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Foreword

HE SPACE SCIENCE BOARDof the National Academy of
Sciences has recommended that emphasis be placed on

planetary exploration, with primary attention given to Mars. This
planet has long held the interest of scientists looking for evidence of
life elsewhere in the Solar System. Since the time when Percival
Lowell hypothesized the possibility of life on Mars, observed phe-
nomena, such as the highly debated existence of systems of

canals and the yearly wave of darkening, have been interpreted as
indications of life of some form on the planet.

Of all the planets, Mars is one of the two most accessible for
study and exploration. It has a thin atmosphere through which
surface features can be seen by telescope. Although Mars has

been observed from the Earth at every possible opportunity since
the turn of the century, many of the observed phenomena have yet
to be explained. Exploration of the planet with spacecraft may
be the only means of unraveling its mysteries.

This volume is an attempt to summarize our knowledge of Mars

through the spring of 1966, based both on observational and theo-
retical studies. The theoretical studies attempt to explain the
observational data but also include studies of a hypothetical planet

having the same boundary conditions as Mars. The material was
prepared in the Space Sciences Department of the Douglas Air-
craft Company, Missile and Space Sciences Division, under
contract with the National Aeronautics and Space Administration.

ORAN W. NICKS, Director
Lunar and Planetary Programs
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Orbit

N COMMON WITH ALL PLANETS in the solar system, Mars,
as seen from the north pole of the ecliptic, revolves

around the Sun in a counterclockwise direction. Its orbital plane

is slightly inclined (at an angle of l°51 ' ) to the orbital plane of
Earth. Mars' path around the Sun is decidedly more elliptical

(eccentricity, e_0.093) than Earth's nearly circular orbit. Figure
1-1 somewhat exaggerates this eccentricity for the sake of visual
clarity (refs. 1 and 2).

MEAN ORBITAL ELEMENTS AND SECULAR VARIATIONS

Because the orbital paths of planets are affected by the attrac-

tions of other planets, they are not truly elliptical. The actual
(perturbed) motion of a planet may be represented by osculating
elements, that correspond to instantaneous position and velocity
vectors for any time relative to an epoch (starting point for com-

parison purposes). Expressed as functions of time, these oscu-
lating elements contain both secular terms (the progressively

changing part) and periodic terms. Mean elements, obtained by
ignoring the periodic terms, cannot be used for precise calcula-
tion of a planet's position, but have the merit of demonstrating the
progressive changes in the orbit.

Table 1-1 presents the mean orbital elements of Mars in the

period 1960-66, at epochs separated by 400 days, as given in the
corresponding volumes of The American Ephemeris and Nautical
Almanac (ref. 1). These values and all currently published
ephemerides of Mars are based upon the classical work of Newcomb
(refs. 3 and 4) on the elements of the four inner planets and
tables of their motions and are supplemented by corrections

prepared by Ross (ref. 5).
Secular variation formulas which start from the Fundamental

Epoch 1900 are given in table 1-2. These equations make possible
calculation of mean elements for any later date. In each formula

shown, mean solar distance is a constant, in accordance with the
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Vernal Equinox 'W'

(1900)...._.t

AscendingNl_d ,//_1.'1 _lion

Mars Aphelion

FIGURE 1-1.--Otblts of Mars and Earth (Values: refs. 1 and 2).

e0

Constant

Mean solar distance, a, astronomical unit .......

Mean motion, n, deg/sidereal day ...............

Eccentricity of orbit, e ..........................

Inclination of orbit to ecliptic, i, deg ............

Longitude of ascending node, 2, deg ............

Longitude of perihelion, _, deg .................

Solar distance at perihelion, astronomical unit...

Solar distance at aphelion, astronomical unit ....

Mars

1.5236915

0.52403295

.09331290

1.850334

48.786442

334.218203

1.381426

1.665954

Earth

1.000000

0.985609

.016750

.000000

101.21971

.983276

1.0166

Laplace-Poisson theorem of celestial mechanics on the invariability
of semimajor axes. Mean sidereal motion is very nearly constant.
Although orbital eccentricity and inclination are dependent upon

time in response to the influence of the other planets, these factors
vary quite slowly. The longitudes of ascending node and perihelion
vary rather rapidly with time. The larger part of the contribution
in time (T and T _) arises from the constantly changing reference
system of mean equinox and ecliptic. Newcomb intended that

these mean elements represent merely a mean reference orbit as
a basis for deriving the actual orbit by the theory of general
perturbations.

The mean distance, a, in an unperturbed orbit or in an osculating

orbit, is related to the mean motion, 7, by Kepler's third law,
,72a3_k 2 (l+m), where m is the ratio of the mass of the planet
to the Sun, and k is the Gaussian constant of gravitation. If _ and
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a are mean elements, the relation becomes Cas_k 2 (l+m) (1+8),
where 8 is a small quantity that arises from neglect of the periodic
terms in the definition of the mean elements. Mars orbital con-

stants derived from the mean elements for 1960 are given in

table 1-3, as taken from Kirby's survey of the orbital and physical
data for Mars (ref. 6).

NEW THEORY OF THE MOTION OF MARS

At present, no official ephemeris accurately predicts the position
of Mars. Soon after the appearance of Newcomb's tables for
Mars, it was noticed that the observed positions of the planet

increasingly diverged from its predicted positions. Clemence and
Scott (ref. 7) were dissatisfied not only with Newcomb's orbit
but also with Ross' improved empirical corrections. Clemence
decided to construct a new theory of the motion of Mars, which
would include all the second-order perturbations (neglected by

Newcomb) related especially to the effects of Earth and Jupiter
and, to a lesser extent, to the effects of Venus and Saturn. Some
third-order terms were also included.

Clemence's first-order theory appeared in 1949 and was fol-

lowed in 1961 by the completed second-order theory (refs. 8 and

TABLE 1 3.--Derived a Orbital Constants for Mars

[After ref. 6]

Orbital time intervals

Mars sidereal year ......

Mean synodic period ....

Earth sidereal

years

1.88082

2.13531

Earth tropical
years

1.88089

2.13539

Earth ephemeris
days

686.98C

779.93_
I

Distances from the Sun

Mean distance .........

Distance at perihelion..

Distance at aphelion ....

Astronomical
unit

1.523691

1.381426

1.665954

Kilometer × 106

227.9424

206.6600

249.2247

Miles X 106

141.63]

128.41_

154.86]

Orbital velocity

. Kilometer/second Miles/secondMean orbital velocity .............. 24.13 14.99

a Derived from mean orbital elements, epoch 1960 January 0.5 ephemeris time, or

Julian date (J.D.) 2436934.0.
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9). Provisional ephemerides calculated by Duncombe (ref. 10)
and Duncombe and Clemence (ref. 11) were compared with obser-

vations made as much as a hundred years apart. This check
proved, without doubt, not only the validity of the general theory
but also its great accuracy. Comprehensive comparison with all
reliable (meridian-circle) observations is in progress at the U. S.
Naval Observatory as of this writing, under the direction of Dun-

combe. Satisfactory proof of the precision of the theory has
been provided by P. Herget who used the Naval Ordnance Research

Calculator to perform a numerical, step-by-step integration of the
orbit of Mars over a 35-year period (1919 to 1954). Finding no
more than 0.04 second of arc as the difference in the calculated

and the observed orbital longitudes of Mars, Herget affirmed new
standards of accuracy. The agreement in orbital latitude was even
better, as 0'.'008 was found to be the greatest difference. It is
hoped that, in a few years, the constants employed in the new

formulas will have been confirmed sufficiently to permit publication
of a reliable ephemeris for Mars.

Clemence suggested and introduced two improvements to New-
comb's theories of planetary observations : (1) the use of ephemeris
time, which corrects for the effects of deceleration and irregular-
ities in Earth's rate of rotation; and (2) the relativistic correc-

tion to the motion of the perihelion, which cannot be considered
negligible for Mars. While the excess for the advance of the Mars

perihelion, unexplained by Newton's gravitation theory, was pre-
dicted as 1'.'35 by relativity theory, it was observed as 1':5-+-0'.'04
by Clemence (quoted in ref. 12).
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Configurations and Seasons

OPPOSITIONS

PPOSITIONS (and superior conjunctions) of Mars withrespect to Earth occur at an average interval of 780

days, the mean synodic period of revolution of the two planets.
Because of the eccentricity of the Martian orbit, however, the
actual synodic period can differ from the mean period by as much
as 20 days. For the same reason, the distance between Mars and

Earth at opposition is not constant, but varies by a factor of
nearly 2 in the 15-to-17-year cycle of successive oppositions around
the Martian orbit. The 15 oppositions between 1950 and 1980 are
shown in figure 2-1, demonstrating the variation in opposition

distances and the alternating periods of the cycles. Oppositions
near the Mars perihelion are termed favorable. The most favor-
able, the perihelic opposition, occurs once each cycle normally in
August or September, when Mars is closest to Earth, at a distance
of approximately 35 million miles or 0.38 astronomical unit. They
offer the optimum opportunity for the astronomer-physicist to

study Mars closely. The most recent perihelie opposition took
place in September 1956 ; and the next such event will be in August
1971, when Mars will again be only 0.38 astronomical unit from
Earth. The previous perihelic oppositions occurring in 1862,
1877, 1892, 1909, 1924, and 1939 stand out as landmarks in Mar-

tian studies. The least favorable, the aphelic opposition, occurs
near aphelion in either February or March, when Mars is
approximately 0.67 astronomical unit from Earth.

The distance between Mars and Earth at opposition is seldom

the minimum distance achieved during oppositional approach
because of the eccentricity of their orbits. Although the differ-
ence between these distances is always very small, the difference
between the date of opposition and the date of closest approach can

be as much as 10 days. For accurate calculations of times of oppo-
sition and conjunction, a small correction shouldbe included for

the effect of light-time. This amounts to about plus 7 minutes for
Earth-Mars oppositions and minus 24 minutes for their superior

7
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1965 ]980

_1978

1973

(1950)

FIGURE 2-1.--Oppositions of

Mars, 1950 to 1980.

conjunctions, according to reference 13. Table 2-1 which lists
pertinent data of all Mars approaches from 1901 through 1980

was constructed by graphic and inverse interpolation from the
planet's heliocentric longitudes and radii vectors as given in the
Planetary Coordinates volumes issued by the British Nautical
Almanac Office for the years after 1800 (refs. 14, 15, and 16).

Additional information was taken from the appropriate annual
volumes of The American Ephemeris and Nautical Almanac, from
calculations by Heath (ref. 17) for oppositions of 1956 through
1999, and by Meeus (ref. 18) for oppositions of 1960 through
1980. Earth-Mars distances are in kilometers, miles, and in
astronomical units. The apparent diameters 2_ of Mars were

calculated from the simple relationship 2_=9':36/_, where 9"36
is the angular diameter in seconds of arc at 1 astronomical unit
(American Ephemeris value), and ± is the distance in astronomical
units.

MARTIAN SEASONS

Because the tilt of the rotation axis of Mars upon its orbit is
nearly the same (25 °) as for Earth (23._5), Mars experiences
distinct seasons comparable to those of Earth. Because the

celestial orientation of its axis is different, the location of the
Martian solstices and equinoxes is displaced in heliocentric longi-

tude _ with respect to those of Earth. This displacement is
±7=87 ° ahead of Earth ; it varies quite slowly with centuries as a
direct effect of the unequal precessions of the axes of the two
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TABLE 2-1.--Mars Opposition and Closest Approach Data, 1901 to 1980

Year

1901 ......

1903 ......

1905 ......

1907 ......

1909. .....

1911 ......

1914 .....

1916 ......

1918 ......

1920 .....

1922 ......

1924a .....

1926 .....

1928 .....

1931 ......

1933 ......

1935 ......

1937 ......

1939 a .....

1941 ......

1943 ......

1946 ......

1948 ......

1950 ......

1952 ......

1954 ......

1956 a ....

1958 .....

1960 ......

1963 ......

1965 ......

1967 ......

1969 ......

1971 a .....

1973 ......

1975 ....

1978 ......

1980 ......

Oppo-
sition
date

Feb. 22

Mar. 29

May 8

July 6

Sept. 24
Nov. 25

Jan. 5
Feb. 9

Mar. 15

Apr. 21

June 10

Aug. 23
Nov. 4

Dec. 21

Jan. 27
Mar. 1

Apr. 6
May 19

July 23

Oct. 10
Dec. 5

Jan. 13
Feb. 17

Mar. 23

Apr. 30

June 24

Sept. 10
Nov. 16

Dec. 30
Feb. 4

Mar. 9

Apr. 15
May 31

Aug. 10

Oct. 25

Dec. 15

Jan. 22

Feb. 25

Date

Feb. 23

Apr. 2

May 16

July 13

Sept. 18
Nov. 17

Jan. 1

Feb. 9

Mar. 18

Apr. 28

June 18

Aug. 22
Oct. 27

Dec. 15

Jan. 26
Mar. 4

Apr. 12

May 28

July 28
Oct. 3

Nov. 29

Jan. 10
Feb. 18

Mar. 27

May 8

July 2

Sept. 7
Nov. 8

Dec. 25

Feb. 3

Mar. 12

Apr. 21

June 9

Aug. 12
Oct. 17

Dec. 8

Jan. 19
Feb. 26

Closest approach data

Distance

Astro-
nomical km × 106

units

0.6774 101.34

miles × 106

62.97

Maximum
angular

diam,
sec of arc

.6380

.5366

.4076

.3895

.5112

.6224

.6748

.6613

.5831

.4560

.3729

.4588

.5850

.6622

.6746

.6210

.5085

.3879

.4105

.5395

.6394

.6776

.6497

.5583

.4278

.3781

.4877

.6068

.6704

.6685

.6012

.4796

.3757

.4360

.5655

.6532

.6773

95.44 59.31

80.27 49.88

60.98 37.89

58.27 36.21

76.47 47.52

93.11 57.86

100.95 62.73

98.93 61.47

87.23 54.20

68.22 42.39

55.79 34.66

68.64 42.65

87.52 54.38

99.06 61.56

100.92 62.71

92.90 57.73

76.07 47.27

58.03 36.06

61.41 38.16

80.71 50.15

95.65 59.44

101.37 62.99

97.19 60.39

83.52 51.90

64.00 39.77

56.56 35.15

72.96 45.34

90.78 56.41

100.29 62.32

100.01 62.14

89.94 55.89

71.75 44.58

56.20 34.92

65.22 40.53

84.6O 52.57

97.72 60.72

101.32 62.96

13.8

14.7

17.4

22.9

24.0

18.3

15.0

13.9

14.1

16.0

20.5

25.1

20.4

16.0

14.1

13.9

15.0

18.4

24.1

22.8

17.3

14.6

13.8

14.4

16.8

21.9

24.7

19.2

15.4

14.0

14.0

15.6

19.5

24.9

21.4

16.2

14.3

13.8

Perihelic opposition.
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N. Autumn

Equinox

_.-4_ _ N. Summer

"_ *" _182 Days

N. Winter _ ' _ /
Solstice \ \ _ /

N. Spring
Equinox

N Winter ,_ 87<'

S

N. Summer
Solstice

,1_ 177°

Aphelion
, = 155°

N Summer

S

FIGURE 2-2.--The Martian seasons.

TABLE 2-2.--Th, Martian Seasons

Heliocentric
longitude,

deg

87 to 177

177 to 267
267 to 357
357 to 87

87 to 87

Northern
Hemisphere

Spring

Summer

Autumn
Winter

Ye.ar

Southern
Hemisphere

Autumn

Winter

Spring
Summer

Duration

Terrestrial
days (24 h)

199_

182 _ 381
146
160 ' 306

687

Martian days
(24h37 m)

194}177 371

142 }156 298

670

planets. Figure 2-2 and the accompanying table 2-2 show the
positions of the four seasonal points and the durations of the

seasons. The latter are seen to be appreciably unequal, in contrast
to those of Earth, as a result again of the marked eccentricity of
the orbit of Mars. The Martian seasons are, of course, about
twice as long as seasons on Earth, since the Martian year is almost
double the terrestrial year.
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3
Mass

HE MASS OF MARS can be determined by two methods:
(1) a complex analysis of the perturbations Mars

causes in the orbits of other major or minor planets, or (2) a
direct analysis, using Kepler's third law on the orbital elements
of the Martian satellites.

The perturbations method is the older, more cumbersome general

technique, which was necessarily used before the discovery of the
Martian satellites. When applied to the perturbations of neigh-
boring planets, this method produced a wide range of mass values
for Mars. When applied to minor planets, especially Eros, how-

ever, the perturbations method was capable of greater r_finement
and yielded values in much better agreement with those determined
by the more accurate satellite method.

The satellite method is unquestionably simpler and more direct.
However, since the mass of Mars is derived from the scale of the
orbits of the satellites and therefore from the measured angular

distances of the satellites from the center of the planet, the result
may be affected by systematic errors. Soon after discovering the
satellites Phobos and Deimos, Hall (ref. 19) measured their mean
distances and periods of revolution with great precision. Using
these data, he arrived at a value for the mass of Mars, which is
still accepted by most astronomers, and used in The American
Ephemeris and Nautical Almanac.

Hall's value was adopted by Newcomb in preparing his tables
of orbital elements (ref. 3). A more broadly based value was
proposed by Van Den Bosch (ref. 20), using a weighted average

of 27 values for the mass of Mars, as determined by the satellite
method during the period from 1877 to 1917. Later, Clemence
and Brouwer (refs. 21 and 22) confirmed this average value and
narrowed its uncertainty, using a similar process but including
additional data. It is the value recommended here. It should be

noted, however, that Clemence (ref. 23) advocated a slightly
larger mass at the International Astronomical Union (I.A.U.)
meeting of August 1964. Analysis of the Mariner IV trajectory

11
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TABLE 3-2.--Comparison of Masses

13

Body

_l.ln .....................

Earth (alone) .............
Mars ....................

Moon ....................

Phobos, Deimos ...........

Absolute mass, g

1.989 × !0 z3 ...........

5.9826 × 1027 ..........
6.441 × 1026 ...........

7.3527× 1025 ..........

Negligible ............

Relative mass

Sun = 1
(reciprocal)

1 ..............

332 464 ........

3 088 000 .......

27 051 300 ......

Negligible ......

Earth = 1

332 464

1

0.10766

0.01229

Negligible

near Mars indicates that the mass of Mars is slightly smaller than
Clemence and Brouwer's or Van Den Bosch's value, and is fairly
close to the value adopted by The American Ephemeris and
Nautical Almanac.

Table 3-1 presents the results of various determinations of the

mass of Mars in terms of absolute mass, as a reciprocal of the
mass of the Sun, and in direct comparison with the mass of Earth.
Table 3-2 uses the Brouwer and Clemence (ref. 22) value for the
mass of Mars in comparing masses of the Sun, Earth, Mars, the
Moon, and the satellites of Mars.
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4
Diameter and Shape

_HE EXACT DIMENSIONS AND SHAPE of Mars perhaps
are

the least exactly known of all the fundamental physical
characteristics of the planet. Numerous micrometric measure-
ments have been taken at the telescope since Huygens' time (1659),

and more rigorous modern microphotometric tracings have been
made of photographs of the disk by Camichel (refs. 30 and 31).
Nonetheless, the true value of the equatorial diameter is accepted
even today as lying somewhere between 6725 and 6825 kilometers.

These approximate limits result from a recent critical examination
by De Vaucouleurs (ref. 32) of the most reliable observations of
the past 100 years.

METHODS OF MEASURING DIAMETER

DIRECT VISUAL,,MEASUREMENT.--The visualmethod of direct
measurement ofthe disk'sdiameter makes use of eitherthe single-

image wire micrometer, alsoknown as a filarmicrometer, or the

double-imagemicrometer. The lattermay refereithertothe out-

dated heliometeror to the more modern birefringentmicrometer.

With the single-imagemicrometer,two wires are settangentially

to oppositelimbs of the disk,and theirseparationismeasured by
a precisionscrew. With the double-imagemicrometer,an identical

image of the disk is moved into tangentialcontacton opposite

limbs,and the displacementismeasured by a precisionscrew.

DIRECT PHOTOGRAPHIC MEASUREMENT.--The photographic

method of directmeasurement makes use of large-scalephoto-

graphs. A wire micrometer may be used to make tangentialset-

tingsatthe limb ofthe photographicimage, or a microphotometer

can obtaintracingsofluminance (brightness)diametricallyacross

the diskby scanning the platewith a tinyspotof light.

INDIRECT MEASUREMENT.--The indirectmethod makes use of a

wire micrometer to measure the apparent positionsor paths of

surfacemarkings on the disk. This may be done visually;how-

ever,the use of photographs ispreferred. A physicalephemeris

15
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of Mars is used to determine the location (areographic latitude)

of the center of the disk and the direction (angle with celestial
north) of its axis of rotation. If timed measurements are made

of the apparent path of selected surface markings as rotation
carries them across the disk, the known rotation rate determines
their angular positions. The major axis also may be determined

for the ellipses described by selected surface markings, preferably
along the equator.

SYSTEMATIC ERRORS IN MEASUREMENT

Numerous difficulties hinder the determination of a planetary
diameter from Earth. The sources of error can be atmospheric,

optical, instrumental, or even subjective. An unsteady telescopic
image can result from air turbulence and erratic clock-drive, or a
distorted image with indefinite edges can be caused by diffraction,

chromatism, eye astigmatism, and irradiation. The corrections
applied may also be highly arbitrary; for instance, the irradiation
correction is often taken as a constant. Thus, the accuracy of

measurements suffers greatly from this combination of poorly
understood systematic errors. Furthermore, the correct inter-
pretation of measurements must take into account the particular
conditions or phenomena involved in measuring a planetary body

at great distances. The astronomical position of the planet, or
specifically, its phase angle, may make the illuminated portion
noncircular. Allowances must also be made for sky background
luminance, distinguishing between nighttime, twilight, and day-

time observations, which for Mars correspond to near-opposition,
near-quadrature, and small-elongation configurations with Earth.

The physical nature of the exterior of the body, its surface, and its
atmosphere may together produce a nonuniform luminance. The
surface brightness of the disk is also affected by the wavelength

of observation, especially for Mars. (See fig. 4-1.)

Micrometric measurements of photographed disks have other
important systematic errors, as shown by Van De Kamp (refs.
33 and 34) and Reuyl (ref. 35). The photographed diameter in-
creases with density of the image (photographic irradiation) and
with increasing atmospheric turbulence (reduced visibility).

Measurements are often corrected inadequately by assuming a
constant error, c. Van De Kamp recommends making a plot of
c as a function of density. Images should be reduced to some
standard density representing normal exposure before applying

any correction. The wavelength (or color filter) used in securing
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the image must always be specified when quoting photographic
diameters. Perhaps the best micrometric measurements on pho-

tographs are those of Trumpler (ref. 36) during the perihelic
opposition of 1924.

WRIGHT'S EFFECT

A systematic color survey of Mars by photography undertaken
by Wright (ref. 37) led him to discover that the size of the images
varied with the color of the filter used. The variation was greatest,

approximately 3 percent, between ultraviolet and infrared images.
Ross (ref. 38) even found a difference as great as 6 percent.
Trumpler found the yellow image to be larger than the red image
by a mean value of 0.86 percent. This wavelength dependence of
the observed diameter of Mars, since called Wright's phenomenon
or Wright's effect, has received different explanations, none of

which is entirely satisfactory.
Wright immediately attributed the phenomenon, by analogy

with Earth, to atmospheric scattering which increases with shorter
wavelengths. From the ultraviolet to the yellow to the red and

infrared, a rapid shrinking of the image takes place, as shown in
figure 4-1 which was plotted from the data of De Vaucouleurs
(ref. 39). Both Wright and Trumpler suggested that this rapid
shrinking seemed to mark the transition from the disk of Mars
seen with its surrounding atmosphere, or at least part of it, to
the disk representing the solid surface alone. The depth of the

visible atmosphere of Mars was estimated by Wright to be approx-
imately 100 kilometers in the blue-violet, by Trumpler as 84 kilo-
meters in the yellow, and 55 kilometers in the red along the
equator. However, this explanation was disputed at the time on
theoretical grounds by Menzel (ref. 40), Fessenkov (ref. 41), and

later by Barabashov and Semejkin (ref. 42), who cited the tenuous
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Martian atmosphere and the great height at which scattering was
being considered. A layer of dust suspended very high was then
assumed to be a more likely cause.

Ross (ref. 38) suggested instrumental or photographic sources
of error. Barabashov and Timoshenko (ref. 43), using increasing
exposures, ascertained later that the diameter in the blue did not
change, but that the diameter in the red changed markedly, throw-

ing some suspicion on Wright's and Ross' original measurements,
although Wright's phenomenon is definitely real. Besides the pho-
tographic exposure effect, another important phenomenon was
shown to coexist by Barabashov and Timoshenko, and by Sharonov
(ref. 44). This phenomenon consists of limb darkening in the red

and limb brightening in the blue, which causes essentially smaller
red and infrared images, whereas blue ones tend to appear larger ;
however, this illusion is only a partial explanation of Wright's

effect. A true atmospheric layer effect must definitely be present,
because the ultraviolet images are large, compared to red ones.
It is difficult to say whether the red image actually defines the solid
globe of Mars, but, so far, it can be assumed to be for a first ap-
proximation of the true diameter. The excess in diameter of the

ultraviolet image over the red image generally is assumed to
include the so-called violet layer, a hypothetical atmospheric region

presumably containing aerosols to account for its optical effects.

LIMB EFFECTS

Any planet with an atmospheric envelope produces disk images
of nonuniform brightness or luminance, even if allowance is made

for local surface or atmospheric features of varying reflectivity.
The Martian disk shows decided limb darkening at the longer
wavelengths (x>0.5 _), and limb brightening at the shorter wave-
lengths (x<0.5 _). This is illustrated in figure 4-2, which is based

on the study by Barabashov and Timoshenko in photographic
photometry of Mars. The explanation must lie in a combination
of absorption and scattering within the Martian atmosphere.

Limb darkening reduces all diameter measurements made with

micrometers, especially those made with the double-image microm-

eter. By measuring the polar diameter in the daytime to elimi-
nate irradiation, Mtiller (ref. 45) obtained a value of only 9'.'00
with a double-image micrometer ; See (ref. 46) obtained a value of
9'.'22 with a filar micrometer, as compared with Camichel's value
of 9'.'30 (table 4-1). In any case, in filar measurements the

irradiation of the disk compensates in part for limb darkening.
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DIAMETER OF MARS, WITHOUT AN ATMOSPHERE

Diameters of Mars measured in ordinary or yellow light un-

doubtedly include a significant fraction contributed by the atmos-

pheric envelope; that is, the densest layers. Schemes to eliminate

this envelope from measurements were devised and applied by

Wirtz (ref. 47) and Wright (ref. 48). Their method consisted

of timing the angular positions of selected surface markings rotat-

ing across the disk and using the known period of rotation for the

reduction. In another indirect method, proposed and used by

Trumpler (ref. 36) and later refined by Camichel (refs. 30 and 31),

one observes on photographs the elliptical paths described by

known markings, preferably near the equator, and derives the

major axis of the ellipses. If the areographic coordinates of the

markings or other needed constants are not known accurately,

corrections can be determined from the residuals between observed

and ephemeris-predicted values by a least-squares solution with

many equations of condition. Trumpler used this elaborate cor-

recting technique. The direct micrometric method, applied to red
images only, was also tried by Trumpler, but it is less certain that

the diameter so derived refers to the solid surface alone, because

of the effect of limb darkening.
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TABLE 4-1.--Apparent Diameters of Globe of Mars at Unit Distance

[Ref. 32]

Method

Visual. Filar microm-

eter in daytime.

from cusps diam.

Visual. Double-image
micrometer, in

daytime.

Photographs in red

light. Micrometer.

Visual. Positions of

surface markings.

Photographs. Ellipses
of surface markings.

Observer;
years

observed

Campbell
1894 to 1895

See 1901

Miiller

1937 to 1938

Trumpler

1924

Wirtz

1909

Trumpler
1924

Camichel

1941

Camichel
1943

Camichel

1946
Camichel

1948

Camichel
1950

Camichel

1954

Simple mean .....................

Weighted mean ..................

Apparent
equator

diam, d I,
$ec

9.33

Apparent
polar

diam, d[,
see

9.254

9.22

9.00

9.24

Weight

1

½

9.122

9.178

9.48

9.40

9.20

9.26

9.23

9.466

9.275
9.285

9.074

.(9.30)

9.18
9.20

½

a By North Polar Cap--very questionable value.

SUMMARY OF DIAMETER DETERMINATIONS

Tables 4-2 and 4-3 list results of various determinations of the

apparent polar and equatorial diameters of the Martian disk, as

well as apparent optical flattening. Table 4-4 represents De
Vaueouleurs' summary and evaluation of the most reliable obser-
vations to date by all methods. His weighted means for diameters
at 1 astronomical unit are the apparent equatorial diameter,

d;=9':415, and the apparent polar diameter, d_9'.'315. These
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TABLE 4-2.--Apparent Polar Diameter of Mars, Disk at Unit Distance

[Ref. 32]

Observer; Polar
Conditions Method years diam, d[,

observed see

Visual at night ....... Heliometer, vahm
corr. by constant.

Photo, yellow light...

Visual at night .......

Heliometer, cusps
diam.

Filar micrometer.

Filar micrometer,

cusps diam.

Micrometer on

photographs.

Micrometer on

photographs, cusps.

Microphotometer on

photographs.

Double-image

micrometer.

Hartwig
1877 to 1878

Hartwig
1879 to 1880

Hartwig
1890 to 1909

Schur

1896 to 1899

Wirtz

1906 to 1909

Rabe

1914 to 1916

Rabe

1926 to 1927

Wright
1924

Trumpler
1924

Trumpler
1924

Van de Kamp
1924

Van de Kamp
1924 to 1927

Reuyl
1934 to 1939

Camichel
1941 to 1950

Mtiller

1948

Dollfus

1954 to 1958

9.300

9.511

9.318

9.35

9.634

9.439

9.433

9.17

9.28

9.32

9.26

9.48

9.44

9.22

9.29

9.31

angular diameters correspond to linear diameters of 2R_6828

kilometers and 2R{=6756 kilometers, respectively. These di-
ameters pertain to the disk of Mars in yellow light. Because of
atmospheric optical effects, they are not representative of the
actual solid-body dimensions, differing from them by what may
be a considerable amount.

Table 4-1 presents values proposed for the diameter of the globe

alone, as evaluated by De Vaucouleurs (ref. 32). He emphasizes
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TABLE 4-3.--Apparent Equatorial Diameter at Unit Distance and

Apparent Optical Flattening of Mars, Disk Near Opposition

[Ref. 32]

Observer; Eguatorial Optical
Method years dlam, d _, flattening,

observed see fo

Heliometer .....................

Filar micrometer ................

Heliometer .....................

Filarmicrometer ................

Micrometer on photographs,
yellow

Double-image micrometer ........

Hartwig
1879

Hartwig
1890 to 1909

Campbell
1892

Barnard
1894

Douglass
1894

Young
1894

Schur

1896

Schur

1899

Wirtz

1903 to 1909

Trumpler
1924

Camicbel

1941

Camicbel

1943

Camichel

1946

Camichel

1948

Camichel

1950

Miiller

1948

Dollfus

1954

Dollfus

1956

Dollfus

1958

Focas

1961

9.445

9.41

9.638

9.701

9.419

9.765

9.524

9.563

9.674

9.41

9.48

9.35

9.30

9.24

9.29

9.43

9.395

9.47

9.43

9.29

0.0086

.0096

.0016

.0087

.0066

.0017

.0215

.0187

.OO95

.0O94

.016

.012

.013

.004

.012

.015

.0118

.0117

.0116

.0116
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TABLE 4-4.--Best Determinations of Apparent Equatorial and Polar
Diameters of Mars

[Ref. 32]

Author
Year of Number Diam, Probable I

Weight
observation of nights sec error, sec

Best polar diameter determinations, d _

Mfiller .........

Schur .........

Hartwig .......
Dollfus ........

1948

1896 to 1899

1890 to 1909

1954 to 1958

4

7

15

6

Double image ..........................

Photographic ...........................

Weighted mean .........................

9.29

9.35

9.32

9.31

9.305

9.32

9.315

±.04

.02

.02

.03

±.02

± .02

±.010

½
½

1

1

2

2

Best equatorial diameter determinations d_

Douglass .......

Hartwig .......

Hartwig .......
Mfiller .........

Trumpler ......
Camichel ......

Dollfus ........

1894

1879

1890 to 1909

1948

1924

1941 to 1950

1954 to 1958

10

12

15

4
14

7

6

Weighted mean .........................

9.42

9.445

9.41

9.43

9.41

9.33

9.435

9.415 +0.02

½
½

1

½
1

½
1

the determinations of Camichel at the six successive oppositions
of Mars from 1941 to 1954. The mean of the equatorial values is
9':28, which corresponds to a linear diameter of 6723 kilometers.

The mean of the polar values is 9'.'18 in table 4-1. Three polar
values were derived by micrometric determinations on the faint
daytime disk, near superior conjunction, when the Martian atmos-
phere may become invisible through the brighter terrestrial at-
mospheric light. The diameter of the globe must be less than the

diameter in yellow light, 9':415, or 6828 kilometers at the equator.
De Vaucouleurs states that the true equatorial diameter of Mars
must therefore be between 6723 and 6828 kilometers. He adopts
provisionally a rounded figure of 6750 kilometers, with _--+20kilo-

meters probable error. For the polar diameter, he provisionally
proposes 6700 kilometers, with ±20 kilometers probable error.

Radio observations of the recent spacecraft occultation by Mars,
during the Mariner IV mission, gave data for a new computation
of Mars' equatorial radius. By timing Mariner's immersion and
emersion and knowing the spacecraft's trajectory, JPL in 1965

estimated that the equatorial diameter of Mars lies in the range
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of 6777 to 6803 kilometers (corresponding mean radius would be
3395 kilometers).

SHAPE

The shape of a planet can be approximated by an oblate ellipsoid
of revolution generated by rotation of an ellipse about its minor

axis, or better, an oblate spheroid, which is a surface of higher
order produced by rotational distortion of an initial sphere com-
posed of homogeneous concentric layers. The polar flattening, f,
or oblateness, is defined in terms of elliptieity, which is the ratio

of the difference between equatorial and polar radii to the equa-
torial radius, thus: [_ (Req-Rpo)/Req. This should not be con-

fused with the eccentricity, e, of the meridian ellipse, which is

expressed as e_ _/R_q-R_o/Req.
The shape of Earth has been determined by astronomical, dy-

namic, gravitational, and geodetic methods; the results are con-

cordant. For Mars, the telescopic image yields a flattening value
of the disk (optical flattening), while the satellite orbits yield a
flattening value of the gravitational equipotential surface (dy-
namical flattening). These two values differ widely, the optical
being approximately twice the dynamical.

DYNAMICAL FLATTENING

An astronomically observed value for dynamical flattening, fd,
can be deduced for a planet from the period of precession, _, of
the orbit of a close satellite, as perturbed by the oblateness of the
planet :

a 2 p

¢=R_" fd_ ½ _

where

Cb

p
R

semimajor axis of the satellite orbit
period of revolution of the satellite

radius of the planet
ratio of centrifugal force to gravity at the equator.

In turn, ¢,_3_/GhP _, where G is the universal gravitational con-

stant, _ is the planet's mean density, and P is the planet's period of
rotation.

For Mars, its satellites (especially Phobos) are close enough so
that perturbations caused by the attraction of the Sun can be
neglected. Struve (ref. 49) and Woolard (ref. 50), using data



relatedto Phobos,obtainedfd_0.00521 and fd_0.005215, respec-

tively. The calculation was recently updated by De Vaucouleurs
(ref. 32), using a mean diameter d1_9':30, to give : f_0.00525.

OPTICAL FLATTENING

For Mars, true or geometric flattening, fg_ (Req- Rpo)/Req, is
as uncertain as are the values of the radii. Apparent or optical
flattening, fo_ (R" - R")/R', derived from diameter measurements

of the disk, depends on the wavelength.
The optical flattening in yellow light is fo_0.0105, correspond-

! Ir 2,ing to a diameter difference, d, -dl _0.100, in angular measure at
1 astronomical unit, or R'I- R'; _36 kilometers in linear measure.
This value is double that of the dynamical flattening calculated

from the motions of the satellites, fd_0.00525. The latter amounts
to a linear radius difference, RE-R_18 kilometers. Thus, it is
probable that fd_fg<fo.

The major discrepancy between optical and dynamical flattening,
which is the source of these uncertainties, is poorly understood.

The most logical explanation would seem to be that the yellow disk
is defined by the top of a dust-laden convective layer (troposphere),
which is higher at the equator than at the pole by some 18 kilo-
meters. This excess seems to be corroborated by estimates of the
thickness of the layer obtained as a difference between apparent
radius in yellow light and radius of the globe. Specifically, at the
equator there exists thickness, z', equal to 1/_ (9':415- 9':27), or

0':072, corresponding to 52 kilometers and at the pole, z", equal to
1/2 (9':313- ':22), or 0':048, corresponding to 35-kilometer thick-
ness of the atmospheric layer visible in yellow. This produces a
17-kilometer equatorial bulge. Such altitudes for the top of this
denser layer seem consistent with estimates of altitude of some

yellow clouds projecting over limb or terminator. (See ch. 15.)
Dollfus (ref. 51) estimated the average measured thickness of
the atmosphere as approximately 30 kilometers.

This interpretation, however, does not agree with Trumpler's
flattening values (ref. 36) obtained from globe diameters in red

light or those obtained by the indirect method. These difficulties
notwithstanding, the diameters in yellow are rather well estab-
lished, including an atmospheric layer of uncertain height. There-
fore, it seems safe to conclude, with De Vaucouleurs, that the true
diameters of Mars are in the range, 6723 kilometers _2Req_6828

kilometers, and the difference between diameters is in the range
36 kilometers _ (2Req - 2Rpo) _72 kilometers.
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Rotation: Axis and Period

AXIS OF ROTATION

_HE OF MARS is inclined to its orbit
EQUATOR by an angle

very similar to that of Earth; the Martian "obliquity

of the ecliptiC' is about 25 °, as compared to 28.°5 for Earth. There
is still some uncertainty as to the exact value of this equatorial
tilt, as can be seen from the data given by De Vaueouleurs (ref.
52) and summarized in table 5-1. His critical examination of all

values previously determined, with a view to producing an accu-
rate, modern map of Mars based on a revised, homogeneous
physical ephemeris by Meiller (ref. 53), led him to adopt the value
1=24.0936, which differs by 1 ° from the value 1=23°984, used in
the current issue of The American Ephemeris and Nautical

Almanac for its physical ephemeris of Mars.

PRECESSION OF MARS" EQUINOXES

These values for the inclination, or equivalently, the values for
the celestial coordinates of the North Pole of Mars (a0, 8o) refer
to the epoch 1905.0, chosen for convenience. They are not rigor-
ously fixed in time because of a very slow precessional motion of

the Martian line of equinoxes caused by the attraction of the Sun
upon the equatorial bulge of Mars. The rate of this solar preces-
sion was calculated as 7'.'07 per Julian year by Struve (ref. 54),
and as 7'.'08 by Lowell (ref. 55) which is much slower than Earth's

rate of 50'.'2 per year for its luni-solar precession. The period of
this precession for Mars, therefore, is about 183 050 years, whereas
the Earth's line of equinoxes completes one revolution in about
25 725 years.

Adopting these rates of precession, the position of the Martian
North Pole (right ascension a and declination 8) as used by De
Vaucouleurs (ref. 52) and the physical ephemeris revised by
Meiller (ref. 53) is given by the following formulas, for any year
other than epoch to=1905.0 (within a timespan of about 100 yr for
accuracy):

27
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TABLE 5-1.--Celestial Coordinates of Mars North Pole (1905)
and Inclination of Equator to Orbital Plane

[After ref. 52]

Method

Position angles of polar

caps

Longitudes of surface

markings

Latitudes of surface

markings

Eoordinates of surface

markings

Paths of selected

surface markings

Poles of satellite orbits..

Observer;
years

observed

Schiaparelli
1877 to 1886

Schiaparelli
1877 to 1886

Lohse

1884 to 1894

Cerulli

1896 to 1898

Lowell

1901 to 1905

Wirtz

1903 to 1909

Lowell and

Lampland
1901 to 1907

Lowell

1901 to 1909

Lowell

1901 to 1911

Slipher

1909 to 1911

Widorn

1.°09 to 1926

Ashbrook

1877 to 1952

Pickering
1914 to 1922

Trumpler
1924

Camichel

1941 to 1950

deg

319.90

319.6

317.18

318.63

316.05

312.71

315.50

315.8

316.61

315.5

317.0

319.2

315.03

315.77

316.48

Burton (Phobos)
1877 to 1926

Burton (Deimos)

1877 to 1926

317.33

315.92

deg

54.92

54.2

54.35

54.07

54.52

53.90

54.32

54.4

53.95

54.0

53.5

55.8

51.77

54.63

52.78

52.66

53.23

Inclination,
deg

24.70

25.1

23.96

24.75

23.37

21.99

23.16

23.3

23.98

23.5

24.93

24.8C
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C_o(t)_316755+0700675 (t- 1905.0)

3o (t)_ 52?85+0?00346 (t-1905.0)

The current physical ephemeris, which is based on Lowell's (ref.
56) North Pole position (ao, _o), adopted in 1909 by the Nautical
Almanac Office, uses the formulas:

_o (t)_31775+0.00652 (t-1905.0)
80 (t)_ 54?5+0.00350 (t-1905.0)

Thus, the Martian North Pole is situated some 35 ° away from the
North Star of Earth. It is directed toward a point on the geocen-

tric celestial sphere some 10 ° from the star Deneb (the Martian
"Polaris").

Methods of determining the direction of the axis are generally
based on one of these three techniques:

(1) Determination of the center of a polar cap, allowing for
its eccentric displacement from the true areographic pole.

(2) Determination of the axis of ellipses described by the rota-
tion of selected surface markings near the equator, such as
Juventae Fons, using a physical ephemeris and numerous graphs
or least-squares equations for accurately positioning the observed
points.

(3) Determination of the pole of the nearly equatorial orbits of

the Martian satellites, especially the orbit of Phobos.

NEW RATE OF PRECESSION OF MARS' EQUINOXES

Calculations of the rate of precession of the equinoxes depend on
the mechanical ellipticity, H, of the planet. This quantity is

defined as the ratio: H_ (C- A)/C, where C is the polar moment
of inertia (around the rotation axis) and A is an equatorial mo-
ment of inertia. For Mars the value of H is still unknown and can

be only approximated, as it depends upon the undetermined in-

ternal density distribution of the planet. Lowell (ref. 55) arrived
at a value of H_0.004935 by a crude interpolation assuming that
the density distribution for Mars lies between that of Earth (im-

portant core) and that of a homogeneous planet, and selecting it
close to homogeneity. The rate of precession which Lowell de-
rived, 7"08 (from such a value of H), as well as Struve's earlier
value of 7':07 (ref. 54), together with the assumption of hydrosta-
tic equilibrium, is therefore somewhat arbitrary and questionable.

Recently, Fish (ref. 57) proposed a much more likely value for
the precessional rate, based on modern geophysical considerations
and the assumption that strengths (departures from hydrostatic
equilibrium) are equal for Mars and Earth. His value is
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7"35±0',20, if the inclination of equator to orbit is taken as
I=25.°20. If De Vaueouleurs' inclination, I-_24°.94, is used, the

precessional rate is nearly the same (7',34). This revised pre-
cessional rate would change slightly the values of both physical

ephemerides mentioned.

PERIOD OF ROTATION

The period of rotation, P, of Mars is one of the most readily
measurable of planetary constants because the solid surface of
Mars is visible most of the time. Observations for many years of

the rotation of surface markings have established a highly accurate

value of the rotation period to within 0.02 second. Measurements
of areographic longitudes of markings on old drawings dating as
far back as 1659, and later on photographs, as well as the timing
of transits of conspicuous markings across the central meridian
of Mars have been combined to greatest advantage by Wislicenus
(ref. 58), Bakhuyzen (ref. 59), and Ashbrook (ref. 60) to obtain

the precise values quoted in table 5-2.
The value for rotational period which seems most reliable is the

one derived critically by Ashbrook. He excluded all material from
old drawings for the sake of accuracy, and depended primarily
upon the timed meridian transits from 1877 to 1952. His value
of P_24h37_22'6689±0'0026 (m.e.) in ephemeris time (or P_

24h37_22'6679 in universal time) has been adopted by The Amer-
ican Ephemeris and Nautical Almanac starting from epoch 1960
January 0.0 and has since been adopted by the revised Physical
Ephemeris of Mars 1877-1967, prepared by Meiller (ref. 53) for

the Mars map project initiated by De Vaucouleurs.
The period of rotation quoted is the sidereal period, and is re-

ferred to the Martian vernal equinox; that is, the ascending node
of the orbit of Mars on its equator. This is slightly different from
the actual or true period because of the slow regression of the

Martian line of equinoxes. The true period has heretofore been
taken as 0.0012 second longer, at the precession rate of 7'.'07 per
year. The Martian day is only about 37 minutes longer than the

terrestrial day, or roughly 1.03 times the Earth day.

CENTRAL MERIDIAN AND AREOGRAPHIC LONGITUDES

Areographic longitudes are measured from 0 ° to 360 ° in a direc-
tion opposite to the rotation of Mars; that is, clockwise as viewed
from above its north pole, or eastward on the geocentric celestial
sphere. The zero meridian, or longitude 0 °, is defined by an adopted
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TABLE 5-2.--Determination of Sidereal Rotation Period of Mars

[Ref. 52]

Author

Sidereal rotation
period, P

hr min sec

Mean
error,

sec

_rislicenus... 24 37 22.655 4-0.013

3akhuyzen.. 24 37 22.66 ±0.0132

kshbrook .... 24 37 22.672 ±0.018

__shbrook... 24 37 22.6689 ±0.0026

Method and remarks

Combination of 33 estimates from
drawings between 1659 and 1881

mean error recomputed by Ash-

brook. True rotation period, mean
solar time.

Same as Wislicenus, but much more

critical discussion. True rotation

period, mean solar time.

Same with old drawings 1659 to 1881

of Syrtis Major; as a check. Side-

real rotation period, ephemeris

time (mean solar time over 1659

to 1881).

Combination of best central meridian

transits, 1879 to 1952, of 16

markings.

Sidereal rotation period, ephemeris
time.

Period is 0.0010 shorter in mean solar

time, over interval 1879 to 1952.

True rotation period is 0.0012 shorter

than sidereal period.

position for the axis of rotation (ao, 30) and an adopted value for
the longitude of the central meridian at a specified epoch (_o, to).

The central meridian is the meridian passing through the central
point of the geometrical disk of the planet. In 1909, the British
Nautical Almanac Office assigned to this zero point the reference
longitude _o=344.°41 for the chosen epoch, to=2418322.0 Julian
date, or January 15, 1909, at Greenwich mean noon (or again, 15.0
Greenwich mean astronomical time, or Jan. 15.5 universal time).

In the same year Lowell's 1905 value for the position of the axis
was adopted by the nautical almanac, and has been used ever since.
The precession rate is taken into account according to the formulas
mentioned earlier for Lowell's coordinates. The reference longi-

tude, _o, was assigned a value consistent with the earlier ephemeris
of Crommelin (refs. 61, 62, and 63) for 1899 to 1905. Once these
reference values are adopted, the longitude of the central meridian
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at any later date is determined by the number of degrees through
which the planet has rotated in the interim. The longitude of a
surface marking can be determined easily by noting its precise
transit time across the central meridian.

Before 1909, areographic longitudes were reckoned with respect
to a specific surface marking on Mars, chosen as the zero of longi-
tude. Schiaparelli (ref. 64) and Marth (ref. 65) thus introduced
as origin of longitudes the Fastigium Aryn, the forked division

at the center of Sinus Meridiani, a prominent and stable dark
feature located on the equator of Mars. This areographic system,
however natural it may have seemed, had to be abandoned. Too
much confusion was introduced by observers who applied arbitrary

corrections to the elements and physical ephemerides of Marth or
Crommelin, instead of keeping to a uniform ephemeris. The re-
cently revised ephemeris of Mars for oppositions 1877-1967 was
computed to remedy the inconsistencies in reported positions of
Martian stations (refs. 66 and 67). In the currently used ephem-
eris system, the longitude of Fastigium Aryn is near 357 °, instead
of zero.

The adoption of a highly accurate rotation period is essential in
the modern system of reckoning Martian longitudes, as introduced
by the 1909 British nautical almanac (ref. 68), because the origin
is not defined by any specified surface marking. To this purpose,
it is important to note that in 1960 the period of rotation adopted
by The American Ephemeris and Nautical Almanac from 1909 to
1959 was changed from 24h37m22'6542 to the revised value,

24"37"22s6679 (in mean solar time). This slight increase of
0.0137 second makes it necessary to introduce a correction into all
central meridian longitudes determined with the 1909-1959

ephemerides. The correction to apply varies linearly with time :

AltO0= -- 0°000058 (J.D. - 2418322.0),

where date (J.D.) is Julian days, or

A,o,g_ - 0°0212 (t - 1909.04),

where time (t) is in years.

In the 50-year interval, this cumulative correction amounts to
almost -1 ° in longitude. That is, a discontinuity exists of about
-1 ° in the ephemeris values of _ between December 31, 1909, and
January 1, 1960. There is an additional minor correction necessi-
tated by the use of ephemeris time (E.T.), instead of mean solar
time or universal time (U.T.). The correction is as follows:
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A_o_+0.00406 (at - 9),

where At=E.T.-U.T. is in seconds.

ELEMENTS OF PHYSICAL EPHEMERIDES

A physical ephemeris is designed to furnish elements needed for
observing and reducing the projected positions of surface markings
on the apparent disk to their actual planetocentric coordinates.
These elements, which are dependent on time, t, of observation,

may be divided into three groupings for convenience:
PLANETOGRAPHIC ELEMENTS.--These elements determine exactly

the orientation of the Mars disk in space, the position of its central
point, and the amount of rotation of the globe, as follows :

(1) Position angle, p, of the central meridian; that is, the ap-
parent angle between the rotation axis (projected onto the celestial
sphere) and the celestial north.

(2) Areocentric latitude, DE, of the center of the Earth's disk;

that is, the declination of Earth referred to the equator of Mars.
(3) Areographic longitude, _, of the central meridian, reckoned

from some arbitrary meridian.
ILLUMINATION ELEMENTS.--These elements are as follows :

(1) Phase angle, _, of the planet ; that is, the angle between the
directions to Earth and the Sun, as seen from the planet.

(2) Ratio, k, of the illuminated area to the total area of the disk,
regarded as circular.

(3) Angular amount, q, of the greatest defect of illumination,
as seen from Earth.

(4) Position angle, Q, of the greatest defect of illumination.
(5) Stellar magnitude, m, of the planet.

ADDITIONAL ELEMENTS.--For convenience of calculations, the
following elements may also be given:

(1) Apparent angular diameter, d, of the planet.
(2) Value of light-time, /cA; that is, the time required for light

to travel from the planet to Earth.
(3) Areocentric longitude of the Sun, G, measured in the plan-

et's orbit from the ascending node on its equator.

(4) Areocentric latitude, Do, of the Sun's center; that is, its
declination referred to the planet's equator.

(5) Areocentric right ascensions, AE and Ao of the centers of

Earth and the Sun, respectively, measured in the plane of the
planet's equator from its vernal equinox.

BASIS OF THE PHYSICAL EPHEMERIDES OF MARS

Physical ephemerides are based upon the fundamental ephem-

erides of the Sun and planets, supplemented by specific data.
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For Mars, the first two elements, p and Dr, depend on the orbital
elements of Earth and Mars, on the relative positions of both
planets in their orbits, and on the direction of the axis of rotation
of Mars ; that is, the celestial coordinates So and 3o of its north pole.
The third element, _, depends on the adopted value _o of the central
meridian at some arbitrary time or epoch to, and on the adopted

value of the sidereal rotation period, P, of Mars. Figure 5-1
shows the planes and poles involved.

In the past 100 years, various ephemerides of Mars have been
published and used for determining positions of markings. How-
ever, they were constructed with different values for the rotational

constants (_o, to), P, and (So, ao). Table 5-3 lists the values
adopted for these rotational constants in the various ephemerides
of Mars since 1869, as presented by De Vaucouleurs (ref. 52) ;
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FIGURE 5-1 ,--Celestial sphere (with reference planes and poles--for physical

ephemerides of Mars).
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the rotation is also given for convenience as the angular rate of
rotation: R_360°/P (in degrees/day).

De Vaucouleurs proposed for systematic comparison purposes
that the U.S. Naval Observatory's Nautical Almanac Office recom-
pute a new physical ephemeris of Mars for all oppositions from

1877 to 1967 (for 60 days centered about each opposition). The
result of this work has been to unify all zero points and correlate
all available records of areographic positions by a uniform, homo-
geneous system. The new ephemeris by Meiller (ref. 53) is based
on values of the constants slightly different from those of the cur-
rent physical ephemeris of Mars contained in the 1966 volume of

The American Ephemeris and Nautical Almanac. Also, the orbital
positions of Mars used were based on Clemence's new theory (see
ch. 1) and the time argument is ephemeris time.
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Surface Gravity

THE SURFACE GRAVITY, on a planet is calculated to a
g,

first approximation from its mass and its radius at the

given location, using the gravitational formula:

GM
g_ R2

where

M mass of the planet
R radius of the planet at the location
G universal gravitation constant, 6.67 X 10-8 dyne cm 2 g-2

The formula applies to a nonrotating planet. When rotation is
taken into account, a small correction, c, must be applied which

is dependent upon the latitude and equal to the centrifugal accel-
eration directed away from the planet's axis of rotation; that is,
c_-RJ cos _ ¢, where _ is the rate of rotation of the planet in
radians per second, and _ is the latitude of the point of location.

Because a rotating planet is not a perfect sphere, the radius R
must be considered a function of the latitude _. If a planet's shape

is that of an ellipsoid of revolution, the function in question is

(1 -e _)
R, --(1 - e_ cos _ _) Req

where

Req equatorial radius
e eccentricity of the elliptical meridian

R, radius at latitude

The surface gravity of Mars as presented in table 6-1 has been
calculated for every 10 ° of latitude from equator to pole. In the

manner of Kirby (ref. 69), two extreme values for the equatorial
radius Req have been selected, 3362 and 3414 kilometers. (See ch.
4.) The accepted value 0.00525 was used for dynamical flattening,

fd, in deriving the radius for each latitude. For the polar radius,
R,o; for instance, Rpo_R_q (l-f)_0.9948Req. Other constants
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employed were accepted values for mass, 6.4411 )< 102e grams, and
rotation period, 24h37m22s6689. This rotation period is equivalent
to an angular rate of rotation of 7.0882 X 10-5 radians per second.
The uncertainty of R_q results in a range of possible values for g
amounting to ___3.4 percent of the average value at any given
latitude.
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Mean Density

:_ttE MEAN DENSITY OF MARS is of course dependent
upon

the mass and the volume of the planet. The chapters

on mass and diameter and shape demonstrate, however, the degree
to which these values are uncertain. It follows that mean density,

_, cannot yet be assigned a really accurate value. Using De Vaucou-
leurs' (ref. 32) lower and upper limits for the equatorial diameter
(6723_2Req_6828 kin), and upper and lower limits for the mass
from Clemence (ref. 23) and Rabe (ref. 27) (6.5213X1026_M>
6.3929 X1056 g), corresponding limits are derived for the mean

density of Mars:
3.85<_<4.12 g/cm 3

Using probable values for the equatorial diameter (2Req-----6750km)
and for the mass (6.4411X1026 g), the derived probable value of

the mean density of mass is _4.02 g/cm 3. The calculation of
mean density uses the simple formula:

Mass M

Volume 4/3 _ R 3

3 $where R is the mean radius defined by the expression R _R_q
(1 -f). Req is the equatorial radius and f is the true flattening.
For these calculations, dynamical flattening, fd, was used, with a
value of 0.00525 taken from Woolard (ref. 50) as corrected by
De Vaucouleurs.

41
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Internal Structure

=_HE SIMILARITY IN THE MEAN DENSITIES o:f the terrestrial
planets suggests a general parallelism in their internal

constitutions. Our knowledge of the Earth's interior, coupled
with the assumption of its similarity to the interior of Mars, has
served as the basis for deriving models of the Martian interior.

INTERIOR OF THE EARTH

The rapid development of seismology and geochemistry early in
this century enabled scientists to construct hypothetical models of
the Earth's interior. Studies of compressional and shear seismic
waves traveling through the interior provided proof of funda-
mental two-shell structure beneath the thin outer crust. This
structure was held to consist of a dense central core surrounded

by a less-dense mantle. Consideration of the variation with depth
of seismic velocities, and of the moment of inertia, made possible

reasonably accurate models of density-depth distributions. Geo-
chemical evidence is less certain. The bulk-chemical composition

of the two shells can be deduced speculatively, with the aid of
certain assumptions about the behavior of materials under extreme
pressure (on the order of a megabar) and high temperature
(several thousand °C). This can be achieved by basing these

assumptions upon extrapolations from experimentally established
properties of materials at much lower pressures and temperatures.

There is a general agreement that the Earth's mantle is com-
posed primarily of a mixture of iron and magnesium silicates, and

that the pronounced steepening of the density gradient at depths
of 200 to 900 kilometers is produced by pressure-induced phase
changes of the silicates to a spinel structure. Ringwood (refs.
70, 71, and 72) provided experimental support of this idea. The
composition of the core is uncertain. It is generally believed to
consist of iron mixed with minor amounts of other elements such

as nickel, cobalt, and silicon. Ramsey (ref. 73) proposed an un-
orthodox model in which the core and mantle are not chemically

43
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differentiated. In this model, the core is composed of iron and
magnesium silicates in which normal molecular and crystal bind-

ing have been broken by extreme pressure, and a dense metallic

phase has been created.

INTERIOR OF MARS

Information pertaining to the interior of Mars is inferred from

the few available planetary constants: the mass, the radii, or
simply the mean radius, and the moment of inertia. The mass is
fairly well known, but the radii (or mean radius) are not accu-
rately known. The moment of inertia may be derived from the
coefficient J_ (the zonal harmonic gravitational potential coeffi-
cient), obtained through the motion of the satellites, assuming
hydrostatic equilibrium in the interior. The basic assumptions

underlying all models for the interior of Mars are: (1) analogy
with Earth, both in structure and composition, and (2) hydro-
static equilibrium. Other assumptions made before constructing

a model include: the number of layers, or discontinuities, the
composition of each layer, and the equation of state for each
composition.

As a result of the uncertainty of these assumptions, and of the
radius, the moment of inertia and the mass, models of the interior
of Mars are highly speculative. Many uncertainties should be
resolved once seismic studies are made at the surface and

areophysical measurements are obtained by orbiting vehicles.

CONSTRUCTION OF DENSITY MODELS

The general method for constructing a density model of the
interior of a planet is to integrate the hydrostatic equation inward
using an assumed equation of state. The integration is carried out

for the hypothetical model using boundary conditions of radius,
mass, and moment of inertia.

CLAIRAUT'S RATIO

An indication of the density distribution in the central part
(core) of the planet is obtainable from consideration of the ratio

R"between dynamical flattening f,_ and the constant _= eq o,_/GM=
3,_/G_P _, where G is the universal gravitational constant, P the
rotational period, and _the mean density of the planet. Two cen-
turies ago, Clairaut (ref. 74) showed that the ratio fd/4, equals
1.25 for a homogeneous planet, and 0.50 for a planet with its mass



almosttotally concentratedin a smallcore. For Mars, the ratio is
somewhere between 1.11 and 1.20, depending on whether 3418 or
3350 kilometers is taken for the equatorial radius R_q. If the
radius adopted by De Vaucouleurs (R_3375 km) is used, the
ratio fd/4_ is 1.16 which suggests that the interior of Mars is closer

to homogeneity than the interior of Earth, where fJ4_ is 0.97.
Therefore, no more than a small central core of heavy metals is
expected for Mars.

The indicator ratio of Clairaut served as a valuable guide in

selecting working hypotheses for the interior of Mars. The fol-
lowing paragraphs review the models representing the two con-
flicting theories of the interior of Mars, and also of Earth. One

maintains that Mars contains less iron than Earth, the other that
both planets have the same overall chemical composition.

DENSITY MODELS

Jeffreys (ref. 75) first proposed the following two models for

Mars: (J.I) resembling the Earth with three layers, and (J.II)
with only two layers, but no metal core. His calculations led him
to prefer the first. Both models are represented in figure 8-1 (A),

with pertinent data. Ramsey (ref. 73), at Jeffreys' suggestion,
undertook the investigation of the two-layered model on the
grounds that a metallic phase of silicates can exist under extreme
pressures. He suggested the model would consist of a core of

silicates (olivine) in metallic state or phase and a mantle of the
same silicates in the normal molecular state. Calculations to

confirm this model were not completed. Ramsey's main idea was

to explore the broader hypothesis that all four terrestrial planets
were of the same basic composition. Bullen (ref. 76) modified
Ramsey's Earth model for Mars (B.II) by using a quadratic r-p

relation (instead of assuming adiabatic compression). He also
found that a differentiated, iron-nickel model fitted Mars better
(B.I). These two models are shown in figure 8-1(B). Through
numerous calculations, Bullen found that the value adopted for

the mean radius is eritieal. These models, mentioned here prin-
cipally for their historical interest, have been given a most ade-
quate treatment by Wildt (ref. 77). The following models are

modern ones formulated by the opposing proponents.

MacDONALD'S MODELS

MacDonald (ref. 78) calculated numerous possible models by

varying the structural assumptions and the planetary radius.
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FIGURE 8-1.--Density models of Mars' interior.

He showed that core radius and surface density are critically de-

pendent on the value of the hydrostatic flattening. His models
have three layers, but the thicknesses vary greatly. Figure
8-1 (C) illustrates two of the models, adopting a mean radius of
3345 kilometers, a flattening of 0.0050, and assuming either a

phase transition in the mantle or no phase transition. The former
assumption leads to a chemically distinct core of iron and silicon,

amounting to only I percent of the total planetary mass. The latter
assumption gives a core which is 9.3 percent of the total mass. By
adopting a lower flattening value, 0.0047, the core would increase
considerably, to 11.7 or 20 percent of total mass with or without

phase transition, respectively. Surface densities appear to be
quite high, on the order of 3.5 to 3.8 g/cm 8. If a lower radius is
adopted (3310 km), the surface densities are unduly large (about
3.8 to 4.0 g/cm3), pointing to the improbability of a near-homo-
geneous Mars according to these calculations. From examination

of all his models, MacDonald concluded that a model with a small
metallic core, containing 1 percent or less of the total mass, appears
to be the most likely one for Mars.

LYTTLETON'S MODELS

Lyttleton (ref. 79) has supported Ramsey's hypothesis that
Mars has no metallic core. He calculated two-layer models of

composition and structure similar to the two outer layers of
Earth. Thus, he assigned each model a mantle and outer shell,

separated only by a phase discontinuity of the material, and as-
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sumed a linear pressure-incompressibility law for each layer. He
indicated that no liquid core was to be expected within Mars, such

as had been previously postulated by Bullen. This would be true
because pressures and temperatures should be definitely lower for

Mars than for Earth at equal depths, even with similar proportions
of radioactive elements. His undifferentiated "core" of silicates

contained over half the total mass, 56 percent for a mean radius
of Mars of 3396 kilometers and 65 percent for a mean radius of

3408 kilometers. Lyttleton does not specify a definite model of
Mars because of the uncertainty of the observed radius and the

suspected uncertainty of dynamical ellipticity and mass, which is
as much as 2 percent for each.

OTHER DENSITY MODELS

Lamar (ref. 80) proposed a model for the internal structure of
Mars based on the assumption that the actual shape of Mars is

that determined from optical rather than dynamical flattening.
In such a model, the equatorial bulge would be isostatically com-
pensated by variations of the crust thickness.

It is pertinent to mention three recent papers by Jobert (ref.
81), Levin (ref. 82), and Kovach and Anderson (ref. 83) on the
terrestrial planets which are considered as a group. These papers

regard Mars as an important entity used for comparison with
Earth or the Moon, since Mars seems to be intermediate in

structure and, perhaps, in composition.

THERMAL MODELS

Various models of temperature distribution in the interior of
Mars can be constructed by varying the following parameters:
(1) distribution and amount of radioactive materials, and (2)

initial thermal conditions. The major check for Earth models
is the observed heat flow at the surface. This is equal to the
product of the thermal conductivity and the temperature gradient,
which are both measurable quantities. The radioactivity of Earth
has usually been assumed to be that of chondritic meteorites con-

taining the long-lived radioelements K 4°, U _3_,U _38,and Th _2. This
assumption is considered highly doubtful today. A variety of
initial thermal conditions are then used to try to reproduce the
observed heat flow. Although the latter constraint has recently

been measured fairly well for Earth, the calculated thermal
models for Mars are tentative, because of uncertainties in the
assumptions used.
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Thermal models derived for other terrestrial planets by analogy
with Earth are highly speculative, even more so than the density
models. Nevertheless, the thermal models for Mars calculated by

Kopal (refs. 84 and 85) and by MacDonald (ref. 78) should be
briefly reviewed in anticipation of eventual measurements of sur-
face heat flow. MacDonald calculated two different model types.

One assumes uniform chondritic radioactivity throughout the
planet and the other assumes only the mantle to be radioactive.
The mantle comprises the outer two-thirds of the planet. (See
fig. 8-2.) MacDonald's analysis led him to conclude that a level

of radioactivity equal to that of chondrites is too high for Mars.
Kopal was more concerned with testing the assumption of con-

duction as the main mechanism responsible for the heat flow and
with exploring the expansion and stresses produced on the planet
after billions of years of thermal history. Using only models of
uniform chondritic radioactivity throughout, Kopal found that
high temperatures (over 2000 ° K) would have prevailed during
most of the past history of Mars. Also, the conductive tempera-

ture gradient assumed must exceed the adiabatic gradient of
molten rocks, so that convective heat flow occurs.
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FIGURE 8-2.--Therrnal models of Mars' interior: (A)Uniform radioactivity;

(B) Radioactivity in mantle. (After ref. 78.)
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MARINER IV IMPLICATIONS

Mariner IV findings indicate little or no magnetic field for
Mars. According to a concept of the origin and maintenance of

a planetary magnetic field, the planet must rotate and must possess
a liquid, electrically conducting core. Since Mars has a rotation
period (24.62 hr) nearly the same as that of Earth, the weaker

magnetic field may indicate a different internal structure and/or
chemical composition, and it is probable that Mars possesses no
liquid, electrically conducting core. Consequently, Mars may have

an apparent internal constitution closer to that of the Moon than
to that of Earth.
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9
Electromagnetic and Particle Fields

MAGNETIC FIELD

=_HE MAGNETIC FIELD SURROUNDING A PLANET is be-

lieved to be the consequence of convection currents in a

liquid, conducting core. The core of Mars was estimated to be
considerably smaller than that of Earth, and as a result, pre-
Mariner estimates of the Martian magnetic field strength were

generally lower than that of Earth.

Highly speculative results on the Martian magnetic field had
been obtained by Singer (ref. 86) by making an analogy with

Earth's magnetic dipole field. On the assumption that the mag-
netic moment M of a planet is roughly proportional to its volume

V, he derived for Mars the value MM=9.2X10 _4 gauss-cm 3, or
15 percent that of Earth. (Singer used ME=6.1X10 _5instead of
the generally used 8.06 X 10 _5 gau ss-cm3-)

MARINER IV RESULTS.--The magnetometer on board Mariner
IV detected no increase in magnetic field during encounter with

Mars, although it was only 14 700 kilometers from the planet's
center. From this observation and the value of solar wind pres-

sure (0.5X10 -8 dyne-cm -_) given by the plasma probe also at en-
counter time, Smith et al. (ref. 87) derived an upper limit for the

magnetic dipole moment of Mars. They assumed that the inter-
action with the solar wind in the case of Mars has geometrically
similar effects to those observed for Earth. Using the equation:

MM/Mv.= (RM/RE) 3 (PM/PE) 1/2

where R is the radius and P the solar wind pressure, they obtained :

MM_10 -4 ME. If allowance is made for the possibility that the

Mars dipole axis was not parallel to the rotation axis, then:
MM_3X10.4 M_. This latter value implies an equatorial surface
magnetic field strength on Mars less than _100 gammas, or 10 .3

gauss (since 1 gamma=10 -5 gauss).
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To Sun

.Shock Transition Region

FIGURE 9-1.--Interaction of the solar

wind with Earth's magnetosphere.

(After ref. 89.)

RADIA TION BELTS

According to Van Allen et al. (ref. 88), for a planet to have
radiation belts similar to those of Earth, it is necessary that the
planet possess (1) strong magnetization of its body and (2)
sufficient exposure to the solar wind.

The impact of the hypersonic solar wind against the planet's
magnetosphere results in a shock front (bow shock) at some
distance outside the magnetopause. Bursts of electrons are charac-

teristic of the interaction, and concentrate especially in the shock
transition region. (Energies in the keV range have been detected
in the Earth's transition region since 1963.) Such electron bursts
in the three regions marked out (see fig. 9-1) provide the "signa-

tures" of trapped radiation belts. The assumption was made that
for Mars, there would be analogous radiation signatures if belts

were present. Since all functioning particle detectors on board
Mariner IV yielded negative results, it was inferred that no such
belts existed around Mars, and by conclusion an insignificant
magnetic field was confirmed. The detectors consisted of four
trapped radiation detectors built by Van Allen et al., and a cosmic

ray telescope consisting of three detectors placed by O'Gallagher
and Simpson (ref. 89).



Surface Temperature

THEORETICAL TEMPERATURES

ROUGHESTIMATE Of the temperature of the surface ofa planet can be derived from its mean solar constant,

S, with the reasonable assumption that the entire planet (solid
globe and atmosphere) has reached a state of thermal equilibrium.
According to Stefan's law, the rate of radiation, W, of a perfect

radiator (blackbody), when integrated over all wavelengths, is
proportional to the fourth power of the absolute temperature,
T, of its surface: W=,_T 4, where _ is the Stefan-Boltzmann
constant.

If the planetary reflectivity or albedo is A, then the rate of solar
energy absorption is S (1 - A). The thermal equilibrium equation
is therefore S (1 -A) =aT 4. This simple equation makes possible
the determination of a theoretical surface temperature, T, for the

planet, considered now to be a graybody.
For a planet in rapid rotation, the planetary emission occurs

almost uniformly over the entire planet, but the solar radiation is

intercepted over the cross-sectional area of the globe. Hence, the
formula may be improved by inclusion of the factor 1/_, producing
for the average surface temperature of Mars:

SM(1 --A)
T 4

av 4_

where SM is the mean solar constant at Mars.

The planetary albedo, A, used should be the radiometric albedo.

A*, defined as the albedo integrated over all wavelengths. (See ch.

11 for this value.)
The mean solar constant at a planet is inversely proportional

to the square of the planet's mean distance from the Sun. From
the known value of the solar constant of Earth, SE, which is at

unit distance (1 A.U.) by definition, the Martian solar constant is

easily obtained :

SM_a_
53
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where aM is the mean solar distance of Mars in astronomical units.

Table 10-1 presents the values of SM, as derived from the various

published values of SE. Since there is a discrepancy of 4 to 5

percent in the latter, a corresponding uncertainty will be intro-

duced in the derived temperatures. The table also depicts the

variation of SM resulting solely from the eccentricity of the Mar-
tian orbit. The actual solar flux received at Mars varies by as

much as 37 percent between perihelic and aphelic positions. Only

the mean value of SM will be used.

Using the following values of the two uncertain constants

SM=0.857 cal/cm2/min (from SE=1.99 cal/cm2/min, Allen (ref.

90))

A* =0.295 (radiometric albedo, De Vaucouleurs (ref.

(32))

and the well-determined fundamental constant,

_=8.127 X 10 -11 cal/cm_/deg 4

the average (annual) surface temperature of Mars is

Tav_207.6 ° K

The values published in the literature, namely 217 ° K by Kuiper

(ref. 91) and 219 ° K by Ohring et al. (ref. 92), are slightly higher.
They are based on the visual albedo A_0.15. The radiometric

albedo, A*, was only recently estimated by De Vaucouleurs.

The average temperature, Tav, as derived, may be safely consid-

ered the lowest limit of the actual T_v because the equation does

not consider the atmosphere of Mars. Tenuous as it may be, the

carbon dioxide (and water vapor) in the Martian atmosphere is

expected to absorb some of the radiant energy and produce a weak

greenhouse effect that would increase the calculated T_, which

TABLE 10-1.--Solar Constant at Mars

[Ref. 6]

Observed
terrestrial

solar constant

cal/cm2/min

1.896 ........

1.94 .........

1.946 ........

1.97 .........

2.004-0.004...

2.05 .........

Computed value of solar constant a at
Mars-Sun distance, cal/cm2/min

Aphelion

0.683

.699

.701

.710

.721

.739

Mean

0.817

.836

.838

.849

.861

.883

Perihelion

0.994

1.02

1.02

1.03

1.05

1.07

Author

Moon (1940).

List (1951).

Aldrich, Hoover (1954).

Allen (1955).

Johnson (1954).

Stair, Johnson (1956).

Based upon aphelion, mean. and perihelion distances listed in table 1 3.



refers to an airless planet. An upper limit of the average temper-

ature can be obtained by calculating, using a more sophisticated

method, the surface temperature that would result from a maxi-

mum greenhouse effect model. Ohring, Tang, and DeSanto (ref.

92) made such calculations, using a radiative absorption method

by Elsasser (ref. 93) and radiation tables by Elsasser and Culbert-

son (ref. 94) for a Martian greenhouse model that was based upon

a surface pressure of po_85 millibars, the presence of 4 percent
carbon dioxide, 10 -_ cm precipitable water vapor, and 0.15 cm-atm

ozone. The heat balance equation used was of the form:

o

W_IM (I--A),

where/M is the average incoming solar radiation flux per day and

W is the outgoing flux (longwave radiation) at the top of the

atmosphere per day.

Using the commonly accepted values, SE_2.00 cal/cm_/min and

A_0.15 (visual albedo), these authors obtained T_:x_ 233 ° K
for the estimated maximum possible value of the average surface

temperature of Mars. Compared with their value, T_"= 219 °
K, a maximum greenhouse effect would increase the Martian sur-

face temperature by only 14 ° C (for Earth, a similar estimation

with A_0.35 yields 252 ° and 288 ° K as limits, indicating an

average greenhouse effect of 36 ° C). Since it is now known to be

85 millibars, the greenhouse effect is probably much smaller.

An estimate of the maximum surface temperature of Mars,

often seen in literature, again assumes the planet to be a spherical

graybody, but in locked or synchronous rotation. In this mode,

planetary emission does not occur over the entire planet and the

following equation applies:

SM (1 -- A)
T 4 __

max
(T

or

T_ax _---4Ta_v

With identical values of the three constants: Tm_=293.6 ° K.

(Kuiper gives 307 ° K, using A=0.15.) This maximum theoretical

temperature corresponds to the temperature at the subsolar point,

if Mars were airless, and in locked rotation. When tested with

Earth, it appears that the theoretical Tmax is a fairly good estimate

of the maximum temperature observed.

Temperatures derived by these radiative equilibrium methods

may be substantially different from the actual or true tempera-

tures. It should be pointed out that" (1) only rotational extremes
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have been used ; (2) it is unlikely that Mars behaves as a graybody,
even less as a blackbody (the temperatures calculated for a black-

body assumption would be about 5 ° to 10 ° lower) ; (3) the heat
exchange between surface and interior was neglected; (4) the

atmospheric absorption and transmission assumed by Ohring et al.
may be unrealistic; and (5) the emissivity of the Martian surface
is, of course, unknown (its effect is included with planetary

albedo).

OBSERVED TEMPERATURES

Planck's law and energy curves can be used to give a tempera-
ture estimate from various observed regions of the spectrum.

Although most planetary radiation is concentrated in the infrared,
centimeter radio waves called "thermal radio waves" have also

been used to measure temperature. This will be discussed as radio
emission radiometry.

INFRARED RADIOMETRY

Coblentz and Lampland (refs. 95 through 98) at the Lowell

Observatory and Pettit and Nicholson (ref. 99) at the Mount
Wilson Observatory performed the first radiometric measurements
on Mars. During the oppositions of 1922, 1924, and 1926, they
employed a variety of techniques involving spectral filters and
lunar comparisons to determine the temperature of Mars over a
large number of points on the surface. New data available on the
transmission of the atmosphere of Earth and the discovery of the
selective emission by the surface of Mars between 8.5 and 9.5
microns led to the revision of some of the results of Coblentz and

Lampland.
Coblentz drew a number of interesting conclusions regarding

temperatures on the surface of Mars:

(1) The Southern Hemisphere is warmer than the Northern
Hemisphere.

(2) Temperature rises rapidly with the advance of summer.

(3) The highest temperatures in the Southern Hemisphere, at

least in temperate and frigid zones, occur not at solstices, but a
month or so later (as on Earth).

(4) The morning is cooler than the evening under a clear sky.
Coblentz's initial work was continued and expanded under

Lampland into a systematic program of measurements of the
Martian surface temperatures. In 1952, Gifford undertook the



taskof reducing and summarizing some 1300 measurements made
between 1926 and 1943. The results were presented in a Lowell

Observatory Report on planetary atmospheres (refs. 100 and 101).
Later, Sinton and Strong (refs. 102 and 103) at Mount Palomar
Observatory supplemented these data with some accurate drift
curve data obtained especially on the summer side of the equator.

DAILY TEMPERATURE VARIATION.---Averages of radiometric
measurements along the equator of Mars at opposition times

(1926, 1928, and 1954) for morning-to-evening locations yielded
the average daily variation curve given in figure 10-1. The lag of
maximum temperature after local noon is about 1 hour. The tem-

perature curve pertains to the actual surface of Mars, since the
infrared radiometer measures the planetary surface emission.

The curve for the air temperature just above the surface (some
2 meters above ground) must have less variation, and the time of

maximum temperature will be even more retarded. This is true
for similar curves for data taken in the Gobi Desert during June

at heights of 0 and 2 meters. Milankovitch (ref. 104) calculated
that a lag of 3 hours in the maximum temperature would occur

for an airless rotating planet if it were a perfect conductor; if it
were a perfect insulator, no temperature lag would occur.

The extreme variation in temperature for the equatorial regions
of Mars is about 50 ° C, with the gxound temperature above 0 ° C
occurring at midday. This is a rigorous climate, but does not

preclude the possibility of life on Mars.

32O

3OO

280
2
-_ oZ
#
__ 260

240

• / (0 meterabove) _.

/ i
aboveGobi Desert in June/

/ _." _ _ (2 meters above)

AM

rNo e:Numoersof,nd,v, ua,obsefvat,ons ver ,eo1at eachpoint is indicated in parentheses.

I1'2 2 I
Noon PM

Local Time (hour)

FIGURE lO-l.--Daily temperature variation--average near Martian equator.

(After ref. 100.)
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ANNUAL TEMPERATURE VARIATION.--Gifford displayed the aver-

age latitude distribution of temperature on Mars at the noon

meridian for each of the four seasons by curves (fig. 10-2(A))

for latitude ranging from 60 ° N to 80 ° S.

Ohring et al. (ref. 92) have extrapolated these curves to the

poles for computations of an annual average temperature as a
function of latitude (fig. 10-2 (B)). The four curves illustrate

the annual march of summer and fall seasons particularly well.

The winter curve lacked adequate data and the apparently ab-

normal spring curve was also based on too few observations, most

3OO

28O

260

240

f
_- 220

200

180

160
90

Winter

,_" _,, ......,o_....._u,uoa_'' "--.'..% "1

,# (Gifford, 1956) I "_

m w _ Extrapo a ions (Ohrlng, 1962) I

I I I I I
6O 3O 0 30 6O 9O

S. Latitude N.

280

260

240

_" 220

200

180
90

I I I I I
60 30 0 30 60 90

S Latitude N.

FIGURE 10 2.--Mars annual and seasonal surface temperature--latitudinal
variation: (A) Variation along noon meridian, southern hemisphere sea-
sons; (B) Annual temperatures (ref. 92).
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of which happened to have been made in the Hellas region

(assumed to be a high plateau).

SEASONAL TEMPERATURE DISTRIBUTION.--Gifford prepared the
series of three isotherm maps for the Southern Hemisphere during

summer, fall, and winter shown in figure 10-3. Insufficient data
were available for a spring isotherm map. The summer isotherm
map substantiates that of Hess (ref. 105). Certain isotherm con-
figurations are identifiable with well-known surface markings.

(The closed 290 ° K isotherm on the summer map is just over the
dark area Mare Cimmerium. The closed 280 ° K isotherm on the

fall map is over Syrtis Major.) Since the data represent averages
over large areas, the use of these maps is more appropriate for
atmospheric circuits than for topographical interpretations.

Conclusions by De Vaucouleurs (ref. 106) from the excellent,

early radiometric work, are the following:

(1) The average annual temperature of Mars is 50 ° to 60 ° C
lower than on Earth; its range with latitude is from about -20 °

to -30 ° C in tropical-equatorial regions to -70 ° or -80 ° C in polar
regions.

(2) The average diurnal variation of temperature is about 50 °
C in equatorial regions. The maximum temperature occurs at

12:30 to 1 p.m., and the nocturnal minimum temperature occurs
shortly before sunrise.

(3) The annual temperature variation is about 100 ° C or more
in polar regions, about 50 ° C in temperate regions, and about 30 °
C in tropical regions.

(4) The dark areas in the tropical regions may be about 10 ° C
warmer in daytime than the adjacent bright areas.

(5) The air above ground is possibly 20 ° or 30 ° C colder than
the ground itself at noontime ; but the difference diminishes rapidly

with darkness, probably disappearing before sunrise.

RADIO-EMISSION RADIOMETRY

Two determinations of the radio-emission temperature of Mars
have been made to confirm the results obtained by infrared radi-

ometry. Mayer et al. (refs. 107 and 108) obtained a blackbody
disk temperature of 218 ° ----76° K from observations during the 1956
opposition at a wavelength of 3.15 centimeters. During the 1958

opposition, Giordmaine et al. (ref. 109) claimed greater accuracy
by means of a maser amplification technique; a temperature of
211°±20 ° K was obtained.
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Mayer argued that since the radio emission temperature is lower
than the infrared temperature, the radio waves originate slightly
below the surface of Mars. The radio waves approximate the

average temperature over the whole surface of Mars, whereas the
infrared temperature represents the average temperature over the
sunlit surface. The radio-emission temperature is surprisingly

close to the theoretically predicted graybody temperature. Table
10-2 summarizes the general results of measurements of Martian

surface temperatures.

CLIMATOLOGY

To a certain extent, there is a climatological parallel between
Mars and Earth which is a direct consequence of the nearly equal

axial inclinations and periods of rotation of the two planets and

their spatial proximity. The distinctly lower surface temperature
of Mars is basically a result of the greater distance of Mars from
the Sun, a distance about 11/2 times that of Earth. Considering

the planetary al.bedo, Mars has a mean effective insolation that is
approximately half that of Earth.

The major climatological differences between Mars and Earth

TABLE lO-2.--Temperature of the Surface of Mars

Method

Infrared .......

Radio .........

Observer

Coblentz and Lampland (refs. 95 through 98) ......

Pettit and Nicholson (ref. 99) ....................

Sinton and Strong (ref. 103) .....................

Mayer (refs. 107 and 108) .......................

Giordmaine et al. (ref. 109) ......................

Average
surface

temperature,
oK

245

260

230

2184-76

2114-20

Summary of Information

[After ref. 110]
oK

300Maximum temperature at equator ................................

Mean amplitude of diurnal variation:
Noon to sunset ................................................ 60

On Earth in desert ............................................ 30

Night side temperature cannot be measured but probably
can be estimated at the equator ................................. 200

Day side temperature at poles ..................................... 220

Mean temperature of day side .................................... 260

Mean temperature of whole planet ................................ 230
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arise solely from the fact that Mars has practically no water in
either a liquid or a vapor state to regulate its climate. More spe-
cifically, Mars has: (1) no oceans to act as a heat reservoir to
store or release heat during the change of seasons; and (2) in-

significant atmospheric water vapor (humidity) and clouds too
sparse to produce any significant greenhouse effect.

Martian climatology is thus much simpler than that of Earth.
Most of the ground-emitted infrared rays escape to space because
carbon dioxide, which is practically the only heat absorber in the

atmosphere of Mars, has large transparent regions in the infrared,
with the result that perhaps 70 percent of the energy escapes.
Therefore, Martian nights are extremely cold (around 200 ° K).
The temperature changes closely follow the large extremes in inso-
lation. Because of the very small greenhouse effect, the outgoing
infrared radiation must necessarily decrease from equator to pole
instead of remaining almost constant with latitude as on Earth.

A comparative study made recently by Mintz (ref. 111), based
upon theory and observation, discusses the mean annual radiation
budgets ; namely, the quantities : I (1 - A), effective daily insola-
tion; W, outgoing infrared emissions; and AQ, their difference, or

net differential heating. For Mars, this last quantity remains very
small.
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Optical Parameters

OLLNER (REF. 112) PUBLISHED the results of the firstreliable photometric observations of Mars, but this
subject remains a fertile area of research from both an observa-
tional and a theoretical point of view. The latest photometric

data are presented here; however, revisions are expected as new
data are obtained. For simplicity, definitions are omitted but they
may be found in the glossary.

MAGNITUDE

VISUAL MAGNITUDE

The visual magnitudes of Mars, V(1, 0), reduced to unit dis-
tances from Earth and Sun and to zero-phase angle, which are

presented in table 11-1 are based on a reduction by Harris (ref.
113) of both past and present observations (refs. 114-120). The
mean value of the reduced visual magnitudes of Mars derived
from over a century of observations is -1.52.

SPECTRAL VARIATION OF MAGNITUDE

The variation with wavelength of Martian reduced magnitudes,
m (1, 0), is exhibited in table 11-2 and figure 11-1. The values

are based on Mount Stromlo Observatory speetrophotometrie data
of 1952 and 1954 by Woolley (refs. 121 and 122), Lowell Observa-
tory (Flagstaff) photoelectric data of 1954 and 1958 by Johnson
and Gardiner (ref. 119) and De Vaueouleurs (ref. 120), and

McDonald Observatory pho_eleetrie data of 1952 and 1954 by
Hardie (quoted by ref. 113).

VISUAL PHASE CURVE

Observation of the planet Mars from Earth is limited to phase
angles o_smaller than 47 °. In this range, the correction for varia-

tion in magnitude of the planet with phase angle is expressed by
means of a linear phase law. The best determination of visual-
phase coefficient a_ is +0.01486 magnitude per degree, obtained by

63
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TABLE 11-1.--Reduced Visual Magnitudes of Mars

Method

Visual ........

Photovisual..

Visual .......

Photoelectric.

Observer

Z611ner (ref. 112) ...............

Mffller (ref. 114) ...............

King (refs. 115 and 116) .........

Livlfinder (ref. 117) .............

Radlova (ref. 118) ..............

Harris (ref. 113) ................

Johnson and Gardiner (ref. 119)..

De Vaucouleurs (ref. 120) .......

Period of
observation
(opposition)

1864 to 1865

1876 to 1877

1879 to 1880

1881to1882

1883 to 1884

1886

1888to 1889

1916

1918

1920 to 1921

1922

1926

1928

1930 to 1931

1939

1952

1954

1958

Mean value .............................................

Reduced
visual

magnitude,
V(1, O)

--1.59

--1.44

--1.48

--1.57

--1.55

--1.51

--1.52

--1.52

--1.51

--1.45

--1.56

--1.7(?)

--1.38(?)
--1.56

--1.51

--1.56

--1.52

Mtiller (refs. 114 and 123) on the basis of extensive observations

from 1877 to 1889. Figure 11-2 represents the visual phase curve

plotted from Mfiller's observations; the slope of this straight line

gives the value of the phase coefficient. For phase angles greater

than 47 °, the phase law must be extrapolated. De Vaucouleurs

(ref. 32) uses as a guide the Earth's phase law, as obtained by

Danjon (ref. 124) from observations of earthshine upon the Moon.

The resulting phase law for Mars is found to depart from linearity.

Numerical integration over the range a=0 ° to 180 ° of the phase

function 6(a), representing best the phase law, can then yield a

value for the phase integral q=f6(a) sin ada which is used in

the calculation of Russell-Bond albedo.

SPECTRAL VARIATION OF PHASE COEFFICIENT

The phase coefficient is strongly dependent upon wavelength.

Figure 11-3 represents variation of the phase coefficient a with

respect to wavelength as determined from the Lowell Observatory

photoelectric photometry and the Mount Stromlo photographic

spectrophotometry.
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FIGURE ll-l.--Spectral variation of Mars' magnitude. (After ref. 32.)
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FIGURE 11 2.--Mean visual phase curve of Mars. (After ref. 114.)

LONGITUDINAL VARIATION OF MAGNITUDE

Variation in the visual brightness of Mars with rotational period

was first established visually by Lau (ref. 125), and then phot_-

electrically by Guthnick and Prager (ref. 126), by Johnson and
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(After ref. 32.)

Gardiner (ref. 119), and finally by De Vaucouleurs (refs. 120 and
127). Figure 11-4 represents this variation with longitude _ of
the central meridian. The brightness of Mars at short and long

wavelengths, however, is not significantly dependent upon
longitude.

BOND ALBEDO

The visual Bond albedo Av for Mars, based on an average value
for visual phase integral q (fig. 11-3), is 0.159 at X 5550 X.
Toward red (x6360 X), the Bond albedo reaches 0.30, and for blue-
violet wavelengths drops to a relatively constant 0.05 (fig. 11-5).
An unconfirmed, very high albedo of 0.2 in the near-ultraviolet

(x2740 ._) was obtained in 1958 by rocket (ref. 128). If proven,
this may indicate some special upper atmosphere effect in
ultraviolet.

A summary of monochromatic albedos recently calculated by

Woolley, De Vaueouleurs, and Harris is presented in table 11-3.
This summary is based upon the monochromatic magnitudes of
Mars in table 11-2. Mars appears red and bright in the visible
spectrum, and even brighter in the near-infrared. It is dark in
the near-ultraviolet, which suggests strong absorption by aerosols
or absorbing gases.

COLOR INDEX

Harris (ref. 113) derived mean color indices for Mars and com-

pared them with the corresponding color indices for the Sun.
(See table 11-4.) Harris' values for the color differences between
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FIGURE ll-4.--Longitudinai variation of visual magnitude of Mars.
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TABLE 11-4.--Mean Color Indices and Color Differences
[After ref. 113]

Body

Mars .........

Sun ..........

Mean color indices from differences

between magnitudes

U-B

0.58

.14

B-V

1.36

.63

V-R

1.12

.45

R-I

0.38

.29

Color differences between Mars and the Sun

for each wavelength region

U B

+1.17 +0.71

v

0.00

R

_).67 _).76

Mars and the Sun at each of the effective wavelengths for U, B,

V, R, and I are also listed. In the conventional B-V index, the

greater the value, the redder the body.

Variations in the Martian color index have been noted by Liv-

l_inder (ref. 117) as dependent upon such factors as the following :

Solar Phase Angle.--Mars becomes redder with increasing phase

angle a at the rate of 0.003 magnitude per degree, thus giving at

quadrature (when a_47 °) a color index greater by about 0.15

magnitude. To someone viewing Mars from a place in the solar

system where the phase angle is much larger, it is expected that

Mars would appear bluer because of scattering in its atmosphere.

Hemispheric Presentation.--The color index is increased by a

maximum of 0.1 to 0.15 magnitude when the Southern Hemisphere

of Mars is tilted toward Earth (perihelic opposition).

Surface Variations.--Surface variations, especially in the dark
areas and polar caps, affect color index.

Atmospheric Variation.--Atmospheric variation of Mars caused

by clouds and haze contributes to variation in the planet's color
index.

RADIOMETRIC ALBEDO

Radiometric or integral spherical albedo, A*, is an important

parameter in meteorology because it determines the fraction

(1-A*) of the incident solar energy absorbed by the planet.

However, determination of this parameter is complicated by the

incompleteness of our knowledge of the photometric parameters

of Mars, especially in the ultraviolet and infrared regions. De
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Vaucouleurs (ref. 32) extrapolated the visual geometrical albedo

p and the visual phase integral q into the ultraviolet and infrared
regions to obtain p* and q*. His value for Mars' radiometric
albedo A* is 0.295; for its components p* and q*, 0.235, and 1.24,

respectively. These values have been adopted generally.
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Atmospheric Composition

PECULATION ON THE COMPOSITION of the Martian atmos-phere will continue until more direct experimental
evidence is obtained. At the Earth's surface, the spectroscopist is

limited to two types of investigations: (1) the study of Martian

absorption bands (or the lack thereof) in the spectral windows
of the terrestrial atmosphere, and (2) the comparison of the spec-
trum of the terrestrial atmosphere alone with that obtained by the
superimposed effect of the Martian atmosphere. By combining
this limited spectroscopic data with dynamical, cosmological, radio-

logical, and photochemical considerations, certain conclusions have
been drawn regarding the composition of the atmosphere of Mars,

but with much uncertainty. The recent physical probing in situ
of the Martian atmosphere by the Mariner IV demonstrates, for
instance, the error in assigning nitrogen as the most abundant

element in the atmosphere.

CARBON DIOXIDE

Carbon dioxide was repeatedly found by spectrography to be
abundant in the Mars atmosphere; the amounts found were defi-

nitely higher than on Earth. Kuiper (ref. 91),1 using the 1.6-
micron band, calculated the Martian carbon dioxide mass/cm 2 to
be nearly twice that of Earth. Recalculation by Grandjean and
Goody (ref. 129) gave 13 times the Earth value, or 35±10 m-arm.
(Note: this estimate was based on a total surface pressure of 85
millibars, and therefore, is of low accuracy.) From the rotational
lines of carbon dioxide near x8700 A, Kaplan et al. (ref. 130)
deduced the carbon dioxide abundance as 55___20 m-atm for a sur-

face temperature of 230 ° K. They calculated the carbon dioxide
partial pressure to be 4±2 millibars, proposing a total surface

1 While comparing spectra of Mars and of the Moon in 1947, Kuiper found
two slight depressions near 1.6 microns which suggested the presence of carbon
dioxide on Mars. When the planet came closer in 1948, three characteristic
bands of carbon dioxide at 1.96, 201, and 2.06 microns were observed, confirm-

ing the earlier result.
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pressure of 25±15 millibars. Improved calibrations of the 5v3
band of carbon dioxide at x8700 5` by several investigators led to
various revisions of these results (refs. 131 and 132).

Carbon dioxide undergoes rapid photodissociation under radia-
tion of wavelengths less than 16925.. This mechanism is severely

restricted in the Earth's upper atmosphere by the absorption of
sunlight (the Schumann-Runge continuum, 1250-1760 A) by
oxygen molecules. On Mars, because molecular oxygen is insignifi-
cant, this dissociation was usually assumed to proceed rapidly.

(Two recombination mechanisms were postulated to explain the
continuous presence of carbon dioxide in the Martian atmosphere.

These are discussed in the following paragraphs.) However,
Chamberlain's calculations of the photochemical equilibrium be-
tween carbon dioxide, carbon monoxide, atomic and molecular
oxygen indicate that the carbon dioxide dissociation is considerably
slowed down by the rapid formation of molecular oxygen (reas-
sociation of 0-_0) which shields the carbon dioxide from the ultra-
violet radiation so conditions may be closer to terrestrial ones (ref.
133).

Data obtained from the Mariner IV mission have assigned the

greatest atmospheric abundance on Mars to carbon dioxide.
Although the craft did not sample this atmosphere or even carry

spectrographic equipment, the results of its physical probing by
the radio occultation method--when interpreted in terms of refrac-
tivity and density (total density at surface and scale height) and

when used in conjunction with previous spectrographic informa-
tion of Kaplan et al. (ref. 130)--indicate with high probability
that carbon dioxide constitutes at least 50 percent of the Martian
atmosphere. Kliore et al. (ref. 134) in fact have chosen for their
plots of mass density versus refractivity several possible model
compositions with carbon dioxide ranging from 50 to 100 percent,
the rest being either nitrogen or argon. These models are tenta-

tive but the preliminary conclusion about the preponderance of
carbon dioxide appears reasonably consistent with the ionospheric
measurements of Mariner IV. Indeed high abundances of carbon
monoxide and atomic oxygen from photodissociation of carbon
dioxide, and the resulting greater radiative cooling, are in line
with the very cold ionosphere found.

NITROGEN

Nitrogen was generally thought to be the bulk constituent of the
Martian atmosphere until probing of the latter's physical charac-
teristics by Mariner IV proved otherwise. Indeed, the high mean
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molecular weight determined, around 40---definitely above that of
nitrogen (N_=28)--indicated that a heavier gas or mixture of

gases must be present.
It used to be customary, by making a simple analogy with Earth,

to place the proportion of nitrogen in the Martian atmosphere at
about 95 percent, since oxygen was known to be practically absent.
Obviously, this was very precarious, since nothing is yet known of

the relative abundances of the main constituents of planetary
atmospheres other than that of Earth.

Speculation on the unknown primary gases constituting the
Martian atmosphere considers nitrogen and argon as most likely
candidates. The gases should be either cosmologically abundant
and chemically unreactive elements (such as argon or nitrogen)

or photochemically abundant and chemically stable compounds
(such as carbon dioxide, carbon monoxide .... ) and heavy enough
so as not to escape under the low gravity of Mars (certainly atomic
hydrogen or helium have been lost long ago). Thus, the concept
of a mixture of carbon dioxide, argon, and nitrogen has been advo-
cated by many investigators in the last 2 or 3 years and was a

precursor to the Mariner IV information. One of the new pictures
of the Mars' atmospheric composition, as interpreted from the
Mariner results, is a mixture of 80 percent carbon dioxide and 20
percent argon and nitrogen (ref. 134).

ARGON

The relative cosmological abundance of argon, combined with
its chemically inert nature and its atomic weight of 40 (relative
to nitrogen's molecular weight of 28), makes it a very real pos-
sibility that argon is one of the main constituents of the Martian

atmosphere. On Earth, argon is the product of the radioactive
decay of the potassium isotope K 4°, with a half-life of a billion
years. K 4° is concentrated near the Earth's surface, presumably
because of processes associated with the differentiation of the
crust and mantle (ref. 135). Brown (ref. 136) and Suess (ref.

137) independently concluded that within the proposed lifetime
of the universe, 109 years, argon could have so accumulated as to
become the major atmospheric constituent of Mars. The Mariner
IV results have shown that argon may be the second most
important constituent after carbon dioxide.

MOLECULAR OXYGEN

Persistent efforts in this century (pioneered around 1900 by the
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Lowell, Slipher, and Very team at the Lowell Observatory and
followed in the 1925-1935 period by Adams and Dunham at Mount
Wilson Observatory), leading to the present work by Dunham (ref.
138), Richardson (ref. 139), Kiess and Corliss (ref. 140), and
finally Kaplan et al. (ref. 130), have failed to detect any Martian

oxygen spectroscopically. The latter team place an upper limit
of 70 cm-atm for the presumed oxygen content, while Dunham
had given the often-quoted upper limit of 250 mm-atm from

determination of the spectroscopically detectable threshold.
Theoretical calculations of the possible oxygen concentration

profile in Mars' atmosphere, based on carbon dioxide photochem-
istry and carbon monoxide, atomic and molecular oxygen and ozone
chemistry, were undertaken by Marmo and Warneck (ref. 141).
They found that significant amounts of oxygen were formed down

from carbon dioxide photodissociation (COs + hv--_CO-+- 0) through
O-}-O+M and 0%03 reassociation reactions. The total abundance
of molecular oxygen was estimated at some 0.2 cm-atm, with a
maximum concentration on the order of 10 -3 occurring somewhere
between 110 and 160 kilometers, at a level at which the total carbon

dioxide below is --102° molecules/cm _. Below this level the oxygen
concentration decreases very rapidly to a negligible value near
the ground. For comparison, Prabhakara and Hogan's (ref. 142)
photochemical calculations, neglecting the carbon dioxide photo-
chemistry, place at about 80 kilometers the level of total carbon

dioxide just mentioned. Their concentration profiles are given in
terms of 0._%O3 only, as they were mostly concerned with evaluat-
ing the solar heating because of ultraviolet absorption by these
two molecules.

Chamberlain and McElroy (ref. 133) also found a theoretical
oxygen peak or maximum in their model calculations illustrating

the strong coupling of the equilibrium abundances of oxygen and
carbon dioxide. (See fig. 12-1.)

OZONE

Ozone is formed by association of molecular and atomic oxygen
through the three-body process: O_-k-O+M-_O3+M. In the Mar-
tian middle atmosphere, photodissoeiation of carbon dioxide should

supply sufficient atomic oxygen to promote this reaction. Marmo
and Warneek (ref. 141) calculated the abundance of ozone, based

on dissociation of carbon dioxide only, to be less than 0.0001
era-arm, a negligible value in comparison to their predicted 0.2
era-arm for molecular oxygen. They also calculated that for any

molecular oxygen amounts up to 250 era-arm the concentration of
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FIGURE 12-1.--Photodissociation of carbon dioxide. (After ref. 133.) Assump-

tions: 50 percent carbon dioxide (in lower atmosphere). Scale height: 7

kilometers. Same conditions as in structural model of figure 13-3.

ozone will not pass through a maximum as it does in Earth's atmos-

phere, but that it will increase gradually with decreasing altitude,
even for surface pressures as low as 10 millibars (ref. 143). This
agrees with the theory of Wildt (ref. 144) that the surface of Mars
is highly oxidized. Of course, the total ozone was found to vary
proportionately with the total oxygen present. If the concentra-
tion of molecular oxygen were actually slightly below the spectro-

scopically predicted threshold of 250 cm-atm, then there would be
nearly the same amounts of ozone in the atmospheres of Mars and
Earth (2 to 3 mm-atm), with a resulting similar opacity in the
ultraviolet (Hartley bands) between 0.2 and 0.3 micron (ref. 135).

Recently, Prabhakara and Hogan (ref. 142) used fully the basic
photochemical theory of ozone production to determine a vertical
distribution of ozone consistent with a new radiative equilibrium

temperature structure which takes into account absorption of solar
energy by molecular oxygen and ozone in the ultraviolet and by
carbon dioxide in the near ultraviolet. They assumed for their six
models running from surface to 100-kilometer-altitude surface

temperatures of 230 ° and 270 ° K, surface pressures ranging from
10 to 50 millibars, and carbon dioxide amounts of 35, 55 and 70
m-atm and oxygen amounts of 35 and 70 cm-atm. Their results
clearly indicate that no temperature maximum is produced by the
hypothesized absorptions. The total ozone amount found is ~0.3
cm-atm (or 1/10 Earth value). The ozone number density from
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its maximum at the surface gradually decreases upward, in agree-
ment with Marmo and Warneck. (Also, it was shown that below

--30 kilometers, the molecular oxygen and ozone absorption is com-
parable to carbon dioxide absorption, but above that it becomes
considerably less.)

CARBON MONOXIDE AND ATOMIC OXYGEN

The products of the photodissociation of carbon dioxide are car-
bon monoxide and atomic oxygen. The reaction C02+hv--_CO+O
takes place under ultraviolet radiation of wavelengths x<1692
A, (or hv>7.33 eV). An accumulation of carbon monoxide
is prevented because of the reverse chemical reaction

CO+O+M--_CO_+M, using the momentum of any third molecule
or atom (three-body recombination). Also, the photodissoeiation

of carbon dioxide in a planetary atmosphere of the type of Mars
may be considerably slowed down by the ultraviolet protecting
effect of molecular oxygen formed at high altitudes by 0+0 and
0+08 recombinations. Consequently, the Martian abundances of
carbon monoxide and atomic oxygen are likely to be much smaller
than those of molecular oxygen and ozone.

Photochemical calculations by Marmo and Warneck (ref. 141)
predicted total abundances of about 0.03 cm-atm for carbon mon-
oxide and ozone, and an atomic oxygen maximum concentration
occurring between 150 and 200 kilometers. This result is in agree-

ment with the spectroscopic upper limit of 10 cm-atm obtained by
Sinton (ref. 145) from negative results in infrared scans of Mars.

Chamberlain and McElroy (ref. 133), emphasizing the ultra-
violet shielding effect of molecular oxygen on carbon dioxide dis-
sociation, calculated illustrative concentration profiles for carbon
dioxide, carbon monoxide, atomic and molecular oxygen under the

new atmospheric-ionospheric conditions relayed by Mariner IV.
Assuming a scale height of 7 km and 50 percent carbon di-
oxide, they obtain peaks of carbon monoxide and atomic oxygen
at an altitude just above 100 kilometers, with a concentration of
~1018 molecules/cm 3 for either gas. (See fig. 12-1.)

Of interest here is a possible process, serving as a carbon mon-
oxide sink, suggested by Rosen (ref. 146). The fairly reactive
carbon monoxide can combine with carbon dioxide to form the

transitory carbon suboxide C802, which photolyzes and releases
carbon. Thus, 2C0+C0_+hv--,C802+20, and C30_+hv--_CO_+C_

in the ultraviolet with X<3250 A (or hv>3.81 eV). The carbon
would be released as an apparent smoke in the Martian atmos-
phere, under the right conditions. Both Rosen (ref. 146) and
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Opik (ref. 147) have based an explanation of the "blue haze" upon
this mechanism (ch. 16).

WATER VAPOR

Water vapor has been suggested as a constituent of the Martian
atmosphere for more than a century on the basis of observations

of the polar caps, their variations with the seasons, and associated
clouds. It is, however, a very minor constituent which, until the
last few years, completely eluded all attempts at positive identifica-
tion. Spectroscopists at the turn of the century mistakenly accepted
as positive evidence the illusory effect of the very strong telluric

lines on the very weak Martian lines of oxygen and water. This
view was accepted fairly recently by workers such as Adams and
St. John (ref. 148), Campbell (ref. 14Q), and Slipher (ref. 150)
until the powerful new spectrograph of the 100-inch Mount Wilson

telescope became available. Using this new tool, Adams and Dun-
ham (ref. 151), and Adams (ref. 152) obtained only negative
results for water vapor, and concluded that it was unlikely that
more than 0.01 millimeter of preeipitable water existed over the
Mars surface. Hess (ref. 158), however, took strong issue with

such a low upper limit, criticizing both the spectrographic pre-
cision and the meteorological assumptions. His own calculations,
based on aqueous clouds, _ave an upper limit of 0.4 to 0.6 millimeter
of preeipitable water (ref. 154). This result approaches De
Vaucouleurs' meteorological estimate of 0.7 millimeter (ref. 155).

At the perihelic opposition of 1956, Kiess and Corliss (ref. 140)
were still unable to detect any Martian water vapor. After im-
mediate direct calibration they gave a spectrographic upper limit
of 0.08 millimeter of water, a value considered more reliable than
that of Adams and Dunham.

The repeated negative results with speetrography prompted a
number of investigators to calculate theoretical estimates from
various phenomena long observed on Mars, such as the following:

(1) Early morning haze (ref. 156).

(2) Rate of evaporation of polar caps, and the greenhouse
effect (ref. 157).

(3) Condensation of polar mists into ice crystals (ref. 158).
(4) Dissociation pressure of the goethite in limonite (ref. 159).

The results of these efforts are listed in table 12-1 (refs. 130, 156-
164), along with the recommended value of De Vaueouleurs (ref.

160) of 0.01 millimeter of precipitable water (1 mg/em_), based on
broad general considerations.
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TABLE 12-1.--Abundance of Water in Mars' Atmosphere

Water,
Method Author mg/cm _

Calculation from morning haze.

Critical discussion.

Calculation from greenhouse effect,

and sublimation of polar cap edge.

Calculation from polar mists con-

densation, ice crystals

precipitated.

Calculation from goethite dissocia-

tion pressure.

Polarizing spectrophotometry,

1.4-micron band.

Infrared spectroscopy, 2.7-micron

band.

Infrared spectroscopy,

0.82-micron band.

Urey (ref. 156)

De Vaucouleurs (ref. 160)

Sagan (ref. 157)

Lebedinskii and Salova (ref. 158)

Adamcik (ref. 159)

Dollfus (ref. 161)

Danielson et al. (ref. 162)

Spinrad et al. (ref. 163)

Spinrad and Richardson (ref. 164)

Kaplan et al. (ref. 130)

<5

1

2 to 20

0.1

0.2 to 60

20

<4

0.5 to 1.0

<3.5

1.4 (-4-0.7)

Other experimenters have made high-altitude observations and

detected water bands in the infrared. Dollfus (ref. 161) achieved

this goal with broadband filter photometry near 1.4 microns, both

from a balloon at 14-kilometer altitude and from a Swiss mountain

peak at 3.5 kilometers. His estimate of water vapor is now con-

sidered unexpectedly high. Danielson and the Schwarzschild team

(ref. 162) used the ground-controlled 36-inch telescope of Strato-

scope II suspended at 24-kilometer altitude (80 000 ft) in March

1963 to obtain about 10 microns (0.01 mm) of precipitable water ;

however, they preferred to announce an upper limit of 40 microns
because of uncertainties in their data reduction.

Finally, the Mount Wilson 100-inch reflector enabled Spinrad,

Miinch, and Kaplan (ref. 163) to obtain a good high-dispersion

spectrogram of Mars, where, despite their faintness, 11 rotational

lines of water were detected in the 8200-& region, ascribable to the

Martian atmosphere because the Doppler shifts from their telluric

counterpart were of the expected amount (0.42 k to the red).

Measurements of the average equivalent width and intensity of

three of these lines (unblended lines at x 8176.97, 8189.27, and

8226.96 k), coupled with the use of recent laboratory calibrations

of line strengths by Rank, led the Mount Wilson team to a water

abundance value of 14--+7 microns of precipitable water. The esti-

mated error is large because of uncertainties in measuring width

and intensity of such faint lines. All of these results are entered in
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table 12-1, summarizing recent determinations and estimates of
water vapor in the Martian atmosphere.

These results tend to confirm De Vaucouleurs' estimate of 10

microns of water, and also agree with the maximum of 100
_.° microns estimated by Hess (ref. 165). The uncertainty, there-

fore, is approximately 1 order of magnitude. Variations in water-
- vapor content on Mars could be expected if only from variability in

atmospheric conditions with seasons, latitudes, and regions. It
may be that ice-crystal clouds hold most of this maximum amount,
while the residual actual water vapor may be as low as 10 microns.
Martian air is indeed extremely dry--by comparison, even Ari-
zona's desert air averages 1 millimeter of water in the winter.

Neither rain nor snowfall should be expected on Mars.

SUMMARY

Table 12-2 gives a summary of the abundance of each of the

probable major constituents of the Martian atmosphere as pre-
dicted a few years ago by De Vaucouleurs (ref. 160) and Hess
(ref. 165). They assumed that nitrogen composed the bulk of the
atmosphere, that the surface pressure was 85 millibars, and that
argon was the second most important constituent.

Kuiper (ref. 166), renewing an earlier effort to determine trace
constituents in Mars' atmosphere, has tested negatively for the
presence of carbon monoxide, methane, ammonia, hydrogen sulfide,
nitric oxide, nitrous oxide, carbonyl chloride, methylene oxide, and
carbonyl sulfide (ref. 167). The upper limits are lower than be-
fore because of the lower threshold of spectrographic detectability.
A sensitive test was also made for nitrogen dioxide by Marshall

(ref. 168) in Kuiper's laboratories.

TABLE 12-2.--Composition Model of Mars' Atmosphere a
[Proposed by refs. 155, 160, and 165]

De Vaucouleurs Hess

Relative
Major gases Absolute, volume,

cm, STP percent

Nitrogen .........

Argon ............
Carbon dioxide...

Oxygen ..........

Water vapor ....

Absolute, Relative
cm, STP volume

percent

165 000 93.8

7 OO0? 4.O

4000 ] 2.2

<200 <.1
I ............................

163 600

9 8OO

2 400

< 260

180

93

5.6

1.3

.1

.04

a Assuming surface pressure 85 millibars.
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Table 124 shows the preliminary model of atmospheric com-

position for Mars presented by Owen and Kuiper (ref. 169), in-
cluding these trace constituents and assuming a surface pressure
of 17 millibars. Here, carbon dioxide is the second most abundant

constituent. An investigation of isotopic compositions was also
attempted by Kuiper (ref. 166). The 018 isotopic band was defi-
nitely detected and indicates an O_8/016 ratio in Mars' atmosphere

that is greater than in Earth's atmosphere. A precise determina-
tion of this ratio should provide clues as to the photochemical
history and rate of escape of the oxygen of Mars' atmosphere.

Table 12-4 shows partial surface pressures of the major atmos-
pheric constituents carbon dioxide, argon, nitrogen, as deduced
by Kaplan, Mfinch, and Spinrad (ref. 130) for three different

surface pressures: 10, 25, and 40 millibars. It is interesting to
note that in their 10-millibar model, carbon dioxide becomes a
major constituent.

New models of Martian atmospheric composition incorporating
the physicochemical restrictions inferred from the Mariner IV

TABLE 12-3.--Preliminary Composition Model of Mars' Atmosphere.
[Proposed by ref. 169]

Relative Absolute
Gas Absolute volume, Gas

cm, STP (percent) cm, STP

Nitrogen ..........
Carbon dioxide .....

Argon .............
Water ............

Ozone .............

Oxygen ...........
Sulfur dioxide ......

Carbon monoxide...

30 000
5 000

400

1

< 0.05

<7.
<0.003
<1

85

14

1.0

Carbonyl sulfide...

Methylene oxide...

Nitrous oxide .....
Nitric oxide .......

Nitrogen dioxide.

Hydrogen sulfide.
Methane ........

Ammonia ........

<0.2

<.3

< .08

<20

< .OOO8

<7.5
<.4
<.1

Assuming surface pressure 17 millibars.

TABLE 12-4.--Surface Pressures for Possible Major Constituents of
Mars' Atmosphere

[Ref. 1301

Constituents

Total .................................

Carbon dioxide ..............................

Argon 40 ...................................
Nitrogen ....................................

Pressure, mb

Low Mean High

10 25 40
.............. i .............. i..............

6 4 3

2 2 2
2 19 35
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mission have not yet appeared in published form. At present, the
reader can be referred only to the speculations of the JPL team

(ref. 134). These investigators considered as possible rough
representations of the Martian atmospheric composition models

such as : 100 percent carbon dioxide ; 50 percent carbon dioxide and
50 percent argon; 80 percent carbon dioxide and 20 percent argon
or nitrogen, or their mixture.
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Atmospheric Structure

UMEROUS MODELSOF THE MARTIAN ATMOSPHEREhavebeen formulated in the past, before the Mariner IV

encounter, but they were all highly speculative. They were based
on the assumptions of a very high surface pressure (_85 mb), an

almost pure nitrogen atmosphere (~95 percent), and very high
exospheric temperatures (~1000 ° K). Also, generally implied
was a structural subdivision in layers resembling that of Earth.
It is interesting to give here such a tentative table of physically

significant levels comparing Earth and Mars (table 13-1).
The successful occultation experiment of Mariner IV has altered

our ideas on the physical structure of the Martian atmosphere and

ionosphere. This atmosphere was found to be much thinner and
colder than expected, and the ionosphere quite undeveloped.
Carbon dioxide is now thought to be the dominant molecule.

After the release of such information by the JPL team, new
models were constructed to account for the data. These will be

reviewed here as fully as possible, but it should be noted that the
great differences found in these early interpretations of the new

data reflect many uncertainties.
For the sake of comparison and background, some important

pre-Mariner models of the lower and upper atmospheres of Mars
are also given.

THE MARINER IV OCCULTATION EXPERIMENT AND

RESULTS

The Mars' atmosphere was probed by analyzing the radio signal
as the spacecraft disappeared and reappeared (54 min later) from

behind the planet. Phase, frequency, and amplitude changes of
the S-band radio signal after refraction and diffraction by the
Martian atmospheric (neutral and ionized) layers provided the
possibility of estimating the refractivity profile and scale height

and, finally, the surface density and pressure of the atmosphere,
and similarly the electron scale-height and electron density profile
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of the ionosphere. The method used by Fjeldbo and Eshleman
(ref. 170) was to establish the refractivity mode, then the density

for a postulated composition can be inferred. From the scale
height determination and the temperature the surface pressure is
derived. It appeared from the Fresnel diffraction pattern of the
amplitude data that the rays had grazed a surface feature of some
elevation--such as a mountain--which acted as a diffracting edge.

These results of the occultation experiment, analyzed rapidly
by the JPL investigators Kliore et al. (ref. 134), are presented in
table 13-2, where three typical compositions each with a predomi-
nance of carbon dioxide were chosen. (More sophisticated analyses
by the same team are to be released in the future.) The Martian

atmospheric and ionospheric mass densities, temperatures, and
scale heights are surprisingly lower than previously thought.
Thus, for a composition model, with 50 percent carbon dioxide and
50 percent argon, the mass density found was 1.75X10 -_ g/cm 3,

the surface pressure 5 to 7 millibars, and the temperature 170 ° K.

EARLY MODELS OF MARS' ATMOSPHERE

LOWER ATMOSPHERE (Up to _50 km).--A succession of
radiative models of the troposphere were constructed by Goody
(ref. 171), Ohring (ref. 172), and Arking (ref. 173), which bear
a strong resemblance to the terrestrial troposphere in winter polar

regions. They differ in the choice of surface temperature of the
atmosphere. Goody took 270 ° K, Ohring chose the more realistic
230 ° K, and Arking 235 ° K. The tropopause is at 8- to 9-kilometer
altitude, where the temperature is much lower than the surface
temperature due to an adiabatic negative gradient.

The compositions were of 98 percent nitrogen and 2 percent
carbon dioxide, and surface pressure was 85 millibars in Goody's
and Ohring's models, which are represented in figure 13-1.

Other workers, including Schilling (ref. 174), and Evans and
Wasko (ref. 175), considering the uncertainties in the assumed

physical parameters, produced for more practical purposes, ex-
treme limits (and means) of the temperature, pressure, and density
profiles.

UPPER ATMOSPHERE (Above _50 km).--The most consistent
series of models, elaborated from classical radiative transfer

theory (used for stellar atmospheres) and the use in the heat
budget equation of conductive heat flux of solar heat, were pre-
sented by Chamberlain (ref. 176), and later refined by McElroy,
L'Ecuyer, and Chamberlain (ref. 177). They emphasized for the
first time the radiative cooling of carbon monoxide formed from
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TABLE 13-2.--Radio Occultation Experiment Results

[Ref. 134]

Mars' atmosphere:

Surface refractivity: 3.6-4-0.2 N units.

Scale height: 8-10 kilometers.

Model I Model 2 Model 3

100c_ CO_. 80% CO_; 20_ A or NT. 50% CO_; 50% APostulated composition

Surface number density,

1017 mol/cm 3 .......

Surface mass density,

10-5 g/cm 3.........

Temperature, °K ......

Surface pressure, rob...

1.9_0.1..

1.43+0.1.

1804-20..

4.1-5.7...

2.1±0.2 ..............

1.54-0.15 ..............

175+25 ...............

4.1-6.2 ................

2.5+0.15

1.754-0.10

170±20

5._7.0

Mars' ionosphere:

Maximum electron density: 9 4-1.0 X 10' electrons/cm 3.

Altitude of maximum (peak): 120 to 125 kilometers.

Electron scale height (above maximum): 20 to 25 kilometers.

Temperature: <200 ° K at 120 to 200 kilometers.

4o
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\

\
\

- Ohring (1962) t j

Radiative Equilibrium Temperatures Computed

O from an Initially Adiabatic Stale.
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FIGURE 13-1.--Temperature profile in Mars' lower atmosphere.

(After ref. 172.)
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carbon dioxide photodissociation in the thermosphere. They are
characterized by a strong mesopause minimum temperature, at
above 120 kilometers, where vibrational relaxation of carbon diox-

ide molecules, and therefore cooling, is important. This thermo-
static effect was found in the latter paper to be not as important
as the radiative loss by carbon monoxide and atomic oxygen.

Thermosphere temperature approaches some 1100 ° K at the ther-
mopause (_1500 kilometers). Ionospheres were also sketched by
Chamberlain with an F_ and an F1 region, resembling Earth
regions. Figure 13-2 gives Chamberlain's original model of Mars'

upper atmosphere.

POST-MARINER MODELS OF THE MAR..,' ATMOSPHERE

AND IONOSPHERE

Chamberlain (ref. 133) proposed a model upper atmosphere with
an E-region (ionization from solar X-rays) and characterized by
only weak dissociation of carbon dioxide, contrary to his previous

models. The lower and middle atmospheres adopted were essen-
tially the radiative-equilibrium model I of Prabhakara and Hogan
(ref. 142), starting with 10-millibar pressure at surface, and
containing 44 percent carbon dioxide gas with nitrogen as the
remainder. The gases are assumed thoroughly mixed in the com-

putation of the radiative losses by carbon dioxide emission. Cham-
berlain uses his previously developed methods based on inclusion
of conduction, radiation, and diffusion in the heat-budget equation.

0o j4_

Thermosphere

iEarth (tJ .S. St ;,;,,,,,,,1_62_,,,,,. _ _'

MarsM .... se /('_ Mesopaus"e ....

_, 2) Stratopause

0 _ Tropopause

0 400 800

Temperature (N)

Exosphe[e

I
I

I

/
/

/
/

,f

I

1200 1600

FIGURE 13-2.--Mars model atmosphere. (After ref. 176.)
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He findsthat a true thermosphere (where temperature increases

with altitude)developsas a resultof the radiativelossesby car-

bon dioxide and molecular oxygen. Indeed molecular oxygen,

formed readily with oxygen atoms resultingfrom ultraviolet

(1750 _) photodissociationof carbon dioxide,inturn shieldscar-

bon dioxide from extensive photodissociation;and appreciable

amounts of carbon dioxide (and molecular oxygen) can thus ex-

tend to great heights. Chamberlain's new calculations show that
although carbon dioxide still serves as an effective thermostat

(keeping the overall temperature low), there is a buildup of tern-
perature (forming the thermosphere) from solar ionizing and
dissociating radiation and downward conductive heating. The

top of the thermosphere, or base of the exosphere, is about 400 ° K
or higher, while the base is about 160 ° K. Figure 13-3 gives a
picture of Chamberlain's thermal profile for Mars' atmosphere.
His ionosphere, which is in the thermospheric layer, has no F_ or

F2 regions, only an E-region as was suggested by the preliminary
analysis by Kliore et al. (ref. 134), of Mariner occultation results
(electron scale height of 20 to 25 kilometers, and a maximum elec-
tron density, in late afternoon, of 9X10 _ electrons cm -3 at 125

kilometers). A complete analysis is underway by Chamberlain, of
the various processes competing to form the structure of the Mars'
atmosphere (radiative exchange, conductive heating, turbulent
mixing, diffusive separation, photodissociation, and ionization).

Johnson (ref. 178) proposed a semiempirical atmospheric model
based on the postulate that the main ionospheric peak was of the
F._ type (as on Earth), and that the predominant ions at and above
this peak are atomic oxygen 0 +. The main constituent is carbon
dioxide, with possible additions of argon and nitrogen. Surface

Temperatule (K)

IO0 200 300 400

3°°'_[11' ]'y'

"_ 200

150

100

50 I I I I I I I I_
108 109 1010 loll 1012 1013 1014 1015 16

Number Dens,ty (molecules cm3)

FIGURE 13 3.--Upper atmosphere model (suggested by Mariner IV results).

(After ref. 133.) Assumptions: Negligible carbon dioxide dissociation and

strong mixing. The exospheric temperature, Te, is 410 ° K.
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temperature at 210 ° K (compatible with Mariner observation con-
ditions; late afternoon, late winter at 55 ° S latitude), and surface

pressure of 8 millibars were taken as boundary conditions. John-
son's model has a very cold temperature profile, in order to fit the
25-kilometer scale height determined by Mariner IV. Figure 13-4

gives the obtained temperature and pressure curves. The model
eonsists of three layers: a 14-kilometer troposphere, or lower con-

veetive layer with an adiabatic temperature gradient of ~5 ° C/
kilometer, and a tropopause at 140 ° K; then a stratosphere, or
middle atmosphere of constantly decreasing temperature at the
rate of 0.64 ° C/kilometer, following the carbon dioxide-ice vapor-

pressure curve up to the stratopause at 100 kilometers and 85 ° K;
finally, an isothermal thermosphere (and ionosphere) at 85 ° K.
This structure implies exact heat balance between absorption of
solar ultraviolet radiation and emission by carbon dioxide and its

dissociation product carbon monoxide at great heights. Objec-
tions to this model were presented by Chamberlain (ref. 133) :
that the F2 postulate and abundance of O+ ions, as well as the cold
isothermal thermosphere, are unrealistic in fitting the Mariner data.

Gross, McGovern, and Rasool (ref. 179) calculated an upper

atmosphere based on predominant carbon dioxide completely dis-
sociated in the thermosphere. Starting with a surface tempera-
ture of 200 ° K and pressure of 8 millibars, and assuming radiative
equilibrium conditions in the lower atmosphere up to 80 kilometers,
where the carbon dioxide dissociation is effective, they computed

a temperature profile for the lower atmosphere by applying the
method of Prabhakara and Hogan (ref. 142). Above 80 kilome-
ters, the thermal structure, based on the diffusive equilibrium of
carbon dioxide, carbon monoxide, and atomic oxygen, is treated
according to the methods of Chamberlain (ref. 176) developed by

his students (ref. 177). Here the heating by the Sun is through

150

100

_ 50

0
100 200

Temperature ( _/

Temperature Distribution

3OO

0.5 0.4 0.3 0.2 01 0 1 2 3 4

Log Pressure (Dynes crr2)

Pressure Distribution

FIGURE 13-4.--Lower atmosphere model (suggested by Mariner IV results)

(late afternoon, late winter, 55 ° S latitude). (After ref. 178.)
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the extreme ultraviolet ionization of oxygen atoms, while the

cooling is by radiation of carbon dioxide and especially carbon
monoxide. The exospheric temperature turns out to be as low
as 550 ° K, with a large uncertainty of 150 ° K, and this prevents
the escape of oxygen atoms. The temperature structure obtained
is given in figure 13-5. It is quite different from Johnson's pro-
file in the thermosphere. Note the mesopause at 80 kilometers,
which is a minimum. The temperatures are lower than in the

models of McElroy et al. Chamberlain finds objections to the
implied F_ ionization and O + ions diffusion theory adopted in this
model, on the ground that an F_ peak would be well formed above
125 kilometers, which is not consistent with the Mariner findings.

SURFACE PRESSURE

The atmospheric surface pressure, po, of a planet is directly
proportional to the columnar air mass, m, and gravitational accel-
eration, g; that is, po=mXg. A reasonable estimate of Martian
gravity has been available for some time (see eh. 6), but "m" re-
mained a controversial factor until the Mariner IV occultation

experiment. The value of the columnar air mass was based upon
the observed optical thickness of the atmosphere. Various
methods, using photometry, polarimetry, spectroscopy, occulta-
tion, twiliffht arc, and meteorology, have been devised to deter-

mine the Martian surface pressure. (See table 13-3 (refs. 181-
184).) These are briefly reviewed below. See also Chamberlain
and Hunten (ref. 180). The pre-Mariner results are presented in
table 13--4.

(1) Photometry is a potentially sound method but not yet

perfected. The primary difficulty is that the optical properties

500 , ,

550' _ 150K

FIGURE 13 5.--Upper atmosphere model (suggested

by Mariner IV results). (After ref. 179.) Assump-

tions: 100 percent carbon dioxide, p0 =8 millibars.
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TABLE 13-3.--Methods for Determining Surface Pressure for Mars

Method Remarks

Photometry (visual or

photographic).

Polarimetry (visual or

photographic).

Spectroscopy ............

Occultation ..............

Twilight Arc .............

Meteorology .............

Measurement of mean albedos at different wavelengths;

assumptions on absorption and scattering (ref. 184)

or: Brightness distributed across disk; assumptions

on absorption and scattering (ref. 181).

Brightness and polarization across disk; assumptions on

absorption and scattering (refs. 182 and 183).

Infrared absorption of pressure-dependent bands of a

gas like carbon dioxide, whose abundance is known

or determinable from pressure-independent bands.

Calibration of spectrometer in the laboratory (refs.

130 and 166).

Signal strength and frequency versus time curves from

Doppler-shift, atmospheric refraction and diffraction

of light or radio signal from a star or spacecraft. Star

not yet used for Mars, but Mariner IV acted as radio

signal source in passing behind Mars.
Residuals in measurements of planet's diameters. NeveI

applied (ref. 184).

Temperature and heights of the tops of convective
clouds (cumuli, assumed aqueous). Application of

formulas of theoretical meteorology. Proposed and

applied (ref. 153).

of the Martian atmosphere and surface have not been accurately

differentiated. Photographic photometry, as first applied by
Barabashov and Timoshenko (ref. 43), Sharonov (ref. 44),

Sytinskaya (ref. 185), and Fessenkov (ref. 186), gave values

appreciably higher than those obtained from visual photometry

by De Vaucouleurs (ref. 181) and Dollfus (ref. 187).

(2) Polarimetry had, for sometime, provided a generally ac-

cepted and apparently reliable method. Dollfus obtained, by this

means, a value of surface pressure, p0, between 80 and 90 millibars

(refs. 182 and 183). De Vaucouleurs' (refs. 160 and 188) often-

quoted value of 85___4 millibars was the weighted mean of primarily

polarimetric results. However, serious doubts concerning the

application of the polarimetric method have arisen in recent years,

because it has become apparent that some of the simplifying as-

sumptions are unwarranted. The various empirical corrections

attempted by 0pik (ref. 147) and Deirmendjian (ref. 189) only

emphasize the uncertainty of polarimetric results. Dollfus (ref.

190) then stated that his 85-millibar value should be regarded as

an upper-limit. Sekera (ref. 191) stated on theoretical grounds
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TABLE 13-4.--Pre-Mariner Surface Pressure Determinations

[Based on Nitrogen Atmosphere]

Surface

Method Author pressure,
mb

Photometry--mean albedos ......

Photographic photometry .......

Visual photometry .............

Theoretical meteorology .......

Visual polarimetry ............

Visual polarimetry ............

Visual polarimetry ............

Visual polarimetry ............

Theoretical meteorology .......

Weighted mean ..............

Absorption correction ..........

Scattering and polarization
correction

Spectrographic-infrared (CO,.,
bands at 0.87 and 2.06 microns

Spectrographic-infrared (2CO_

bands near 1.6 microns)
Proposed correction to Kaplan's

value (recalibration of 0.87-

micron CO,, band)

Proposed correction to Kaplan's

value (effective path length for
0.87-micron band on Mars]

Menzel (ref. 195) ..................
Barabashov and Timoshenko (ref. 43)

Sharonov (ref. 44) ................

Sytinskaya (ref. 185) ..............

Fessenkov (ref. 186) ..............

De Vaucouleurs (ref. 181) ..........

Hess (ref. 153) ...................

Dollfus (ref. 182) .................

Dollfus (ref. 187) .................

Dollfus (ref. 187) ..................

Dollfus (ref. 183) ................

Shapiro (ref. 194) .................

De Vaucouleurs (ref. 160) ..........

0pik (ref. 147) ...................

Deirmendjian (ref. 189) ............

Kaplan et al. (ref. 130) ............

Owen and Kuiper (ref. 169) ........

Hanst (ref. 192) ..................

Swan (ref. 193) ..................

67

116

120

112

125

8O

8O

8O

95

83

9O

75

854-4

116

95+40

25±15

17+3

50+30

65+35

three major objections to the method : (a) multiple scattering was

neglected; (b) solid surface reflection was assumed to be inde-

pendent of atmospheric scattering; and (c) pure molecular scat-

tering (Rayleigh scattering) was assumed.

The critical evaluation by Chamberlain and Hunten (ref. 180)

corroborating these objections placed the position of the polari-

metric method in the range of 30 to 200 millibars.

(3) Spectrometry is accurate and reliable under the proper

observational conditions. There is some doubt of its reliability in

the observation of the planets through the Earth's atmosphere.

Kaplan et al. (ref. 130) and Kuiper (ref. 166) made spectrographic

observations of Mars in the carbon dioxide rotational bands and

determined surface-pressure values for Mars appreciably lower

(by about 60 to 70 mb) than the average value deduced from pre-

vious measurements. Additional measurements based on refined
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calibration techniques are desirable to substantiate the spectro-

graphic observation for the following reasons:
(a) The Earth's atmospheric turbulence causes varying de-

grees of scintillation which blurs the line contours.

(b) The rotational line widths of carbon dioxide are difficult to
measure accurately because of the low intensity of the lines.

(c) The trajectory of light traversing the Martian atmosphere
may not actually lie in the Martian equatorial plane, as as-
sumed, for determining the path length in the spectrographic
calculations. Aerosols may also affect the effective path
length. Hanst (ref. 192), Swan (ref. 193), and Sekera
(ref. 191) are among those who have noted the uncertainty

of the exact effective path length.
(4) Occultation can be very valuable, as provided by Mariner IV

(table 13-3). By this method, information concerning the re-
fractive index and scale height of the atmosphere may be obtained.

(5) The twilight arc method is mentioned only for its historical
interest; it has not yet been applied to Mars.

(6) Meteorology as a method would be helpful if more observa-
tions of the Martian clouds were available. The results obtained

by Hess (ref. 153) and Shapiro (ref. 194) appear to agree with
polarimetric results, but this may be coincidental.

SURFACE PRESSURE VALUES

The exact value of surface pressure for Mars over many years
had been subject to much debate, as shown by the diverse findings
in table 13-4. Recent spectrographic results indicate the lowest
values (17 and 25 mb). Before these results, 85 millibars was

provisionally accepted as the most likely surface pressure. The
additional observations made in 1965 from the radio-occultation

experiment of Mariner IV's flyby of Mars have now settled this
long controversy, by giving the unexpected result of a surface
pressure value of 4 to 7 millibars (ref. 134). Kliore (ref. 195)

later stated the possibility that due to mountainous terrain the
pressure value may be 7 to 10 millibars.
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Atmospheric Circulation

HE ATMOSPHERIC CIRCULATIONon Mars has been esti-
mated both theoretically and through observations of

cloud movements. Early work by Hess (ref. 105) on Martian

surface temperatures led to his formulation of a consistent iso-
therm map of the surface. He combined this with cloud motion
data to form a crude circulation map. The result is very similar
to an Earth weather map (fig. 14-1).

More recently, Miyamoto and Matsui (ref. 196), drawing upon
theory and observation, have suggested that Martian circulation is
earthlike in spring and autumn, and uniquely Martian in summer
and winter. The terrestrial circulation consists of heat transfer

from the equator to both poles via circulating airmasses. During
the Martian summer or winter, however, heat is transported
directly from the warm to the cool pole. This hypothesis is sup-
ported by the alternate appearance of the polar caps, as if moisture
had migrated from pole to pole.

Mintz (ref. 111) has carried out a theoretical analysis of the

flow regimes resulting from the expected poleward temperature

S

0 60 120 180 240 300 360

N

FIGURE 14 4.--Schematic streamline map of Mars (northern winter). (Based

on 18 cloud drift observations.) (After ref. 105.)
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FIGURE 14-2.--General circulation model for Mars. Symmetric regime:

(a) Streamlines of flow at upper levels; (b) Mean meridional circulation

and isotherms of potential temperature 0. Wave regime: (a) Streamlines

of flow in middle and upper levels; (b) Mean rneridional circulation and

mean zonal wind. (After ref. 111.)

gradient on Mars as a function of season. He postulated a gen-
erally stable symmetric regime in early fall and late spring with
a change to a wave regime in winter. In summer, a reversal in

the temperature gradient is postulated, which sets up a reversed
symmetric circulation. The symmetric and wave regimes are
represented in figure 14-2. In the former, the atmosphere is
heated near the equator and ascends, moves toward the poles,
descends and returns to the equator. Since the globe is rotating,

there is an atmospheric velocity component in the direction of
rotation which increases with altitude within the troposphere.

In the wave regime, large-amplitude horizontal waves exist in
the upper troposphere accompanied by large horizontal eddies

near the surface. The tongues of warm fluid moving poleward
in some latitudes are balanced by cold tongues flowing toward the
equator at other latitudes to produce a net poleward transport of
heat. These large-scale disturbances are analogous to the familiar

migrating highs and lows of the daily weather map.
Tang (refs. 197 and 198), firstly from analysis of yellow cloud

observations, and secondly from model computations using recent
input parameters based on the Mariner IV radio-occultation experi-
ment, has found that a wave-type circulation regime must prevail
over the Martian year.



Clouds

HREE MAIN CLOUDTYPES have been distinguished in thethin, dry, cold Martian atmosphere: white, blue, and

yellow clouds, so named for the colors which they predominantly
reflect.

WHITE CLOUDS

White clouds vary considerably in thickness, brilliance, extent,
and location. They can be subdivided into three categories:

(1) Dense, brilliant, white clouds frequently observed as large
systems in motion in the equatorial and temperate zones, or
as thick, white shrouds over the winter pole lasting several
months. In the midlatitudes they last for days or weeks, change

shape irregularly, and, at times, extend conspicuously over the
terminator.

(2) Thin, white mists detected polarimetrically as extensions
of the thick, white clouds, or as mists of brief duration occurring

with sudden temperature drops. Thus, mists formed during the
night appear on the sunrise limb, but are quickly dissipated. Thin
mists of this kind have also been detected migrating in spring from

pole to pole.
(3) Orographic clouds appearing repeatedly over what are

presumed to be high-altitude surface areas such as the Nix

Olympica and Candor ranges.
Dollfus has demonstrated that the polarization of all Martian

white clouds closely resembles those of the terrestrial ice-crystal
clouds or fogs. He has concluded that the white clouds on Mars
are analogous to the terrestrial cirrus clouds (refs. 199, 200, and
201).

BLUE CLOUDS

The distinction between blue and white clouds is not always

clear. The blue clouds frequently appear along with white clouds
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and mists, but are probably at higher altitudes. Strictly speaking,
blue clouds are those which reflect blue and ultraviolet light only.
Generally, however, classification is a question of degree.

Blue clouds appear at the winter pole and are reduced to mists
in summer. Blue mists also appear commonly over the terminator
at sunrise, and sunset in the equatorial belt. Finally, orographic
blue clouds are evident periodically over certain preferred areas.
For example, a large W-shaped cloud formed repeatedly over
the Tharsis region in 1926, 1954, and 1958. Blue clouds fre-
quently appear as bumps or distortions of the blue disk of Mars.

When associated with white cloud systems, the blue seems to
dominate. These facts have led to the conclusion that blue clouds

are relatively high in the Martian atmosphere. Wilson (refs. 202
and 203) estimates their elevations as 15 and 25 kilometers, with

a possible maximum of 100 kilometers. By comparison with ter-
restrial noctilucent clouds, he maintained that blue clouds are

simply condensed blue haze. Estimates of cloud-particle size
range from 0.1 micron by Goody (ref. 171) for ice crystals, to 2
to 2.5 microns by Dollfus for fine water droplets.

YELLOW CLOUDS

Yellow clouds, generally explained as Martian duststorms, are
relatively infrequent but have shown a great deal of variability.
Subdivision by size (or extent) results in three broad categories.

(1) Major formations are generally opaque, mobile, and
enduring. They were observed on a planetary scale in 1924 and
1956.

(2) Smaller formations in the form of localized yellow clouds
are more frequent. Their properties are similar to those of major
formations, but they are less intense (table 15-1 (ref. 204)).

(3) Faint yellow veils which are detected photometrically or
polarimetrically are believed to be the "tail end" of duststorms.

A dusty nature for the yellow clouds is generally accepted for
the following reasons:

(1) Polarimetry indicates that the bright areas of Mars' surface
are composed of a powdery material.

(2) The cloud motions suggest the likelihood of strong local

winds capable of lifting and carrying dust to great heights.
(3) The low gravity on Mars allows a long settling time.
(4) The rapid increase of polarization in the yellow veils going

toward the limbs can be explained only by particles greater than
molecules.

Yellow clouds, and particularly major formations, have been
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observed most frequently during perihelic or near perihelic
oppositions (ref. 205).

The polarization curve of an opaque yellow cloud most closely
resembles that of tobacco smoke and not that of ordinary Earth
dust. The negative polarization led Dollfus (ref. 200) to believe

that they are composed of minute highly absorbent particles.
Earth dust is primarily transparent quartz sand and polarizes
in the positive sense. By applying Stokes' law for the rate of
falling particles, Dollfus has obtained from 2 to 5 microns as an
estimate of the yellow-cloud-particle diameters. However, this

size is largely underestimated, according to Ryan (ref. 206).

DUSTSTORMS

In view of the importance of duststorms to future landing mis-
sions, it is perhaps appropriate to give here quantitative details

arising from two recent studies. A comprehensive search and
study of available reliable records of observations of yellow clouds
which displayed motion was undertaken by Gifford (refs. 204 and
207) in an attempt to analyze their probable nature and properties

and, hopefully, to gain a factual insight into Martian circulation
patterns. The data were separated into two groups of large mov-
ing yellow clouds, observationally distinct and also, as the study
proved, physically distinct: (1) yellow clouds observed against
the disk as obscuring some surface features, and (2) yellow clouds

observed as limb or terminator projections. Table 15-1 lists for
each group the results of Gifford's search and analysis of the
locations, dates, and average direction and speed of the clouds.

The tabulations indicate clearly that the yellow clouds on the
disk are primarily found in lower latitudes, near the thermal
equator of the planet (see ch. 10), whereas the projection yellow
clouds are primarily found in the middle latitudes. The latter

group exhibit no special latitudinal drift, but the former, originat-
ing in Martian desert locations (bright areas), drift toward the
equator. In view of the great dryness of Mars, their short duration
(1 to 3 days usually), and their origin in regions of maximum
temperature (isotherms at 280 ° K or greater), the yellow clouds

on the disk can be called the Martian "duststorms." They are
probably initiated by gusty winds caused by thermal convection
over the powdery deserts (the limonite or goethite-coated "sands"
of Mars). Their general equatorward drift seems to imply a low-

altitude phenomenon (altitudes below 5 to 10 km), and possibly
also, in view of their localized character or small extent (several
hundred to one thousand km), that they are steered by the tropical
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portion of a symmetric general-circulation cell. Some of the
clouds, however, are large enough so that their motion can be ex-
plained by the transition from a symmetric regime to a wave

regime, a feature of the general circulation of Mars predicted
theoretically by Mintz (ref. 111). There are too few cases of the
second group (the projection clouds) in each season to permit

evaluation of the circulation pattern by means of the construction
of maps such as that by Hess for the Southern Hemisphere sum-
mer (see ch. 14). However, they do exhibit motions that may
possibly have analogies with terrestrial circulation patterns at
higher latitudes. Their altitudes seem much greater, since they
are sometimes observed as projections illuminated by the setting
Sun, with their tops estimated to reach 30 kilometers or even 50

kilometers. Also they are of much longer duration (several
weeks). They may consist in part of aqueous condensations.

The conditions governing the formation of Martian yellow clouds
have been examined quantitatively by both Gifford (ref. 204) and
Ryan (ref. 206) with similar conclusions.

According to calculations of Ryan :
(1) The horizontal wind velocities necessary to initiate grain

movement are considerably greater than on Earth (unless the

Martian surface is extremely rough, which is unlikely). For a
surface atmospheric pressure of po_80 millibars, the velocities
required do not exceed those observed; but, if po_25 millibars,
then they would have to be greater, implying undetectable initial

winds of short duration (1 day or so), or small cyclonic systems
(like our dust devils).

(2) The vertical wind velocities necessary to maintain particles
aloft are less than on Earth over a rather large range of grain
sizes (diameters: 1 to 300 microns for po_80 mb, but 4 to 200
microns for po_25 mb).

Ryan concludes that Martian duststorms should generally be
much more violent than terrestrial duststorms; that is, on Mars
a large amount of material is quickly carried aloft and sustained

for a long period. Also, it is possible that particles significantly
larger than 20 microns could cause most obscurations, particularly
if the cloud is higher than a few kilometers and the air is turbulent.

Since Mariner IV showed surface pressures on Mars of poN10
millibars, another theory by Newbauer (ref. 208) has attempted
to explain the formation of dust clouds. Newbauer's calculations
explain them by the action of dust devils of diameters larger than

100 meters, which are initiated by the thermal convection due to
the considerable variation in the daily atmospheric temperature
on Mars.



Blue Haze

A HAZE NORMALLYEXISTS the planet Mars which
over

completely obscures the surface markings, when pho-
tographed through blue or ultraviolet filters. Effectively, this
"blue haze," or "violet layer," is increasingly opaque at wavelengths
shorter than about 4600 A, and at about 4500 A there is an abrupt
transition to total opacity. Its characteristics below 3000 A cannot

be observed through the Earth's atmosphere.
De Vaucouleurs (refs. 39 and 120) estimated that the blue haze

has an optical thickness between 0.1 and 0.2, that it transmits about
85 percent of visible light, and that its reflectivity or albedo in the

blue is approximately 0.05 in the region of 4000 to 3300 A. (See
ch. 11.) Thus, in transmission, the haze has a reddish appearance,
that is, to an observer on Mars, and in reflection it is gray and dark
with a yellowish tendency (ref. 209). Blue images of Mars,

although characterized by a hazy aspect, will show the polar
caps to be strikingly brilliant, and display blue clouds of varying
brightness, especially on the morning side.

Limb brightening is present as a rule, especially on the morning

side, while cases of darkening were reported on the evening side
(Mt. Wilson photographs (ref. 210)). Also, it was pointed out
by Sagan and Kellogg (ref. 211) that the limb brightening may
not extend to the very edge of the limb, but a thin dark border may
appear, as predicted by Harris (ref. 113) for an intermediate

optical depth (r -_ 0.25). The existence of both pure scattering, with
expected limb brightening, and pure absorption, with expected
limb darkening, in varying relative importance seems to illustrate

the general computations of Harris. Not until more observational
data are secured will the debate on absorption supported by
0pik (ref. 209) versus scattering supported by Sharonov (ref.
212) be settled as to the primary physical mechanism responsible

for the above optical effects. However, Rayleigh scattering can
be ruled out by the abrupt transition to opacity below 4550 A.

The blue haze appears to be a high-level atmospheric phenom-
enon, as evidenced by the larger diameters in the blue (Wright's
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effect) and the near absence of flattening in the blue (Gifford,

quoted by ref. 213), as compared to the yellow, orange, or red
images. Kuiper (refs. 91 and 166), however, finds a haze layer
markedly higher over the equator than over the poles. The aver-

age height of the haze layer, or its top, is not known even today;
it has been placed by a variety of theories between 6 and 200
kilometers. Sagan (ref. 214) believes 150 kilometers to be a high

maximum. It is possible that it consists of several layers.
The haze is generally uniform in spread, but Slipher (ref. 213)

and others have noticed inhomogeneities such as darker clouds,
mottled patterns, and even weather bands. The latter suggests

changes in circulation and temperature. Attempts to correlate
haze opacity with latitude, rotation, season, or solar activity have
so far been inconclusive.

BLUE CLEARINGS

An outstanding phenomenon concerning the blue haze was dis-

covered by Slipher (ref. 215), on comparing blue and yellow pho-
tographs taken at the same time. He found that there are occa-

sions when the blue haze clears up enough to allow full visibility
in the blue of Martian surface details. These "blue clearings"
are usually patchy, with a greater or lesser degree of transpar-

ency, but they can also, on very rare occasions, be planetwide, or
complete. Both clearing and recovery generally require a few
days, or at least a few hours, to take place. The duration of a
blue clearing is quite variable, the atmosphere remaining clear for
days, or even weeks ; one recorded instance lasted 2 months. Table

16-1 (refs. 216-221) gives a list of instances of blue clearings,

TABLE 16 1.- Some Instances of Blue Clearing

1890

1926

1928

1937

1939

1941

1954

1956

1958

1958

1961

1961

Dates of clearing

May 26 to June 1...

Nov. 2, 3 ...........

Dec ................

May 20, 21 .........

July 18 to 25 .......

Oct. 10 .............

May to July 2 ......

Aug. 25 to Sept. 3...

Sept. 3 (ended) ......
Nov. 22 ............

Jan. to Feb .........

Jan. 1 to 11 ........

Opposition

May 27 ........
Nov. 5 .........

Dec. 21 ........

May 19 ........

July 23 .........
Oct. 10 .........

June 24 ........

Sept. 10 ........
Nov. 16 ........

Nov. 16 ........

Dec. 30, 1960...

Dec. 30, 1960...

Observer

Pickering (ref. 216)

Slipher (refs. 213 and 217)

Slipher (ref. 213)

Slipher (refs. 213 and 215)

Martz (ref. 221)

Slipher (ref. 213)

Slipher (ref. 213)

De Vaucouleurs (ref. 218)

Richardson and Roques (ref. 219)
Wilson (ref. 203)

Focas (ref. 220)

Robinson (ref. 221)
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many of them traced back on older photographs by Martz (ref.
222) or Slipher (ref. 213). There is an apparent greater fre-

quency of blue clearings during opposition, which Slipher and
Wilson (ref. 223) noticed and studied carefully. It became more

firmly established through a statistical analysis performed by De
Vaucouleurs and Young (ref. 224), who showed that observa-

tional selectivity of Mars (its observations being confined largely
to the few weeks before and after oppositions) was not solely
responsible. Slipher provided evidence of a tendency for a cor-
relation between clearing and oppositional approaches of Mars.
However, more definitive evidence is needed to substantiate this

hypothesis, despite the wide irregularities of oppositional clearings.
For example, one well-recorded instance took place 74 days before
exact opposition. (See table 16-1 (ref. 219).) No correlation
with heliocentric longitude has ever been found, but a weak corre-
lation with areocentric longitude (greater frequency near 250 ° or

270 °) was reported recently by both Slipher (ref. 213) and Robin-
son (ref. 221). A 4-month survey of Mars indicated that partial
weak clearings are probably more common than was generally sup-
posed (ref. 225). A recent investigation by Palm and Basu (ref.
226), based on Slipher's records for 1926 to 1958 and Robinson's

for 1960 to 1961, reports "a small but statistically negative cor-
relation between the extent of blue clearing and meteor shower
activity."

NATURE AND THEORIES OF THE BLUE HAZE

At present, no satisfactory explanation of the nature of the blue
haze and its clearings exists. A number of theories have been
advanced since 1950, but all seem to have weaknesses.

WATER-ICE CRYSTAL THEORY.--Proposed by Schatzmann (ref.
227), and studied by Kuiper (ref. 91) and Hess (ref. 228),

this theory is based on the Mie scattering of tiny water-ice crystals
presumably suspended in the Martian atmosphere. A rise in tem-
perature would cause a clearing, and the return to normal cold

temperatures would cause the reappearance of the haze. The
major objection to this theory (or any based on a condensable sub-
stance) raised by Urey (ref. 228) is that it is difficult to account
for planetwide clearings by a temperature change of several

degrees, 10 ° C or more, over the planet. A second objection was
voiced by 0pik (ref. 209) against any scattering explanation; in
fact, microscopic ice crystals floating in the air should scatter appre-
ciably in the blue to ultraviolet, which conflicts with the known
very low albedo of Mars (0.05) from 4000 to 3300 A. However, an
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unconfirmed rocket measurement by Boggess and Dunkelmann
(ref. 128) indicated the high albedo of 0.24 at 2700 A.

Kuiper (ref. 166) explains clearings by invoking deposition
and growth of ice, as soon as temperature falls below the local
frost point, upon suspended silicate dust particles acting as nuclei,
and subsequent fallout. The process is supposedly controlled by

atmospheric circulation and evaporation of (ground) frost, espe-
cially over the polar areas. As in the case of the dust theory,

objections based on the settling rates of particles can be raised.
CARBON DIOXIDE-ICE CRYSTAL THEORY.--First advocated by

Hess (ref. 105), and similar in principle to the water-ice crystal
theory, this theory depends also on Mie scattering. In ap-

plication, this theory requires decidedly lower temperatures to
form carbon dioxide-ice crystals than those required to form water-
ice crystals. In fact, the frost point of carbon dioxide, which de-
pends, of course, on atmospheric pressure, and therefore on alti-
tude, is so low, about 120 ° K at p_15 millibars, that Hess himself

withdrew his support in favor of the water theory (ref. 229).
More recently, however, Ohring (ref. 172) tried to revive the

carbon dioxide crystallization possibility as a consequence of his
very low atmospheric temperature profiles (90 ° K at 40 km);
likewise did Chamberlain (ref. 176) with his extremely cold
mesopause, a minimum 76 ° K at 130 kilometers. (See ch. 13.)

One objection is that the carbon dioxide-ice layer formed in the
carbon dioxide-rich Martian atmosphere would produce a far too
opaque blue haze. Urey's major objection also applies to clearings.

NITROGEN DIOXIDE GAS THEORY.--This theory was proposed by

Kiess et al. (ref. 230) on the untenable assumption of large
amounts of nitrogen dioxide on Mars. (See ch. 12.) It was
revived by Warneck and Marmo (ref. 231) and developed by

Sagan et al. (ref. 210) on the assumption that only about 1 mm-atm
of nitrogen dioxide exists in Mars' atmosphere. This theory is
attractive in that the observed transmission characteristics of the

blue haze as well as its limb effects, that is, the dependence of

opacity on both wavelength and position across the disk, can be
reproduced theoretically under suitable Martian temperature con-
ditions. While the nitrogen dioxide is strongly opaque at x>3300
A, its dimmer N204 formed at decreasing temperatures is essentially
transparent for x<3600 A.

The sensitivity of the NO2_,_-N_O4 system to temperature and
pressure is very great. Blue clearings are explained as the result
of the dimerization from a temperature drop of a few degrees,
perhaps 10 °, in Mars' upper atmosphere.
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Objections to this theory include Urey's major one regarding
all condensable substances, the coexistence of water vapor with

nitrogen dioxide in the atmosphere, and the uncertain photochemical
abundances of nitrogen oxides on Mars.

DUST THEORY.

(1) Meteoritic dust of microscopic sizes was suggested by Link
(ref. 23) and again by Kviz (ref. 233) as being the cause of the

blue haze, since Mars' orbit is in a region of apparently plentiful
meteor debris. The many meteor showers would supply the upper
atmosphere with extensive dust that would cause almost constant
opacity in the blue.

The main objection is that no correlation has been found between
blue-haze opacity or clearings and Mars' heliocentric longitudes
indicative of shower frequencies.

(-2) Yellow ground dust, presumably limonitic, from duststorms
or yellow clouds was invoked first by Goody (ref. 171) in the form
of extremely minute particles responsible for the strong absorp-
tion by the blue haze, with no appreciable scattering being involved.

The minute particles would be transported to the upper atmos-
phere, forming an almost permanent veil. An important contra-
diction was cited by Slipher (ref. 213) from the case of the great
yellow duststorm of the 1956 opposition, which did not prevent
the occurrence of an extensive blue clearing at the same time.

Most fatal, perhaps, to any dust theory of the blue haze is that
the settling rates for small particles (Stokes' law) cannot account
for the numerous instances, such as at the 1960-1961 opposition,
of rapid clearings.

CARBON SMOKE THEORV.--Suggested by Rosen (ref. 146) and

developed by 0pik (ref. 147), this theory is similar to the dust
theory, except for the fact that the particles are assumed to be
carbon Ca polymers arising from the photolysis of carbon monoxide
and carbon dioxide in the Martian upper atmosphere. Rosen and
others have suggested a volcanic gas origin, such as from methane

or C2H2. 0pik interprets the optical characteristics of the blue
haze as due to this highly absorbent "soot." Practically no
scattering is envisioned.

Objections to the theory are that it cannot explain rapid clear-
ings, nor can it adequately explain limb brightening in the blue.

FLUORESCENCE THEORY.--Urey and Brewer (ref. 234) attempted
to explain the blue haze in terms of fluorescence of ions such

as C02+, CO+, and N_+, supposedly abundant in the high Mar-
tian atmosphere and formed by incoming solar particle radiation
(protons). It was suggested that during opposition, the Earth's
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magnetic field deflects the solar protons, thus preventing ioniza-

tion and fluorescence on Mars, and consequently creating a blue
clearing.

Objections are many: the blue spectrum of Mars shows no evi-
dence of characteristic bands or lines; furthermore, Sagan (ref.

214) showed that abnormally large proton energies (above 2 MeV)
and fluxes (1011 protons/cm2/sec) would be required to produce the
postulated ionization at the blue-haze level (maximum 150 km).

CONCLUSIONS

Disregarding the last theory, it appears that any explanation
of the blue haze and clearings in terms of one type of substance or

particle and one layer leads to a dead end. Apparently both
absorption and scattering of the blue haze are present in different
manners which cannot be accounted for by one substance or one
particle type. An explanation in terms of two substances or par-
ticle types, such as water-ice crystals and carbon smoke, or nitro-
gen dioxide and dust, and of two distinct layers, a scattering one

and an absorbing one, may indeed prove to be more satisfactory.
In any case, it seems that more observational data are needed to
guide the theoretical work.



Surface Features

BSERVATIONS OF MARS over the past three centurieshave resulted in the production of a wide variety of

drawings and photographs of its surface. Table 17-1 lists and
locates the basic 128 areographic designations recently adopted by
the International Astronomical Union Committee, Mars section,
as a nucleus for future studies. (See refs. 235 and 236.)

The positions of these features are shown in figure 17-1.

MARS MAP

A project to construct a Mars map--or, rather, a series of maps
at opposition times--with first-order reference points accurate to
within 1 ° areocentric (_60 km on the surface) was initiated in

1958 by De Vaucouleurs (refs. 237 and 238) at the Harvard Col-
lege Observatory and is approaching completion. (See the latest
report by Menzel et al. (ref. 239).) The program is based on all
usable areographic coordinates recorded from 1877 to 1958; that

is, from Schiaparelli's initial work up to modern times. It incor-
porates a particularly desirable novel feature; that is, the sys-
tematic reduction of all coordinates to a revised physical ephemeris
of Mars for all oppositions from 1877 to 1965. This provides a
homogeneous, modern basis for constructing the maps at each

opposition. (See ch. 5.) However, the accuracy of any given
map is transient because of the continual variation in the dark
areas.

The Mars map project, when completed, together with the re-

vised physical ephemeris, is planned to provide the most accurate
basis for relating the computed areographic locations of the Mar-
iner IV photographs (not yet established precisely) to the known
Martian surface features (ref. 240).

RELIEF

Surface relief on Mars is generally believed to be moderate.
Lowell (ref. 241) estimated that Martian mountains (if they are
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TABLE 17-1.--International Astronomical Union Basic Surface

Area Designations

Narile

Acidalium Mare ........................................

Aeolis .................................................

Aeria ..................................................

Aetheria ...............................................

Aethiopis ..............................................
Amazonis ..............................................

Amenthes ..............................................

Aonius Sinus ...........................................

Arabia .................................................

Araxes ..................................................

Arcadia .................................................

Argyre ..................................................

Arnon ..................................................

Aurorae Sinus ...........................................
Ausonia ................................................

Australe Mare ...........................................
Baltia .................................................

Boreum Mare ..........................................

Boreosyrtis .............................................

Candor .................................................
Casius .................................................

Cebrenia ...............................................

Cecropia ...............................................
Ceraunius ..............................................

Cerberus ...............................................
Chalce .................................................

Chersonesus ............................................

Chronium Mare ........................................

Chryse ................................................

Chrysokeras ............................................
Cimmerium Mare .......................................

Claritas ................................................

Copa_s Palus ...........................................

Coprates ...............................................

Cyclopia ...............................................

Cydonia ...............................................
Deltoton Sinus .........................................

Deucalionis Regio .......................................
Deuteronilus ...........................................

Diacria ................................................

Dioscuria ..............................................

Edom .................................................

Electris ................................................

Elysium ...............................................
Eridania ...............................................

Erythraeum Mare ......................................
Eunostos ..............................................

Num_r

1

2

Location,

deg

30, +45
215, --5

3 310, +10
4 230. +40

5 230, +10

6 140, 0

7 ' 250, +5
8 105, --45
9 330, +20

10 115, --25
11 100, +45
12 25, --45

13 335, +48
14 50, --15
15 250, _40

16 4O, ---60

17 50, +60
18 90, +50

19 290, +55

20 75, +3
21 260, +40

22 210, +50

23 320, +60
24 95, +20

25 205, +15

26 O, --50

27 260, --50

28 210, --58

29 30, +10

30 110, --50

31 220, --2O

32 110, --35
33 280, +55

34 65, --15

35 230, --5
36 O, +40
37 305, --4

38 340, --15
39 O, +35
40 180, +50
41 320, +50

42 345, 0

43 190, --45

44 210, +25

45 220, --45

46 40, --25

47 220, +22
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TABLE 17-1.--Continued

Name

Euphrates .............................................
Gehon .................................................

Hadriacum Mare .......................................

Hellas .................................................

Hellespontica Depressio ..................................

Hellespontus ...........................................

Hesperia ........... ....................................
Hiddekel ...............................................

Hyperboreus Lacus .....................................

Iapigia ................................................
Icaria .................................................

Isidis Regio ............................................
Ismenius Lacus .........................................

Jamuna ................................................

Juventae Fons ..........................................

Laestrygon .............................................
Lemuria ...............................................

Libya .................................................
Lunae Palus ............................................

Margaritifer Sinus ......................................
Memnonia .............................................

Meroe .................................................

Meridianii Sinus ........................................

Moab .................................................

Moeris Lacus ...........................................

Nectar ................................................

Neith Regio ............................................

Nepenthes .............................................
Nereidum Fretum .......................................

Niliacus Lacus ..........................................

Nilokeras ..............................................

Nilosyrtis ..............................................

Nix Olympica ..........................................
Noachis ...............................................

Ogygis Regio .............................................

Olympia ................................................

Ophir ..................................................

Ortygia ................................................
Oxia Palus .............................................

Oxus ..................................................

Panchaia ..............................................

Pandorae Fretum .......................................

Phaethontis ............................................

Phison .................................................

Phlegra ................................................
Phoencis Lacus .........................................

Phrixi Regio ...........................................
Promethei Sinus ........................................

Number

48
49

50

51

52

53

54

55

56

57

58

611

62

63

64

65

66

67

68

69

70

71

72
73

74

75
76

77
78

79

80
81

82

83
84

85

86

87
88

89

90
91

92
93

94

95

Location,
deg

335, +20

O, +15
270,--40

290, --40

340, --60
325, --50

240,--20

345, +15

60, +75

295, --20
130, --40

275, -t-20

330, -t-40

40, +i0

63, --5

200, 0
200, +70

270, 0

65, +15
25, --i0

150, --20

285, +35

O, --5

350, +20
270, +8

72, --28

270, +35

260, --I-20
55, ---45

30, +30

55, +30

290, +42

130, +20

330, ---45

65, --45

200, +80

65, --10

O, +60

18, +8

10, +20
200, +60

340, --25

155, --50

320, -t-20

190, +30

110,--12

70, ---40

280. --65
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TABLE 17-1.--Concluded

Name

Propontis ..............................................

Protei Regio ...........................................

Protonilus .............................................

Pyrrhae Regio ...........................................

Sabaeus Sinus ..........................................
Scandia ................................................

Serpentis Mare .........................................
Sinai ..................................................

Sirenum Mare ..........................................

Sithonius Lacus .........................................

Solis Lacus .............................................

Styx ..................................................
Syria ..................................................

Syrtis Major ...........................................

TanaYs .................................................

Tempe ................................................

Thaumasia .............................................

Thoth .................................................

Thyle I ................................................

Thyle II ...............................................

Thymiamata ...........................................

Tithonius Lacus ........................................

Tractus Albus ..........................................
Trinacria ..............................................

Trivium Charontis ......................................

Tyrrhenum Mare .......................................
Uchronia .............................................

Umbra ................................................

Utopia ................................................
Vulcani Pelagus ........................................

Xanthe ................................................

Yaonis Regio ...........................................

Zephryia ...............................................

Number

96

97
98

99

100

101

102

103

104

105

106

107

108

109

110

111

112
113

114

115
116

117
118

119

120

121

122

123

124

125

126

127

128

Location,

deg

185, +45

50, --23

315, +42

38, --15

340, --8

150, +60

320, --30

70, --20
155 --30

240, +45

90, --28

200, +30

100, --20

290, + 10

70, +50
70, +40

85, --35

255, +30

180, --70

230, --70

I0, +i0

85, --5

80, +30

268, --25

198, +20

255, --20

260, +70

290, +50

250, +50
15, --35

50, + 10

320, --40
195, 0

abrupt) must be less than 2500 feet high from the fact that neither

he nor anyone else had been able to detect prominences at the termi-
nator. Tombaugh, as quoted by Wilson (ref. 242), argues against
the validity of Lowell's upper limit because of limitations imposed
by the turbulent atmosphere of Earth on the angular resolution
of ground-based telescopes. Tombaugh points out that Martian
abrupt mountains of less than 15 500 feet (4700 m) in height would
not be observable if a realistic limit of resolution of 0.15 arc-second

is adopted.

The observation of a few areas or spots in midlatitudes, which
periodically whiten, are suggestive of high plateaus or summits
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FIGURE 17-1.--Locator map of Mars. (After ref. 188.)

covered with snows or frosts, such as Hellas, Argyre, and Elysium.

Polar areas annually exhibit very distinct patterns during melting.
Finally, mountainous relief is suggested by the recurrence of
orographic clouds over fixed locations, such as Olympia and Candor.

Depressions seem indicated in some cases; for instance, the
Trivium Charontis, a large oasis which is conspicuously dark
green in any season. Tombaugh (refs. 243 and 244) believes it
may be a deeply depressed area several thousand feet below the
level of the surrounding desert plain, perhaps capable of retaining

water and maintaining vegetation without dependence upon the
season.

The surface of Mars, although generally believed to consist of
rather flat or rolling terrain, may include some massive but eroded
mountain chains.

The Mariner IV photographs covered a strip of only 1 percent

the total surface area of the planet, but they revealed a fairly
cratered surface of moonlike aspect. According to Leighton et al.
(ref. 245), nothing in the pictures suggests mountain chains, great
valleys, ocean basins, continental masses, or any earthlike geolog-
ical features. It appears that no orogenesis took place. The
absence of a magnetic field suggests no molten core for Mars.
There apparently has been no internal activity over a long time.

The surface appears to be in a primitive form, as in the case of
the Moon, although water and erosion could have existed in the
very early history of Mars. The actual atmosphere is insignificant
and cannot hold much water.

The existence of craters on Mars startled the scientific com-

munity, although some 15 years ago 0pik (ref. 246) and Tom-
baugh (ref. 247) had predicted that the surface of Mars should be
covered with thousands of impact craters resulting from asteroidal
collisions, since Mars is close to the asteroid belt.
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Mars' surface is at least partially covered with large craters;
70 craters are clearly distinguishable on pictures 5 through 15, and
ranging from 3 to 75 miles in diameter (ref. 245). Larger and
smaller craters are surely in existence. Crater rims rise several
hundred feet above the surrounding surface with depths of a few
thousand feet below the rims. Crater walls seem to slope at

angles up to 10 °. The total number of craters of sizes observed is
expected to be about 10 000 on Mars. They appear to be impact
craters (ref. 248).

0pik (ref. 249) believes that they are all "later" craters, the
primeval craters having been erased by very early erosion (water
or ice age and a denser atmosphere). Martian craters are more
numerous than craters in the lunar maria, but not as thick as in
the continents. Anders (ref. 250), gives an area density of Mar-
tian craters of 20 kilometers wide or more of 3.4 times that in

lunar maria, but only 19 percent that in lunar continents. He also
proposes a limit age of 800 million years, earlier craters being
erased by saturation cratering. 0pik found Anders' rate of Mar-
tian crater production (25 times the lunar rate) too high, if one
considers the actual list of asteroids crossing the Mars orbit and

the actual population density of other stray bodies in the solar
system. 0pik calculated that Mars received in its history of 4.5
billion years about 8.8 craters larger than 20 kilometers per million
km _ surface area from comet nuclei, asteroids, and other objects.

Leighton et al., however, find from Mariner IV pictures 36 craters
per 10 ' km% a large excess of observed craters over predicted num-
bers. For both Mars and the lunar maria, this ratio is about 4-5
to 1. Anders obtains even larger values for Mars: 220 craters
larger than 20 kilometers accumulated in 4.5X 109 years per 106
km 2 (a ratio of 20 for Martian versus lunar crater densities).
0pik finds no theoretical grounds for postulating excessive rates

of erosion on Mars, except in the very beginning, so that the oldest
craters can be as old as the surface itself, perhaps 4.5 billion years.

Later investigations by Witting et al. (ref. 251) and Baldwin
(ref. 252) arrive at a much lower age for the Martian craters:

300 million and 340 million years, respectively. In other words,
the Mars surface appeared to them quite young, with previous
active erosion. But 0pik (ref. 249) points out that these investi-
gators did not use a collision theory and the actual data for the
stray bodies populations around Mars and near Earth.

BRIGHT AREAS

The surface of Mars, as seen from Earth-based telescopes, can
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be divided into three main area types: bright areas, dark areas,

and polar caps.

The bright areas compose two-thirds to three-quarters of the

total area of the surface, their colors ranging from salmon-pink

to reddish or yellowish ocher, give Mars its familiar ruddy color.

The characteristic brightness of these areas (0.28 candle/era2),

albedo (0.15 to 0.20), and color are representative of the planet

because the effectsof dark areas and polar caps virtually cancel

each other. The optical properties of bright areas are largely

invariable, except for seasonally whitening areas presumed to be

high plateaus covered with frost. Bright areas are generally

assumed to be the expanses of moderate relief, constituting the

background of the planet's surface.

The various bright areas named individually on the map are

hardly distinguishable from each other by brightness or color

measurements. When adjacent, their separation is rather ill-

defined by faint lines representing the "canals," most of them

being very faint or elusive. (See ch. 17.) The most clear-cut

demarcation of bright areas is provided by the bordering dark

areas; however, these borders may become altered with season

and year according to growth or retreat of the dark areas.

The evaluation of the regional colors on Mars is somewhat diffi-

cult, and often depends on the optics used and the observer. Thus,

the bright yellows and reds frequently reported for bright areas

in the early literature are now believed mostly caused by chromatic
aberration in refractors or ascribed to contrast effects between

bright and dark regions. Kuiper (ref. 253), with the 82-inch

reflector of McDonald Observatory, reported only a relatively slight

difference between colors of bright and dark regions.

The bright areas are believed to be extremely dry and desertlike

regions covered by a fine dust. Using polarimetry and photometry

data, Dollfus (refs. 183 and 200) tentatively identified this ocher

powder as limonite, a hydrated ferric oxide (Fe203-nH20). The

polarimetric curve, visual albedo, brightness, and color index of

limonite (out of several hundred mineral samples tested) most

closely match those of bright areas on Mars. Partial confirmation

was offered by several investigators, principally Sharonov (ref.

254). The limonite interpretation was supported by Adamcik (ref.

159) on thermodynamic grounds. His calculation of the dissocia-

tion pressure of goethite (Fe203"H20), the primary constituent

of limonite, matches the expected partial pressure of water vapor

in Mars' atmosphere. (See ch. 12.) Finally, Sagan et al. (ref.
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255), testing varieties of natural limonite in a program of diffuse
reflection spectrophotometry, arrived at the conclusion that pow-
dered ferric oxides must be the dominant constituent of the bright

areas. The mineralogical model of limonite for the bright areas
was once challenged by Kuiper (ref. 91), who proposed a brownish

felsitic rhyolite as best reproducing the spectrophotometry. Re-
cently, however, Binder and Cruikshank (ref. 256) obtained the
match only with some weathered igneous rocks (rhyolite, granite,
andesite, and basalt).

From a geological standpoint, however, it may be difficult to
accept the interpretation that the surface of Mars consists pri-
marily of hydrated iron oxides. Silicates are far more common
than iron oxides in the Earth's crust. Van Tassel and Salisbury
(ref. 257) proposed a desert surface model in which silicate grains

(fine or coarse) are coated with finely divided limonite. According
to them, most of the powdery limonite formed by prolonged and
active mechanical (aeolian) weathering is being gradually trans-
ported by winds into the vegetated dark areas. Objection to this
dust-sink hypothesis was raised by Rea (ref. 258) who prefers

the limonite model and suggests that atmospheric fractionation
would separate silicates and limonite particles so that the top layer
would be fine limonite dust. Salisbury and Van Tassel (ref. 259)
believed the result of a fractionating process would be the reverse
(the denser limonite layer under the lighter silicates).

Salisbury and Van Tassel found that many finely powdered
minerals have infrared emission spectra (8 to 14 microns) char-
acteristic of graybodies; that is, their emissivities become nearly

constant throughout the spectrum and little information is con-
tained in their spectrograms, in particular, as to whether silicates
are present or absent upon Mars.

DARK AREAS

The dark areas cover roughly one-third of the surface of Mars,
giving it a semipermanent pattern suggestive of some distorted

map of the terrestrial surface. Because of their frequent variation
in spread, apparent color variation, and general blue-green hue, the
dark areas were formerly believed to be Martian oceans, and were
named "maria." Of the many dark areas mapped, Syrtis Major
(extending across the equator), Mare Tyrrhenum, Mare Sirenum,
and Sinus Sabaeus in the south ; and Mare Acidalium in the north,

are probably the regions most consistently dark and, therefore,
most clearly observable by small telescopes.

Under excellent observing conditions, the dark areas can be
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resolved into groups of small dark spots (nodosities), or dark
granules. Focas (ref. 260) concluded that the fine structure con-
sisted of two elements: (1) a dusky background of a rather gran-

ular appearance patched by dark blocks, and (2) groups of spots
or isolated spots of various sizes constituting the fundamental
nuclei of dark matter.

Kuiper (ref. 253), in his general conclusions regarding the dark
areas, found various types of maria shorelines (soft, sharp, frayed,
or shredded) without evidence of a distinct geometric pattern,
systematic streakiness, preferred patch dimensions, or oasis for-
mation. He found the dark areas to be predominantly gray, with

possible blue or green overtones. He reported no seasonal color
changes, although Antoniadi (ref. 205) and numerous observers
in the past had done so.

From examination of the Mariner photographs, 0pik (ref. 249)
came to conclusions about the Martian surface areas:

(1) There is great spottiness in the shadings of both dark areas

(maria) and bright areas (continents). Both of these area types
are not uniform in surface texture, and they differ from one
another by the varying proportions of small dark and bright ele-
ments (of dimensions roughly 10 to 100 km). Some dark round
spots are most likely old crater bottoms, but many other dark spots

and irregular patches seem covered with some genuine dark mate-
rial, possibly the presumed vegetation, such as the complicated
wiggly dark lanes noticed in pictures 3 and 11.

(2) There are gradual transitions between dark areas and bright

areas, instead of the sharp borders usually depicted by telescope
observers. Thus, Mare Sirenum merges gradually into bright

Zephyria in picture 8, and into darker Atlantis in picture 9.

VARIATIONS IN DARK AREAS

Syrtis Major and the Pandorae Fretum provide two of the many
possible examples of regular variation in dark areas which follow
the seasonal melting and re-forming of the polar caps. Syrtis

Major in southern spring and early summer is relatively narrow;
however, in midsummer it starts spreading east, overlapping Libya
and Moeris Lacus. The isolated Pandorae Fretum area darkens

conspicuously in late spring (paralleling the Sinus Sabaeus),
disappears again in late autumn, and repeats this cycle every year.

Seasonal variations in brightness have been observed in many
dark areas by De Vaucouleurs (ref. 261) and Focas (quoted by

(ref. 235) ). Generally, a dark wave spreads from the spring pole
toward the equator. In the work by Focas (refs. 220 and 260), two
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facts were noted : (1) there is a propagation of the darkening wave

from either pole to a point approximately 22 ° across the equator,
and (2) there is a decrease in the amplitude of the wave going
from pole to equator. This seems valid because a darkening effect
from one or the other pole is always in evidence in equatorial lati-
tude. Focas calculated that the wave progresses approximately 30

kilometers per day. The most common explanation for this dark-
ening wave is that it is caused by an increase in atmospheric humid-
ity as the water sublimes from one polar cap and moves toward
the other.

Some dark areas irregularly produce new patterns of darkening.

Solis Lacus, the "eye of Mars," is particularly noted for variations
of this nature (fig. 17-2). Casius, Utopia, Nepenthes-Thoth,
Trivium Charontis, Propontis, and Panchaia have been observed
undergoing similar variations.

Other dark areas have been observed undergoing sudden changes

which remained permanent for several Martian years. Mare Cim-
merium has extended 15 ° further north since 1939, while its other

side, along the Zephyria desert, also changed but returned to
normal in 1948. A second example is the round, dark spot which
appeared in 1956 in the Arcadia desert. This spot had definitely

not been present in previous years. Other examples of long-lasting
changes are contained in the monograph by Antoniadi (ref. 204)
summarizing the Martian surface observations from 1659 to 1929,
and the book by Slipher (ref. 262) covering the period from 1905
to 1961.

NATURE OF DARK AREAS

Many efforts have been made to explain the physical cause of
the dark areas. In general, these theories are either inorganic or
organic. The volcanic-aeolian theory, perhaps the best inorganic
theory, is generally discredited today, while the classical vegetative
theory is the most widely accepted organic theory. (See ch. 18.)

McLaughlin, noticing a systematic southeast orientation of
many south tropical dark bands and their termination in funnel-
shaped bays curving northeast after crossing the equator, attributed
the pattern to the wind-driven ashes of intermittent volcanoes
located at the points of the bays. Seasonal changes in circulation
would produce the seasonal variations in dark areas. (See refs.

263 through 267.) Ingenious as it is, the theory contains many dis-
crepancies: many exceptions to the oriented funnel pattern are
found, the presumed atmospheric circulation is questionable, and
the low quantity of water vapor (which should be released by

active volcanism).
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FIGURE 17-2.--Changes in shape of Solis Lacus. (After refs. 205 and 287.)

Other inorganic theories include the suggestion by Arrhenius
(ref. 268) that the dark areas are hygroscopic salt beds able to
respond to small changes in atmospheric humidity; and Kuiper's
theory of lava beds emerging from the desert sands, where dust°

storms periodically clear their smooth surfaces, and with, perhaps,
a partial vegetal cover (refs. 91 and 253). A hypothesis was pro-
posed by Kiess et al. (ref. 230) assuming that large quantities of
nitrogen oxides had accumulated on Mars. The heavy tetroxide
gas N204 was supposed to crystallize at the low polar temperature

to form the polar caps. As the pole warmed up, N204 would begin
to dissociate into NO2, and sublimation would occur. The heavy
gases would then flow away along the depressed dark areas. The
theory is unacceptable, however, because spectral evidence points
to only minute quantities of nitrogen dioxide (_---1mm-atm) in the

Martian atmosphere.
The organic theories advanced to explain the dark areas on Mars

generally vary in the selection of the life form believed most likely

to exist in the dark areas. For example, micro-organisms were
suggested as the life form by Dollfus (ref. 200) ; lower vegetation
resembling lichens or mosses was suggested by Kuiper (ref. 91),
and even higher vegetation (plants with leaves) of an unknown
type was suggested by Salisbury (ref. 269). Whatever the nature

of these life forms, it is generally agreed that they must be
specifically adapted to Martian conditions.

The nature of the dark areas could not be clarified by the photo-
graphs obtained during the Mariner IV mission. Further analysis
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of the photographs may bring out facts favoring one of the various
theories. The task appears unsurmountable when it is realized
that even on photographs of Earth surface taken by our meteoro-
logical satellites, one cannot distinguish vegetation from geological
features. Even the question of the relief character of the dark
areas, that is, whether they generally represent elevations above,

or depressions below, the main surface level of the surrounding
bright areas, remains a controversial subject (refs. 270, 271, and

272).

POLAR CAPS

The polar caps, by their great brilliance, were conspicuous to
the earliest observers of Mars. The south cap becomes entirely
visible only during perihelic opposition and the north cap during
aphelic opposition. A heavy white mist shrouds them throughout
the winter, making observation virtually impossible.

The polar caps seasonally grow and shrink with great regularity

(ref. 262). The cap formation begins in the fall with the appear-
ance of heavy white mists in the polar region, and proceeds through

winter hidden by a bright polar veil. In early spring, the veil thins
and clears, and the polar cap emerges gleaming white and at its
maximum breadth; the south cap then spans a mean areocentric
arc of 60 ° to 70 ° (averaged over many years and assuming its
shape to be circular), and the smaller north cap, some 50 ° to 55 ° .
Table 17-2 schematizes the evolution of the caps according to

observations by Focas (ref. 220). Table 17-3, constructed by
Antoniadi (ref. 205), predicts their mean sizes at any time, exhib-
iting the alternating rhythm. The maximum dimension varies
from year to year ; in 1960, an unusual breadth of 100 ° of arc was
reached by both caps. The southern cap is always more extensive,
produced by the longer, colder southern winter season, while its

rapid, near-complete melting is the result of the shorter, hotter
southern summer. (See ch. 2.) Shrinkage of the south cap in
summertime usually reduces it to below 5 ° in arc, with possible
complete disappearances (as in 1894). The minimum north cap
always remains above 6 ° in angular breadth. Another, not sea-

sonal, but topographic difference between the summertime cap
remnants is the eccentric displacement from the true areographic
pole: while the center of the north cap is only 1 ° away from the
north pole (to lat. 89 ° N; long. 290°), the south cap is off-centered
by 6._5 (to lat. 8W.5 S; long. 30°).

The photographic scan of Mariner IV may have reached the
edges of the south polar cap of late midwinter but very late in the
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TA]3LE 17-3.--Mars Polar Cap Sizes

[After ref. 205]
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• Cloud-veiled cap.

afternoon, so nothing could be seen. In pictures 13 to 15, the

ground seems to be partially frost covered, especially on crater

rims and peaks.

In melting, the polar cap breaks up in a quite regular and pre-

dictable manner. Brilliant white patches and dark bands appear,
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giving strong evidence of the presence of rifts, plateaus, and
mountains (e.g., Mountains of Mitchel) in the polar regions.
When the polar caps start to shrink, sometime in midspring, the
receding white edge of the cap becomes permanently bordered by

a very dark, bluish band, or fringe, noted in 1830 by Beer and
Madler. This dark band (well singled out with a red filter) follows

the receding cap closely until the disintegration of the final area
is underway. Figure 17-3, a relief map of the polar areas drawn
from observation of the manner in which the caps recede, shows
depressed areas as darkly shaded, for example, Rima Angusta,

from which the cap disappears most quickly. Lightly shaded
islands are believed to be high plateaus, for example, Argyre, and
the unshaded areas are believed to be mountains, for example,
Hypernotius Mons which is able to retain the white cap material
until late in the season. An attempt to relate the rate at which

polar caps diminish in size to the sunspot cycle was made by
Antoniadi (ref. 273). While he did show some correlation between
these phenomena, the theory is still held in doubt.

From knowledge of the insolation of Mars, and observations of

the rate at which the caps disappear, estimates of the cap thick-
ness have been made which range from a few millimeters to several

centimeters. A 1-centimeter average cap thickness has been
adopted by De Vaucouleurs (ref. 274) who also estimated that the
central core of the cap is between 5 and 10 times thicker than its
surroundings. However, Lebedinskii and Salova calculated the

snow cover to be appreciably lower, at 1 mg/cm _ to 1 g/cm 2.

The caps are generally whitish, or pale bluish in color, with
shades ranging from brilliant white (on the periphery) to gray;
the possible result of varying cap thickness or the growth of vege-
tation in sheltered areas. In spring, a yellowish tinge can be
noticed which De Vaucouleurs (ref. 188) suggested results from

selective transmission of mists over the poles. Duststorms may
also be responsible for giving the poles a yellow tone, as for
example, the great duststorm of 1956.

The average brightness of the caps, free of mist in spring, is 1.53,
while that of its wintry veil is 1.31 relative to a reference bright
area at disk center (ref. 220). Polarization studies of the caps by
Dollfus (ref. 200) have resulted in the conclusion that the variation

of polarization with phase angle is not marked for the main cap.

However, the bright white regions at the periphery of the cap

show an extremely strong negative dip, characteristic of ice-

crystal clouds. Dollfus has concluded that these persisting spots
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FIGURE 17 3.--Map of Martian polar areas.
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must be evidence of recondensation at a high altitude of material

sublimated from the cap.

The composition of the polar caps has been the subject of much

speculation. Before 1948, the caps were generally believed to be

composed of frozen water or frozen carbon dioxide. Tikhov

(ref. 275) and Sharonov (ref. 44), using colorimetry and photom-

etry, demonstrated that the caps might be ice, or a substrate of

ice covered by hoar frost. In 1948, Kuiper demonstrated that hoar

frost and not frozen carbon dioxide, constitute the caps, by com-

paring their infrared reflection spectra with those of laboratory

deposits of the materials in question. Dollfus (ref. 200) con-

firmed this by polarimetric matching with sublimating hoar frost

deposited under simulated Martian conditions: As to the dark

polar fringe, Dollfus found it similar to a dark area, and different

from a sample of damp earth. The popular theory, that the dark

fringe is simply damp earth following the regressing cap, is there-

fore not supported by polarimetry, although it is still held by many

to be the best of the available explanations.

CANALS

Sehiaparelli (ref. 277) was the first to systematically observe
the famous and controversial canals of Mars in 1877. He called

them "eanali," which is more precisely translated from Italian as

"channels." Since that time, many observations and interpreta-

tions have been made. The canals appear as a network of thin

gray lines with occasional dark gray, blue, or green tones. It is

generally agreed that these lines run between dark areas, and

never end abruptly in a bright area. They seem closely related

to the dark areas, for they undergo the same changes in color and
contrast.

If two canals intersect, a dark area is generally observed. These

intersections were first noticed by Pickering (ref. 278), who named

them "oases." Although the network of canals does not form a

geometric pattern, several canals may radiate outward from an

oasis in a spokelike arrangement, as from Trivium Charontis,

1Recent evidence, obtained from the Mariner IV occultation experiment,
indicating a very thin, very cold, and predominantly carbon dioxide atmos-
phere around Mars, is likely to revive again the former frozen carbon dioxide
hypothesis for the polar-cap deposit. Leighton and Murray (ref. 276), in fact,
have already proposed a carbon dioxide frost cap model in equilibrium with
the carbon dioxide atmosphere, with occasional thin coatings of water-ice on
top and a permafrost layer beneath trapping most of the Martian water as ice.
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which is a large oasis. It is unfortunate that the Mariner IV

photographic scan just missed this interesting feature.
The Mariner IV photographic scan seems to have crossed areas

with only a few canals. (See, for example, ref. 279.) According
to the JPL report by Leighton et al. (ref. 245), no "canals" were
seen nor were any canallike markings discerned with certainty.
Burgess (ref. 280), however, pointed out the existence, on at least

one photograph, of parallel thin straight lines, and Tombaugh
(ref. 270) spoke of definite indications of a canal system being

present.
MAPPING

The detection and mapping of Martian canals is difficult. Fre-
quently, the width of an individual narrow canal is less than the

theoretical resolving power of the telescope employed, and it is
only because of the increased ability of optical systems to distin-
guish long lines that they are detected at all (refs. 165 and 242).
Photography is of little help, as relatively slight atmospheric turbu-
lence can cause the canal image to fade into the background, even
in short exposures. Examples of photographed canals are found

in the book by Slipher on Mars (ref. 262). Dollfus (refs. 281 and
282), under good visual conditions, classified the apparent linear
markings into (1) wide, hazy bands; (2) narrow, more regular
streaks; and (3) threadlike, dark, artificial-looking canals. He
claims that excellent visual conditions will resolve these canals

into a series of small dots irregularly alined and of natural char-
acter (fig. 17-4). Experiments made with dots on a board placed
at some distance have repeatedly proved that under less than ideal
visual conditions, the human eye tends to blend dots into a line.

FIGURE 17-4.--Resolution of Martian canals into irregular dots.

(After ref. 282.)
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NATURE OF CANALS

Several theories have been advanced to explain the canals.
Undoubtedly, the most controversial and sensational theory was
presented by Lowell in his book (ref. 288). Until his death in
1916, Lowell mapped several hundred Martian canals into a dis-
tinctly geometric network, perhaps exaggerating their artificial

aspect (see maps in his books). Lowell believed that the canals
were artificial waterways, that is, pipelines bordered by cultivated
areas, built by intelligent Martian beings to irrigate their drying
planet. With the present spectroscopic evidence that there is little
water on Mars, the earlier arguments that the canali and maria

(dark areas) contain water are no longer tenable.
A more plausible explanation given was that the canals are

either ancient canyons or surface cracks filled with vegetation,

according to Tombaugh (refs. 248 and 244) or, as explained by
Arrhenius (ref. 268), hygroscopic salts. Katterfeld (ref. 284)
suggested that the canals are tectonic fractures sheltering and
providing water for dense vegetation. Gifford (ref. 285) specu-
lated that the canals may be long, straight, narrow systems of

sand dunes, but this seems unlikely in view of Mariner IV photo-
graphs which showed craters so distinctly. None of these
explanations is generally accepted today.

The parallel straight lines found by Burgess (ref. 280) were

interpreted by him as evidence of a depressed strip of land. What-
ever these Martian features are geologically, it seems that their
enigma has not been solved by the Mariner IV photographs.

MARS PHOTOGRAPHY BY MARINER IV

On July 14, 1965, when the Mariner IV spacecraft was some
20 000 miles from Mars, a command was sent to warm up the TV
scanning system. When Mariner was at 10 500 miles, a planet

sensor responding to sunlight reflected from Mars switched on
the actual photographing sequence. A series of 22 pictures of
the Martian surface were taken in 26 minutes. During this time

the spacecraft approached to within approximately 7400 miles of
the planet's surface. Some 18 minutes afterward, it reached the
closest distance to the surface, only 6118 miles away. One hour

and 18 minutes later, Mariner disappeared behind Mars and for
54 minutes its radio signals were occulted. Eight and one-half

hours later (or 11 hours after the last picture was taken) the
slow playback of the digitized pictures began. At the rate of 8.33
bits per second, it took 8.66 hours to transmit each picture and
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it took until July 24 for the complete playback of the 22 pictures.
Each photograph was divided into 40 000 elements to be trans-

mitted to Earth. The picture consisted of 200 lines, each line

containing 200 elements. Each picture element had a brightness
identified by a six-bit code, providing a scale of 64 steps from full
black to full white. Therefore each picture required 240 000 binary
digits to be transmitted. The very slow transmission rate of 8.33

bits per second was necessitated by the enormous communication
distance of more than 134 million miles. Pictures of Mars were

taken through red or green filters, in overlapping pairs so as to
obtain more information about the surface coloration.

Less than 1 percent of the Martian surface, an area totaling

about 600 000 square miles, was photographed. The camera
scanned a strip some 4000 miles long passing across the equator
from northwest to southwest. The first picture, taken when
Mariner was about 8000 miles below the Martian orbit showed

the bright limb, while the 19th picture was thought to include the

NORTH POLE

SOUTHPOLE

FIGURE 17-5.--The photographic scan of the surface of Mars by Mariner IV.

(After ref. 286.)



evening terminator and the last three, the darkness beyond. This
meant a brightness variation from full subsolar illumination to

almost total darkness. The pictures were taken at various slant
ranges, the closest being 7400 miles. The areographic strip photo-
graphed is shown in figure 17-5. It is seen that picture I was of a
bright area between Trivium Charontis and Propontus II Phlegra
(on the limb) ; number 5, a bright area in east Zephyria; number

9, the dark area Mare Sirenum; numbers 10 and 11, a bright area
between Mare Sirenum and Mare Cimmerium; numbers 12 and

13, the dark area Mare Cimmerium; numbers 14, 15, and 16, the
bright area Phaethontis; numbers 17, 18, and 19, the dark area

Aonius Sinus; numbers 20, 21, and 22 are in darkness. The Sun's
position was high, within 30 ° of zenith, in the first seven pictures,
and therefore little shadow relief was afforded. As the craft swept

into the Southern Hemisphere, the Sun altitude was lower and
lower, until twilight in picture 19.

The most interesting pictures are the ten from number 5 to
15. Picture 5 first showed Martian craters. Picture 7 revealed

a heavily cratered surface, of lunar aspect. Picture 9 showed
clusters of craters. Picture 11 is remarkable, showing distinctly
a large crater 75 miles across, and all crater sizes down to 3 miles
wide. The Sun was low (47 ° from zenith), the area was viewed
from 7800 miles, and was about 170 by 150 miles. Picture 14 has

frost-rimmed craters (this is not surprising since it was late
midwinter in the south), and brightly illuminated peaks, as the
Sun was quite low (at 60 ° from zenith). Picture 15 also has white
ringed craters, and the Sun is even lower (at 66 ° from zenith).

The 22 pictures of Mariner IV have been distributed by the

Jet Propulsion Laboratory, Pasadena, and have appeared in
several scientific magazines. The pictures were commented upon
by Leighton et al. (ref. 245) and Leighton (ref. 286).
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Life

PECULATIONAS TO WHETHER LIFE EXISTS on Mars datesback to the earliest telescopic observations of its sur-

face. The introduction of spectroscopic analysis and continued
advances in our understanding of terrestrial life processes have

provided a firmer scientific basis for the continuing debate on
theories and conjectures about Martian life. Nevertheless, the
controversies still retain elements of imagination.

ORIGIN

Kuiper (ref. 91) and Urey (ref. 156) are of the opinion that
Mars may once have been warmer, with a thicker, more humid

atmosphere. Extensive cloud cover would have kept temperature
fluctuations much smaller than they are now. Photolysis of water
vapor would have provided oxygen to the atmosphere. Under such

conditions, plantlife could have developed, adding further oxygen
through photosynthesis.

It is suggested, however, that these conditions were not stable;
and that the relatively small mass of Mars allowed oxygen to

escape to space. Oxidation of the iron on the surface might have
hastened this loss of oxygen, and could account for the characteristic

yellow-red color of the planet's surface.
The result of such a continuing process would be a thin, dry, cold

atmosphere, and an accompanying increase in the intensity of
ultraviolet radiation, X-rays, and solar protons at the surface.
This is the harsh physical environment to which any surviving

vegetation would have had to adapt.

VISUAL EVIDENCE

One of the earliest and most fundamental bases for the theory

that life exists in at least the dark areas of Mars is the observations

of contrast changes in these areas with the Martian seasons. As

spring comes and the polar cap begins to diminish in size, the
color of the dark areas beings to deepen, first near the pole and
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then farther and farther from it, toward the equator and even
across it. If the polar caps are frozen water, evaporation in early
spring and the corresponding increase in humidity might cause
Martian life of some form to flourish.

The sudden appearance or disappearance of certain of these
surface dark areas lends further credibility to the theory that they
maintain life. McLaughlin (refs. 263 and 264) has suggested that
the dark areas may be regions where volcanic ash has settled,

and reduced to a fertile soil with vegetal cover. Volcanic activity,
with its release of sulfur dioxide into the atmosphere, might also
provide local ultraviolet shielding. Hess (ref. 288) suggests that

the blue haze offers adequate protection from ultraviolet.

SPECTROGRAPHIC EVIDENCE

Since 1948, the following spectrographie data have increased
the likelihood that life exists on Mars:

(1) Detection of earbon dioxide in the Martian atmosphere,
from infrared absorption spectra (ref. 289).

(2) Detection and traces of water vapor in the Martian

atmosphere, from infrared absorption spectra (ref. 161).
(3) Evidence from infrared reflection speetra that the polar

caps are frozen water, confirmed by polarimetry (ref. 200).
(4) Compatibility of infrared reflection spectra of Mars dark

areas with those of eertain terrestrial plants, such as mosses and
lichens (ref. 91).

The overall evaluation of the speetrographic evidenee would
seem to be that at least some of the conditions necessary to support
life are found on Mars.

SINTON'S CONTROVERSIAL BANDS.--In 1956, using the 200-ineh
telescope of Mount Palomar, Sinton (ref. 290) obtained infrared
spectra of the very dark areas of Mars, such as Syrtis Major which

indicated the presenee of three absorption bands at 3.43, 3.56, and
8.67 microns. The bands seemed much less pronounced in spectra
of bright areas (Amazonis). Later, from data obtained in 1958,

he modified the location of the bands to 3.45, 3.58, and 3.69 mierons
(ref. 145). Since organic compounds with C--H bonds charac-
teristically absorb in the 3- to 4-micron region, it was immediately
thought that strong evidence had been discovered suggesting life

on Mars, or at least the presenee of large organic molecules. For
several years, the earbohydrates of Martian plants were believed
responsible for these phenomena. Colthup (ref. 291) suggested
the -CHO radical of aldehydes, as a cause, citing acetaldehyde as



conformingbest to the Martian situation. However,Reamain-
tained that volatile acetaldehydereleasedinto the atmosphere
shouldbedetectableover the entire disk. Investigatingfurther,

Reaet al. (refs. 292 and 293) demonstrated that for the spectral
region of 2.5 to 4 microns, there were possible complications in

spectra of bioorganic materials, perhaps caused by superimposed
transmission and reflection spectra; however, they were unable

to offer any satisfactory explanation of Sinton's bands, despite
tests of inorganic compounds, including carbonates.

The whole question of the Martian origin of Sinton's bands was

reopened by Shirk et al. (ref. 294) who found that the bands at
3.58 and 3.69 microns were similar to those of an equal mixture of

water (H20) and heavy water (HDO and D20). Discarding as

highly improbable the suggestion by these authors that extensive
fractionation of the escaping Martian water had taken place in
the course of history, Rea, O'Leary, and Sinton (ref. 295) proposed

that the spectral features are caused by heavy water (HDO) in
the Earth's atmosphere. They remeasured the original 1958
Martian spectra for the percentage absorption at 3.58 and 3.69
microns, comparing them to solar spectra, and the expected ab-

sorption in the Earth's atmosphere, using radiosonde data from
San Diego to calculate the amount of water vapor in the vertical

path above Mount Palomar. The result was not conclusive but,
allowing for various uncertainties, a correlation seemed to exist
between the intensities of the 3.58- and 3.69-micron features and

the amount of telluric water vapor in the optical path. If this

correlation is valid, Sinton's bands cannot be attributed to Mars.
(Variations in the telluric HDO could account for the differences
observed in the 1958 spectra attributed to dark or bright areas.

Also, poor resolution of the disk and other measuring difficulties
may contribute to erroneous conclusions.)

EXPERIMENTAL EVIDENCE

One approach to the question of Martian life is to examine the
behavior of terrestrial micro-organisms under simulated Martian

conditions of pressure, atmosphere, humidity, and temperature
fluctuations. Fulton (ref. 296), Kooistra et al. (ref. 297), and
Hawrylewicz et al. (ref. 298) proceeded in this manner. They
found that certain micro-organisms (facultative anaerobes) not

only survived, but actually multiplied in some cases, under these
severe conditions. Packer, Scher, and Sagan (ref. 299) found
that many micro-organisms survived freeze-thaw cycles of --60 °
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to -}-20 ° C over a 6-month period, and some withstood the expected
Martian ultraviolet dosages of 10 ergs/cm _ at 2537 -_. These

micro-organisms came from soil samples of various locales. When
additional water is available, many more micro-organisms can
survive and even grow in similar cycles (ref. 300). This finding

points up the increased possibility of contamination from space-
craft which land in areas of potentially great water supply. These
areas include the dark fringes of "melting" polar caps and regions
of possible geothermal activity. Lederberg and Sagan (ref. 301)
emphasize the possibility of finding havens of Martian life in

the warmer and more humid spots of geothermal penetration
of the hypothesized permafrost layer of the Mars subsurface.
Availability of water is the principal controlling factor for life
on Mars.

CRITERIA FOR THE EXISTENCE OF LIFE ON MARS

Salisbury (ref. 269) has concluded that if life on Mars produces
telescopically observable features, it should meet the following
five criteria :

(1) It must form colonies covering large areas visible from
Earth.

(2) Its color must be consistent with that observed and must

respond to variations in temperature and humidity.
(3) It must account for the observed rapid changes in size

and shape of the dark areas and be able to reemerge rapidly from
a yellow dust cover.

(4) It must be able to exhibit these characteristics within the
severe Martian environment.

(5) It must conform to certain fundamental principles of
ecology, such as cycling of elements.

Salisbury believes it unlikely that any of the lower terrestrial
life forms can meet criteria 1, 2, and 3. A great variety do exhibit
the ability to survive the most diverse physical conditions. Lichens,

for example, found both in the Sahara and in Antarctica, seemingly
meet criterion 4 better than any other known organism; how-
ever, they fail to meet the remaining criteria. They show virtually

no seasonal change in color; they grow extremely slowly; their
shape and height is such that they would not readily emerge from
dust cover; they could hardly form colonies visible from Earth in
an atmosphere of such low humidity.

It is more plausible that higher vegetation exists on Mars be-

cause this satisfies all the criteria, with the possible exception of
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the fourth. Vegetation in some modified form is a possibility,

with a pigment capable of shielding it from strong ultraviolet
radiation. This pigment might absorb solar radiation, enabling the
vegetation to maintain a reasonable temperature. In spite of the
extreme dryness and lack of oxygen, it may be possible for Mar-
tian vegetation to carry on either the terrestrial photosynthesis-

respiration cycle or a biogeochemical process involving other
elements. Besides Salisbury, Tikhov (ref. 302) has also discussed
these alternatives and described examples of terrestrial plants

which exhibit pertinent modifications.
The possibility of an exotic type of Martian biochemistry has

been suggested again recently by Pimentel et al. (ref. 303), but

they point out that the Martian environment---although harsh--
is still comparable to the terrestrial one.

The Mariner IV mission was not intended to detect life on Mars.

Its experiments were centered on the physical characteristics of
the planet. To detect life, a landing probe would be necessary
(such as planned for the later Voyager missions in the 1970's).
The remarkable TV photographs obtained have resolutions in-
sufficient to detect any vegetation growth as was proved by similar

experiments with Tiros and Nimbus Satellites orbiting Earth (ref.
304). The Mariner results, however, seemed to have narrowed
down the possibility of some advanced form of life. The very low

surface pressures found by Mariner point to even harsher
conditions than anticipated for a Martian life form to survive.
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Satellites

_ARS HAS TWO SMALL which
SATELLITES revolve rapidly

around the planet in orbits which are nearly circular

and lie close to the equatorial plane of their primary. Their
diameters are so small that measurement of their angular diameters

is entirely beyond the reach of present-day giant telescopes. Hall
(ref. 305) discovered them both within a few days in August 1877,
at the perihelic approach of Mars, as the result of a deliberate
search with the new 26-inch refractor of the U.S. Naval Observa-

tory. They were christened Phobos and Deimos, meaning Fear
and Terror, after the two attendants of the God of War.

The closer satellite, Phobos, approximately 10 miles in diameter,
is unique in the entire solar system in that it rotates around its
planet Mars about three times each day, and rises in the west. Its
period of revolution is only 7 hours and 39 minutes, and its average
altitude is about 6000 kilometers above the surface of Mars.

Deimos revolves around Mars in 30 hours and 18 minutes, at
approximately 20 000 kilometers above it. Its diameter is believed
to be about half that of Phobos, or about 5 miles. These esti-
mates of diameter are based on brightness, arbitrarily assuming
satellite albedo equal to that of Mars. There are also no direct
measurements of their masses.

The photometry of such faint and close satellites is difficult. At
the 1956 opposition, Kuiper (see ref. 113) obtained reduced visual

magnitudes V(1,0) of 12.1 for Phobos, 13.3 for Deimos; and a
color index B-V of 0.6 for both.

SATELLITE ORBITS

The orbits of the satellites have been observed and studied at

the U.S. Naval Observatory in Washington, D.C., ever since their
discovery in 1877; their exact characteristics are still unknown.
Hall (ref. 305) determined orbital elements of the satellites and

published tables of their motions (ephemerides) which were used
for a number of years thereafter. Struve (refs. 306 and 307)
restudied the elements and their variations between 1877 and 1909.

139
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The ephemerides which appeared annually until 1963 in The
American Ephemeris and Nautical Almanac were based upon his

set of elements.

The best set of orbital elements available today for both satellites

are those revised by Burton (ref. 308) from the 49-year period of

observations, 1877 to 1926. Table 19-1 presents these elements

with their secular variations, after some theoretical improvements

by Woolard (ref. 50). The elements are complicated by the fact

that they are referred to the fixed Laplacian plane of the satellite

TABLE 19-1.--Orbital Elements of Satellites

Element

a ............

e ............

71" ............

{ ............

0 ............

g ...........

Yl ..........

I1 ...........

(N-N,) sin L.

I 1_ .........

i ...........

Phobos Deimos

12"895 at 1 A.U. 32:389 at 1 A.U.

0.0210 0.0028

11287844 per tropical day 285? 1619

342 ° + 15875 ( T-1900.0)o 195 ° +6?544 (T-1900.0)

Orbital plane (referred to Laplacian plane)

1713 [ 1777

24374-15875 (T-1900.0) 35470_7544 (T-1900.0)

15875 (per Julian year of 365.25 6?544 (per Julian yeal of 365.25

days) days)

Laplacian plane (referred to Earth's equinox and equator of 1880.0)

47? 17 45?76

37?43 36?86

Orbital plane (referred to Earth's equinox and equator of 1880.0)

1 ? 13 sin {24374-15875 ( T-1900.0)} 1777 sin {35470-67544 (T-1900.0)}

1 ? 13 cos {24374-15875 (T 1900.0)} 1777 cos {3547(_67544 (T-1900.0)}

Mean Orbital Longitude of Satellite

L=Lo+_? (t-to)b+i tan _I_ sin{Oo-K(T-To)}

19767+11287844 (t-2415020.5) 286771+28571619 (t 2415020.5)

+0?38 +0?59

sin { 24324-15875 ( 7"-1900.0)} sin { 354?0-6?544 (T-1900.0) }

a (T-1900.0)=Julian years of 365.25 days reckoned from 1900.0 (epoch To) or

J.D. 2415020.5.

b (t 10)=ephcrmeris days reckoned from J.D. 2415020.5 (epoch to).

Symbols:

0 Longitude of the ascending node R of satellite orbit upon Laplacian plane,

measured along the Laplacian plane from its ascending node Nt on Earth's

equator (thus, O= N_R).

7r Longitude of pericenter P of satellite orbit, measured similarly to L (therefore,

7r= TN + NP).

3, Vernal equinox of Earth, or ascending node of Earth orbit upon its equator on

the celestial sphere.

a Semimajor axis of satellite orbit, measured as the apparent angle at unit distance

(1 A.U.).

e Eccentricity of satellite orbit.
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at epoch 1900.0, itself referred to the Earth equatorial plane and
equinox of 1880.0. Figure 19-1 illustrates the orbit of a Martian

satellite with its various possible reference planes depicted as great
circles on the areoeentrie celestial sphere.

The secular variations of these elements are large, as a conse-
quence of the fact that the satellites, being so close to their primary,
are under the strong disturbing force of the planet's oblateness.
The disturbing influence of the Sun is more significant for Deimos,

the more distant satellite of the two. For each satellite, the line
of apsides of the orbit advances in its orbital plane. Meanwhile,
the pole of this orbit describes a small, nearly circular path on the

celestial sphere around the fixed pole of the Laplacian plane, in a
retrograde direction. (See fig. 19-2.) These two rotative motions
are approximately uniform and equal to each other, because the

satellites are of the regular type. The rate (K) of the motion
observed for Phobos is about 158.°5 per year, which is very high,
and for Deimos it is about 6.°5 per year. The angular radius

p(_i) of the circle described is small, and about the same for

both: for Phobos, p_1.°13; for Deimos, p_1.°77. Figure 19-2
illustrates the relative position of the various planes involved;

table 19-2 gives the angular values of their respective inclinations.

i Inclination of satellite orbit to the Laplacian plane.

K Rate of regression of the ascending node R of satellite orbit upon Laplacian plane
K = dO�dr.

L Mean orbital longitude of satellite S, measured along Earth's equator from the

vernal equinox T to the ascending node N of the satellite orbit and then along
the orbit (thus L=TN+NS).

L0 Mean orbital longitude of satellite S, but measured along equator from T to NI,

then along Laplacian plane from N1 to R, and finally along orbit from R to

(therefore, L ' - T NI + NtR + RS )

N Ascending node (point and longitude) of satellite orbit on the Earth equator,

measured from T (thus N=TN).

7/ Mean daily motion (tropical) of satellite S.

N1 Ascending node (point and longitude) of Laplacian plane on the Earth equator,
measured from T (thus N1 =TN1).

No Ascending node (point and longitude) of Laplacian plane on the Earth equator,
measured from T (thus No=TNo).

P Pericenter ("periareon") of satellite orbit.

R Ascending node (point only) of satellite orbit upon Laplacian plane.

Mean position of satellite.

T Time measured in Julian years of 365.25 ephemeris days from the epoch To.

t Time measured in Ephemeris days from the epcch to.
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FIGURE 19 1.--Areocentric celestial sphere (with satellite orbital plane and

its Laplacian plane).

0 Longitude of the ascending node R of satellite orbit upon Laplacian plane, measured

along the Laplacian plane from its ascending node NI on Earth's equator (thus, 8=N1R).

T Longitude of pericenter P of satellite orbit, measured similarly to L (therefore, _=TN-_-NP)

T Vernal equinox of Earth, or ascending node of Earth orbit upon its equator on the celes-

tial sphere.

C Center of mass of Mars.

i Inclination of satellite orbit to the Laplacian plane.

J Inclination of satellite orbit on the Earth equator.

J1 Inclination of Laplacian plane on the Earth equator.

J0 Inclination of Mars equator on the Earth equator.

L Mean orbital longitude of satellite S, measured along Earth's equator from the vernal

equinox T to the ascending node N of the satellite orbit and then along the orbit (thus

L =TN--NS).

N Ascending node (point and longitude) of satellite orbit on the Earth equator, measured

from T (thus N=TN).

N1 Ascending node (point and longitude) of Laplacian plane on the Earth equator, measured

from T (thus NI =TNI).

NO Ascending node (point and longitude) of Laplacian plane on the Earth equator, measured

from T (thus N0=TN0).

O Intersection point common to Mars orbit, Mars equator, and Laplacian plane on the

celestial sphere. Line 00', then, is the common intersection of the three planes.

P Pericenter ("perlareon") of satellite orbit.

R Ascending node (point only) of satellite orbit upon Laplacian plane. Line RR', then, is

the line of nodes.

Mean position of satellite.
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FIGURE 19 2.--The Laplacian plane of a Martian satellite.

TABLE 19-2.--Inclination of the Planes in the Mars Satellite System

Inclination
angle a Intersecting planes Phobos Deimos

Fixed, i ....

Variable, j.

Variable, j'.

Fixed, L...

Fixed, I;..

Fixed, I...

Constan

Satellite orbit to its Laplacian plane .....

Satellite orbit to Mars equator plane .....

Satellite orbit to Mars orbit plane .......

Laplacian plane to Mars equator plane..

Laplacian plane to Mars orbit plane .....

Mars equator plane to Mars orbit plane..

1213

1212-1214

24206-24208

0201

25219

1277

0285-2?69

22251-24235

0?92

24?28

25?20

angular values for i, I. I, are Burton's (1929).

APPARENT SECULAR ACCELERATION OF PHOBOS

Sharpless (ref. 309) reported a secular acceleration in longitude
for Phobos but not for Deimos from an investigation of positions
during the 1877 to 1941 period. He obtained an acceleration

coefficient of -[-0.°001882 per (year) 2 with a probable error of
--+0.°000171, which corresponds to a fractional increase in mean
motion '%/n of (-[-7.98±0.73)Xl0 -12 for Phobos. Whether this

acceleration is real is still a disputed subject. Clemence (quoted
in ref. 310), after first pointing out that the probable error in

was "likely to have been underestimated, perhaps by a factor of
2," seemed later to be of the opinion that the data available to
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Sharpless were of somewhat questionable accuracy and their

interpretation was therefore "based on a false premise."
Nevertheless, theories have been put forth in the last decade to

explain the mysterious acceleration of the Martian satellite
(assuming it to be real). First, Kerr and Whipple remarked that
such an effect could be due to either: (1) a resisting interplanetary

medium (of meteoritic or gaseous character), or (2) tides (body
tides) between planet and satellite. After investigating the first
possible cause, they concluded that the meteoritic density of the

space near Mars could not account for the motion of Phobos
without predicting an unlikely motion for Deimos too.

Renewed interest was generated when the Russian astronomer
Shklovskiy (ref. 311) proposed the idea that Phobos must be of
artificial origin and in the shape of a very large hollow sphere.
The nonnegligible drag caused by Mars' exosphere was supposed

to account for the acceleration reported. 0pik (ref. 209) pointed
out that such a fantastic hypothesis was not necessary, since tidal
friction alone could cause an appreciable loss of momentum, and

calculated that the resulting gradual inward spiraling of Phobos
could last another 30 million years until it falls on Mars--a lifetime
10 times longer than Shklovskiy's, but "short enough to be still
rather exceptional." It must be remarked, however, that the

friction constant of Mars is entirely unknown. Redmond and Fish
(ref. 312), developing 0pik's hypothesis, assumed upper and lower
limits for the rigidity of Mars which enabled them to calculate the
required minimum (1.°1) and maximum (174) values of the luni-
tidal interval (angle measuring the tidal bulge lag). Such

calculations unfortunately have to be based upon very uncertain
assumptions about Phobos' mass. Also, the magnitude of the

lunitidal bulge rests upon assumptions of the anelastic properties
of Mars. Using most recent Earth-Moon tidal data, the predicted
tidal phase lag in Mars appears strong enough to account for the
reported acceleration of Phobos by Sharpless.

Schilling (ref. 313), following the alternative approach, ex-
plored the possibilities of Martian exospheric drag. His calcula-
tions were based on his 1963 exosphere model and suggested that
the densities at the orbital altitude of Phobos (6000 km) could
exert observable drag effects on the satellite without requiring it

to be hollow. The physical parameters (temperature and density)
were found, as expected, to be extremely sensitive to solar heating
efficiency, but insufficient observational data on Phobos prevented

validation of the postulated correlation between solar activity and
the accelerations reported.
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SEARCH FOR OTHER SATELLITES

During the favorable oppositions of 1954, 1956, and 1958, a

photographic search for fainter and more distant satellites was
undertaken by Kuiper (ref. 314) with the 82-inch reflector of
McDonald Observatory. Use was made of an eccentric diaphragm
at the Cassegrain focus to eliminate the diffraction cross of the
planet. The survey failed to find any new satellites above the

threshold of detectability, thus placing an upper limit of 1.4
kilometers (about 1 mile) on its diameter, assuming that its
photographic albedo is that of Mars (about 0.05).
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Glossary

Adiabatic process--A thermodynamic change of state of a system in which

there is no transfer of heat or mass across the system's boundaries.

Albedo--The ratio of electromagnetic radiation reflected by a body to that

incident upon it.

Anticyclone---An area of relatively high pressure from which the wind blows

spirally outward in a clockwise direction in the northern hemisphere and

counterclockwise in the southern hemisphere.

Aphelion--The point on a heliocentric elliptical orbit farthest from the sun.

Areocentric--Mars centered (term derived from the Greek word for the god

of war, the Roman equivalent of which is Mars).

Areocentric latitude--That angle formed by a line from the center of Mars to

a given point and the Martian equatorial plane.

Areographical latitude--That angle formed by the rotation axis of Mars and

the plane tangent to the Mars surface at a given point.

Ascending node (of an orbit)--That point on an orbit at which a body (planet

or satellite) crosses from south to north the reference plane (e.g., the ecliptic

for the planets) on the celestial sphere. The opposite point, separated by

180 ° of longitude, is the descending node.
Astronomical Unit (A.U.)---A fundamental unit of length used in astronomy.

Originally, the astronomical unit was defined as the mean distance of Earth

from the Sun. In celestial mechanics, it is defined as the radius of an

idealized circular and unperturbed orbit of Earth around the Sun. The

recent radar determination of Mfihleman (1964) is astronomical unit_-
149 598 900 +--600 kilometers.

Bond albedo (or Russell-Bond albedo)--The ratio of the total flux, reflected in

all directions by a sphere (planet), to the total flux incident in parallel rays

from a distant source (Sun) and expressed as the product, A=p.q, of a

full-phase albedo factor p (geometrical albedo) and a phase-varying factor q

(phase integral).

Brilliancy (of a disk)--A geometrical measure of disk brightness, independent

of albedo, that is determined only by phase k, the apparent semidiameter s,

and solar distance r according to the defining formula: L=K "_-_2"

Conjunction--The configuration of the Sun, a planet, and Earth when the

heliocentric longitudes of the latter two are equal. The three bodies then

lie most nearly in a straight line. When the planet is between the Sun and

Earth, the planet is said to be in inferior conjunction; when the Sun is be-

tween Earth and the planet, the planet is said to be in superior conjunction.

Cyclone--An area of relatively low atmospheric pressure around which the

wind blows spirally inward: counterclockwise in the northern hemisphere,

clockwise in the southern.

Day (ephemeris)--Average value of the mean solar day taken over the last

three centuries.
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Day (sidereal)--Time interval between two successive transits of the vernal
equinox over the same meridian.

Day (solar)--Time interval between two consecutive transits of the Sun over

a meridian. Since this time interval varies with Earth's orbital motion, a

mean solar day was chosen, based on a mean annual motion of Earth (assum-

ing an equivalent circular orbit) or a fictitious mean Sun.

Declination (of a celestial point)--The angle between a point and the celestial

equator, measured along the hour circle through the point and counted as

north (+) or south (--) of the equator.

Disk--The flattened appearance of a celestial body as it is observed, or the

projection on the celestial sphere of that portion of the observed body which
is visible.

Dry adiabatic lapse-rate--The rate of decrease of temperature with height

of a parcel of dry air lifted adiabatically through an atmosphere in hydro-

static equilibrium.

Ecliptic--The annual, apparent path of the Sun's center on the celestial

sphere, as seen from Earth, or the intersection of Earth's orbital plane with
the celestial sphere.

Elongation (of a planet)--The angle between the Sun and a planet and Earth

with the vertex at the center of Earth. Elongation is measured east or west
of the Sun.

Emissivity---The ratio of the total flux of radiation at all wavelengths emitted

by a surface to that emitted by a perfect radiator (the ideal blackbody) at
the same temperature and conditions.

Ephemeris (fundamental)--An astronomical table predicting the positions of

celestial bodies at regular intervals of time (also called almanac).
Ephemeris time--Uniform or Newtonian time based on the mean rotation of

Earth during the year 1900.

Epoch--An arbitrary instance of time at which positions are measured or
calcul_ ted.

Geometrical albedo--The ratio of the actual brightness of a reflecting body

(planet or satellite) at full solar phase to that of a self-luminous body of

the same size and position and radiating a flux of light equal to that incident

on the first body.

Graybody--A hypothetical body that absorbs, independently of wavelength,

some constant fraction between zero and one of all electromagnetic radiation
incident upon that body.

Greatest defect of illumination--The midpoint of the dark limb of a planetary

disk. Its position angle Q is reckoned eastward from the north point of the

disk. The angular amount q of the greatest defect of illumination is given

by the formula: q----2s (1 - k), where 2s is the angular diameter of the disk

and k the phase.

Greenhouse effect--The heating of the lower atmosphere by certain gases

(e.g., water vapor or carbon dioxide) which transmit shortwave solar radia-

tion to the surface, yet absorb and reemit portions of the planetary long-

wave (infrared) radiation back to the surface; thus, a downward counter-
radiation is produced.

Gregorian date--A date on the official calendar in use throughout the Christian

world. The Gregorian calendar was instituted in 1582 by Pope Gregory XIII

to correct errors accumulating in the Julian calendar.

Heliocentric--Sun centered; term derived from helios, the Greek word for sun.

Isostasy--The theory of gravitational equilibrium in a planet's crust whereby



CU_SSARY ° 165

a compensation in weight exists between adjacent major topographical fea-

tures (i.e., mountains, seas, glaciers, large ore deposits, etc.).

Julian date--The number of mean solar days that have elapsed since the

adopted epoch of Greenwich mean noon on January 1, 4713 B.C.

Kepler's laws--Three laws of undisturbed planetary motion formulated by

Kepler:

1st law: The orbits of the planets are ellipses with the Sun at one focus.

2nd law: The radius vector Sun-to-planet sweeps equal areas in equal times.

3rd law: The squares of the planets' periods of revolution are proportional

to the cubes of their mean solar distances (semimajor axes of ellipses).

Laplacian plane (or proper plane)--A plane that is fixed relative to the planet's
equator, and upon which the precessing orbital plane of a satellite maintains

a nearly constant inclination. The plane's position is determined by the

balance of the orthogonal components of the disturbing forces (e.g., from
the planet's oblateness or the Sun's attraction).

Limb---Edge of the illuminated part of a disk.

Line of apsides--A straight line infinitely extending the major axis of an

elliptical orbit. This line passes through those points closest (periapsis)

and farthest (apoapsis) from the dynamical center.

Line of nodes--A straight line that joins the intersection points (nodes) of the

two great celestial circles that determine the orbital plane and the reference

plane used to describe the motion of a planet or satellite.

Magnitude (stellar)--An inverse logarithmic measure of the brightness of a

celestial body such that an increase of five magnitudes represents a hundred-

fold decrease in the body's brightness.

Martian date--The date in a Martian calendar patterned after the terrestrial

(Gregorian) calendar, stretched over one Martian year (687 terres, days)

such that, at the same dates on each planet, the geocentric and areocentric

longitudes of the Sun are equal. Usually, the equivalent Martian calendar

is constructed with the Southern Hemisphere vernal equinox occurring on
March 21.

Mie scattering--That scattering of radiation which is produced by spherical

particles of any size (for comparison see "Rayleigh scattering").

Mixing ratio--The ratio of the mass of the gas considered to that of the re-

maining gases in a given atmospheric mass.

North celestial pole--The northern point of intersection of Earth's rotation

axis with the celestial sphere.

Opposition--The configuration of the Sun, Earth, and planet when the helio-

centric longitudes of the latter two are equal. The three bodies, with Earth

in the middle, are then most nearly in a straight line.

Periareon--That point on an areocentric elliptical orbit which is closest to
Mars.

Pericenter (or, perifocus)--That point on an orbit which is closest to the

attracting center.

Perihelion--That point on a heliocentric elliptical orbit which is closest to the
Sun.

Phase---The illuminated fraction of the disk area.

Phase angle--The angle between the Sun and Earth, as observed from a planet
whose center is the vertex.

Phase curve or law--The plot or mathematical law of the phase function _b(a)

of a planet versus phase angle a.

Phase function--The ratio of the brightness of a planet at any phase angle
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a to that at full phase (a=0), assuming the planet at unit distances from the
Sun and Earth.

Phase integral--The phase varying factor that modifies the geometrical albedo
(or, full-phase factor) that enters into the definition of the Bond albedo of

a planet. It is expressed as the integral:

q=fe'r_(a) sin a da

of the phase function _b(a).

Polarization, amount or degree of--The proportion of polarized light to total

light; it is defined by:

p_I, -- I..,
11 + 10.

where It is the component of intensity perpendicular to the plane of vision
(defined by directions of illumination and observation) and I__ is the inten-

sity component contained in this plane.

Polarization curve--The plot of degree of polarization versus phase angle of
a planet.

Precession--The very slow (long period) motion (26 000 years for Earth) of

a planet's rotation axis about the north pole of the ecliptic, caused by the

action of the Sun and any large satellite upon the planet's equatorial bulge;

resembles the motion of a spinning top.

Precipitable water--The total mass of atmospheric water vapor contained in

a vertical column of unit cross-section extending between any two specified

levels (usually the total atmospheric height).

Quadrature--The configuration of the Sun, Earth, and a planet when the geo-

centric longitudes of the Sun and the planet are 90 ° apart. The three bodies

then most nearly form a right angle.
Rayleigh scattering--That scattering or radiation which is produced by spheri-

cal particles of radii smaller than about one-tenth the wavelength of the

radiation (Rayleigh limit). Also called "molecular scattering."

Retrograde sense--The opposite of direct sense of rotation; that is, clockwise.

Right ascension--The angular arc measured along the celestial equator from

the vernal equinox eastward (i.e., counterclockwise) to the intersection with

the hour circle of the point (semigreat circle passing through the north
celestial pole and the point).

Rotational lines--Spectral lines caused by rotational energy changes in a
molecule.

Scale height (of an atmosphere)--The distance in which an isothermal atmos-

phere decreases in density from 1 to 1/e.

Scintillation--Rapid fluctuations in brightness, color, and position of an ob-

served luminous body (star or planet in astronomical scintillation) resulting
from atmospheric inhomogeneities and fluctuations.

Synodic period of revolution (of two planets of satellites)--The time interval

between consecutive oppositions or conjunctions of two bodies revolving
around the same center.

Terminator--The line separating the illuminated from the non-illuminated

portions of a planet or satellite; one observes a morning or evening ter-
minator on the disk.

Twilight arc--The planetocentric angular arc that measures the displacement,

resulting from atmospheric scattering of light on the planet, of the actual
terminator from the theoretical terminator.
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Vernal equinox--The point at which the Sun in its annual apparent path

around Earth appears to cross the celestial equator from south to north at
a certain time of the year (presently on Mar. 21), or the ascending node of the
ecliptic on the equator.

Year, Julian--The mean length of the year on the Julian calendar; it is equal
to 365.25 mean solar days, or 365d6 h exactly.

Year, sidereal--The time interval between two successive returns of the Sun
to a fixed celestial point (fixed star); it is the true period of revolution of

Earth and is equal to 365.25636 mean solar days, or 365d6hgm10 s.
Year, tropical--The time interval between two successive returns of the Sun

to the vernal equinox. Because of precession, it is shorter than the sidereal

or true year. It is equal to 365.24220 mean solar days, or 365d5h48m46 s.
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