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PREFACE 

The study of Mars topographic synthesis is an extended 

scientific research of the Mariner Mars missions, and will provide 

information for the preparation of the Viking Mars missions which will 

consist of landing two scientific packages on the surface of Mars at the 

time of the bicentennial celebration of the United States. It is being 

conducted at the Center of Astrogeology, U.S. Geological Survey, and 

funded by the National Aeronautics and Space Administration (NASA). 

Since this experiment synthesizes data from various sources, it relates 

to many other research institutes. They include the Jet Propulsion 

Laboratory of the California Institute of Technology, Department of 

Earth and Planetary Science of the Massachusetts Institute of Technology, 

Laboratory for Atmospheric and Space Physics of the University of 

Colorado, NASA Goddard Space Flight Center, the Rand Corporation, as 

well as the Goldstone, Haystack, Arecibo and Kitt Peak observatories. 

The result of this experiment is the first comprehensive contour 

map of the surface of Mars. The description of this experiment is 

divided into five parts. Part I describes the figure of Mars and 

defines its topographic datum in terms of its gravity field. Part II 

discusses the methods and procedures of deriving topographic contours 

for the entire planet using the data from various scientific experi

ments and includes a brief description of each of the various data 

sources. Part III describes techniques of contouring local features 

at relatively large scales by stereo photogrammetric methods 

iv 



V 

including the establishment of a control net for those areas which are 

covered by a number of stereo models. Part IV includes discussions 

anc conclusions. Part V includes appendices and references, which 

contain the development of formulas and lists some of the important 

data. Since this topographic map is derived from the synthesis of a 

very large amount of data, which cannot all be attached, the citation 

of all references should be helpful and useful for those who intend to 

utilize that data for further studies. 

A remark should be made at this point, that because of the 

inadequacy of the information for covering the entire planetary sur

face of Mars, the contour maps compiled from this experiment are very 

preliminary. Also, the map accuracy is very difficult to define since 

some of the data sources do not have enough information to perform an 

analysis. It can be foreseen right away that these maps will 

frequently be revised whenever more information becomes available. 

To list all of the many persons who have supported, assisted, 

and contributed in some way to this experiment, would be monumental 

task. However, the author wishes to particularly express his apprecia

tion to Harold Masursky, the team leader of the television experiment 

of Mariner Mars 1971, for his initiation of the study of Mars topo

graphic mapping, and to other investigators of various experiment teams 

of the Mariner 9 mission, for the various data sources supplied by them. 

They are: J. Lorell, J. F. Jordan, E. J. Christensen, A. Kliore, and 

R. M. Goldstein of the Jet Propulsion Laboratory of the California 

Institute of Technology; C. Barth, and C. Hord of the University of 



Vi 

Colorado; G. H. Pettengill and R. Reasenberg of the Massachusetts 

Institute of Technology; J. Pearl of the NASA Goddard Space Flight 

Center; Raymond Batson and his associates involved in planetary cartog

raphy at the U.S. Geological Survey; and M. E. Davies of the Rand 

Corporation. The author is indebted to the entire Photogrammetry Unit 

of the Center of Astrogeology, U.S. Geological Survey, for their great 

assistance and continuing technical and moral support. They are: 

F. J. Schafer, A. G. Dahl, Raymond Jordan, G. M. Nakata, J.J. Stapleton, 

B. C. Philpott, J. J. Cole, and M. A. Stough. To be specific, under 

his supervision, they performed almost all of the compilations of non-

image data and measurements of stereo models on photogrammetric 

instruments. He would also like to express his appreciation to 

G. W. Colton and H. J. Moore of the U.S. Geological Survey for their 

kind help in completely reviewing this paper; to James Van Divier, 

R. E. Sabala and R. D. Carroll, also of the U.S. Geological Survey, for 

their preparation of maps and illustrations. 

Special thanks go to Professors D. C. Merchant of Ohio State 

University and P. B. Newlin, Q. M. Mees and A. J. Malvick of the 

University of Arizona, and M. H. Carr, E. C. Morris, J. F. McCauley, 

G. A. Swann and J. D. Alderman of the U.S. Geological Survey, for all 

the necessary arrangements made by them for the author's Ph.D. program. 

Without their advice, this paper could not have been written. 

Last, but not least, the author wants to express his apprecia

tion to all of those who have reviewed the contour maps and expressed 

their opinions. 
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ABSTRACT 

Topographic contour maps of Mars are compiled by the synthesis 

of data acquired from various scientific experiments of the Mariner 9 

mission in 1971, which includes topographic information derived from 

different sources, such as S-band radio-occultation, the UVS-ultraviolet 

spectrometer, the IRR-infrared radiometer, the IRIS-infrared inter

ferometer spectrometer and television imagery, as well as radar 

information collected by Earth-based observatories at Goldstone, 

Haystack and Arecibo. The entire planet is mapped at scales of 

1:25,000,000 and 1:5,000,000 using the non-imagery topographic data. 

For the computation of map projections, a two-axial spheroid 

figure is adopted. The semi-major and semi-minor axes are 3,393.4 km 

and 3,375.7 km respectively, with a polar flattening of 0.0052 or 

The planet eccentricity is 0.101849. For the 1:25,000,000 scale map, 

the Mercator projection is used between the 65° parallels, and the 

polar stereographic projection is used from the polar region both north 

and south of the 55° parallels. For the 1:5,000,000 maps, the Mercator 

projection is used for the equatorial region between the 30° parallels; 

the Lambert conformal conic projection is used between parallels 30° to 

65°, and the polar stereographic projection is used for the polar 

regions both north and couth of the 65° parallels. 

For the computation of elevations, a topographic datum is 

defined by a gravity field described in terms of spherical harmonics of 

fourth order and fourth degree combined with a 6.1 millibar occultation 

xvi 
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pressure surface. This areoid can be approximated by a triaxial 

ellipsoid with semi-major axes of A=3,394.6 km and B=3,393.3 km and a 

semi-minor axis of C=3,376.3 km. The semi-major axis, A, intersects 

the Martian surface at longitude 105°W. The dynamic flattening of Mars 

as determined from the J^ term of the gravity field is 0.00525. The 

mean radius of the 6.1 mb areoid is 3,382.9 km. Other parameters 

determining the datum include the planet rotational velocity 

-4 
O)=0. 70882176 x 10 radian/sec and the gravitational constant 

r k3 „ 
y=0.4282844 x 10 /sec . 

The procedure for establishing topographic contour lines is to 

convert all the non-imagery topographic data, obtained from the differ

ent sources, from radii to heights with respect to the adopted topo

graphic datum. All the heights are then adjusted into a common system to 

minimize discrepancies, and then plotted on the various map projections 

using an XY plotter. Contour lines are then interpolated using shaded re

lief maps as reference. The contour interval of the maps is one kilometer 

For some prominent features or features of special geologic 

interest where pictures with adequate stereo overlap from Mariner 9 are 

available, local contour maps at relatively larger scales were also 

compiled on a stereo plotter by photogrammetric methods. If high 

resolution B-frames are used, a map scale as large as 1:100,000 with a 

contour interval of 400 meters can be obtained. In most cases, however, 

stereo models from Mariner 9 photography have very unusual model 

geometries and therefore, special unconventional procedures were 

developed using the mission support data for establishing model 
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orientation. In the case where the coverage is composed of a number 

of models, a block adjustment, basically based on resections and inter

sections, using a least squares solution method is applied for the 

establishment of a control net for intermodel bridging. 

Because of insufficient information on the accuracies of some 

of the data sources, a formal analysis of contour line accuracy is not 

possible. However, a 1-2 km probable error may be estimated. Due to 

the lack of data in some areas, these Mars contour maps are lacking in 

detail and subsequent revisions will be necessary whenever more informa

tion becomes available. 
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CHAPTER 1 

. INTRODUCTION 

The scientific achievements of the Mariner Mars 9 mission have 

accomplished a giant step toward the understanding of the planet Mars 

and our solar system. Unlike Venus, our closest neighboring planet, 

which has extremely high temperatures and high atmospheric pressures 

with permanent clouds, the planet Mars has a more suitable environment 

for a possible eventual man-landing exploration. Although, as Moore 

and Cross (Moore and Cross, 1973, p. 9) pointed out, due to the unsuit

able environment, the existence of intelligent life on Mars can be 

ruled out, but the problem of whether or not some terrestrial-like 

organisms exist, is yet to be found out. Also, in the sense that the 

solar system is man's environment, it may bring us a better understand

ing of our own planet when we understand more of planetary origins and 

evolutions through the study of both the similarities and differences 

between other planets and the Earth. 

Mars, in many respects, is somewhat similar to the Earth in that 

it has a thin transparent atmosphere, moving clouds, intermittent 

seasonal weather systems with occasional dust storms, and the changing 

polar caps which are attractive to man's interest for further exploration. 

1.1 Statement of Objectives 

To seek for evidence of the existence of some forms of life, 

past or present, in terms of the composition and structure of the 

2 
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Martian surface and atmosphere, and other scientific interests, the 

United States has developed, in the Viking Mars project, two scientific 

packages which it will attempt to land on Mars in the very near future. 

In support of a successful Mars landing, topographic contour 

maps of Mars were required for mission support and mission operation. 

This requirement initiated an experiment which is an attempt to derive 

topographic contour maps of Mars by synthesizing all the available 

topographic information obtained from various experiments on Mariner 9 

as well as all the data from Earth-based radar observations of Mars. 

This experiment is not only essential to both mission planning and 

mission operations, but is also important to geological studies and 

other scientific studies as well. 

In addition to the support of space exploration, the importance 

of the topographic mapping of Mars to other scientific studies can be 

seen in the Wells report (Wells, 1972): 

A comprehensive knowledge of the topographic relief at all 
scales on Mars is fundamental in the continued observational 
and theoretical exploration of the planet. Such information 
on large scales bears not only on the shape of the surface 
itself, but also on the relationship with stress/strain 
effects in the outer crustal layers, the state of the 
interior of the planet, and influences on dynamical motions 
in the atmosphere. Small-scaled relief provides data on 
environmental process such as regional structuring, localized 
weather effects, and mass transport of various atmospheric 
constituents near ground level. All of these phenomena can 
affect the choices of landing sites for future spacecraft 
missions. Many facets of scientific interest would thus be 
served by a more precise morphological definition of the 
Martian surface. 

This paper is an attempt to briefly describe all of the aspects 

of the topographic mapping of Mars with the exception of shaded 
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relief and mosaic mapping techniques which are published or will be 

discussed elsewhere. 

To provide a better understanding of the Martian topography, 

the characteristics of Mars are first briefly described. Also, a brief 

discussion of the Mariner Mars missions will certainly help in under

standing the derivation of the topographic maps, since they were mainly 

compiled from non-imaging sensor data from the Mariner Mars missions. 

1.2 Mars 

Mars, one of our closest neighboring planets, is the fourth 

planet from the Sun revolving in an orbit between Earth and Jupiter. 

The distance between Mars and the Earth ranges from 56 million to 101 

million kilometers. Due to its unusual reddish color, as of blood and 

fire, Mars was worshipped by the Greeks as their god of war and its 

two moons were named Phobos and Deimos meaning "fear" and "terror". 

Therefore, the symbol of Mars ( <$ ) represents a shield and spear 

(Glasstone, 1968). 

Mars has a mass of only one tenth that of the Earth's and one 

seventh of the Earth's volume. But with its comparable temperature and 

seasonal changes, it was, in the early days, said to be one of the most 

Earth-like objects in the solar system. 

Like Earth, Mars is not a spherical body but is flattened at 

the poles. It revolves in an elliptical orbit which has a 24° inclina

tion to its axis (Moore and Cross, 1973, p. 12), which is close to the 

inclination of the Earth's orbit. Therefore, the various seasons and 

the lengths of the days and nights are similar to those of the Earth. 
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However, due to a longer orbit and a slower average speed, Mars has 687 

days with 24 hours and 39.6 minutes per day in a solar year. Therefore, 

the duration of the Martian seasons, in terms of Earth days, is roughly 

twice that of the Earth's seasons. Because of the relatively large 

eccentricity of the Martian orbit, the seasonal periods are different. 

The spring, summer, autumn and winter of the northern hemisphere are 

199, 182, 146 and 160 Earth days respectively, which are the reverse of 

those periods in the southern hemisphere. The southern hemisphere, 

during its spring and summer, when Mars is near perihelion, receives 

much more heat than the northern hemisphere does during its spring and 

summer. Therefore, the size of the polar cap of the southern polar 

region decreases much faster than that of the north and may eventually 

disappear during the summer due to a hotter summer even though it may be 

shorter than the summer season of the northern polar region, where the 

polar cap becomes small but never disappears completely. Another fact 

is, that due to a longer autumn and winter period (381 Earth days), the 

size of the southern polar cap reaches as far north as latitude 45°S 

and is bigger than the north polar cap which does not spread any 

farther south than 60°N latitude due to the short autumn and winter 

seasons (306 days). From these facts, it can be seen that it is sig

nificant for Mars mappers to know during which season photography of 

the polar regions was taken. 

Because of their seasonal changes, the polar caps are the most 

prominent features on the Martian surface along with the bright areas 

and dark areas. Starting at the end of summer in either hemisphere of 
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Mars, a bright white polar cap constantly increases in size when a vast, 

whitish, diffuse haze form appears over the polar region. Just before 

the local spring, the cloud decreases or sometimes eventually disappears 

and the sharp outline of the cap itself is exposed. In the past the 

polar caps were believed to consist of either solidified water similar 

to hoarfrost as suggested by William Hersch or solid carbon dioxide snow 

(dry ice) as many other scientists have lately suggested. The Mariner 

9 experiments have proposed that the primary caps which come and go 

with the seasons are mostly carbon dioxide but that the residual cap 

left each year is possibly water ice (Hartmann and Raper, 1974). 

The bright areas of Mars which include both orange and yellowish-

brown areas cover about 70% of the Martian surface, mainly in the 

orthern emisphere. This is the reason why the planet looked reddish 

and is therefore called the red planet. The bright areas are said to 

be a function of phase angle. It is believed that these bright areas 

appear so because of fine particles of dust which are deposited over 

large, flat and smooth lowland areas by high winds. The dark areas 

cover about 25% of Mars, mostly in the southern hemisphere, which are 

heavily cratered highland terrain. It is believed that along high flat 

regions and gentle slopes, depositions of larger particles, coarser 

material or even rocks, are favored so that highlands appear to be 

darker in color. During the first orbital revolutions of Mariner 9, a 

planet wide dust storm was in progress, allowing only four dark spots 

and the clear bright south polar cap to be visible. These four dark 

spots later proved to be the highest volcanic mountains on Mars. Also, 
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it will be shown in later chapters that the average elevation of the 

northern hemisphere of Mars is about four kilometers lower than the 

average elevation of the southern hemisphere which appears to be darker 

in color. Therefore, the variations of the bright and dark markings 

may be explained as having something to do with the transport and 

deposition of fine materials carried by the high winds. Due to the low 

pressure of the Martian atmosphere, very high wind velocities are 

necessary to create enough force to transport the surface particles 

(Jet Propulsion Laboratory [JPL], 1973b, p. 33). 

The temperatures on Mars are not greatly different from those on 

Earth. Due to the greater distance between Mars and the Sun, the surface 

temperatures on Mars are expected to be colder than those on Earth and 

can be as low as well below -100°C according to the estimate made by 

E. W. Maunder. The difference of temperature between day and night can 

be 100°C at the equator but less at high latitudes. During the summer 

time, temperatures in the daytime are above the freezing point of water 

at all latitudes up to about 60°N and 70°S. During the night there is no 

part of the planet where the temperature is above -20°C (Glasstone, 1968). 

The highest and lowest temperatures observed at the Martian 

equator by Mariner 7 were 290° K at noon and 200° K during the night. 

But a low of 150° K was recorded at the south polar cap (Cunningham and 

Schurmeier, 1969). Results from the infrared radiometer of Mariner 9 

showed a measurement of 250° K brightness temperature at the latitude 

of 65°s (Chase et al., 1972). But no area on Mars had a brightness 

temperature in excess of 300° K (Kieffer et al., 1973). 
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In general, the surface of the dark areas of Mars is about 10°C 

warmer than the adjacent bright areas in the daytime due to the fact 

that one absorbs the heat and the other reflects it. 

The atmospheric pressure of Mars is very low and is less than 

one percent of the Earth's pressure. It is not dense enough for fluid 

water to remain stable (JPL, 1973b). Measurements of Martian surface 

pressure from the infrared spectrometer and the ultraviolet spectrometer 

of Mariners 6 and 7 vary from 4.05 to 8.16 mb and 3.97 to 8.44 mb 

respectively (Hord, 1972). Results from the infrared spectrometer 

measurements of the Mariners showed a range from 8 mb, to 1.5 mb, at 

the top of the South Spot (Arsia Mons), with an average of 4.8 mb sur

face pressure over the sampled area. An average surface pressure of 

3.5 mb was obtained over the Tharsis region (Conrath et al., 1973). 

The Martian atmosphere is primarily composed of CC^ ranging from 60% to 

perhaps 100% (Kliore et al., 1969). 

Because of the fact that Mariner 4 photography was concentrated 

in the cratered terrain areas, it was suggested that the Martian sur

face was much like that of the Moon. However, the Mariner 6 and 7 

photography showed, in addition to the cratered terrain, two types of 

uncratered terrain on the Martian surface (Murray et al., 1971). They 

are classified as chaotic and featureless terrains. Chaotic type 

terrains are younger than cratered type terrain (Sharp et al., 1971b). 

The Mariner 9 mission has shown that Mars is distinctly different from 

the Earth and the Moon. 
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Except for the Coprates Canyon complex, which has been renamed 

Valley Marineris and expanded to a length of 4,800 km with a depth of 

6 km and a width of 200 km at the widest spot no other features have 

been discovered which would appear as dark canal-like lines which have 

been reported for so many years (Cutts et al., 1971). One of the big 

surprises of the Mariner 9 mission was the discovery of huge volcanic 

features, one as high as 27 km which indicates that Mars is presently 

geologically active (Bradbury et al., 1972, p. 91). 

In comparison with the Earth, it was discovered from the Mariner 

9 mission that Mars has a rough gravity field and a shape which is 

essentially a triaxial ellipsoid (Lorell et al., 1972). 

The two moons of Mars are both found to be dark, old, heavily 

cratered and irregular in shape because their bodies are too small to 

impose a spherical shape (Masursky et al., 1972, Cutts, 1974). The 

18 18 
mass of Phobos and Deimos are 17.4 x 10 g and 3.1 x 10 g respectively. 

km 
They are somewhat triaxial in shape with a mean radius of 10.9 and 

5.7 km respectively (Pollack et al., 1973). Both are in circular orbits, 

keeping the same side toward Mars at all times. The orbital period of 

Phobos is 7.7 hours and the period for Deimos is 30.3 hours. 

1.3 Summary of the Mariner Mars Missions 

Mariner 4 was the first spacecraft to take man's first close-up 

pictures of the Martian surface. But Mariner 9 was the first man-made 

object to orbit another planet and acquire photographic coverage of the 

entire surface. Mariner 4 photographically covered about 1% of the 
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Martian surface at approximately three kilometer resolution. Mariner 6 

and 7 then extended the Martian photographic coverage up to 10% and 

also improved man's viewing resolution to 0.3 kilometers (Leighton and 

Murray, 1971). But it was Mariner 9, the most productive mission in 

the planetary exploration program, that gave us new revolutionary 

knowledge of Mars. During a period of 349 days in Martian orbit, 

Mariner 9 transmitted photographs and other various scientific informa

tion back to Earth which amounted to about 27 times as much information 

as acquired by all three of the previous Mariner flyby missions combined 

(Hartmann and Raper, 1974). A brief description of each of these 

Mariner Mars missions is summarized in the following sections. 

1.3.1 Mariner-Mars 1964 

The year 1964 was the first attempt by man to launch a vehicle 

to the planet Mars. This was the Mariner 4 spacecraft. It was 

launched on November 28, 1964, and, after a flight of 228 days and a 

journey of 235 million miles, it took the first close up pictures of 

ll TD S 
Mars at 0 18 33 GMT on July 15, 1965, and by-passed Mars within a 

range of 9,850 kilometers. Mariner 4 carried a television camera, and 

transmitted back 21 full frame pictures of Mars. With the on-board 

radio occultation equipment, experiments were performed to study the 

Martian atmospheric pressure, temperature and densities. Significant 

scientific results from this mission include: 1) it was found that 

Mars has a thin atmosphere and that the Martian surface pressure is 

less than 1% of that on Earth (Cunningham and Schurmeier, 1969); 2) the 

equatorial radius of Mars was found to be approximately 12 to 20 miles 
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greater than the previous best estimate. The new value was indicated 

to be approximately 3,400 kilometers; and 3) the mass of Mars was 

estimated to be 1:3,098,500 of the Sun (de Vaucouleurs, 1965). The 

returned pictures showed a heavily cratered moon-like terrain. 

1.3.2 Mariner-Mars 1969 

In 1969 two identical spacecraft, Mariners 6 and 7, were 

launched to fly by Mars. Both spacecraft carried identical scientific 

instruments which included two television cameras, one infrared 

spectrometer, one ultraviolet spectrometer, one infrared radiometer, 

and experiments for acquiring S-band occultation data and celestial 

mechanics information. The primary objectives of the mission were to 

investigate the Martian surface and its atmosphere near the dark area 

of Meridiani Sinus. Therefore, Mariner 6 was assigned to study the 

equatorial region of Mars in the west-east direction concentrating on a 

point near 20°S that would provide a good coverage of the many light 

and dark features, while Mariner 7 was assigned a pass that would cover 

the south polar cap and its edge concentrating on the region between 

-30° and -50° of latitude (National Space Science Data Center, 1971). 

Mariner 6 was launched at 01^ 29™ 02S GMT on February 24, 1969, 

and arrived at Mars on July 29, 1969. Then a sequence of 50 photo

graphs of the Martian surface from far-encounter and 25 photographs 

ti m s 
from near-encounter were taken before it passed Mars at 05 19 07 

GMT on July 31, 1969, after approaching within 3,431 kilometers of the 

Martian surface. 
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Mariner 7 was launched at 22^ 22m 01S GMT on March 27, 1969, 

and began its first far-encounter sequence of approach photography at 

09^ 32™ 33S GMT on August 5, 1969. After having taken a total of 126 

photographs of the Martian surface, it passed Mars approaching within 

3,430 kilometers of its surface (Cunningham and Schurmeier, 1969). 

The two television cameras carried on both Mariners 6 and 7 

included one wide-angle (not as defined photogrammetrically) which has 

an ll°xl4° field of view with a focal length of 52 millimeters and one 

narrow angle which has a l.l°xl.4° field of view with a focal length of 

508 millimeters. The image format for both cameras is 9.6 mm x 12.3 mm 

having image elements of 704 lines x 935 pixels (Leighton et al., 1969). 

Significant scientific results from Mariner Mars 1969 included: 

1) in addition to the cratered terrain, as previously found by Mariner 4, 

two other types of uncratered terrains were discovered on Mars—chaotic 

and featureless (Sharp et al., 1971b); 2) light material was found in 

local lowland areas. No linear network of canal-like features were 

observed on the Martian surface (Cutts et al., 1971); 3) the south 

polar cap was found to be a region of cratered terrain likely occupied 

by CO2 ice with irregular angular depressions (Sharp et al., 1971a); 

4) temperatures measured from the occultation experiment agreed with 

results obtained from both the infrared spectrometer and infrared 

radiometer as described in section 1.1 (Herr and Pimentel, 1969; 

Neugebauer et al., 1969); and the surface pressure was recorded to be 

between 4 and 7 millibars at four occultation points (Hartmann and 

Raper, 1974); 5) the locations of the occultation points are: Mariner 6 
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entry point (4°N and 356°E) and exit point (79°N and 84°E), and Mariner 

7 entry point (58°S and 30°E) and exit point (38°N and 212°E). The 

radius of Mars at the Mariner 6 entry point near the equator is about 

3,394 kilometers and 3,374 kilometers at the exit point near the polar 

region (Kliore et al., 1969); and 6) it was found from the ultraviolet 

spectrometer experiment that the most abundant material in the Martian 

atmosphere is CO^ (Barth et al., 1969, Herr and Pimentel, 1969). 

1.3.3 Mariner-Mars 1971 

For the Mariner-Mars 1971 project two identical spacecraft, 

Mariners 8 and 9 were launched. Each spacecraft carried identical 

instrument packages to perform six experiments in Mars orbit. The 

basic objectives of this mission were to acquire photography for map

ping the red planet and to observe its dynamic characteristics over a 

period of a minimum of 90 days. The six scientific experiments 

included two television cameras (one wide angle and one narrow angle), 

one ultraviolet spectrometer (UVS), one infrared radiometer (IRR), one 

infrared interferometer spectrometer (IRIS), the S-band radio 

occultation and the celestial mechanics (Masursky et al., 1970). 

The original plan was to put Mariner 8 in a Martian orbit 

having an inclination angle of 80° at a periapsis altitude of 1,250 

kilometers for a photographic mapping and reconnaissance mission. The 

Mariner 9 mission was designed to take high resolution coverage 

photography of the middle latitudes. For this purpose, the orbital 

inclination angle was to be 50° with a periapsis altitude of 850 

kilometers. However, due to the loss of Mariner 8 because of a launch 
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failure, the Mariner 9 mission was redesigned to be a compromise for 

obtaining the major goals of both missions. Therefore, the inclination 

angle of Mariner 9 was changed to 65° with an altitude of 1,250 

kilometers. 

Mariner 9 was then launched at 22*1 23m 04S GMT on May 30, 1971, 

and, after a 167 day and 394 million kilometers flight, it was inserted 

into Martian orbit at 00*1 15m 29S GMT on November 14, 1971, with an 

tl Til S 
orbital period of 11 59 28 (Steinbacher et al., 1972). Due to a 

planetwide dust storm, the photographic acquisition task could not be 

started until January 2, 1972. The photography then had to be acquired 

within three mapping cycles, starting from revolution 100 and ending in 

revolution 262. No photographs were taken between revolutions 263 to 

415 and only 329 pictures were taken during the period between revolu

tion 416 and revolution 696 (Koskela, 1973). 

Other scientific experiments were generally performed in three 

periods including one standard mission and two extended missions. The 

mission was ended on October 27, 1972, when all of the attitude control 

gas was used up. This occurred after 349 days in orbit which was four 

times as long as it was originally designed to last. Also, the 

scientific data obtained from this mission exceeded all of the planned 

goals (McCauley, Hipsher, and Steinbacher, 1974). 

During the period from April 2 to June 4, 1972, with the 

exception of the S-band occultation and celestial mechanics experiments, 

no other experiments could be performed due to solar occultation. The 

fact is, during that period, Mariner-9 passed into the shadow of Mars 
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during each revolution, so that power could not be generated from the 

solar panels on the spacecraft. Another phenomenon, called superior 

conjunction, occurred from September 7 to October 12, 1972. During 

that period, Mars went behind the sun relative to the Earth so Mariner 9 

could no longer be communicated with from Earth because of the Solar 

Corona (Steinbacher and Haynes, 1973; McCauley et al., 1974). 

Mariner 9 was the most successful mission in the planetary 

explorations program. It has transmitted back to Earth, more than 

7,300 photographs of Mars and some pictures of its two moons and has 

completed 100% coverage of the Martian surface where only 70% was 

originally planned on. From the six scientific experiments, Mariner 9 

has transmitted a total of 54 billion bits of scientific information 

(Hartmann and Raper, 1974). This data provides man with extensive 

information for studying Mars. As an example, this Mars topographic 

mapping experiment has utilized information from almost every experi

ment of Mariner 9. A detailed description of data analysis will be 

given in the following chapters. The tracking stations include the 

64 meter antenna at Goldstone, California; at Woomera, Australia; and 

Cebreros, Spain. 

1.4 Mapping Strategy 

The charting of the Martian surface started as early as 1840 by 

the German astronomers W. Beer and J. H. Madler, and followed by 

N. Lockyer, 1864; R. A. Procter, 1867; G. Flammarion, 1876; and 

N. Green, 1877. But the first modern maps of Mars were made by 

Giovanni Schiaparelli (1835-1910) from his observations in 1870 and 
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1879 (de Vaucouleurs, 1965). Just before and during the series of the 

Mariner Mars missions, two recently published detailed Mars maps were 

compiled by Gerard de Vaucouleurs from many of his photographic 

observations of 1939 and 1941 as well as those observed from Lowell 

Observatory in 1950. But the one started by Andrew T. Young at Harvard 

Observatory in 1958 and continued and completed at the University of 

Texas, 1964, is perhaps the most comprehensive Mars map. 

By the synthesis of the abundant data from the Mariner 9 sensors, 

as well as from Earth-based radar, the topographic map of Mars derived 

from this experiment, as described in this paper, is unique in the 

history of mapping and the first comprehensive map that represents the 

general topography of the Martian surface. The strategy used in 

contouring the Martian surface, as shown in the map produced by the 

U.S. Geological Survey during this investigation, can be described 

separately in terms of mapping purpose, data sources, scales, map pro

jections, datum, controls, data reduction and contour techniques. 

The purpose of this experiment is to utilize topographic 

information of the Martian surface transmitted by Mariner 9 and the 

information acquired by Earth-based radars at Goldstone, Haystack and 

Arecibo Observatories to compile a comprehensive topographic contour 

map of Mars. This map will be used for supporting the mission planning 

and mission operation of the 1976 Viking Mars missions and for the 

support of geological studies as well as other scientific interpretations 

of Mars. Data used for the compilation include television pictures of 

both wide and narrow-angle cameras of Mariner 9 and non-imaging sensor 
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data which include 259 S-band radio occultation measurements, 4,630 

observations from the infrared interferometer spectrometer, 7,500 obser

vations from the ultraviolet spectrometer, gravity data from celestial 

mechanics experiment, and 2,762 radar points from the Haystack Observa

tory observed during the 1967, 1969 and 1971 oppositions and 13,100 

radar points observed by Goldstone Observatory during the 1969, 1971 

and 1973 oppositions. Radar observations from the Arecibo Observatory 

were used only for reference to check the completed contour map. 

The entire planet is mapped at scales of 1:25,000,000 and 

1:5,000,000 using three different map projections depending on the 

locations and area mapped. The projections are Mercator conformal, 

Lambert conformal and polar stereographic projections. 

The dynamic topographic datum is defined by a 6.1 mb pressure 

surface and a gravity field represented by fourth degree and fourth 

order spherical harmonics. To support the Mars landing, an aerographic 

coordinate system is used. 

The data reduction includes the reduction of heights from vari

ous sources to the common topographic datum and the adjustment of all 

reduced heights by using S-band occultation measurements as control 

points because of their accuracy and distribution over the planet. 

Adjusted heights are then plotted on the appropriate map projections 

using an XY plotter. Contour lines are then interpolated using photo 

mosaics as reference. For prominent Martian features of scientific in

terest, large scale contour maps are compiled stereoscopically in an 

analytical stereoplotter. For bridging multimodel coverage, controls can 

be produced by using a block adjustment program. 



CHAPTER 2 

COORDINATE SYSTEM AND MAP PROJECTIONS 

The first step in the mapping of another planet is to define a 

coordinate system and to select appropriate map projections so that 

features on the planet can be properly located on the map. The selection 

of map projections is, of course, dependent upon the scale, the size and 

the locality to be compiled. 

2.1 Martian Coordinate System 

The Martian latitudes and longitudes were first defined by 

W. Beer and J. H. Madler when they made a chart of Mars in 1840. Their 

longitudes increase to the east, the zero-point being at a dark feature, 

later to be named Sinus Meridiani, and their zero latitude lies on an 

equatorial line on which all points are equal distant from both poles. 

Schiaparelli retained the same zero-point in his map made in 1877, then 

in 1909, the definition of the Martian zero-longitude was changed to be 

defined by the ephemeris to allow for compensation of errors in the 

rotational period of the planet. 

In 1972, the Mariner 9 Geodesy/Cartography Group of the television 

team, selected the Martian zero-meridian to pass through a particular 

small crater which is approximately at the center of a large crater. 

The large crater was then named Airy and the small crater Airy-0 in 

honor of the late director of the Greenwich Observatory, Sir George 

18 
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Biddell Airy, who installed a transit instrument to be used to define 

the prime meridian on the Earth (1884). The longitudes of this new 

system increase to the west which is the opposite of the conventional 

astronomical coordinate system. 

Airy-O, as circled in figure 2-l(b), is about a half kilometer 

in diameter and lies within a large distinctive crater which has a 

secondary crater breaking its south rim as indicated by a cross mark 

in figure 2-l(a). The Airy-0 is located at -5.19°, south of the 

Martian equator (de Vaucouleurs, Davies, and Sturms, 1973). 

The hour angle along the equator from the Mars vernal equinox 

to the new Martian prime meridian then should be (Davies and Arthur, 

1973): 

V = 148.24° + 350.892017° (JD-2,433,282.5) (2.1) 

where 2,433,282.5 is the ET of Julian date 1950, January 1.0. 

The Geodesy/Cartography Group has also adopted the areographic 

coordinate system to be used for all Mariner 9 map products. This 

decision was especially made considering future Martian explorations 

since the areographic latitude is the angle between the equatorial 

plane and the normal to the reference spheroid of the point in question. 

For the computation of map projections, the adopted reference spheroid 

has an equatorial radius of A=3,393.4 kilometers and a polar radius of 

B=3,375.7 kilometers. This yields a Martian flattening of 0.0052 or 

and an eccentricity of 0.101849. 
192 
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Figure 2-1.—Location of the Martian prime meridian of longitude which 
passes through the crater Airy-0—as circled in b. 
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The relationship between the areocentric latitude ip and areo-

graphic latitude <j) is given by (Hosmer, 1946, p. 181): 

b2 
tan tan <p (2.2) 

A 

The maximum difference between I[J and (p is 0° 17' 5 8 . 7 "  at latitude 45°. 

At the equator and poles the difference is zero. 

2.2 Map Scale and Format 

The number of quadrangle maps is dependent upon the map scale 

used, and the map scale is dependent upon the use of the map and 

particularly dependent upon the photo resolution obtained from the 

Mariner 9 mission. In order to fulfill the criterion of minimum size 

geological annotation compatible with the 1 kilometer resolution of the 

Mariner photography, it was decided to use 1:5,000,000 as the smallest 

scale for the quadrangle mapping of the planet Mars (Batson, 1973a). 

Using approximately 0.5 m x 0.5 m as the size for all quadrangles, 

between 20 and 30 maps would be required to accomplish the desired 

coverage. Therefore, as shown in figure 2-2, it was decided to use a 

total of 30 quadrangles to map the entire planet (Batson, 1973a). 

Quadrangle names and nomenclature of Martian features on all 

maps seen in later chapters, were adopted by the Geodesy/Cartography 

Group and approved by the International Astronomical Union (IAU). For 

simplification of filing and locating maps, in addition to the quad

rangle name, a systematic identification number was assigned to each 

chart (Batson, 1973a). For example, the name of the north polar 

quadrangle is Mare Boreum. It is also called MC-1 meaning Mars Chart 
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number 1. The line under the quadrangle name which is a combination 

of alphabetic and numeric numbers, indicates the scale and the location 

of the map. The line 5m 90/0 in MC-1 indicates that the map has a 

scale of 1:5 million and that the center of the map is located on the 

planet at a latitude of 90° and a longitude of 0°. 

For use during the Viking mission planning and mission opera

tion, a desk size Martian chart is required for showing the entire 

planet. Therefore, a Mars map at a scale of 1:25,000,000 has also been 

prepared. This small scale map is shown in the chart in figure 2-2. 

2.3 Map Projections 

For the 1:25,000,000 and the 1:5,000,000 scale series of Mars 

maps, three conformal map projections are used so that at any point, 

scale distortion in longitude is the same as that in latitude and 

small features retain their actual shape. 

For the 1:25,000,000 scale map, the Mercator projection is used 

between the north 65° and south 65° parallels, and the polar stereo-

graphic projection is used for the polar region north and south of the 

55° parallels which provides a 10° overlap with the Mercator projec

tions. For the 1:5,000,000 maps, as shown in figure 2-3, the Mercator 

projection is used for the quadrangles MC-8 to MC-23, each of which 

contains 45° of longitude and 30° of latitude along the equatorial belt; 

the Lambert conformal projection is used for the quadrangles MC-2 to 

MC-7 and MC-24 to MC-29 which contain 60° of longitude for bands 

between 30° and 65° of both north and south latitudes; the polar stereo-

graphic projections are used for both of the polar regions above 65°. 
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2.3.1 Mercator Conformal Projection 

For the Mercator projection, the scale is 1:1 along the equator, 

the X and Y coordinate axes are straight lines and the origin of the 

Y coordinates is at the equator (Thomas, 1964, Richardus and Adler, 

1972). The equations for the X and Y coordinates are: 

X = AX e (2.3) 

y  = A £ n  +  

where A, e, and cf> are described in section 2.1 and X is the longitude 

of the point. 

The projected scales vary depending upon the latitude of the 

point projected. The scale k can be computed from equation (2.5), 

, J1 - e sin^cb A ,-\ 
— A "KT A (2.5) cos (p N cos <p 

where N is the radius of curvature in the prime vertical and 

N = A (2.6) 

I 2 2 
J 1 - e. sin 4> 

The computation of the projected X, Y coordinates has been pro

grammed on a Varian 620/i computer which commands an XY plotter. The 

Varian computer has 32K words of memory. The plotter table is 

8' x 10' and has a precision of 0.001 inch. Map grids and topographic 

information can be directly plotted on the plotter at the desired 

projections and scales. Figure 2-4 is an example of a Mercator grid 

scribed on the XY plotter which is used for each of the 16 45° x 30° 

quadrangle maps MC-8 to MC-23. 
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Figure 2-4.—Grid of Mercator conformal projection with 5° increments 
in both longitude and latitude for 1:5,000,000 (45°x 30°) 
quadrangle maps MC-8 to MC-23. 

The scale ratios and the true scales of the 1:25,000,000 scale 

map are computed by using equation (2.5) and are listed in table 2.1. 

From the table, it can be seen that the scale at the 65° latitude is 

greater than twice that at the equator. The map users should be 

cautious when using the map for interpretation or mission planning 

work. 

2.3.2 Lambert Conformal Conic Projection 

In the Lambert conformal conic projection, the projected paral

lels are arcs of concentric circles with radii which are their 

corresponding projected meridians. The common center is also intersected 

by the projected meridians (Thomas, 1964, Richardus and Adler, 1972). 



Table 2.1.—Scale variations in the Mercator conformal projection of 
the 1:25,000,000 map. 

Latitude Scale ratio True scale 

0° 1.000000 1:25,000,000 

5 0.996234 1:24,905,849 

10 0.984962 1:24,624,048 

15 0.966262 1:24,156,543 

20 0.940263 1:23,506,585 

25 0.907149 1:22,678,715 

30 0.867151 1:21,678,764 

35 0,820553 1:20,513,836 

40 0.767691 1:19,192,287 

45 0.708948 1:17,723,693 

50 0.644753 1:16,118,824 

55 0.575583 1:14,389,576 

60 0.501957 1:12,548,914 

65 0.424430 1:10,610,773 
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To minimize scale distortion, two standard parallels are used. 

The central meridian of each quadrangle serves as its y axis, and the 

intersection of the y axis and its lowest latitude serves as the 

origin. The equations of the x and y coordinates are: 

x = r sin iX (2. 7) 

y = rQ - r cos &A (2.8) 

where 

and 

K = 

r = K E £q (2.9) 

r = K E ~£qo (2.10) 
o 

cos cos 

£E_jiql £E~£q2 (2.11) 

£n (N. cos (J).) - £n (N cos <j> ) 
— *^- ' C. Z 

. q2 " q1 (2.12) 

£ 
q = £n {[tan (J + f) ] []_ ~ ® J] } (2.13) 

In equations (2.7) to (2.13), A and <j) are areographic coordi

nates of the point to be projected; E is the Naperian base =2.71828183; 

N is calculated by using equation (2.6); anc* <j>2 are the two standard 

parallels and equal to 35.83° and 59.17° respectively. The latitudes 

of the upper and lower boundaries are 65° and 30° respectively. This 

allows the latitude difference between (j^ and (f)^, 23.34° to be two-

thirds of the latitude difference between the two boundaries, so that 
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scale errors are more uniformly distributed; and r^ has the same 

coordinate as y at the origin; £, K and r^ are constants which can be 

calculated by using the latitude of the origin ^0. 

The scale is true only along the two standard parallels. The 

scale k of any other point varies and can be computed from equation 

(2.14), 

k = (2.14 
N cos (J) 

As in the case of the Mercator projection, this projection also 

has been programmed on the XY plotter for this experiment. An example 

of the Lambert conformal projection grid which was scribed on the XY 

plotter, is shown in figure 2-5. This is the grid used for the 12, 

60° x 35°, quadrangle maps from MC-2 to MC-7 and MC-24 to MC-29. 

It should be remarked here that the so called 1:5,000,000 map 

is not exactly 1:5,000,000. The scale of the quadrangles is set to 

match the scale at the lower boundary latitude (30°) of the Lambert 

projection which matches the scale at the upper boundary latitude (30°) 

of the Mercator quadrangles which is already magnified with a scale 

ratio of 0.867151 from table 2.1. In other words, the scale at 

latitude 30° at the upper boundary, is no longer 1:5,000,000 rather, 

it is 1:4,335,755. 

2.3.3 Polar Stereographic Conformal Projection 

The polar stereographic projection is a special case of the 

Lambert projection with one standard parallel being the point at the 

pole. Therefore, the meridians are straight lines radiating from a 
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Figure 2-5.—Grid of Lambert conformal conic projection (two standard 
parallels) with 5' increments in both longitude and 
latitude for 1:5,000,000 (60° x 35°) quadrangle maps 
MC-2 to MC-7 and MC-24 to MC-29. 

central point which is the pole and the parallels are concentric 

circles about this central point (Thomas, 1964). The equations for 

computing the x and y coordinates, referred to the pole, are: 

x = r cos A (2.15) 

y = r sin X (2.16) 

where 
e_ 

r = k0 — ( 7 " £ S!n * )2 tan f (2.17) 
1 + e sin (J) 
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where 
e_ 

z ^ J . ij)wl - e sin <b. 2 .. 0. 
cot 2 tan (4 + 2^ (i + e sin (2.18) 

k is the scale factor at the pole, which can be arbitrary and generally 
o 

selected to reduce the maximum scale distortions of the projection. 

Scale distortion can be computed by (2.19), 

2 — 

k = T Cr^)2 tan f (2.19) 
B N cos cp 1 + e 2 

This projection has also been programmed on the XY plotter for 

this experiment. The grid which is shown in figure 2-6 is the polar 

stereographic projection which is used for the two polar quadrangles 

MC-1 and MC-30. The scale of these two quadrangles was determined by 

making the scale of latitude 65° to be the same scale as latitude 65° 

in the Lambert projections. 



Figure 2-6.—Grid of the polar stereographic projection with 5° 
increments in both longitude and latitude for 
1:5,000,000 quadrangle maps MC-1 and MC-30, 



CHAPTER 3 

THE GRAVITY FIELD, FIGURE, AND TOPOGRAPHIC DATUM OF MARS 

It has been suspected for many years that Mars was not a 

spherical body, but like the Earth, a planet flattened at the poles. 

Because of the fact that radio-tracking data showed that the motion of 

Mariner 9 was irregular in Martian orbit, this indicated that the 

gravity field of Mars is rough, and the figure of Mars is much more 

complex than had been expected (JPL, 1973b). For the purpose of future 

Martian exploration, orbital or landing missions, the Mariner 9 

Geodesy/Cartography Group of the television team decided to use the 

areoid potential surface (geoid of Mars) derived from using the Martian 

gravity field as a reference for computing heights of topography on the 

Martian surface. The topographic datum derived from the gravity field 

and the Mars figure are described sequentially in this chapter. 

3.1 The Gravity Field of Mars 

The results of the analysis of the Mariner 9 radio-tracking 

data has shown that the gravity field of Mars is rougher than that of 

either the Earth of the Moon (Lorell, Anderson and Shapiro, 1970; 

Lorell et al., 1972). Because of this, a large number of coefficients 

are required in the spherical harmonic representation of the gravity 

field. Lorell has taken the spherical harmonic expansion model to the 

tenth degree and found the largest positive gravity anomaly to be in 

the Tharsis region where there is also a high topographic feature 

33 
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which is geologically quite significant. This has proved that the 

Martian topography does correlate with the gravitation potential. But, 

on the other hand, it was discovered that the higher degree spherical 

harmonics are not stable and only the lower degree harmonics have 

demonstrated stability, especially those coefficients of the fourth 

degree (Jordan and Lorell, 1975). Also, as Jafar pointed out (Jafar, 

1975), the coefficients in the spherical harmonics between the second 

and third degree show a strong correlation with the topography and 

starting with the fourth degree, the correlation becomes weak. The 

conclusion that high order models are not any better, was drawn by 

Cain (Cain et al., 1973) when attempting to fit the higher order 

models to the radio occultation data. Therefore, the fourth order and 

fourth degree spherical harmonics derived for the Martian gravity field 

are adopted for the gravity potential surface for computing heights on 

the Martian surface (Jafar, 1975). Incidentally, a fourth order and 

fourth degree spherical harmonic expansion was attempted to be used to 

represent the worldwide gravitation potential of the Earth when dis

agreement was found between both the northern and southern hemispheres 

(Uotila, 1962a, 1962b). 

The spherical harmonic expansion used to represent the Martian 

gravity field potential is: 

U = { 1 - E„ J ( — ) P sin <J) + £ E P ( — ) sin c}> 
r n=2 n r no n=2 m=l nm r 

[ C cos mX + S sin mA 1 } (3.1) 
nm nm 
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where 

G is the constant of gravitation 

M is the mass of Mars, also a constant 

A is the equatorial radius 

r is the radial distance of the orbiter from Mars 

P denotes the associated Legendre polynomials 
nm 

(J) is the latitude and A is the longitude of Mars 

If we set -J = C and since the Martian mass constant, 
n no 
km^ 9 

y = GM = 42828.439 /sec , has been previously determined 

(Christensen, 1975), then the equation can be changed to be expressed 

in terms of radial deviations from a mean sphere as (Jordan and Lorell, 

1975): 

N n . .. 
Ar = R E, £ p (sin d>) C cos m X + S sin m X (3.2) 

m n=l m=0 nm nm nm } 

where R can be an arbitrarily selected radius of the mean sphere. Then 
m 

the areopotential for AR is: 

R4 

2 in 2 , 
AR = Ar + % to — cos <J> (3.3) 

y 

where CO = 0.70882176 x 10 /sec, the rotational velocity of Mars. 

The computed radius R^, which is used to define the topographic datum 

can then be obtained by: 

Rp = R_ + AR_ (3.4) 
m m 

where R = 3,382.946 km. As we will see later in this chapter, this 
m 

value for R was obtained by fitting the 6.1 millibar occultation 
ni 
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pressure data from Mariner 9. The computation for Ar in equation (3.2) 

has been programmed as a subroutine for the adjustment of all the data 

from the various sources used in this experiment as will be discussed 

in later chapters. It is also programmed on the XY plotter at N = 4, 

the fourth degree. In equation (3.2), the terms for the associated 

Legendre polynomials were obtained from text books on geodesy, such as 

Hotine (1969); Heiskanen, Meinesz and Vening (1958); and Heiskanen and 

Moritz (1967), which are also listed in appendix 2 of table A2.1. 

Values of the gravity coefficients C 's and S 's were obtained from 
nm nm 

the results of the celestial mechanics experiment of Mariner 9 by 

Jordan and Lorell which are listed in table 3.1 (Jordan and Lorell, 

1975). 

A contour map of the gravitation potential of Mars has been 

prepared by using equation (3.2) and is shown in figure 3-1, in which 

the term J^ is not included. Figure 3-2 is the contour map of the 

areopotential of Mars, which includes the term and the centrifugal 

force. 

It should be noted that equation (3.2) is for the conventional 

coordinate system in which longitudes increase to the east. Since 

longitudes increase to the west in the Mariner 9 case, 360° - X is 

used in the computations. 
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Table 3.1.—The fourth degree and fourth order gravity coefficients of 
Mars—from Mariner 9 radio-tracking data. 
(C21, S21 and all first degree terms are omitted in the 
table from the potential series to allow the origin to be 
at the center of mass and the Z axis to coincide with the 
axis of rotation.) 

Coefficient 
C 
nm 

Value 

(xl0~4) 

4-

(xl0~4) 

Coefficients 
S 
nm 

Value 

(xl0~4) 

+ 

(xl0~4) 

J2 = -C20 19.65 0.06 

J3 = -C30 0.36 0.20 

J4 = -C40 -0.29 0.40 

C22 -0.548 0.010 S22 0.31 0.02 

C31 0.048 0.040 S31 0.26 0.05 

C32 -0.055 0.020 S32 0.026 0.020 

C33 0.048 0.003 S33 0.035 0.003 

C41 0.025 0.060 S41 0.019 0.070 

C42 -0.0063 0.010 S42 -0.024 0.020 

C43 0.0037 0.003 S43 0.00015 0.002 

C44 -0.00023 0.0007 S44 -0.00250 0.001 

3.2 The Figure of Mars 

Mars has been suspected of being a flattened planet. For many 

years, astronomers have tried to observe the flattening of Mars and 

almost all optical measurements resulted in a large flattening value 

for Mars of about 0.011 (Dollfus, 1972). However, a value of approxi

mately 0.0052 was obtained by those who observed the two satellites 

of Mars in their close Martian orbits. The difference between the 
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Figure 3-1.—Contour map of gravitational potential of Mars, fourth degree and 
order spherical harmonics, with J 2 set equal to zero.—The contour 
interval is 0.1 km on a Mercator projection for latitudes 65 to 

-65° and a polar stereographic projection for latitudes higher than 65 



Figure 3 2. -Contour map of the areopotential of Mars, in terms of fourth 

degree and order spherical harmonics and including J? and 
centrifugal force.--The contour interval is 1 km. LO 

vo 
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optical and dynamic measurements is that the former can only measure 

the external geometric figure while the latter has considered the 

dynamic figure within the gravity field of Mars which is a measure of 

the total mass distribution. H. C. Urey pointed out in 1950 (Hartmann 

and Raper, 1974) that there may be a ring of high mountainous terrain 

in the equatorial zone. As discussed in chapter 11, the topographic 

map produced from this experiment shows that there is relatively high 

terrain along the equatorial band. 

Because the orbital periods of Mariner 9 in Martian orbit were 

not constant but oscillating, this indicates that Mars is not only 

meridianally but also equatorially non-circular in shape. The radio 

occultation data from Mariner 9 has also indicated that the average 

terrain elevation in the northern hemisphere is about three to four 

kilometers lower than that in the southern hemisphere. This means that 

the northern hemisphere is closer to the center of mass of Mars. This 

shows that Mars is also asymmetric in the north-south direction 

(Kliore et al., 1973; Kliore et al., 1972a). All of these facts 

indicate that an oblate spheroid figure is not adequate to represent 

the planet. 

By using all of the radio occultation measurements of Mariner 9 

with the 6.1 millibar pressure surface, Cain (Cain et al., 1973, 1972) 

has tried to fit a triaxial ellipsoid using the equation: 

j. xi z2 

A2 B2 + ? " 1 <3"5) 

and has also tried using spherical harmonics which gave the following 

results, 
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A = 3,394.67 km 

B = 3393.21 km 

C = 3376.78 km 
i 

0 = 108.50° west longitude 

f = 0.00506 

rms fit = 1.63 km 

Standish (Standish, 1973) has also used the Mariner radio 

occultation data to fit a tri-axial ellipsoid which was especially for 

use in the data reduction of the Mars radar observations. This resulted 

in the following values: 

A = 3,399.3 + 0.7 km 

B = 3394.0 +0.7 km 

C = 3,376.4 + 0.5 km 

f = 0.00596 

0 = 100.9 + 6.6° 

As previously discussed, the topographic datum of Mars derived 

for this experiment is to use the gravity field of Mars and the 6.1 

millibar pressure surface. The areoid is then not only defined 

mathematically by equations (3.1) of (3.2) but also can be represented 

by contour lines as shown in figure 3-3 of the next section. However, 

in terms of geometry, it can also be approximated by a triaxial 

ellipsoid. The figure and size of the triaxial ellipsoid can be ob

tained from gravity as (Christensen, 1975): 

e = h tail"1 ( HI ) = 105° (3.6) 
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A = R {1 + h J2 + 3 [C22 cos (26) + S22 sin (20)]} 

2 4 
+ % jJLA_ = 3,394.6 km (3.7) 

B = R {1 + % J2 + 3 [C22 COS 2(0 + 90) + S22 sin 2(0 + 90]} 

2 4 
+ ^-5- = 3,393.3 km (3.8) 

y 

C = R (1 - J2) = 3,376.3 km (3.9) 

f  = -| J
2+35$ = 0.00525 (3.10) 

where 

2 2 
$ = w A B (Heiskanen and Moritz, 1967, p. Ill) (3.11) 

y 

In equations (3.6) to (3.9), R is the radius of the mean sphere 

at a 6.1 millibar pressure surface, which equals 3,382.946 kilometers. 

This will be discussed in the next section of this chapter. 

These results confirm the Mars dynamic flattening of 0.0052 

which was arrived at in the early days by observing the two satellites 

of Mars. It is also of interest to note that the results from Cain's 

fit of the spherical harmonics of fourth degree and order using 

occultation data are very close to that derived dynamically with the 

gravity field of Mars. This indicates that the triaxial ellipsoid 

fitted by Cain is very close to the areoid and is useful for approx

imating it. But the one that was fitted by Standish is different 

enough that we have difficulty in trying to correlate with the radar 

data from the Goldstone Observatory. 
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3.3 The Topographic Datum of Mars 

The Martian surface pressure discussed in chapter 1, ranges 

from somewhere between 2.8 to 10.3 millibars as recorded from various 

experiments of the Mariner Mars missions. Since pressure measurements 

prove to correlate well with altitudes of ground features on the 

Martian surface, it is logical to select a certain surface pressure to 

be the datum for elevation reference. As discussed in sections 3.1 

and 3.2, R in equations (3.2), (3.3), (3.4) and R in (3.7), (3.8) and 
m 

(3.9) is selected to be the radius of a mean sphere which has a 6.1 

millibar pressure. This value was selected because of the fact that 

6.105 millibars is the triple-point pressure of water. C. A. Barth 

suggested (Hord, 1972) that a meaningful normalization on Mars is to 

choose the zero altitude at the triple-point pressure. 

The triple-point pressure is the minimum pressure at which 

liquid water can exist in equilibrium with its gaseous vapor. At 

lower pressures (higher elevations), it boils or freezes depending on 

the temperature. At higher pressures (lower elevations), it can exist 

as a liquid in equilibrium, but it evaporates if the atmosphere is dry-

enough. At exactly 6.105 millibars and 273.01°K, the three states of 

water (gas, liquid and solid) can all exist in equilibrium. 

When an instrument package is sent to the surface of Mars, 

consideration may be given to landing at lower elevations which are 

below the topographic datum so that evidence of the existence of water 

may be searched for. 
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The radius of this selected 6.1 millibar pressure surface is 

3,382.946 kilometers. Therefore, the topographic datum is defined by 

equations (3.4) and (3.5). Radii of the datum have been computed for 

an increment of 5° in both longitude and latitude. A contour map to 

express this Mars topographic datum is shown in figure 3-3 with a one 

kilometer contour interval. Numerical values of radii of the datum 

have also been listed in Appendix A, Table Al-1. Here they are listed 

in 10° increments in both longitude and latitude. 

In the reduction of the data from various sources used in this 

experiment, the radius of the datum at the point in consideration is 

computed by calling a subroutine in the computer. Only latitude and 

longitude of the point are required to find the datum at that point. 
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Figure 3-3.—Contour map of the topographic datum of Mars.--This areoid is 

derived from the Martian gravity field in terms of fourth degree 
and order spherical harmonics at a 6.1 mb datum. The contour 
interval is 1 km. 



PART II 

CONTOURING THE ENTIRE PLANET OF MARS 

USING NON-IMAGING TOPOGRAPHIC DATA 
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CHAPTER 4 

NON-IMAGING TOPOGRAPHIC DATA SOURCES 
OF MARINER 9 

The primary goals of Mariner-Mars 9 were to map the entire 

planet of Mars and to observe its dynamic characteristics. The 

instruments for the six experiments carried on board the spacecraft 

which included two television cameras, an infrared interferometer 

spectrometer, an infrared radiometer, an ultraviolet spectrometer, an 

S-band radio and a celestial mechanics experiment, provided broad topo

graphic and thermal coverage, and measurements of parameters of the 

surface as well as the atmosphere of Mars. In fact, most of the results 

from each of these experiments are used in the topographic mapping of 

Mars. It is beyond the scope of this paper to discuss the theory, the 

instrumentation, and the data analysis of each of these experiments. On 

the other hand, a brief description of that part of each experiment which 

has significance to the topographic data will certainly assist in better 

understanding the nature of the maps produced through this investigation. 

This chapter will give descriptions of the S-band radio occultation, 

ultraviolet spectrometer, infrared interferometer spectrometer, and 

the infrared radiometer experiments. The television imaging system 

will be discussed separately in a later chapter. 
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4.1 S-band Radio Occultation 

The S-band radio occultation experiment does not require any 

specific instrumentation other than the on-board S-band radio, the 

signals of which are also used by the on-board spectrometers, to study 

the temperature and pressure of the atmosphere and ionosphere of Mars. 

At the instant of the spacecraft orbital occultations at both entry 

and exit, the radii of Mars at those points can be determined by 

recording the time immediately before and immediately after an occul

tation. The occultation data and the spectrometer measurements data 

were received at the deep space stations at Goldstone, California, 

Woomera, Australia, and Cebreros, Spain (Kliore et al., 1972b). 

The radio occultation technique has been used in all of the 

Mariner-Mars missions. The Mariner 9 spacecraft was occulted twice by 

Mars every 24 hours. One occultation measurement was made at entry 

(noted by N) and one at exit (noted by X). About 160 occultation 

points were recorded in the first 40 day period of the standard mission 

and the second set was measured during extended mission 1 which is 

significant because the coverage then included high latitudes, up to 

+86° and -80°, which improves the determination of the figure and the 

size of Mars. The last set of measurements were made during extended 

mission 2. There are, altogether, 259 usable points scattered over 

the entire Martian surface. Each of which also provided accurate 

pressure and temperature measurements. (The pressures recorded range 

from 2.8 to 10.3 millibars over the Martian surface.) 
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The accuracy of the radius measurements depends primarily on 

the precision of the recording time of the occultation. The uncer

tainty of the first set of 73 points was about 0.330 kilometers and the 

maximum uncertainty of the second set of measurements was 1.1 kilom

eters which altogether ranged from 0.25 km to 2.1 km (Kliore et al., 

1973; Christensen, 1975). 

As shown in figure 4-1, because of the wide distribution and 

accuracy, the Mariner 9 occultation measurements play an important role 

in this investigation and have been used as controls. This will be 

discussed again in chapter 6. 

4.2 Ultraviolet Spectrometer (UVS) 

The major objectives of the ultraviolet spectrometer experiment 

were to measure structure, composition and pressure of the Martian 

atmosphere and the Martian surface (Barth, Stewart et al., 1972). The 

ultraviolet intensity is a measure of the number of atmospheric scat

ters. The local pressure can be determined, from these intensity 

measurements, and the variations of local pressure can be used to 

measure the Martian topography (Barth and Hord, 1971). As shown in 

figure 4-2, there are almost 7,500 measurements of elevation provided 

by the UVS experiment along the paths of Mariner 9. The resolution is 

about 30 kilometers. 

4.3 Infrared Interferometer Spectrometer (IRIS) 
and Infrared Radiometer (IRR) 

The infrared interferometer spectrometer was used to infer the 

Martian atmosphere and surface parameters which include the temperature 
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Figure 4-1.—Locations of all occultation points distributed over the 
entire planet of Mars. 
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Figure 4-2.—Locations of elevation points converted from ultraviolet 
spectrometer measurements from Mariner 9. 
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for a vertical temperature structure. It provides topographic informa

tion through the absorbtion of certain bands of CO^. The local 

variations are claimed to be reliable to 0.5 kilometers, but the 

absolute accuracy is about + 1 kilometer (Herr et al., 1970; Hanel et 

al., 1972b; Hanel et al., 1970). While the infrared radiometer is used 

to infer the thermal properties of the Martian surface (Chase et al., 

1972), the data can also be used to compile a temperature map which can 

be correlated with topographic variations (Cunningham and Schurmeier, 

1969). As shown in figure 4-3, there are about 4,600 elevation points 

provided from the infrared experiment of Mariner 9. As in the case of 

the UVS data, these points were also observed along the paths of 

Mariner 9. 
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CHAPTER 5 

EARTH-BASED RADAR DATA 

Radar observations of Mars have been going on since 1963 

(Goldstein and Gillmore, 1963). Altitudes on the Martian surface are 

calculated from signal time delay. In other words, variations in 

travel time to and from Mars are associated with the topographic relief 

on the Martian surface. The resolution of the observations can be as 

small as 8 kilometers and the precision of the height measurements 

ranges from 75 meters to 200 meters. However, this precision is simply 

a direct translation from the precision of the time measurements of the 

observations. This may be applied to affect the local topography. The 

actual accuracy of heights involves both the error from the ephemeris 

and the figure of the planet assumed. 

More than 15,000 data points on Mars topography observed from 

Goldstone, California, and Haystack, Massachusetts, along with sensor 

data from Mariner 9, were used in this investigation for compiling the 

topographic maps of Mars. All the information of Earth-based radar data 

is listed in table 5.1. Data reduction and elevation adjustment of 

these radar points will be discussed in the following chapter. For 

local relief, the radar data seems to be very reliable. But for globe 

wide topography, improvements need to be made, especially in such items 

as the improvement of the ephemeris and the figure of Mars used as a 

datum. 
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Table 5.1.—Topographic information from ground-based radar observation of Mars 

Observatory 
(year) 

Coverage 
Number of 
points 

Resolution 
E - W N - S 

Precision 
Mean sphere 
radius 

Remarks 

Haystack 

1967 22° 118 6.1° 3396 km 
t 

Pettengill et al., 1969 

1969 3° to 12° 587 2.7° 100 m 3,393 km Rogers et al., 1970 

1971 

-10.0° 

to 

-22.5° 

2,044 
0.8° 1.3° 

(45km) (80km) 
75 m 3394 km / Pettengill et al., 1971, 

1973 

Goldstone 

1969 3° to 12° 238 200km 90km 200 m 3^90 km Goldstein et al., 1970 

1971 

-14.3° 

to 

-18.6° 

9,798 
0.16° 1.3° 

(8km) (80km) 
150 m 3387 km 

/ Downs et al., 1971, 1973 

1973 

-14.9° 

to 

-22.4° 

3,096 

0.16° 

(8km) 150 m triaxial 
ellipsoid 

Downs et al., 1975 

Arecibo 

1973 0.3° 1.0° Pettengill et al., 1974 
(reference only) 
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As shown in figure 5-1, more than 2,700 points were used from 

the oppositions of 1967, 1969 and 1971 at Haystack Observatory, 

Massachusetts. The coverage of the data points from the oppositions 

of 1969, 1971 and 1973 at Goldstone, California is shown in figure 5-2. 

There are more than 13,000 radar points which were used for this Mars 

project. Data observed at Arecibo was used only for reference because 

the map had already been compiled at the time the data was received. 
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CHAPTER 6 

DATA REDUCTION AND ELEVATION ADJUSTMENT 

The data reduction is the computation of the elevations of all 

of the data points with respect to the adopted topographic datum. The 

elevation adjustment is the adjustment of all of the reduced elevation 

points to be in agreement with those points which are selected as the 

control points. Since the radio-occultation points are distributed 

fairly evenly over the entire planet, and their accuracy as described 

in chapter 4, is consistent even though they range from 0.25 to 2.1 

kilometers, it was decided that the data from the radio-occultation 

experiment would be used as control points. 

6.1 Data Reduction 

The procedure for determining the true elevation of any point 

depends upon the form of the topographic information of that point. In 

the first case, where the data point is the observed radial distance, 

the elevation of the point is obtained by comparing the observed and 

computed radii, which is obtained by using equations (3.2), (3.3) and 

(3.4). In the second case, where the elevations of the data points 

have already been reduced to the 6.1 millibar reference surface, then 

only the elevation adjustment is required. In the third case, the 

elevations of the data points have been previously determined by the 

experimenters using an arbitrary Mars figure, which could be a 

spherical shape with an arbitrary radius. The elevations are then 
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converted back to their radius value. The problem is then, that of the 

first case and that procedure is used for determining the true eleva

tions of the points. 

The data reduction of the radio occultation points, falls under 

the first case condition where the observed radius of all the points 

were provided. Following the procedure for the first case condition, 

the datum at each point is computed and then its absolute height above 

the datum is determined. The results of the data reduction for the 

occultation measurements are listed in Table A1.2 of Appendix A. 

The data point elevations from the ultraviolet spectrometer 

experiment and the infrared interferometer spectrometer experiments 

were already reduced to a 6.1 millibar reference surface, and there

fore, no data reduction was necessary. The points only needed to be 

adjusted. 

For the Earth-based radar data points, as described before, 

observations were made from two different observatories over a period 

of three years of oppositions. For the oppositions of each year, 

different Mars figures were used and the information about these 

figures either was not available or was unclear at the time of this 

investigation. It was decided to adjust the raw elevation data directly. 

Further discussion of this problem and recommendations for revision 

will be discussed in chapter 11. 

6.2 Elevation Adjustment 

Since Mariner 9 had an inclination angle of 65°, all of the 

data from both the ultraviolet spectrometer experiment and the 
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infrared interferometer spectrometer experiment were along ground 

paths that are somewhat oriented in the north-south direction. The 

paths of the Earth-based radar data are exactly in the east-west 

direction in two belts in both the northern and southern hemispheres. 

Therefore, the procedure to adjust all elevations to a common system is 

to adjust all the Earth-based radar points first with the Goldstone and 

Haystack data adjusted separately by matching them to the occultation 

points since many of the occultation points are located within the zone 

of the radar data points. Then all of the data of the ultraviolet 

spectrometer experiment and the infrared interferometer spectrometer 

experiment were adjusted by matching them to the adjusted radar points 

as well as the occultation points at their mutual intersections. This 

was done like laying down all the railroad ties (data on paths) onto 

the two railroad tracks (radar data belts). 

6.2.1 Elevation Adjustment of Radar Data 

The radar data was adjusted for each year's oppositions 

separately. A polynomial carrying X, the longitudinal direction, to 

the fourth degree, was used. This is the same expression as for the 

topographic datum which is also expressed by a fourth degree Legendre 

polynomial. By comparing the control points selected with the corre

sponding observed radar points, coefficients of the polynomial were 

determined by a least square solution. Then all of the radar points 

obtained in the same year of oppositions were adjusted using the 

polynomial. The polynomial has 10 unknown coefficients as follows: 
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AE = E - E = A + Bx + Cx2 + Dxy + Ey2 + Fx3 
CO 

? 2 4 3 
+ Gx Y + Hxy + Ix + Jx Y (6.1) 

where E is the elevation of the control point, E is the observed 
c r ' o 

elevation of the corresponding radar point, x and y are, respectively, 

the longitude and latitude of the point. The adjusted elevation of 

each point can then be calculated by: 

E = E + AE (6.2) 
A o 

From the results of the radar elevation adjustment it was found 

that the Goldstone 1973 radar elevations are, on the average, 7.1 

kilometers lower than the control system. This might be due to the fact 

that the triaxial ellipsoid by Standish used as the base for the 1973 

radar data has a longer semi-major axis (3399.3 km) compared with the 

semi-major axis of the datum adopted (3^394.6 km) in section 3.2. On 

the other hand, the Goldstone 1971 radar elevations were found to be, 

on the average, 1.4 kilometers higher than the control system. This 

might be due to the fact that a mean radius of 3,387 kilometers was 

assumed for a spherical Mars for that year's oppositions. The standard 

errors of the residuals are 1.1 and 0.6 kilometers for the adjustment of 

Goldstone 1973 and 1971 respectively. 

The Haystack 1971 data was found to be, on the average, 5.3 

kilometers too low, whereas the 1969 data is, on the average, 1.3 

kilometers lower than the control system. The Haystack 1967 radar data 
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was found to best match the control system and has only 0.1 kilometer 

standard error after adjustment. 

6.2.2 Elevation Adjustment of Infrared 
Interferometer Spectrometer Data 

The 4,630 points from the infrared spectrometer experiment were 

adjusted altogether using a polynomial of 15 unknowns. As in the case 

of the radar adjustment, x, the longitudinal direction, was carried to 

the fourth degree and y, the latitudinal direction as also carried to 

the fourth degree. The polynomial is 

AE = Ec - Eq = Ax + By + Cx^ + Dxy + Ey^ + Fx^ + Gx^y + Hxy^ 

+ Iy^ + Jx^ + Rx^y + Lx^y^ + Mxy^ + Ny^ + T (6.3) 

A total of 268 points from both the occultation experiment and 

the adjusted radar points were used for the controls. Since this data 

was already reduced to a 6.1 millibar datum, it showed to be, on the 

average, only 0.2 kilometers higher than the control system. 

6.2.3 Elevation Adjustment of Ultraviolet Spectrometer Data 

For the adjustment of the 7,500 data points provided by the 

ultraviolet spectrometer experiment, the same technique, using the 

polynomial in (6.3) was attempted using 264 control points from the 

occultation and the radar data adjustments. Results of the adjustment 

showed an inconsistency. Then an attempt was made to adjust all of the 

data together by expanding the polynomial using the Legendre expansion 

to the fourth degree and fourth order with 25 unknown coefficients used to 
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define the Martian gravity field. The adjustment did not seem to 

improve. Then the final solution was to adjust each of the 39 paths 

separately with a second degree polynomial as: 

7 2 
AE = A + Bx + Cy + Dx + Exy + Fy (6.4) 

In some paths the secondary adjusted infrared data points had to be used 

for control. 

The reason that the UVS data cannot be adjusted globally may be 

explained by the fact that the ultraviolet spectrometer was sensitive 

to temperature and therefore to seasonal changes, and other unknown 

factors. 



CHAPTER 7 

TOPOGRAPHIC CONTOUR MAPS OF MARS 

In this chapter the methods and procedures used for contouring 

Mars, and also the contour maps of Mars produced will be briefly 

described. 

7.1 Contouring Methods and Procedures 

After completion of the computation for the data reduction and 

elevation adjustment on a PDP 11/45 computer, the adjusted data is put 

on magnetic tapes. Using the XY plotter, the adjusted elevations are 

then plotted on the designated 1:5,000,000 projection grids. The data 

from each source was plotted on separate grids. 

All of the grids of the same quadrangle with the plotted data 

from the different sources, were overlaid on each other and contour 

lines were then drawn by interpolation using all of the elevations 

available. The data grids with the contours were then overlaid on the 

same shaded relief quadrangles (Inge and Bridges, 1975) or photo 

mosaic maps, at the same scale as the data grids. The contour lines, in 

some places, needed to be slightly adjusted. At the same time, when 

gross errors of any data point were detected, the point was discarded. 

During the process of compilation, some geologists who are 

studying the geology of the Martian surface, were asked for advice on 

contouring some of the Martian features where the data was either 

insufficient or questionable. 
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Where large scale contour maps of some prominent features or 

features of special geologic interest were available by stereo compi

lation, which will be discussed in later chapters, they were reduced 

onto the 1:5,000,000 maps. 

After the completion of the contour compilations, copies of the 

contour maps were sent to about 30 geologists, cartographers, and 

engineers for their review and comments. Some slight modifications 

have been made as a result of their comments. 

The final form for publication of these maps, are shaded relief 

bases, or photo mosaic bases with the contour lines superimposed. 

These shaded relief base maps were compiled by the Cartography Unit of 

the U.S. Geological Survey, Branch of Astrogeologic Studies. 

7.2 Nomenclature 

The nomenclature shown on the maps which are illustrated in the 

next section, was derived from classical names. After Mariner 9, the 

IAU working group on Martian nomenclature proposed names of prominent 

craters and other Martian features. Most of the crater names are in 

honor of deceased astronomers and other scientists. 

To help in reading the maps, or in understanding the Martian 

feature referred to, the meaning of other feature classical names are 

as follows (Cutts, 1974): 

(1) Catena - Crater Chain 

(2) Chasma - Canyon 

(3) Dorsum, Dorsa - Ridge, Ridges 

(4) Fossa, Fossae - Ditch, Ditches 
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(5) Labyrinthus - Valley Complex 

(6) Mensa, Mensae - Mesa, Mesas 

(7) Mons, Montes - Mountain, Mountains 

(8) Patera - Irregular crater 

(9) Planitia - Plain 

(10) Planum - Plateau 

(11) Tholus - Hill 

(12) Vallis, Valles ~ Valley, Valleys 

(13) Vastitas - Extensive plain 

7.3 Topographic Contour Maps of Mars 
(1:25,000,000 and 1:5,000,000) 

Contour lines on the topographic maps of Mars at the scales of 

1:25,000,000 and 1:5,000,000 were derived from non-imaging sensor data, 

as described in this Chapter. The maps shown in figures 7-2 to 7-31 

are 4.7 times reduced from their original size. Therefore the maps as 

illustrated are no longer at 1:5,000,000 scale. However, a bar scale 

is located at the bottom of each map. 

The map as shown in figure 7-1 is the 1:25,000,000 Mars map 

which is 5.5 times reduced. 

The map bases are shaded relief maps established by airbrush 

techniques. If the shaded relief map for any of these quadrangles is 

not available, the map base is replaced by a photo mosaic map. 



NORTH 
0° 

mm 

. >rf/.^:> ,v' •• V- .IVY,., f. 

Mk®mm 
Figure 7-1.—Topographic contour map of Mars. 



Figure 7-2.—Topographic contour map of the Diacria quadrangle of Mars 

(contour interval = 1 km) 
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Figure 7-3.—Topographic contour map of the Arcadia quadrangle of Mars. 
(contour interval = 1 km) 
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Figure 7-4.—Topographic contour map of the Mare Acidalium quadrangle of Mars, 

(contour interval = 1 km) 
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Figure 7-5. Topographic contour map of the Ismenius Lacus quadrangle of Mars, 

(contour interval = 1 km) -~J 
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Figure 7-6. Topographic contour map of the Casius quadrangle of Mars. 
(contour interval = 1 km) 

•vj 
UJ 



Figure 7-7.—Topographic contour map of the Cebrenia .quadrangle of Mars 

(contour interval = 1 km) 
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Figure 7-8. —Topographic contour map of the Amazonis 
of Mars. (contour interval = 1 km) 
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Figure 7-9.—Topographic contour map of the Tharsis quadrangle of 
Mars. (contour interval = 1 km) 
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Figure 7-10.—Topographic contour map of the Lunae Palus quadrangle 
of Mars. (contour interval = 1 km) 



Figure 7-11.—Topographic contour map of the Oxia Palus quadrangle 
of Mars. (contour interval = 1 km) 
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Figure 7-12.—Topographic contour map of the Arabia quadrangle of 
Mars. (contour interval = 1 km) 
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Figure 7-13.—Topographic contour map of the Syrtis Major quad
rangle of Mars. (contour interval = 1 km) 
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Figure 7-14.—Topographic contour map of the Amenthes quadrangle 
of Mars. (contour interval = 1 km) 
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Figure 7-15.—Topographic contour map of 
Mars. (contour interval = 

the Elysium quadrangle of 
1 km) 



83 

Figure 7-16.—Topographic contour map of the Memnonia quadrangle 
of Mars. (contour interval = 1km) 
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Figure 7-17.—Topographic contour map of the Phoenicis Lacus 
quadrangle of Mars. (contour interval = 1 km) 



Figure 7-18.—Topographic contour map of the Coprates quadrangle 
of Mars. (contour interval = 1 km) 
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Figure 7-19.—Topographic contour map of the Margaritifer Sinus 
quadrangle of Mars. (contour interval = 1 km) 



Figure 7-20.—Topographic contour map of the Sinus Sabaeus.quad
rangle of Mars. (contour interval = 1 km) 
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Figure 7-21.—Topographic contour map of the lapygia quadrangle 
of Mars. (contour interval = 1 km) 



Figure 7-22.—Topographic contour map of the Mare Tyrrhenum quad 
rangle of Mars. (contour interval = 1 km) 
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Figure 7-23.—Topographic contour map of the Aeolis quadrangle of 
Mars, '(contour interval = 1 km) 
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Figure 7-24.—Topographic contour map of the Phaethontis quadrangle of Mars. 
(contour interval = 1 km) 

VO 



£r.nrr« 

• i - ' V: . a •• -i/' •'• -^5 J 
v .. -r , . A ,-< •'•• t'}.• [. •••>y, 

\v • w <*:.>. .: ' V," '-Jr-v J*2~"V -'•<»: •; • i -V y 

Figure 7-25.—Topographic contour map of the Thaumasia quadrangle of Mars, 
(contour interval = 1 km) 
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Figure 7-26.—Topographic contour map of the Argyre quadrangle of Mars, 
(contour interval = 1 km) KO 
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Figure 7-27.—Topographic contour map of the Noachis quadrangle of Mars. 
(contour interval = 1 km) 
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Figure 7-29.—Topographic contour map of the Eridania quadrangle of Mars. 
(contour interval = 1 km) 
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Figure 7-30.—Topographic contour map of the Mare Australe quadrangle 
of Mars. (contour interval = 1 km) 



Figure 7-31.—Topographic contour map of 
Mars. (contour interval = 

the Mare Boreum quadrangle of 
1 km) 



PART III 

CONTOURING BY STEREO PHOTOGRAMMETRIC METHODS 

USING TELEVISION PICTURES OF MARINER 9 
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CHAPTER 8 

MARINER 9 MARS IMAGERY 

The primary goal of Mariner 9 was to photographically map the 

planet Mars, therefore, the television imaging system was the major 

instrumentation of the six on-board experiments. For supporting the 

analysis of the 7,329 pictures sent back to Earth, a large work force 

was required to do real-time and non real-time image processing. 

8.1 Television Cameras 

The imaging system consists of two television cameras which 

were similar to those used on Mariners 6 and 7. Both cameras have the 

same image format of 9.6 mm x 12.5 mm, consisting of 700 lines x 832 

pixels of image elements. Each pixel size is approximately 13.3 microm

eters. The wide angle camera, referred to as the A camera, has a 

calibrated focal length of 52.267 mm and a field of view of 11° x 14°. 

The other camera, called the narrow angle or B camera, has a calibrated 

focal length of 500.636 mm with a field of view of 1.1° x 1.4°. At a 

nominal altitude of 1,500 km the A camera has a 1 km to 3 km ground 

resolution and the B camera has a 0.1 km to 0.3 km ground resolution. 

Camera A had 8 changeable filters and camera B had only one fixed filter. 

Although the vidicon cameras introduce a number of different kinds of 

distortions in the imagery, they are, at present, the most feasible way 

of acquiring space imagery on which photogrammetric measurements can ha 
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made (Wong, 1968). The 111 reseau marks of the A camera and 63 reseau 

marks in the B camera, provide a means of geometrically correcting for 

most of the distortions. Figures 8-1 and 8-2 show the reseau grids 

for camera A and B respectively. The reseau grids were calibrated and 

this information can be found in JPL 610-202 (Snyder, 1971). 

8.2 Pho to graphy 

Thirty-one pictures were taken during each 12 hour orbit of 

Mars. Most of the pictures were received by the 210 feet antenna at 

Goldstone, California and recorded on magnetic tape. The photo 

coverage varies from 380 x 500 km to 1,150 x 1,500 km depending upon 

the altitude. The photographs are identified by a DAS number (Data 

Automation System), derived from a spacecraft clock. It is the start 

time of the scanning of each picture and is an eight digit number. 

Obtaining stereoscopic coverage of the Martian surface was not a 

specific objective of the Mariner 9 mission. However, during the 

planet wide dust storm, many pictures which were taken of a few unob-

scured features from different directions in space, turned out to be a 

bonus for the mission. The mission planners eventually realized the 

potential of stereo photogrammetry. More convergent stereo coverage 

was acquired of features of special geologic interest. Non-conventional 

photogrammetric methods had to be developed to process these unusual 

stereo model geometries. 
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Figure 8-1.—Reseau grid for camera A vidicon on board Mariner 9. 
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Figure 8-2.—Reseau grid for camera B vidicon on board Mariner 9. 
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8.3 Image Processing 

The television pictures from Mariner 9 were reconstructed at 

the Jet Propulsion Laboratory Image Processing Laboratory. There were 

two kinds of processing, one is real-time processing, the other is 

non real-time processing (Cutts, 1974). The real-time processing 

produced pictures from the magnetic tape records of the television 

image elements radioed back to earth. This computer processing 

involved shading corrections and contrast enhancement to bring out 

fine detail. The non real-time image processing produces pictures for 

special mapping requirements and other scientific studies. The pic

tures produced from this processing, in addition to contrast and detail 

enhancement, can also be geometrically corrected. This processing can 

also provide picture rectification to specific map projections 

(Levinthal et al., 1973, Seidman et al., 1973). 

The Reduced Data Records (RDR) version, which has geometric 

and photometric distortions removed, are used for stereo photogram-

metric work. 



CHAPTER 9 

NON-CONVENTIONAL PHOTOGRAMMETRIC METHOD 

Some stereo coverage was acquired from the Mariner 9 mission. 

In most of the stereo models formed from this coverage, the camera 

stations were located in different orbits. Because of this, the stereo 

pictures have significant flight height differences, large tilt angles 

and different sun illumination. These conditions cause the surface 

feature to appear slightly different in the two stereo photographs. To 

set up stereo models with these very unusual model geometries, special 

non-conventional photogrammetric procedures which use the mission 

support data were developed (Wu et al., 1973). If C^ and C^, as shown 

in figure 9-1, are the two camera stations of the convergent photography, 

and N^ and N^ are their nadir points respectively, it will be easier to 

obtain a model if the principal line N^ P^, which contains the principal 

point and the nadir point of the left photograph, is set along the x 

axis of the plotter and setting the model zero coordinates at the 

principal point. It is advantageous to prepare initial orientation 

parameters in which both BY and w of photo 1 are zero. The y tilt, (j>, 

of photo 1 is simply equal to VAR^, which is VAR-5 in the SEDR data of 

photo 1 (the angle between the local vertical and the direction to the 

spacecraft). Other parameters of photo 1 can be determined as in the 

following: 

104 



105 

BX 

BX | (- BZ2 

CENTER OF MARS 

BX2 

Figure 9-1.—Geometric configuration for setting up models with non-

conventional model geometry on an analytical stereo-plotter. 
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= (SRR-Q) (sin VAR^ (9.1) 

BZ = (SRR-Q) (cos VAR ) + h (9.2) 

where SRR-Q in the SEDR data is the slant range from the camera station 

to the principal point intersecting on the Martian surface. 

The determination of the initial parameters of photo 2 are almost 

the same as in the case of photo 1, if the principal line of photo 2 is 

coincident with the principal line of photo 1. But this is usually not 

the case as it is shown in the lower part of figure 9-1. The procedure 

used in determining the initial parameters of photo 2 in this case is to 

use the given longitudes and latitudes of the principal point and the 

nadir point of each photograph. From these, it is possible to find the 

azimuth of anc^ ̂ 2^2' ^en ̂ ap anc^ ̂ a> which are the dif

ferences between and and NiPi and P2N2 resPectively» can be 

determined. Then: 

BX£ = [(SRR-Q) (sin VAR2] cos Aa + d cos Aa^ (9.3) 

BY2 = [(SRR-Q) (sin VAR2] sin Aa + d sin Aa^ (9.4) 

BZ2 = (SRR-Q) (cos VAR2) (9.5) 

BX2 
= arc tan :rrr- (9.6) 

2 2 

by
2 

w2 = arc tan (9.7) 
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where SRR-Q in the SEDR data is the slant range from camera station 2 

to the ground location of the principal point of photo 2, and VAR£ is 

the local zenith at the principal point of photo 2, as is explained for 

photo 1, and d is the distance between the two principal points which 

can be determined from the given coordinates. 

Parameters for each photograph should be reduced to the model 

scale which can simply be taken as the photo scale at the principal 

point of photo 1 and determined approximately as: 

*"1 
f (1 - tan —r- sin t ) 

s = _J: £ (9.8) 

p 

where, 

Hx = RMAG1 - R (9.9) 

RMAG in the SEDR data is the slant range from the spacecraft to the center 

of Mars; t^ is the tilt angle which is QST in the SEDR data; R is the 

radius of Mars at the nadir point of photo 1. This is determined as 

(Bomford, 1962, p. 403): 

R = A (1 - F sin^ <p) (9.10) 

where, A is the semi-major axis of Mars, 

A = 3,393.4 km 

F = 0.0052, the flattening of Mars 

tj) is the latitude at the nadir point 

h^ is the elevation at the principal point of photo 1, 

which can be ignored when compared with H^. 
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Once all initial parameters are prepared, normal operation procedure 

follows on an analytical plotter for the relative orientation. 

It should be mentioned that since there are no ground control 

points for an absolute orientation, the model is scaled by the given 

coordinates of the two principal points or other reseau marks. Level

ing of the model is usually done arbitrarily by using the initial 

parameters of photo 1 as a guide. 

The technique was applied to a model of camera B photographs 

which was set up on an analytical plotter. The photograph identifica

tion numbers are DAS-07326763 (left) and 10132929 (right). They have, 

according to the SEDR data, a slant range of 5,123 and 5,321 km for the 

left and right photographs respectively. The left photograph has a 

tilt angle of 2.08° and the tilt angle of the right photograph is 18.40°. 

The base-to-height ratio of this model is 0.37. The model scale is 

approximately 1:920,000. Figure 9-2, is the contour map compiled from 

this model and superimposed on one of the photographs as a base. The 

map scale is 1:100,000 and the contour interval is 400 meters with 

200 meter supplemental contours. This area is a small portion of the 

Martian canyon lands. It has a 4.5 kilometer depth at this location. 

The non-conventional photogrammetric method was also applied to 

another stereomodel of camera A photographs which was set up on an 

AS-11A analytical plotter. The photograph identification numbers are 

DAS-05492378 (left) and 06823918 (right). They have a slant range, to 

the center of Mars of 5,582 and 6,356 km and a tilt angle of 7.06° and 

12.91° for the left and right photographs respectively. This is a 
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Figure 9-2.—Photo map of the Mars Canyonlands—compiled on AP/C plotter 

using B-frames DAS-0732 and -10132929, contour interval 

400 m. 
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model of convergent photography and has a base-to-height ratio of 0.89. 

The model scale is 1:10,800,000 with a contour interval of 2 km. The 

contour map is shown in figure 9-3. This is Olympus Mons (original 

name Nix Olympica), the largest and highest volcanic feature ever seen. 

It is about 27 km high above the datum and about 500 km wide at its 

base. The location on the Martian surface is at longitude 134.2°W and 

latitude 19.0°N. 

For multiple model coverage, a common control system is needed. 

A block adjustment technique used to provide a common control system 

will be discussed in the next chapter. 
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Figure 9-3.—Photo map of Olympus Mons, the largest volcano on the Martian surface, 
(compiled on AS-llA plotter). 



CHAPTER 10 

BLOCK ADJUSTMENT 

In order to solve the control problem of multi-model coverage, 

and also the problem of establishing a control net for the Viking Mars 

mission, a block adjustment has been derived based on analytical photo-

grammetry theory and a computer program has also been developed. 

10.1 Theoretical Approach (Formula Derivation) 

The concept of the problem of block adjustment is to solve all 

of the space resection, orientation and intersection problems simul

taneously (Brown, Davis, and Johnson, no d.). In other words, it 

adjusts all camera orientation parameters and the ground survey coord

inates simultaneously, based on the least squares solution. It can 

also determine the camera interior orientation such as the location of 

the principal point and the camera focal length, if it is necessary. 

Therefore, this method can be used to determine the exterior orienta

tion of the camera station and the ground survey points. This is 

accomplished by assigning weight constraints. For example, the weight 

of the ground survey points is 1, if the ground coordinates are given 

for control, and the weight will be 0, if the ground survey coord

inates are also unknown parameters. 

The relationship between the camera station, the image point 

and the ground survey point can be expressed as shown in figure 10-1,the 
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Z-Z 

X-X 
OBJECT (X, Y, Z ) 

Ground Datum 

Figure 10-1.—Relationships between the camera station (perspective 
center), the image plane (photo coordinates), and the 
ground object (survey point). 

mathematical basis of this method can be expressed by the fact that the 

changes (differentials) of the photo coordinates x, y, are functions 

of the changes of the interior and exterior orientations of the camera 

as well as the changes of the ground survey points as expressed in 

(10.1) and (10.2): 

3x , 9x .k , 3x , , . 9x , 3x . 3x Jr7 
dx = dK + 3$" d* + 3^ d" + 3X" dxo + W dYo + 3z~ dZo 

o o o 

+ dx + -22i_ dv + df + & dX + dY + 3* dz 
3x o 3y yo 3f 3X 3Y 3Z . . 
o (10.1a) 
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d* " to dK + I* <* + to dU + 1x7 dXo + It dY + dZ 
h. 
3(J) 

Iz 
3w 

&-dX • < • & -

O 
j!X_ 
3Z 

+ d x o  + 1 ^  d y o  +  I f  d f  +  l i d x  +  I f d Y  +  I f d z  

o o 
(10.1b) 

If x°, y° are the observed photo coordinates; and if x°°, y°° are the 

computed values of the photo coordinates using the approximations of 

the related parameters; and if V is the residual of the observation, 

then, 

t ' 

V 
x 

+ 

V . y s / k 

o oo 
x - x 

o oo y - y 

3x 3x 3x 
3K 3tj) 3 to 

3y 3y 3y 
3k 3 (J) 3oi 

' 3x 3x 3x 
3X 3Y 3Z 
o o o 

3y 3y 3y 
3X 3Y 3Z 
o o o 

'3x 3x 3x 
3x 3y 3f 
o o 

3y 3y 3y 
3x 3y 3f 
o ^o 

a* a* 5* 
3X aY gZ 

3X 3Y 3Z 

*. 

dK 

— ER, (Exterior orientation) 

do) 
rotation 

<•  ̂

dX 
o 

dY — ET, (Exterior orientation) 
o 

translation 

r 

dZ 
o 

* r X 

dx 
o 

dyo 
— I, (Interior orientation) 

df 
/ * * 

>. 
'dX , 

dY — S, (Survey point) 

/ 
dZ 

< 7 

(10.2) 
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or if e is the difference between the observed and computed values, 

let B represent the change in photo coordinates due to the change in 

exterior, interior, or the survey points, and let A be the alternative, 

then, 

V + e = BERAER + BETAET + BIAI + BSAS (10.3) 

Since the camera is always calibrated before it is to be used, then 

equation (10.3) becomes: 

V + e = B E A E + B S A S  ( 1 0 . 4 )  

This is the form of the observation equations on photo coordinates. 

Each point comprises two equations. From equation (10.4), for each 

camera, there are six parameters as "ER" and "ET" in equation (10.2), 

and for each survey point, there are three elements as "S" in equation 

(10.2). Therefore, the form of the condition equations are: 

V,E - A.E + e.E = 0 (10.5) 
i x i  

V.S - A.S + e.S = 0 (10.6) 
J J 3 

where 

i = l....m, the number of camera stations, and 

j = l....n, the number of ground survey points. 

Therefore, the general form of the total condition equations for the 

resection, orientation, and intersection problems is: 
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f \ 

V BE BS 'AE' f V e 

VE - I o" + E 
e 

Vs 
s -J 0 I •AS 

S 
le J 

= 0 

(10.7) 

The notation of the condition equations can be simplified to: 

V - BA + e = 0 (10.8) 

The total number of the observation equations is 2mn. 

From equation (10.8), V = BA - £. To get the normal equations 

in the form, NA + U = 07 the least squares method is applied to make 

V'WV a minimum, where W is the weight. If we apply Taylor's series such 

that, 

F = V'WV - 2k (V - BA + e) 

then, 

-Z = o -»• BTWBA + BTWe = 0 (10.9) 

Equation (10.9) is the form of the normal equations, where N = B WB, and 

U = BTWe. 

The total number of the normal equations is 6m + 3n which is also 

the number of unknowns in the simultaneous solution of the resection and 

intersection problems. 

From equation (10.9), the partition matrix of the normal 

equations can be formed as: 
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BETWBE + we | BetWBs 

STTTE 
B WB 

I „STttt1S , ITS , B WB + W 

ae' 

-h 
.s 

/ 
A , 

_ET E E 
B We - W e, 

ŜT̂ e T1S S 
B W - W £ 

\(6m + 3n)x(6m + 3n) (10.10) 

Equation (10.10) is the form of the normal equations, which is ready for 

programming for a simultaneously solution of the block adjustment. The 

size of this matrix depends upon the number of photographs (m) and the 

number of ground survey points (n) as: 

* 
6m 

t 
3n 

I  

[6X6] 0 |  [6X3] - • * [6X3]" 

"o [6X6] f [6X3]* * 

.1 

* [6X3] 

[3X6]' *[3X6] 

1 

1 [3X3] 0 

[3X6]' *[3X6] 1 0 '[3X3] 
* 

6m- -3n- (10.11) 

where in equation (10.10^ 

ET E E 
B WB + W = 

(6m)(6m) 

biEVIE 

B ETW B E m mm 

W1E 0 or 0 

0 or 0 W 
m (10.12a) 

BstWBs 
(3n)(3n) 

h V  

•B stk Bs 

n n 

W 0 or 0 
1 • 

0 or 0 W 
n (10.12b) 

ET S 
B WB 
(6m(3n) 

B ETW B S...B ETW B S 
1  , 1 1  1  n  n  

B ETW B S...B OTW B E 
m ml m n m (10.12c) 
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ST E 
B WB 
(3n)(6m) 

„ETT^ TTE E B W£-W £ 
(6m) (1) 

BSTW£-WSES 

(3n)(1) 

_ STTT _ E „ STIT _ E 
B. W B . . .. B W B 
1 . 1 1  n  •  m  m  

B STW B E B STW B E 
n n 1 n n m 

(10.12d) 

biE\eI 

B ETw e 
m mm 

Bis\ei 

B STw e 
n mm 

T7 E E W £ 
1 E1 

TT E E W £ 
m m 

tt S S 
wi si 

„ s s 
W £ 
n n_J 

(10.12e) 

(10.12f) 

and wherever the symbol 0 or 8 occurs it means that it is either a 

diagonal matrix or a full matrix, depending on whether they are inde

pendent or correlated. In most cases, the matrices of weighting are 

diagonal matrices because of the uncorrelation. The information for 

weighting can be obtained from: 

2 
£. = y N 
A o 

2 = V'WV 
^o 2mn - (6m + 3n) 

(10.13) 

(10.14) 

2 v"1 W = o £ 
o xy 

(10.15) 

Since B matrices, previously defined at the beginning of this section, 

are the changes in the photo coordinates due to the changes in the 

exterior orientation and the changes in the ground survey coordinates, 

we can apply the partial differentiation to the photo coordinates x, y. 
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The basic formulas for the photo coordinates x, y are: 

x = x + — X 
o Z 

+ - Y 
y yo Z 

(10.16a) 

(10.16b) 

where x , y are the coordinates of the principal point in the photo-
o o 

graph, usually zero and —• serves as the scaling from the ground X, Y 
€-» 

coordinates. But since the camera stations are not truly vertical, 

then x, y should also involve the three angular rotations as well as 

the translation of the exposure station itself. Therefore, equations 

(10.16) become: 

. , r A (X-Xo) + B(Y-Yo) + C(Z-Zo)-, 
x • Xo + £ G(X-Xo) + H(Y-Yo) + (Z-Zo) ] 

(10.17a) 

where 

rD(X-Xo) + E(Y-Yo) + F(Z-Zo), 
y yo G(X-Yo) + H(Y-Yo) + (Z-Zo) J 

(10.17b) 

~A B C~ mll mi2 ml3~ -

D E F = 
m21 m22 m23 

= [M] = [K] [d>] [to] 

_G H I_ 
-m31 m32 m33 

(10.17c) 

of which, 

K = 

cos K sin K 0 

-sin K cos K 0 

0 0 1 
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4> 

cos <p 0 sin <f> 

0 10 

-sin <J> 0 cos (J) 

to 

10 0 

0 cos to sin to 

0 -sin to cos to (10.18) 

After substituting the multiplication of the three sequential rotations 

with the primary to about x-axis, the secondary <j> about the y'-axis, and 

the tertiary K about the z''-axis, x, y coordinates are expressed as: 

rX-i f rN 1 rX 1 
[ ] = D [ x] + [ o] 
y N y y o 

(10.19a) 

where, 

D = 

N = 
x 

N = 

(X-Xo)sin <}> - (Y-Yo)sin to cos (J) + (Z-Zo)cos to cos (p (10.19b) 

(X-Xo)cos 0 cos K + (Y-Yo) (cos to sin K + sin to sin cos K) 

+ (Z-Zo) (sin to sin K - cos to sin <J> cos k) (10.19c) 

-(X-Xo)cos (J) sin K  + (Y-Yo) (cos to cos K  - sin to sin c f )  sin k ) 

+ (Z-Zo) (sin to cos tc + cos to sin cj) sin K) (10.19d) 

Then applying partial differentiation to x and y with respect to the 

unknown parameters which are the elements of the exterior orientation 

and the ground survey coordinates as: 
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3x f 
— = — {D[-(X-Xo)cos $ sin K + (Y-Yo) (cos to cos K - sin to sin TF» sin K) 

8K D2 

+ (Z-Zo) (sin to cos K + cos to sin CJ> sin K)]} (10.20) 

— = —j {D[-(X-XO)sin <J) cos K + (Y-Yo)sin to cos (J) cos K 
D 

-(Z-Zo)cos to cos 0 cos k] - [(X-Xo)cos cf) 

+ (Y-Yo) sin to sin <(> - (Z-Zo) cos to sin (j) ]} 

gx £ 
— = —r {D[-(Y-Yo)(sin to sin K - cos to sin $ cos K) 
3to D 

+ (Z-Zo) (cos to sin K + sin to sin cf> cos k)] 

+ N [(Y-Yo)cos to cos <|) + (Z-Zo)sin to cos (j)] } 
A 

3x f 
{-D(cos cf) cos K) + N sin (J)} 

L A 
3Xo D 

•^2— = -4r {-D(cos to sin K + sin to sin (J) cos K) - Nv sin to cos (j)} 

3Yo D2 X 

r 

-^2- = -=- {-D(sin to sin K - cos to sin (J) cos K) + N cos to cos (J)} 

3Zo D2 X 

= %r {D[(X-Xo)cos ip cos x + (Y-Yo)(cos to sin < + sinco sintj) cos<) 

3k D 

+ (Z-Zo) (sin to sin K - cos to sin (J) cos K)]} 



= -4j- {D[(X-Xo)sin (p sin K - (Y-Yo)sin to cos <p sin K 
9 (J) D 

+ (Z-Zo)cos to cos <p sin K] - [(X-Xo)cos (J) 

+ (Y-Yo)sin to sin <j) - (Z-Zo)cos to sin 4>] } 

•^21 = ~ {D[-(Y-Yo) (sin a) cos K + cos to sin (J) sin K) 
3oj D 

+ (Z-Zo) (cos to cos K - sin to sin (f> sin <)] 

+ [(Y-Yo)cos to cos (p + (Z-Zo)sin to cos (p]} 

[D . cos (p sin K + Ny sin <J)] 

[-D(cos to cos K - sin to sin <f) sin k) - N sin to cos <{>] 
3Yo D 

—— = •— [-D(sin to cos K + cos to sin (J) sin k) + cos to cos <{>] 

3Zo D 

3x 3x 3x 3x 3x 3x 

3X 3Xo 3Y 3Yo 3Z 3Zo 

= _ Jz = _ Ijl. 

3X 3Xo 3Y 3Yo 3Z 3Zo 

The values of the above partial differentiations will constitute the 

E S 
matrices B and B . The computation is accomplished by successive 

approximations. 
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10.2 Practical Application 
(Coordinate Measurement and Data Processing) 

Since the purpose of this task is to develop the method and 

procedures to be used during the Viking Mars missions for deriving a 

control net, a block of six Mariner 9 camera A photographs were selected 

for the program testing. These six photographs cover a prominent 

feature on the Martian surface called Olympus Mons, as shown in figure 

9-3, which is the largest volcano yet discovered in the solar system. 

However, fictitious data was used for debugging the program. 

This section describes the data procurement including photo

graphic coordinate measurements and refinement, and the programming for 

the block adjustment. 

10.2.1 Conditions of the Selected Photographs 

The six photographs selected from Mariner 9 camera-A frames 

include DAS-05492378, 06823918, 06823708, 06823428, 09701344 and 

06895668. These photographs were taken at altitudes ranging from 2,200 

kilometers to 2,970 kilometers. Therefore, their scales are small, 

ranging from 1:42,000,000 to 1:56,800,000 and the ground resolution is 

about 1.5 kilometers. Tilt angles range from 2.5° to 21.4°. Each photo 

covers 400 km x 500 km or more. These conditions may make the con

vergence of the simultaneous solution difficult. 

10.2.2 Photo Coordinate Measurement 

A total of 40 pass points were selected in the area of coverage. 

Each of the 40 points appears on at least two or more of the selected 
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six photographs. The RDR version data tapes were used to generate the 

imagery which was put on glass plates. The final imagery is about 

3.76 times magnified since the 50 micrometer increment on the optronics 

photowrite system was used. 

Measurements were made on a digitized Mann Comparator which has 

a precision of from one to two micrometers. As shown in figure 8-1, 

the center 85 reseau marks were measured. The two extreme outside 

columns of reseau marks were not used. All of the pass points appearing 

on each photograph were also measured. 

10.2.3 Coordinate Refinement 

Corrections applied to the photo coordinate measurements include 

film shrinkage correction, lens distortion correction and Mars curvature 

correction. 

Film Shrinkage Correction. In the film shrinkage correction, 

two polynomials having 12 unknowns and carried to the second degree were 

used where the x-, y- coordinates are corrected simultaneously. The 

polynomials are: 

Ax = A + Bx + Cx2 + Dy + Ey2 + Fxy (10.21a) 

2 2 
Ay = G + Hx + Ix + Jy + Ky + Lxy (10.21b) 

where Ax and Ay are the differences between the measured and calibrated 

x, y coordinates of the reseau marks. 



125 

Lens Distortion Correction. The requirement for the camera 

lenses that were used for the Mariner Mars 1971 mission was that the 

lens distortion should be less than f(2/10,000) which if. less than 11 

micrometers (Snyder, 1971) for the A camera. The cameras were pre-

flight calibrated and the actual distortions were equal to or less 

than 10 micrometers within a radial distance of 6.3 mm. But the dis

tortions can go as high as 33 micrometers at the corner points of the 

photograph. Lens distortions were applied by using equations: 

Ax = (x - x )(p,r2 + p„r^) - (y - y )(q,r + q„r3) (10.22a) 
p  i  Z.  p  X  z  

Ay = (y - p )(pnr2 + p9r^) + (x - x )(q.,r + q„r3) (10.22b) 
p i  L  p  X  Z  

where Ax and Ay are the corrections for the lens distortion applied to 

the x and y coordinates respectively, x^ and y^ are the principal 

point eccentricity which are 0.213 mm and 0.317 mm respectively, p^ 

and p£ are coefficients of the radial symmetrical optical distortion, 

and p^ = 0.915181-E5, = -0.126362-E5; q^ and q^ are coefficients of 

the tangential symmetrical optical distortion and q^ = 0.626100-E5, 

q2 = 0.169432-E8. 

Curvature Correction. For extremely high altitude photography, 

correction for the Martian surface curvature is necessary. The curva

ture correction is applied to the image points by using the formula: 

H r3 
d = (10.23) 
C 2Rf 
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where 

H is the flight height above the Martian surface in kilometers 

R is the mean radius of Mars, also in kilometers 

f is the camera focal length in millimeters 

r is the radial distance of the image point from the principal point 

is the curvature correction along the radial direction in milli

meters. This correction should be computed in terms of its x and 

y components. 

Among these six selected photographs, d^ can be as large as 0.060 mm 

at the original scale and equivalent to 3.5 kilometers on the ground 

if the curvature correction were not applied. 

Results of Corrections. After applying all of the corrections 

as described in this section, the photo coordinates of each photograph 

are refined and ready for use in the block adjustment. The corrections 

as listed in table 10.1, on the following page, are average values 

from each photograph. It is of interest to note that the magnitudes 

of the lens distortion corrections are only 2 to 3 micrometers at the 

original photo scale. 

10.2.4 Block Adjustment Programming 

Since the concept of the block adjustment is to solve the 

resection and intersection problems simultaneously by an iterative 

method, initial estimates of exterior orientation parameters and X, 

Y, Z coordinates of survey points must be made. Those parameters 

which are exactly known, will be used as controls, and a weight of 

"1" will be assigned to them, so their values will be preserved. 



Table 10.1—Results of the photo coordinate refinement. 
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Photo DAS 
number 

Magnification 

Film shrinkage 
distortion 
x (mm) 
y (mm) 

Lens distortion 
correction 

x(mn$ 
y(mm) 

Principal 
distance 
(mm) 

05492378 3.7580 
0.028 
0.027 

0.008 
0.004 

196.419 

06823918 3.7589 
0.054 
0.059 

0.007 
0.006 

196.465 

06823708 3.7583 
0.019 
0.017 

0.013 
0.009 

196.433 

06823428 3.7581 
0.024 
0.040 

0.009 
0.010 

196.424 

09701344 3.7591 
0.039 
0.051 

0.015 
0.007 

196.477 

06895668 3.7553 
0.029 
0.025 

0.003 
0.005 

196.277 

Note: (1) All magnitudes are at the magnified photo scale 

(2) Distortions in each category are average values from each 

photograph. 

This means that their value will never be changed. For those parameters 

which are unknowns, in this case the pass points, very weak weights are 

assigned and they are changed after each iteration until the changes 

become small, falling within the pre-set criterion. The program will 

then stop and the solution is arrived at. 
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As previously described, equation (10.10) is the form of the 

normal equations in which all elements are defined in equations (10.12a) 

E S 
through (10.12f), of which, the B and B matrices are made up of 

values of the partial differentiations of the photo x and y coordinates 

with respect to the camera exterior orientation parameters and the 

survey point coordinates as defined in equations (10.20). The most 

important part of this problem is to assign the proper weights to the 

elements involved. 

E S 
During each iteration the values of A and A , the changes of 

exterior orientation parameters and survey coordinates, are computed by 

solving the normal equations (10.10). These changes should be decreas

ing and eventually become insignificant after a few iterations. 

Because of the matrix size, as indicated in (10.11), the 

program for the block adjustment always needs a big computer. For 

instance, in this selected block which consists of 6 photographs and 40 

pass points, the size of the normal equation matrix is (6m + 3n)x 

(6m + 3n) = 156 x 156. 

The program was debugged by using fictitious data for a block 

of three pictures with 20 survey points. The photographs were assumed 

to have a photo scale of 1:6,000. After five iterations, it converged 

with linear errors of less than 10 meters and angular parameter errors 

of less than 0.05°. But with the Mariner photography, due to the 

complete lack of ground control and the low degree of accuracy of the 

camera parameters, there is no real sound basis for assigning weights 



except by using the method of trial and error. Therefore, it has been 

difficult to obtain reasonable results. Further investigations are 

being carried on in search of some non-conventional techniques which 

might be used in dealing with this non-conventional photogrammetric 

problem. 



PART IV 

DISCUSSIONS AND CONCLUSIONS 

130 



CHAPTER 11 

DISCUSSIONS, CONCLUSIONS, AND RECOMMENDATIONS 

Using the sensor data of the Mariner 9 mission and the Earth-

based radar data, this experiment of the topographic contouring of Mars 

has resulted in the completion of the first comprehensive contour map 

of Mars. This is the first map of the topography of the entire Martian 

surface compiled at a resolution significantly higher than that achieved 

from Earth-based measurements. Also, the mapping technique is unique 

and the first to be used in the mapping of a planetary body. However, 

due to the broad involvement of many scientific fields, many difficult 

problems occurred during the compilation and after the completion of the 

map. This chapter discusses the problems, the conclusions and recom

mendations for future Mars mapping activities. 

11.1 Problems 

Because of the broad involvement, the most noticeable problem 

was the difficulty in collecting data from other scientists and 

experimenters of the Mariner 9 mission. This experiment was delayed 

about two years because of the time involved in getting data from some 

of the data sources. Frequent revisions of the results of the data 

analysis of some of the experiments has greatly increased the task of 

this experiment, causing the original planned budget to be exceeded. 

Technical problems, of course, cannot be avoided. Because of 

the nature of the unconventional photography, that is: television 

131 
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vidicon camera imagery, extremely high flight heights, extremely large 

surface coverage presenting a problem with large magnitude of curvature 

corrections, high tilt angles, the complete lack of ground controls, and 

in addition, there are uncertainties in the range distances and the 

angular parameters from the mission support data which are as much as 

10 kilometers and 0.2° respectively (Blasius, 1973); it has been found 

to be very difficult to establish ground control points on the Martian 

surface by the traditional methods of analytical photogrammetry for 

stereoscopic compilation. For the support of the Mars landing of the 

Viking Mars mission, stereo compilation has become necessary and so 

the solution of the control problem has also become necessary. 

11.2 Discussions 

The following discussions are intended to be brought to the 

attention of related or interested scientists. 

11.2.1 The Use of Earth-Based Radar Data 

Earth-based radar observations of the Martian surface have been 

found to be one of the more significant sources of information of the 

Martian topography. But the problem it faced in this experiment is the 

assumption of the figure of Mars which was based on the analysis of the 

results of the radar oppositions during the early days. Most of the 

past radar opposition experimenters assumed a spherical figure for 

Mars, except in the case of the 1973 oppositions observed at the 

Goldstone Observatory where a triaxial ellipsoid of Mars was used. 

The triaxial ellipsoid (Standish) as discussed in chapter 3, is 
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Datum of triaxial ellipsoid Datum (6.1 mb pressure surface) 

A 
= 
3,399.3 km A = 3,394.6 km 

B 
= 
3,394.0 km B = 3,393.3 km 

C 
= 
3,376.4 km C = 3,376.3 km 

0A 
= 100.9°W 

6A 
= 105°W 

f 
= 

0.0060 f = 0.00525 
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o 
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yn 

= 
-1.47 km to the 

o 
center of mass 

z 
o 

= -2.89 km 

d 
= / 2 a. 2 
Jx + y 

o o 
+ z ^ = 3.245 km 

o 

Figure 11-1.—Comparison between the parameters of the triaxial 
ellipsoid and the 6.1 mb gravity datum.—In the diagram 
the heavy line represents the triaxial ellipsoid and the 
thin line represents the 6.1 mb datum. 

significantly different from the topographic datum. The length of the 

semi-major axis is different and there is a 3.245 kilometers shift in 

the center of mass of Mars as shown in figure 11—1. Therefore, the 1973 
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radar data from the Goldstone Observatory is suspected of being 

referred to the center of figure of the triaxial ellipsoid used. In 

order to convert the radar elevations, H^, which are referred to the 

Standish triaxial ellipsoid, to the topographic datum triaxial 

ellipsoid at that radar point, R has to be determined first, as: 
Cr 

[l + f - sin^) + Jgf cos^ij; cos 2 (X — Xq) ] (11.1) 

where 

Rm = A* (1 - if " ~£2) (11.2) 

A' =VAB (11.3) 

I A — B 

f = ——— flattening of the equator (11.4) 

\p is areocentric latitude 

X = 0. 

As shown in figure 11-2, the relationship between the center of figure 

and the center of mass is: 

d = 3.245 kilometers (distance) 

A = tan 1 = -85.3° = 274.7° (difference of longitude) 

= tan ^ 89 . — _ ° (difference of latitude) 

Zo.122 + 0.1472 
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CM 

2.89 km 

X0 = 274.7 
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CF Y 

1.47 km 

0.12 km 

X 

Figure 11-2.—Displacement of the center of mass from the center of 
figure. 

Then, as shown in figure 11-3, to convert the radius referred 

to the center of figure, RCF> to refer to the center of mass, R^, the 

following equation is used: 

ECM - RCF + D2 - 2 V D COS T <N-5) 

where 

cos Y = sin ^CM 
sin ^ + cos cos ^ cos ~ (H«6) 

Then the radius, R,^, of the topography at that point is determined by 

RT = RCM + HR (11.7) 
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Figure 11-3.—Relationship between the radii from a point P on the 
triaxial ellipsoidal datum to the center of figure and 
the center of mass. 

Using equations (3.2), (3.3) and (3.4), the topographic datum, R^, 

referred to the center of mass at the point can be determined and the 

converted elevation is obtained by 

HC rT ^ 
(11.8) 

It should be noted that the areocentric latitude should be converted to 

areographic latitude in order to use equations (3.2) to (3.4). 

As an example of the previous discussion, recent radar observa

tions at 16.0°S and 120°W, and 16.0°S and 98°W of the Martian surface 

determined the elevations at these two points to be 4.5 km and 2.0 km 

respectively, which are referred to the center of figure of the 

triaxial ellipsoid. Following the conversion computation, they become 

8.9 km and 7.8 km respectively, which are now referred to the center of 

mass of the adopted topographic datum. From the map in figure 7-1, the 
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elevations at those two points are found to be 9.0 km and 9.2 km 

respectively. The differences between the converted elevations and 

the map elevations are much smaller than the differences between the 

unconverted elevations and the map elevations. 

11.2.2 Martian Flattening 

The topographic contour map of Mars, produced from this 

experiment and shown in figure 7-1, does show a ring of high mountain

ous terrain along the equatorial belt as shown in figure 11-4. This 

may confirm the suspicions of H. C. Urey in 1950, that there may be 

high mountainous terrain along the equatorial zone which is 

isostatically compensated by a layer of less dense material beneath 

the mountains. Therefore, the Martian flattening determined by optical 

measurements is always larger than that determined dynamically. 

11.3 Conclusions 

The results from both the occultation and celestial mechanics 

experiments have shown that the long axis of the equatorial ellipse 

passes through the Tharsis region which has unusually high volcanoes. 

Tracking data has also shown that the great gravity anomaly is at this 

region and it is 17 times greater than any on Earth. This demonstrates 

that the gravity potential does reflect the Martian topography. 

The Martian topography shows the largest circular feature, 

Hellas Planitia, which is about 2,500 kilometers in diameter, to be 

almost twice the size of the largest basin on the Moon - Mare Imbrium, 

and the volcanic feature, Olympus Mons, which is 27 kilometers high 



138 

Figure 11-4.—Topographic profile along the Martian equator.--The zero 
circle represents the topographic datum of Mars and the 
•high peak of 27 kilometers elevation is at 113° of 
longitude, which is the top of Pavonis Mons. 
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above the datum is almost three times the width and height of the 

largest of the Hawaiian volcanoes, Mauna Loa. The discoveries of these 

huge volcanoes, indicates that Mars is still geologically active. The 

great equatorial canyon complex, Valles Marineris, is as much as 

6 kilometers deep and extends more than 4,800 kilometers and is 

200 kilometers wide at the widest place. 

Another peculiar Martian topographic feature is that the entire 

southern hemisphere is about 4 kilometers higher than the northern 

hemisphere. This is due to the fact that the center of mass of Mars is 

shifted closer to the northern hemisphere. On the other hand, the 

topography at the south pole, as shown in figure 7-30, is low. This 

was determined by stereo compilation of a few models of very small 

scale photographs. For most of the time during the standard mission, 

the south pole was having its summer at which time the polar cap 

material was non-existent and therefore the terrain was clearly visible. 

This may be interpreted to mean that the cap deposit material may be a 

few kilometers of water ice crystals as indicated by G. Kuiper's 

infrared studies. The south pole at that time, was seen to be bright, 

indicating lowlands, where as the high volcanoes were seen to be dark, 

indicating high mountains. 

The Mars topographic maps do not show any linear dark canal

like features. The linear dark marks observed in the past, have been 

interpreted to be the phenomenon of material transport by strong winds. 
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Except in a few locations, the Martian topography shows that 

elevations of most of the planet surface is above the triple-point 

pressure elevation. Therefore, the Martian atmospheric pressure is not 

dense enough to allow water to exist in the liquid state. 

11.4 Recommendations 

For improving the Mars topographic mapping, the following 

recommendations are offered for consideration. 

11.4.1 Revision of the Mars Contour Maps 

Due to the insufficient topographic information on Mars during 

the compilation conducted by this experiment, and because additional 

data will be acquired during the upcoming Viking Mars missions along 

with the continuing observations by the Earth-based radars, it would 

certainly be worthwhile to update and improve the Mars topographic maps. 

To do this, the previously developed techniques will probably be the 

most advantageous to use. 

11.4.2 Compilation of Large Scale Mars Maps 

Since more stereoscopic coverage of locations of scientific 

interest on the Martian surface will be photographed during the Viking 

Mars missions, large scale contour maps should be compiled by stereo 

photogrammetric methods. These large scale maps will be very useful 

for geological studies and will probably also be useful to other 

scientific studies of the Martian surface. 
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11.4.3 Publication of Topographic Data 

The topographic contour maps produced from this experiment will 

be published. Hundreds of data points which have been adjusted to the 

common topographic datum of Mars and used for the compilation of the 

Mars maps are in tabulated form. These may be found useful to interested 

people. It is therefore recommended that this data be published in 

tabulated form to be made available to the scientific community. 

11.4.4 Modification of the Mercator Projection 

The scale ratio at latitude 65°, as listed in table 2.1, is 

2.356 times as large as the scale at the equator. This range of scale 

variations is too large. It is recommended that the cylindrical surface 

be made secant at 43.33° north and south latitudes rather than tangent 

to the Martian equator. As in the case of the Lambert conic projection 

with two standard parallels this will reduce the scale variations 

significantly. 

11.4.5 Primary Control Net 

It is recommended that the Mars primary control net adjustment 

produced by Merton E. Davies of the Rand Corporation, be rerun using 

the elevation information from the Mars topographic maps as a strong 

constraint in the program. Useful elevation control from the adjustment 

can be expected, and not much additional work will be required, since 

all of the measurements (pixel count) have been done and are still 

available. 
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11.4.6 Mars Figure for Radar Observations 

To maintain consistency, and also for the simplification of the 

data reduction, it is recommended that all Earth-based radar observa

tions begin to use the adopted Mars figure (fourth order and fourth 

degree spherical harmonics gravity field with a 6.1 millibar pressure 

surface) for their observations and analyses. 



APPENDIX A 

DATUM AND CONTROL OF MARS TOPOGRAPHY 
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TABLE Al-1.—TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics with respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 
(West) 

o
 o
 

i—i 

20° 30° 

o
 o
 

-d
-

50° 

Latitude Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

-90° 3,376.492 3,376.492 3,376.492 3,376.492 3,376.492 

-80 76.979 76.969 76.960 76.953 76.947 

-70 78.413 78.397 78.387 78.381 78.378 

-60 80.633 80.614 80.604 80.604 80.614 

-50 83.386 83.360 83.349 83.356 83.384 

-40 86.348 86.307 86.289 86.301 86.350 

-30 89.158 89.097 89.066 89.079 89.149 

-20 91.467 91.383 91.335 91.347 91.437 

-10 92.979 92.875 92.814 92.824 92.932 

0 93.498 93.384 93„315 93.327 93.449 

10 92.956 92.842 92.777 92.795 92.925 

20 91.420 91.318 91.265 91.291 91.420 

30 89.087 89.004 88.968 89.000 89.117 

40 86.251 86.189 86.167 86.199 86.294 

50 83.263 83.217 83.203 83.227 83.292 

60 80.480 80.447 80.434 80.444 80.477 

70 78.229 78.204 78.190 78.186 78.192 

80 76.764 76.749 76.737 76.128 76.721 

90 76.249 76.249 76.249 76.249 76.249 
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TABLE Al-1 (cont.).--TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics with respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 
(West) 

60° 

o
 o
 

o
 o
 

00 

90° 100° 

Latitude Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

i VO
 
o
 o
 

3,376.492 3,376.492 3,376.492 3,376.492 3,376.492 

-80 76.943 76.939 76.936 76.934 76.932 

-70 78.378 78.379 78.380 78.378 78.374 

-60 80.630 80.650 80.668 80.678 80.677 

-50 83.429 83.485 83.541 83.583 83.599 

-40 86.434 86.545 86.662 86.759 86.811 

-30 89.279 89.457 89.652 89.824 89.930 

-20 91.613 91.861 92.140 92.394 92.562 

-10 93.148 93.456 93.808 94.133 94.355 

0 93.693 94.040 94.436 94.804 95.059 

10 93.177 93.531 93.933 94.304 94.561 

20 91.659 91.987 92.354 92.688 92.915 

30 89.323 89.596 89.895 90.161 90.334 

40 86.451 86.652 86.865 87.047 87.159 

50 83.394 83.519 83.647 83.751 83.807 

60 80.527 80.587 80.646 80.690 80.708 

70 78.205 78.221 78.236 78.245 78.245 

80 76.717 76.713 76.711 76.708 76.704 

90 76.249 76.249 76.249 76.249 76.249 
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TABLE Al-1 (cont.).-- TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics with respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 
(West) 

110° 120° 130° 140° 150° 

Latitude Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

-90° 3,376.492 3,376.492 3,376.492 3,376.492 3,376.492 

-80 76.932 76.933 76.935 76.940 76.947 

-70 78.366 78.358 78.350 78.345 78.348 

-60 80.661 80.634 80.600 80.568 80.547 

-50 83.581 83.530 83.455 83.375 83.307 

-40 86.801 86.726 86.600 86.452 86.316 

-30 89.939 89.844 89.662 89.435 89.214 

-20 92.597 92.487 92.251 91.944 91.635 

-10 94.417 94.296 94„016 93.642 93.258 

0 95.136 95.009 94.703 94.287 93.854 

10 94.637 94.509 94.198 93.775 93.333 

20 92.976 92.849 92.559 92.166 91.754 

30 90.370 90.252 90.002 89.671 89.327 

40 87.169 87.069 86.875 86.625 86.370 

50 83.779 83.723 83.591 83.428 83.266 

60 80.693 80.646 80.572 80.486 80.404 

70 78.233 78.211 78.182 78.152 78.126 

80 76.700 76.696 76.691 76.689 76.690 

90 76.249 76.249 76.249 76.249 76.249 
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TABLE Al-1 (cont.) .—TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics with respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 160° 170° 180° 190° 200° 
(West) 

160° 170° 

Latitude Radius Radius Radius Radius Radius 

(km) (km) (km) (km) (km) 

1 , 0
 o
 

ON 1 3,376.492 3,376.492 3,376.492 3,376.492 3,376.492 

-80 76.957 76.970 76.985 77.001 77.019 

-70 78.359 78.379 78.409 78.446 78.486 

-60 80.544 80.562 80.602 80.659 80.724 

-50 83.270 83.271 83.312 83.384 83.472 

-40 86.222 86.189 86.219 86.299 86.406 

-30 89.048 88.965 88.972 89.052 89.173 

-20 91.390 91.251 91.229 91.303 91.433 

-10 92.943 92.752 92.701 92.767 92.906 

0 93.493 93.267 93.195 93.256 93.403 

10 92.960 92.723 92.644 92.704 92.859 

20 91.408 91.188 91.116 91.180 91.339 

30 89.039 88.859 88.807 88.875 89.031 

40 86.160 86.034 86.008 86.078 86.220 

50 83.138 83.066 83.065 83.130 83.249 

60 80.344 80.318 80.333 80.387 80.475 

70 78.111 78.113 78.133 78.171 78.224 

80 76.694 76.703 76.718 76.737 76.760 

90 76.249 76.249 76.249 76.249 76.249 
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TABLE Al-1 (cont.).—TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics with respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 
(West) 

210° 220° 230° 240° 250° 

Latitude Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

-90° 3,376.492 3,376.492 3,376.492 3,376.492 3,376.492 

-80 77.036 77.052 77.065 77.076 77.083 

-70 78.527 78.564 78.595 78.619 78.635 

-60 80.791 80.851 80.901 80.937 80.959 

-50 83.563 83.645 83.709 83.755 83.784 

-40 86.518 86.616 86.691 86.744 86.780 

-30 89.302 89.414 89.499 89.558 89.602 

-20 91.578 91.704 91.800 91.868 91.921 

-10 93.066 93.211 93.322 93.403 93.467 

0 93.581 93.746 93.878 93.976 94.052 

10 93.053 93.240 93.394 93.512 93.600 

20 91.542 91.745 91.919 92.054 92.152 

30 89.232 89.438 89.621 89.765 89.869 

40 86.404 86.596 86.771 86.912 87.014 

50 83.400 83.560 83.710 83.834 83.925 

60 80.583 80.699 80.809 80.904 80.975 

70 78.288 78.356 78.422 78.479 78.525 

80 76.785 76.812 76.838 76.861 76.881 

90 76.249 76.249 76.249 76.249 76.249 
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TABLE Al-1 (cont.).--TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics with respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 
(West) 

260° 270° 280° 290° 300° 

Latitude Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

-90° 3,376.492 3,376.492 3,376.492 3,376.492 3,376.492 

-80 77.087 77.087 77.084 77.078 77.069 

-70 78.641 78.640 78.630 78.615 78.593 

-60 80.969 80.967 80.954 80.932 80.902 

-50 83.799 83.802 83.793 83.773 83.741 

-40 86.804 86.820 86.825 86.817 86.792 

-30 89.638 89.671 89.697 89.707 89.694 

-20 91.971 92.022 92.067 92.094 92.093 

-10 93.528 93.590 93.646 93.683 93.686 

0 94.121 94.185 94.240 94.271 94.269 

10 93.670 93.728 93.768 93.784 93.765 

20 92.221 92.265 92.286 92.278 92.238 

30 89.934 89.966 89.967 89.938 89.879 

40 87.075 87.098 87.087 87.046 86.978 

50 83.980 84.000 83.987 83.946 83.881 

60 81.021 81.039 81.031 81.000 80.952 

70 78.557 78.572 78.571 78.555 78.527 

80 76.895 76.903 76.905 76.901 76.892 

90 76.249 76.249 76.249 76.249 76.249 
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TABLE Al-1 (cont.) .—TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics with respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 
(West) 

310° 320° 330° 340° 350° 

Latitude Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

Radius 
(km) 

-90° 3,376.492 3,376.492 3,376.492 3,376.492 3,376.492 

-80 77.057 77.045 77.031 77.017 77.004 

-70 78.568 78.540 78.511 78.482 78.456 

-60 80.864 80.822 80.778 80.735 80.695 

-50 83.698 83.645 83.587 83.529 83.474 

-40 86.748 86.688 86.618 86.543 86.471 

-30 89.654 89.589 89.508 89.417 89.325 

-20 92.057 91.988 91.896 91.790 91.679 

-10 93.649 93.576 93.475 93.356 93.230 

0 94.225 94.144 94.035 93.909 93.773 

10 93.708 93.618 93.503 93.372 93.233 

20 92.166 92.066 91.947 91.817 91.682 

30 89.794 89.689 89.570 89.445 89.319 

40 86.889 86.784 86.672 86.557 86.445 

50 83.800 83.707 83.608 83.510 83.416 

60 80.889 80.817 80.741 80.665 80.593 

70 78.490 78.446 78.398 78.349 78.303 

80 76.879 76.862 76.842 76.822 76.801 

90 76.249 76.249 76.249 76.249 76.249 



151 

TABLE Al-1 (cont.).—TOPOGRAPHIC DATUM OF MARS 

(Gravity field in terms of fourth order and fourth degree spherical 
harmonics wigh respect to a 6.1 millibar atmospheric pressure surface.) 

Longitude 
(West) 

360° 

Latitude Radius 
(km) 

-90° 3,376.492 

-80 76.991 

-70 78.432 

-60 80.661 

-50 83.425 

-40 86.404 

-30 89.237 

-20 91.569 

-10 93.102 

0 93.633 

10 93.092 

20 91.546 

30 89.197 

40 86.340 

50 83.331 

60 80.530 

70 78.262 

80 76.781 

90 76.249 
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TABLE Al-2.—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

OX 63.4° 287.0° 3378.0 3380.106 -2.107 

IN -40.3 319.0 90.0 86.604 3.396 

IX 63.6 109.6 78.2 79.717 -1.517 

2N -39.9 142.8 91.2 86.442 4.758 

3N -39.5 326.5 91.3 86.794 4.506 

3X 63.8 114.8 79.7 79.649 0.051 

*4N -39.1 150.1 91.6 86.586 5.014 

4X 63.8 297.9 79.0 79.964 -0.964 

*5N -38.6 325.2 90.9 87.075 3.825 

5X 63.9 112.0 78.0 79.633 -1.633 

6N -38.2 140.4 90.4 87.001 -3.399 

6X 64.0 286.0 77.7 79.957 -2.257 

7N -37.7 315.5 89.8 87.411 2.389 

7X 64.1 100.0 78.0 79.602 -1.603 

8N -37.6 130.6 93.4 87.348 6.052 

8X 64.2 273.9 77.6 79.924 -2.324 

9N -36.8 305.7 82.5 87.732 -5.232 

9X 64.3 87.8 77.8 79.539 -1.739 

ION -36. 3 120.8 92.5 87.900 4.600 

10X 64.4 261.6 77.7 79.860 -2.160 
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TABLE Al-2 (cont.)— RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

UN -35.9° 295.8° 3383.7 3388.032 -4.332 

11X 64.5 75.4 76.9 79.453 -2.553 

12N -35.4 110.9 94.4 88.275 6.125 

12X 64.6 249.1 77.4 79.761 2.362 

13N -35.0 285.8 84.0 88.306 -4.306 

13X 64.7 62.9 76.7 79.358 -2.659 

14N -34.5 100.8 97.3 88.567 8.733 

14X 64.8 236.5 76.9 • 79.631 -2.731 

15N -34.0 275.8 88.0 88.584 -0.584 

15X 64.8 50.2 76.3 79.295 -2.995 

16N -33.5 90.7 94.9 88.797 6.103 

16X 64.9 223.8 76.7 79.501 -2.801 

17N -33.0 256.6 88.5 88.816 -0.316 

18N -32.5 80.5 95.9 88.946 6.954 

18X 65.0 210.9 75.5 79.360 -3.860 

19N -31.9 255.4 91.8 89.114 2.686 

19X 65.1 24.4 76.0 79.211 -3.211 

2 ON -31.4 70.3 95.3 89.077 6.223 

2 OX 65.1 197.9 76.5 79.227 -2.727 

2 IN -30.9 245.2 92.5 89.344 3.155 
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TABLE Al-2 (cont.) .—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

2IX 65.7 ° 11.4° 3376.6 3379.108 -2.508 

22N -30.3 60.1 93.1 89.201 3.899 

22X 65.2 184.9 76.5 79.124 -2.624 

23N -29.8 235.0 93.1 89.583 3.517 

24X 65.2 171.8 76.4 79.087 -2.687 

24N -29.2 49.9 92.3 89.354 2.946 

24X 65.2 358.3 76.6 79.274 -2.674 

25N -28.7 224.9 93.8 89.792 4.007 

25X 65.3 345.3 76.5 79.322 -2.822 

26N -28.1 39.7 92.0 89.558 2.442 

26X 65.3 158.8 76.2 79.075 -2.876 

27N -27.5 214.7 93.0 89.988 3.012 

27X 65.3 332.3 77.2 79.401 -2.201 

28N -27.0 29.7 92.5 89.815 2.685 

28X 65.3 145.8 77.0 79.124 -2.124 

29N -26.4 204.7 93.6 90.125 3.475 

29X 65.2 319.3 76.9 79.504 -2.605 

3 ON -25.8 19.7 91.8 90.139 1.661 

30X 65.2 132.9 77.1 79.216 -2.116 

3 IN -25.2 194.8 95.1 90.271 4.829 
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TABLE Al-2 (cont.).—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *--Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

3IX 65.2° 306.5° 3377.2 3379.577 -2.377 

32N -24.6 9.9 93.3 90.489 2.811 

32X 65.1 120.0 77.5 79.304 -1.804 

33N -24.0 185.0 93.0 90.436 2.564 

33X 65.1 293.7 79.0 79.658 -0.659 

34N -23.4 0.1 93.6 90.852 2.748 

34X 65.0 107.3 77.7 79.368 -1.668 

35N -22.8 175.3 94.3 90.659 3.641 

35X 65.0 280.9 77.4 79.717 -2.317 

36N -22.1 350.4 94.9 91.238 3.662 

36X 64.9 94.7 77.5 79.400 -1.900 

37N -21.5 165.5 94.6 90.997 3.603 

37X 64.8 268.4 77.1 79.771 -2.671 

38N -20.9 340.8 95.1 91.597 3.503 

38X 64.7 82.0 77.0 79.426 -2.426 

39N -20.3 156.0 94.1 91.416 2.684 

4 ON -19.6 331.2 96.1 91.964 4.136 

4 OX 64.5 69.3 76.7 79.430 -2.730 

41N -19.0 146.4 95.8 91.948 3.852 

4IX 64.4 242.8 77.5 79.774 -2.274 
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TABLE Al-2 (cont.),—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

42N -18.3° 321.6° 3396.7 3392.309 4.391 

42X 64.3 56.4 75.8 79.430 -3.630 

43N -17.6 136.9 96.6 92.541 4.059 

43X 64.1 229.9 78.0 79.749 -1.749 

44N -16.9 312.1 95.5 92.637 2.863 

44X 64.0 43.4 76.3 79.446 -3.166 

45N -16.2 127.2 99.3 93.118 6.182 

45X 63.8 216.8 77.5 79.699 -2.199 

46N -15.5 302.4 96.8 92.919 3.881 

46X 63.6 30.2 76.2 79.550 -3.350 

47N -14.8 117.6 3402.3 93.594 8.706 

47X 63.4 203.6 3377.4 79.668 -2.268 

48N -14.1 292.8 96.9 93.148 3.752 

48X 63.2 16.9 76.5 79.665 -3.165 

49N -13.3 107.8 3401.9 93.931 7.969 

49X 63o 0 190.2 3376.9 79.655 -2.755 

5 ON -12.5 282.9 96.8 93.351 3.449 

50X 62.7 3.4 77.3 79.836 -2.536 

5 IN -11.7 98.0 3402.8 94.090 8.710 

52N -10.9 273.0 3398.1 93.505 4.595 
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TABLE Al-2 (cont.) .—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

53N -10.1° 88.1° 3400.7 3394.065 6.635 

54N -9.2 263.1 3397.9 93.632 4.268 

54X 61.5 336.0 79.1 80.305 -1.205 

55N -8.4 78.2 98.6 93.917 4.683 

55X 61.1 149.1 78.4 80.126 ... -1.726 

56N -7.5 253.2 96.8 93.729 3.071 

56X 60.7 322.2 78.6 80.614 -2.014 

57N -6.6 68.2 97.3 93.711 3.589 

57X 60.3 135.3 78.8 80.445 -1.645 

58N -5.7 243.3 96.3 93.798 2.502 

58X 60.0 308.3 78.7 80.900 -2.200 

59N -4.7 58.4 97.6 93.523 4.077 

59X 59.5 12.1.4 80.0 80.778 -0.778 

60N -3.9 233.2 96.8 93.815 2.985 

60X 58.9 294.1 78.9 81.287 -2.387 

6 IN -2.9 48.3 96.6 93.377 3.222 

6IX 58.4 107.2 79.6 81.164 -1.564 

62N -1.8 223.4 93.2 93.774 -0.754 

63N -0.8 38.6 94.3 93.318 0.982 

64N 0.3 213.8 93.5 93.646 -0.147 
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TABLE Al-2 (cont.).--RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

64X 56.7° 266.4° 3379.4 3381.975 -2.575 

65N 1.5 29.0 93.9 93.304 0.595 

65X 56.1 79.5 81.1 81.761 -0.661 

66X 55.4 252.6 79.7 82.307 -2.608 

67N 3.8 19.7 93.9 93.303 0.596 

67X 54.6 65.7 81.4 82.081 -0.681 

68N 5.1 195.1 92.2 93.173 -0.973 

68X 53.9 238.9 79.4 82.642 -3.242 

69N 6.4 10.5 93.6 93.265 0.335 

69X 53.0 52.0 79.7 82.426 -2.726 

7 ON 7.7 186.0 92.0 92.884 -0.884 

7 OX 52.1 225.1 80.3 83.007 -2.707 

7 IN 9.1 1.6 93.3 93.161 0.139 

7IX 51.2 38.3 79.6 82.870 -3.270 

72N 10.7 177.3 91.3 92.573 -1.273 

72X 50.1 211.4 81.6 83.393 -1.793 

73N 12.3 353.1 93.6 92.917 0.683 

73X 48.9 24.4 81.5 83.530 -2.030 

74N 14.1 168.9 91.2 92.223 -1.023 

74X 47.6 197.4 82.0 83.920 -1.921 
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TABLE Al-2 (cont.).—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb da turn 

(km) 

Height at 
6.1 mb datum 

(km) 

75N 16.0° 345.0° 3392.8 3392.483 0.317 

75X 46.1 10.3 82.2 84.421 -2.221 

76N 18.2 161.1 89.7 91.724 -2.024 

76X 44.4 183.0 83.4 84.722 -1.322 

77N 20.8 337.6 93.1 91.686 1.414 

78N 24.1 154.7 88.5 90.681 -2.181 

78X 39.4 167.2 84.4 86.237 -1.838 

79N 29.4 333.4 90.3 89.688 0.611 

352N 33.9 323.3 91.3 88.562 2.738 

*354N 44.2 312.5 86.8 85.568 1.232 

354X -3.3 321.9 3400.1 94.059 6.041 

35 8N 57.1 293.1 3381.7 81.803 -0.103 

358X -15.7 305.5 98.5 92.876 5.624 

360N 62.2 284.0 79.1 80.427 -1.327 

*360X -20.5 296.6 94.1 91.994 2.106 

36 2N 66.8 275.3 78.1 79.288 -1.188 

*362X -24.9 287.5 92.1 91.005 1.095 

366N 75.0 260.5 72.2 77.610 -5.410 

*366X -32.3 268.7 90.0 89.045 0.955 

36 8N 78.7 255.7 75.9 77.051 -1.151 
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TABLE Al-2 (cont.).—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

*368X -35.6° 259.0° 3391.6 3388.090 3.510 

372X -41.7 239.3 88.5 86.236 2.264 

*374N 86.0 296.5 76.6 76.379 0.221 

376N 84.7 326.6 76.8 76.439 0.360 

376X -47.0 219.3 88.5 84.528 3.972 

378N 82.1 335.5 78.1 76.625 1.475 

378X -49.4 209.3 88.7 83.733 4.967 

382N 76.4 330.5 80.6 77.297 3.303 

382X -54.0 189.1 86.7 82.245 4.455 

386N 70.5 317.5 79.7 78.357 1.343 

386X -58.2 168.8 86.3 81.016 5.284 

388N 67.7 310.1 78.8 78.980 -0.180 

388X -60.1 158.4 85.6 80.518 5.082 

390N 64.8 302.3 79.3 79.695 -0.395 

390X -62.0 147.9 82.4 80.055 2.345 

392N 61.9 294.3 80.2 80.470 -0.270 

392X -63.8 137.1 84.0 79.645 4.355 

*394N 59.1 286.1 80.5 81.265 -0.765 

394X -65.6 126.0 83.4 79.255 4.145 

398N 53.5 269.1 82.0 82.928 -0.929 
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TABLE Al-2 (cont.)•—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

400N 51.2° 260.2° 3384.4 3383.611 0.788 

400X -71.0 89.8 82.0 78.192 3.808 

402N 48.4 251.4 82.9 84.430 -1.530 

402X -72.5 76.9 81.3 77.932 3.368 

404N 45.2 242.7 84.1 85.346 -1.246 

404X -73.5 64.3 80.3 77.771 2.529 

406N 42.4 233.7 85.7 86.097 -0.397 

406X -74.8 50.3 80.9 77.578 3.322 

408N 39.5 224.8 86.5 86.833 -0.333 

*408X -76.1 35.6 81.5 77.405 4.095 

410N 36.6 215.9 86.5 87.521 -1.022 

*41 OX -77.1 20.2 80.9 77.291 3.609 

414N 30.9 198.2 92.1 88.761 3.339 

*414X -78.8 346.6 83.9 77.135 6.764 

416N 27.8 189.5 90.4 89.430 0.970 

416X -79.3 329.5 79.4 77.106 2.294 

*418N 24.9 180.9 88.5 90.067 -1.567 

*418X -79.6 311.0 79.8 77.099 2.701 

42 ON 22.0 172.4 90.4 90.747 -0.348 

420X -79.7 292.3 79.9 77.109 2.791 
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TABLE Al-2 (cont.) . —RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

422N 19.1° 164.0° 3391.1 3391.479 -0.379 

*422X -79.6 273.3 80.1 77.131 2.969 

424N 16.1 155.6 91.0 92.270 -1.270 

*424X -79.2 255.1 80.0 77.177 2.823 

*428N 10.1 139.2 94.0 93.800 0.199 

*428X -77.7 221.0 81.4 77.322 4.078 

*430N 7.1 131.0 98.4 94.428 3.971 

*430X -76.6 204.7 81.9 77.430 4.470 

432N 4.0 122.8 3403.5 94.884 8.616 

*432X -75.4 189.6 3380.6 77.556 3.044 

434N 0.8 114.5 3417.1 95.109 21.991 

434X -74.0 175.1 3383.8 77.723 6.077 

436N -2.4 106.2 3403.3 95.067 8.232 

438N -5.8 97.9 7.1 94.756 12.344 

*438X -70.8 147.0 3381.9 78.202 3.698 

442N -13.1 81.4 3401.3 93.440 7.860 

*442X -66.9 120.1 3382.5 78.981 3.519 

446N -21.4 65.4 99.1 91.451 7.649 

448N -26.4 57.9 98.2 90.159 8.041 

448X -58.7 80.0 84.2 81.015 3.185 
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TABLE Al-2 (cont.).—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

*45 ON -32.6° 51.2° 3392.4 3388.469 3.931 

638N -56.5 337.5 86.4 81.678 4.722 

640N -58.8 321.4 84.9 81.132 3.768 

642N -60.1 306.8 84.6 80.851 3.749 

644N -61.6 292.9 83.6 80.511 3.089 

64 6N -61.9 279.4 83.2 80.465 2.735 

648N -62.6 266.3 84.4 80.303 4.097 

648X -34.2 314.8 91.8 88.447 3.353 

652N -63.5 240.9 84.3 80.055 4.244 

652X -30.2 297.7 88.1 89.645 -1.545 

654N -63.9 228.6 83.6 79.920 3.680 

654X -28.3 289.1 90.5 90.157 0.343 

656N -64.2 216.5 83.7 79.795 3.905 

660N -64.7 193.2 84.4 79.554 4.846 

660X -23.2 263.2 96.6 91.312 5.288 

662N -64.9 181.7 84.5 79.453 5.047 

*662X -21.6 254.4 95.5 91.617 3.883 

666N -65.3 159.2 82.2 79.300 2.900 

666X -18.5 236.8 96.2 92.133 4.067 

668N -65.4 147.9 82.9 79.273 3.627 
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TABLE Al-2 (cont.).—RADIO OCCULTATION DATA FROM MARINER MARS 9 MISSION 

(N—Entry, X—Exit, *—Noisy data. Points with bad or missing data 
were excluded.) 

Revolution Latitude Longitude 
(West) 

Radius 
(observed) 

(km) 

Radius at 
6.1 mb datum 

(km) 

Height at 
6.1 mb datum 

(km) 

670N -65.5° 136.6° 3383.4 3379.260 4.139 

*670X -15.7 218.7 94.2 92.446 1.754 

672N -65.7 125.3 82.0 79.234 2.766 

*672X -14.3 209.4 95.3 92.528 2.772 

674N -65.8 113.9 82.9 79.231 3.669 

674X -12.9 200.0 93.9 92.573 1.327 

676N -65.9 102.4 83.9 79.223 4.676 

676X -11.5 190.6 93.1 92.613 0.487 

67 8N -66.0 90.9 81.8 79.207 2.593 

680N -66.1 79.3 82.6 79.184 3.416 

682N -66.2 67.7 81.7 79.155 2.545 

690N -66.4 21.8 84.2 79.114 5.086 

694N -66.5 359.4 82.6 79.135 3.465 

694X 0.0 104.9 2.5 95.122 7.378 

696N -66.6 348.4 82.9 79.144 3.756 

696X 1.6 95.7 3401.0 94.969 6.031 



APPENDIX B 

ASSOCIATED LEGENDRE FUNCTION P (sin (j)) 
nm 

P = P = 1 
oo o 

pio = pi = sin * 

P^ = COS (j) 

P20 = P2 = ̂  Sin2 ̂  ~ 

P^^ = 3 cos (J) sin (J) 

P22 =  3  COs2  ^ 

P30 = P3 = ̂  sin3 ̂  ~ 3 sin ̂  

, .15 . 2 , 3N 
31 ~ COS ̂  ~2~ Sin ' ~ 2" 

2 
P^2 = 15 cos <j) sin (J) 

3 
P33 = 15 cos <j> 

P40 = P4 = •§" sin^ (J) - 30 sin2 <f> + 3) 

3 
P = cos <j> (35 sin (j> - 15 sin (J>) /2 

P^2 = cos^ (j) (105 sin2 <p - 15) /2 

3 
P^^ = 105 cos (J) sin (j) 

4 
P.. = 105 cos (j) 

165 
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