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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 Scienée 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
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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
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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 E%E.
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 55O 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
650, and the polar stereographic projection is used for the polar
regions both north and scuth 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




xvii
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 J2 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
w=0.70882176 x 10_4 radian/sec and the gravitational constant
1=0.4282844 x 10° k2,

The procedure for establishing topographic contour lines is to
convert all the non-imagery topographic data, cobtained 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




xviiiﬂ

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
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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 Farth-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




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 ( d ) 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




6

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. 1In 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,




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 Farth 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°¢ (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

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

of 65% (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°¢
‘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 CO2 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.




Except for the Coprates Canyon complex, which has been renamed
Valley Marineris and expanded to a length of 4,800 km with a deéth 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
mass of Phobos and Deimos are 17.4 x lO18 g and 3.1 x 1018 g respectively.
They are somewhat triaxial in shape with a mean radius of 10.9 kam 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 1s 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 107% 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 Martianm orbit,
Mariner 9 transmitted photographs and other various scientific informa-
tion back to Farth 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
Mars at 0h 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 Olh 29™ 02° 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
from near-encounter were taken before it passed Mars at 05h 19m 07S

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

Martian surface.
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Mariner 7 was launched at 22h 22" 01° GMT on March 27, 1969,
and began its first far-encounter sequence of approach photography at
09h 32™ 33° 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 11°%14° field of view with a focal length of 52 millimeters and one
narrow angle which has a 1.1%x1.4° field of view with a focal length of
508 millimeters. The image format for both cameras is 2.6 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 CO, ice with irregular angular depressions (Sharp et al., 1971a);

2
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 (40N and 3560E) and exit point (79°N and 84°E), and Mariner
7 entry point (5808 and BOOE) and exit point (380N and 2120E). 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 CO2 (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 22h 23" 04° GMT on May 30, 1971,
and, after a 167 day and 394 million kilometers flight, it was inserted
into Martian orbit at OOh 15™ 29° GMT on November 14, 1971,Mwith an
orbital period of llh 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. M;dler, 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 Lowe;l
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 interpretatians
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 cbservations 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

TheAMartian 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
equa;orial 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-0, as circled in figure 2-1(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 2-1(a). The Airy-0 is located at —5.190, 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

L and an eccentricity of 0.101849,

192
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Figure 2-1.--Location of the Martian prime meridian of longitude
passes through the crater Airy-O--as circled in b.
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The relationship between the areocentric latitude Y and areo-

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

2
tan Y = — tan ¢ (2.2)

=

The maximum difference between Y and ¢ is 0° 17' 58.7" 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 6.5 m as the size for all quadrangles,
between 20 and 30 maps would be required to accomplish the desired
coverage. Therefore, as shown in figﬁre 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 iine 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 ;cale 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 = A\ e (2.3)
2
m l - e sin
v=am (fran (F+3)] (522287 ) (2.4)

where A, e, and ¢ are described in section 2.1 and A 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),

vl - e sinEQA_ A (2.5)

cos @ " N cos ¢

k =

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

N = A (2.6)
jl - e2 sin2¢

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 16 459 x 30°

quadrangle maps MC~8 to MC-23.
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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).




the 1:25,000,000 map.

Table 2.1.--Scale variations in the Mercator conformal projection of
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Latitude Scale ratio True scale
0° 1.000000 125,000,000
5 0.996234 124,905,849

10 0.984962 124,624,048
15 0.966262 :24,156,543
20 0.940263 123,506,585
25 0.907149 :22,678,715
30 0.867151 121,678,764
35 0.820553 120,513,836
40 0.767691 :19,192,287
45 0.708948 117,723,693
50 0.644753 116,118,824
55 0.575583 114,389,576
60 0.501957 112,548,914
65 0.424430 :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 v coordinates are:

r sin A 2.7)

x:
y =1 - T cos LA (2.8)
where
r=KE —2q (2.9)
-2q
ro =K E o) (2.10)
and

Nl cos ¢l ) N2 cos ¢2

K =

gE My ppta, ‘ (2.11)
L - £n (Nl cos ¢1) - fn (N2 cos ¢2)
-4y 79y (2.12)
e
. 2
q=n {[tan G + D] [%—L—%-E——-i‘?ﬁ] } (2.13)

In equations (2.7) to (2.13), X and ¢ are areographic coordi-
nates of the point to be projected; E is the Naperian base=2,71828183;

N is calculated by using equafion (2.6); ¢. and ¢2 are the two standard

1
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 ¢2 and ¢l’ 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 r0 are constants which can be
- calculated by using the latitude of the origin qg.

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 ggtd
N cos ¢

k (2.14)

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°,quadrang1e 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 (300) 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° 1ncrements 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 =1 cos A (2.15)
v =1 sin A (2.16)
where
2 E.
v =k, 2 <i;2212§§> tan Z (2.17)
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where
&
z _ T, ¢ 1 -e sin ¢,2
cot 5 tan (4 + 2) (l T e oin ¢) (2.18)

k 1is the scale factor at the pole, which can be arbitrary and generally
selected to reduce the maximum scale distortions of the projection.

Scale distortion can be computed by (2.19),

2 e

L2 2 (2.19)

24 e)
1 +e 2

~ B N cos o)

k

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.
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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:

- A D w D A D
{1 —n§2 I ( ;’) P sin ¢ + (=)

GM4g
no n=2 mgl an

sin
- o

U =

[ Cnm cos mh + Snm sin mx ] } (3.1)
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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

T is the radial distance of the orbiter from Mars

an denotes the associated Legendre polynomials

¢ is the latitude and A is the longitude of Mars

1f we set *Jn = Cno and since the Martian mass constant,

g =GCM = 42828.439km3/sec2, has been préviously 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

= Z Z 3 .
Ar Rm 221 oo an (sin ¢) [Cnm cos m A + Snm sin m X] (3.2)

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

the areopotential for AR is:

cos ¢ (3.3)

R4
AR = Ar + % w? = 2
" u

where w = 0.70882176 x 10-4 rad/sec, the rotational velocity of Mars,
The computed radius RD’ which is used to define the topographic datum

can then be obtained by:
RD =R _ + AR (3.4)
m ™

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

value for Rm was obtained by fitting the 6.1 millibar occultation
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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 Cnm's and Snm's were obtained from
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 gfavitation 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

2

areopotential of Mars, which includes the J, term and the centrifugal

2
force.

It should be noted that equation (3.2) is for the conventional
coordinate system in which longitudes increase to the east. Since

. . . o .
longitudes increase to the west in the Mariner 9 case, 360 - A 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 Value + Coefficients Value +
Cnm (x10-4) (xlO—A) Snm (xlO_a) (x10_4)

J2 = -C20 19.65 0.06

J3 = -C30 0.36 0.20

J4 = -C40 -0.29 0.40
Cc22 -0.548 0.010 S22 0.31 0.02
31 0.048 0.040 $31 0.26 0.05
C32 -0.055 0.020 S32 0.026 0.020
C33 0.048 0.003 S33 0.035 0.003
C4l 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 obtaingd by those who observed the two satellites

of Mars in their close Martian orbits, The difference between the
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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 1s 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:

2 2 2
+ 2 =1 ‘ (3.5)
c? '

4
A

bdNIN

and has also tried using spherical harmonics which gave the following

results,
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A = 3394.67 km

B = 3393.21 km

c = 3376.78 km

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 = 3399.3 + 0.7 km
B = 3394.0 + 0.7 knm
C = 3376.4 + 0.5 kn
£ = 0.00596

(o}
8 = 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):

-1 S22 o

8 = % tan ( T2 ) = 105 (3.6)
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R {1l +2%J,+ 3 [C22 cos (20) + 522 sin (28)]}
24 ‘
+ 522 = 3,394.6 km (3.7)

R{1+%J,+ 3 [C22 cos 2(6 + 90) + S22 sin 2(B + 90]}

2
2R4
+1»;9’-—u——= 3,393.3 km (3.8)
R (1 - J2) = 3,376.3 km ' (3.9)
—g-Jz +% 0 = 0.00525 (3.10)
szzB
o) =-——ﬁ—— (Heiskanen and Moritz, 1967, p. 111) (3.11)

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, Rm in equatiomns (3.2), (3.3), (3.4) and R in (3.7), (3.8) and
(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 é 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 273.010K, 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 cne
kilometer contour interval. Numerical values of radii of the datum
have also been listed in Appendix A, Table Al-1l. 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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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 perjiod 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 —800, 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 pressufes 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 Ultraviclet 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

9
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). Vhile the infrared radiometer is used
to infer the thermal properties of the Marti;n surface (Chase et al.,
1972), the data can also be used to compile a temperature map which can
be correlated with topographic vafiations (Cunningham and Schurmeier,
1969). As showﬁ 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.







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 t