 profiles cross the equator for each degree of
atively short flights and the inconvenience of using the shutongitude (about 60 km). In some places on Mars, several
tles as an orbital platform. SLA-01 obtained excellent lan@rofiles traverse a single square kilometer (Figure 4). Map-
and sea data between°®8S, and SLA-02 from 57N/S. ping was nominally in an 88-cycle near-repeat orbit, with a

Carabajal et al.[1999] provides details of data processingground track offset that eventually transitioned from positive
and coverage. to negative. Some tracks overlapped, enabling direct tem-

NEAR-Shoemaker and Mars Global Surveyor (MGS) wer ? :lll (;%lggansons pf topography between seas@_nlsmerr )

: . " ]. Most importantly the regular crossings of as
Iaunched.successf_ully in 1996, carrying NLR and MOLA'Z_ ending and descending tracks provided many internal con-
Each achieved their planned orbits after some delay, but Wl?i"stency checks.
all instruments performing well. NEAR orbited the asteroi
433 Eros for nearly one year before landing. Figure 1 shows
a typical day’s data acquired at 1 Hz at a range of 100 km.2 Instrument performance and calibration
The NLR instrumentCole et al, 1997] had an 11 m spot
size in the nominal 50 km orbit, and operated at ranges froithe Apollo altimeters were more than adequate for their pri-
300 km to 17 m. Low-altitude orbits of 35 and 25 km radiusnary purpose, giving ranges for photographs, with a preci-
allowed higher resolution mapping, with shots 3-4 m aparsion of about 4 m. While the 15 MHz oscillator of Clemen-
NEAR-Shoemaker performed rapid scans and traverses fime’s laser rangefinder was calibrated within 1 partA,
imaging purposes with NLR "riding along”, ranging to nadiror a few meters of range, only a 14-bit range count was re-
only a fraction of the time. Figure 2 shows the global datasétirned, since full 16-bit hardware was not available on an ac-
of observations. The coverage was highly nonuniform due teelerated development schedule. To reach a 640-km-distant
the asteroid’s irregular shape and mission constraints. Datarget, ranges were quantized to 40 m, as illustrated in Fig-
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Figure 2. NLR altimetric coverage of asteroid 433 Eros. Regions lacking data shown in black.
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Figure 3. Lunar topographic coverage from Apollo orbiters and Clementémifh et al. 1997].

ure 5. The laser could range at 8 Hz for about 1 minute untilo. Elevations had to be processed with a range-correlation
overheating. The only good 8-Hz profile taken under idedilter to edit the nearly 50% noise triggers, and many errors
conditions over smooth Mare terrain shows shot-to-shot vaniemain. Finally, the orientation of the laser transmitter was
ation of about 40 m. Comparison with a MOLA profile overuncertain. The laser was boresighted to a detector within the
level terrain (lower curve) shows that precision was limite¢amera telescope, so that ranges were nominally pointed at
due to quantization and electronic jitter. spacecraft nadir, but the amount of offset was not known at

Another problem was Clementine’s low signal-to-noise ra-
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negligible at all but the lowest operating threshold. The
largest single source of range error was due to pulse dila-
tion on non-ideal target surfaces, or "range walk”. Dilation
causes the leading edge of a pulse to be detected early, in-
troducing range bias as much as 6 m error on sloping terrain
[Zuber et al, 1997].

MOLA is a fully calibrated Pbshire et al. 2000], all-terrain
lidar with direct (leading edge of pulse) detection. MOLA
pulse waveforms vary due to interaction with the surface of
Mars, and their energy varies with atmospheric transmis-
sion and surface reflectivity. MOLA-2 addressed the issue
of range walk by measuring the echo pulse width at a pre-
set threshold, and the echo energy. Time of flight was cor-
rected to the centroid of the pulse using half the measured
pulse width. With this approach, calculated range errors due
to detector noise were less than 1 m over slopes of up to
3°. This calibration enables unbiased comparison of mea-
surements from different altitudes, laser outputs, and atmo-
spheric conditions. The situation was complicated by the use
of four parallel low-pass filters to maximize the probability
of detection under all conditions, and the generally saturated
i i ) condition of the detector over the unusually flat martian ter-
Figure 4. Coverage in a1by 1° area around the Pathfinder pin seen in Figure 5. For saturated pulses, the pulse width
landing site (solid diamond) acquired by MOLA. Borderqaq,rement was unreliable. The leading-edge to centroid
markings are 1 minute (roughly 1 km). Individual shot el~;ming gelay was estimated based on terrain slope, while in-
evations (crosses) are cl?rrr?pared at crossovers (Circles).  tarchannel calibration at the sub-meter level was obtained

0 100 200 300 empirically Neumann et a/.2001].

The MOLA timing interval clock controls firing rate as well
as range measurement. By monitoring the firing rate, an ab-
solute calibration of range units over the course of the mis-
sion was obtained, adding to the stability of the range mea-
surement. The calibration changed by several parts per mil-
lion over the course of the missioBinith et al. 2001b], ac-
celerating in the final weeks before the clock signal was lost.

N
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lunar height, km
Mars height, km

By averaging over many shots, MOLA can measure tempo-
ral changes in the height of the Martian surface with decime-
ter precision. MOLA elevation measurements have recently
) 40 been used to map 1-2 m seasonal changes due to the depo-
Lunar latitude sition and sublimation of CQice [Smith et al, 2001a] as-
sociated with the planet’s seasonal cycle of;Gchange.
Figure 5. Clementine high-resolution rangefinder pro-Unfortunately in polar regions, many of MOLA's returned
file extending 340 km across northwest Mare Procellarupulses were saturated, which greatly compromises the mea-
(crosses). \Vertical exaggeratiep400:1. MOLA profile  surement of pulse energy. In some regions there may be sig-
10061 across Amazonis Planitia, one of the flattest placesficant unmodeled range walk due to albedo changes. A
in the solar system, shown for comparison. global 1064 nm albedo map being generated as part of the
investigation will permit an improved estimate of echo pulse

energy. This will enable a more accurate correction of range

S',DICE grchives at JPL shows a 5 mrad deviation in' CaM&R Ik effects and therefore improve the ability to detect subtle
orientation along-track and 1 mrad across-track. This offs

btterns of topographic change in the polar regions.
was also indicated by a comparison with ground-based ra(far pograp g P g
interferometry Margot et al, 1999], showing a 3-km offset
along-track.

1

w
|

N

1.3 Orbit determination

NLR was rigorously calibrated, and drift of the instrumen®Orbital analysis during the Apollo era was crude by today’s
after launch was monitored via an optical delay fik@h¢ng standards and the lunar gravity field was largely unknown.
et al, 2000]. Ranging performance from shot-to-shot apMany archives have been lost or contain only partial infor-
proached the limiting resolution of 31 cm, and noise wamation. Position errors of 30 km or more were not uncom-
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mon. Reanalysis of historical lunar trackirigeinoine et al.  is nontrivial. The NEAR-Shoemaker spacecraft was aided
1997] together with sophisticated force modeling reducelly solutions for times of cosmic gamma ray burst events ob-
Clementine’s orbital uncertainties to 10's of meters. Somserved by multiple platforms. Timing accuracy was within
improvement in orbits might be obtained from using grav100 ms, more than adequate for a slow-moving spacecraft.
ity fields derived from Lunar ProspectoKgnopliv et al, Instrument firing was synchronized to the spacecraft clock,
1998, 2001], but the issues with ranging accuracy mentionaahd timing bias was not anticipated.

earlier would remain. The MGS spacecraft clock had a small and stable rate of drift

SLA used a combination of Global Positioning Satellitehroughout the mission and was monitored, but was not tied
(GPS) and Tracking/Data Relay Satellite System (TDRS$) the Ultra-Stable Oscillator instrument which could have
together with TOPEX-Poseidon to TDRSS trackifp{v- maintained millisecond accuracy. The MGS Project speci-
lands et al, 1997] to generate orbits with meter-level radiafied a worst-case 30 ms timing uncertainty, although it was
precision. Long-wavelength orbital errors remained but wergpically better than 10 ms. The orbital velocity of MGS

masked by pointing uncertainti(ithcke et al.2000]. during aerobraking ranged from 3.3-4.5 km/s, and a 10 ms

Orbit determination for NEAR-Shoemaker at Eros remain§!TOr in timing resulted in up to 16 m of vertical error in an
problematic. The small gravitational pull of the body pro_eccentrlc_ orb_lt._ Durl_ng the aerobraking mission phase, an
vided weak dynamic constraints, while tracking range daf@PServation timing bias of 117 ms was estimakmiylands
were biased by uncertainty in the asteroid ephemeris. Al al. 1999], the cause of which remains unknown. In ad-
timetry was required to constrain the orbits, as well as optic8ftion there was an attitude timing bias of 1.15 s, discussed
landmark trackingYeomans et §11999:Zuber et al, 2000].  Pelow.

Only partial altimetry were included in orbit solutions, using

a low-degree shape model to provide an apriori constrairk.5 Attitude bias and uncertainty

Altimetric residuals were-60-110 m, depending on orbital _ = . ) o L
phase. In this situation, much improvement may be gainégoo'”t'”g bias and uncertainties must be minimized as far as

from the use of crossovers, described in a following sectioR©SSiPle in the space environment. The importance of this
was seen in the context of Clementine. Star trackers pro-

MGS tracking was intermittent during aerobraking. Orbil;qe the inertial reference, supplemented by attitude gyros.
solutions typically had 5-10 m errors, occasionally mor§uhen performing maneuvers, trackers may lose lock, and
After reaphlng a C|rcu_la_r mapping orbit, a period Of_traCkmgknowledge degrades rapidly. The alignment of laser bore-
was dedicated to refining knowledge of the martian gravsigp; with respect to star trackers is liable to change in flight,
ity fleld'. The MGS orbital total position was subsequentlydnd may be perturbed by thermal distortion. Different ap-
determined to an accuracy of 1.7 m, and 0.3 m radially,o5ches may be taken to improve attitude knowledge and
[Lemoine et a.1999]. Exceptions occurred when propuby,inimize bias. For the SLA missions, a joint solution for
sive momentum desaturation occurred during long 9aps Ujignment bias together with orbit determination was under-
tracking a_nd com_JId not be ade_quately modeled. During the?&ken, using the oceans as a referehcgt{cke et al.2000].
gaps, radial orbit error sometimes exceeded 2NBUManN |, gependent verification was provided by comparison with
etal, 2001]. well-controlled terrestrial terrain models.

The NEAR-Shoemaker spacecraft provided attitude data at 1
Hz throughout the mission. NLR and cameras were aligned
Timing is another source of uncertainty in geolocation, sincgrior to flight along the X-axis with respect to the Spacecraft
the spacecraft ephemeris is determined from Earth-basBds Prime coordinate system. The Multi-spectral Imager
tracking. Clementine timing was corrupted by recurrenfMSI) was able to verify its alignment through star observa-
computer resets, and had to be corrected by as much ast@®hs, and variations were detected that appeared to correlate
seconds. Timing reconstruction was not available until mongith instrument deck temperature. The coalignment of NLR
than a year after the mission ended. Thus an empirical apith MSI could not be determined by directly imaging the
proach to corrections was required for the analysis of tHaser spot, despite several attempts. Indirect measurements
Laser Rangefinder data. Since in a polar orbit there were mere obtained by observing the time at which ranges were
crossing tracks and little other data, the only comparisorigst as the imager scanned across the asteroid IDherig
available were with nearby tracks taken during the secoret al, 2001]. Further information was obtained by labori-
monthly mapping cycle over relatively smooth basins (cfously comparing images of boulders with altimetric features,
Figure 5). These revealed some mundane timing softwapgoviding a location within two camera pixels-Q.2 mrad).
issues and prompted a full timing reconstruction. It became apparent that the instrument had shifted from its
tpre-flight orientation. The laser mounting was thermally bet-

Global Positioning Satellites provide accurate timing in ear R

orbit, although SLA used the shuttle precision clock for ler isolated than that of the camera. Alignment was therefore

reference. The interface to this clock was problematic, afflvestigated independently for NLR in the course of altimet-
some time periods contained invalid tagafabajal et al, ''C Processing, as described in Section 2.
1999]. At the 1-2 AU distances to 433 Eros, time transfeMGS attitude reconstruction from Lockheed-Martin in Den-

1.4 Timing bias estimation
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ver was provided by the Project in the form of spacecraft
quaternions at approximately 4-second intervals. During
aerobraking, images were taken of various landmarks (e.g.,
the Face on Mars) by means of rapid off-nadir slews. These| | _..as
slews revealed a timing bias in the reconstruction of attitude | 2=s27m
data. Such delays can lead to substantial errors in geolocaj t*=3¢8m
tion due to the~1 mrad/s pitch motion of MGS as it trackss
nadir. In nadir mapping, timing biases trade off with aligng
ment bias, but are distinguishable in the altimetry taken dur-
ing maneuversRowlands et al[1999] found a shiftin bore- s
sight of approximately 0.024(0.42 mrad) from preflight,
primarily in the roll direction.

25
Initial Residuals Adjusted Residuals

201  N=3780155
12=17.9m
11=93m

MGS telemetry transmitted attitude quaternions after on-
board processing with a causal delay due to two-pole, re;
cursive digital filter. The filter characteristics included a
phase shift equivalent to 1.15 s delay at low frequencies.

Upon commencement of mapping, the solar panels oscillat&dgure 6. Initial and final crossover residuals for NLR al-
slowly as they tracked the sun. A 6-s notch filter with twdimetry, using a crossover adjustment with temporal resolu-
additional poles was added to damp the oscillations. Calction of four cycles per asteroid revolution. Residuza200
lations suggested that the mapping filter should have inducetiare edited.

a 2.3 s delay. We found that the delay was the same as before
the commencement of mapping, both during normal opera-
tion and during high-rate slews. This apparent contradiction -

with theory remains unresolved, but MOLA alignment con-
tinued to be monitored throughout the mission. >'0-0E?Iﬁ§%§£ il

-100 -100 100

1,

o
<
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2 ALTIMETRIC CROSSOVERS z-0.11

S Deck Temp, °C

T
N
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o

Abundant crossovers in lidar mapping provide a powerful -0.21
constraint on orbital and attitude knowledge. During the
course of the NLR investigation, overl6,000,000 altimet-

ric points were acquired. Distinct orbital phases permitted
observations over northern and southern hemispheres, usin&-2
nadir and off-nadir observations. In order to assess their ac-
curacy,~3,800,000 crossovers were analyzed. A shot point 0-1]
(x,y,2) in Cartesian space is expressed in polar coordinat@.
Two sequential shot points define a small track segment, gg-0-0
rameterized by time. Crossovers occur at the intersectionéf  [#f
two such segments projected onto a sphere. The radgis -0.11
linearly interpolated along each track. At each crossover we
obtain the altimetric residual -0.2

100 150 200 250

100 150 200 250
at a time-ordered pair of crossover timest’, as well as  Figure 7. Boresight positions of crossovers after adjustment
the crossing latitude, longitude, and a pair of headings ang a function of time. Error bars show the median daily dis-
slopes. persion about the median value. Dotted line shows initial

A local surface normal perpendicular to both segments is evalue, while dashed lines show the nominal fit. Instrument
timated in Cartesian coordinates. This unit normal vectdteck temperatures (diamonds) declined early in the mission,
represents the change in radius at the time of intersection fut boresight did not appear to be correlated.

sulting from an adjustment of the track in the X, Y, and Z

directions. There are six adjustments, three per track, for

each crossover residual. Such an underdetermined probléms simplified approach depends only linearly on the num-
may be solved by constraining the adjustment to vary askeer of crossovers considered and thus can handle a very large
smooth function of time. Using the approachMéumann dataset. The adjustment is made in body-fixed coordinates,
et al.[2001], tracks were adjusted to minimize the crossoveand does not truly represent a single error in orbit, range,
residual via least-squares. The effort to obtain a solution timing, or alignment, but rather the combined effects of each.
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The relocated crossovers generally have smaller residualszgg
Figure 6 shows the initial and final residual after three iter-
ations. An adjustment of four cycles per asteroid revolution 2001 |
reduced the RMS residuadsfrom 82.7 to 17.9 m, after ex- 2 1001
cluding grossly mislocated data. A more typical measug
of residual is the L residual, the median absolute residua 0]
scaled to a normal distribution. Using this measure, a sixfo_Ei
improvementin crossover error results from a quasi—period?c'loo’
adjustment with a period of1.25 hours. Obviously there g0
are sources of error that vary more rapidly, but errors in the
slow-moving NEAR orbit typically show up as errors at mul- -3007
tiples of the 5-hour rotational period of Eros. ‘

along-track anomaly

If one assumes that all but one of the sources of error are
minor and randomly distributed, the relocated crossover in-
dicates the amount of the chief source of error. For exam- 20
ple, the position of the adjusted crossover in the instrument
plane provides an estimate of true boresight direction. Ag
each crossover the relocated range vector may be projectgd
to the Y-Z plane (recall that instruments pointin the platformg
X-direction). The median locus of these points shows the deS
gree to which the boresight deviates from nominal, while theE
dispersion shows the relative contribution from other sources

of error. Several iterations with improved boresight align- -50 | across-track anomaly

ment successively reduce the crossover residual. Figure 7

shows the preflight boresight direction and daily averagesof o~ " 5000 10000
the apparent true boresight. No correlation with instrument orbit

deck temperature was seen. The spacecraft orbit remained L
iiluminated by the Sun during all mission phases, keeping'9ure 8- MOLA along-track and across-track misalignment
temperatures stable. The analysis used orbit solutions frdfi & function of orbit. Adjustmentvalue from crossover anal-
day 2000-094 through day 264. The Euler angles obtaind§'S: averaged over one day. Ata nominal altltudg of 400 km,
for the instrument were -0.04about the Z-axis, and -0.05 100urad =40 m. Some offsets result from targeting maneu-
about the Y-axis. These angles map a unit X-vector ann@erS affgctmg attitude knowledge, others from variations in
the lidar boresight to the vector eam alignment.

(0.999999376, -6.98131378E-04, 8.726645E-04) T

in the spacecraft frame. This boresight alignment offset wasrrelated with spacecraft thermal environment as Mars’ el-
assumed for the remainder of the analysis. A final analysjiptical orbit circles the Sun. Drift in timing, spacecraft ma-

using all 351 days of observations should refine this, but thgsuvers, and gradual shift in spacecraft center-of-mass are
uncertainty in pointing on a given day appears tode01°,  also suspected.
or 0.2 mrad.

Altimetric crossovers have been employed in the MOLA in- 3 DISCUSSION

vestigation to monitor the stability of pointing as well as or- . )

bital precision Neumann et a).2001]. That study found The Moon was the first extraterrestrial b_ody to b_e rc_anged
that significant adjustments in three orthogonal directiondith 1asers. The extant data are contaminated with instru-
were required to fit the crossover data. The regular mappifigent defects and other uncertainties, and are simply inade-
geometry allows the adjustments to be expressed in radighate in quantity for detailed regional studies. Lunar topog-
along-track, and across-track components. Quasi-cycli'i?,‘phy awaits a fully callbr_ated, hlgh—per_formance altimetric
once- and twice-per-rev adjustments dramatically reduc&dy Py the next generation of laser altimeters.

residuals. These cyclic errors were traced to unconstrain@tie NLR and MOLA investigations have revealed the power
propulsive momentum dumps that perturbed the MGS oof rigorous orbital processing within the GEODY N software
bit. A shorter-duration signal was seen when the spacecraftstem Rowlands et a).1999] combined with full crossover
transitioned between night and day sides of Mars, inducirgnalysis. The pointing bias on NLR has been characterized
a thermal distortion of alignment between the MOLA beamwithin 0.2 mrad and the topographic uncertainty reduced to
and the inertial reference system. ~10 m via the use of crossoverdyber et al, 2000]. An

Longer term drift can be characterized via daily average€Ven better level of precision may be attainable given the
pabilities of the NLR instrument.

Figure 8 shows the average deviation from nominal aligr2
ment over the life of the mission. Some of the variation iMOLA had many more observations than any other mis-
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sion, in a highly stable geometry, with more than 38 mil- in AAS/AIAA Astrodynamics Specialist Conference, Girdwood,
lion topographic crossovers. Radial topographic accuracy Alaska, 16-19 August 199pp. 99-328, 1999.

of 1 m and horizontal position accuracy better than 100 rkémoine, F. G., D. E. Smith, D. D. Rowlands, M. T. Zuber, G. A.
has been achieved. Where known positions of landers haveNéumann, D. S. Chinn, and D. E. Pavlis, An improved solution
been traversed, essentially identical topography is measured?®! the gravity field of Mars (GMM-2B) from Mars Global Sur-
Martian topography is referenced to an equipotential su[—uveyor’J' Geophys. Resn press 2001.

f = | . in th . id heiah thcke, S. B., D. D. Rowlands, J. J. McCarthy, E. Stoneking, and
ace. Formal uncertainty in the martian geoid height, as cur- D. E. Pavlis, Spaceborne laser-altimeter-pointing bias calibra-

rently defined by spherical harmonics to degree and order 60+ion, from range residual analysis, Spacecr. Rocket87, 374—
[Lemoine et a].2001], is 1.8 m. At present the most un- 384, 2000.
certain element of martian cartography is the position of thelargot, J.-L., D. B. Campbell, R. F. Jurgens, and M. A. Slade,
prime meridian Pavies et al. 1996], defined by the crater  The topography of Tycho Cratel, Geophys. Resl04 11,875—
Airy-0, in inertial space. 11,882, 1999.
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