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ABSTRACT

A photometric model for Mars has been developed
which explains all tﬁe relevant features of the Mariner IV
television data. The dominant feature of the model is a
haze component in the atmosphere which substantially affects
the overall scene brightness. The model can be used to
subtract the haze effect from available pictures or to compute

scene brightness in geometries different from those of

Mariner IV.
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HAZE IN THE MARS ATMOSPHERE AS REVEALED
BY THE MARINER IV TELEVISION DATA

I. Introduction

Adequate planning of photographic experiments for
future space missions to Mars requires an understanding of
the basic light scattering, absorbing, and reflecting
properties of the planet, including its atmosphere.
Knowledge of these properties will affect both the camera
system design and the photographic mission plan.

In the case of the moon a reasonably accurate
photometric function, based on telescopic data, was available
prior to the Ranger missions. This empirical function
described the average* surface brightness as a function
of the sun-surface-observer geometry. Since the shape of
the mean lunar surface 1s a sphere so far as earth-based
brightness measurements are concerned, this is equivalent
to determining brightness of an average surface element
as a function of the angles between the normal to the
surface, the incident illumination vector, and the
emitted illumination vector. Laboratory measurements have
indicated that the apparent brightness is determined
intrinsically by the small scale properties of the lunar
surface material, such as the opacity, size, and packing
density of individual particles or grains. Lacking an
atmosphere, the photometric function for the moon is
completely determined by its near surface properties.

Our present knowledge of the photometric properties
of Mars is based on both telescopic data and the Mariner IV
television experiment results. As Mars subtends about 1/3
minute of arc from earth during its best viewing periods
(compared to 1/2 degree of arc for the moon) and is limited
to phase angles (the sun-Mars-Earth angle) of U47° or less,
it is not surprising that a photometric description comparable
in detail to that of the moon was not available in advance
of Mariner IV, One of the better compilations of "Mars
photometric data" consists of a brightness map at a resolution
of 10° (planet central angle) covering all longitudes and

latitudes in the range i6O°(1). The brightness for each 10°
sector 1s an average of observed values taken as the position

*"Average" in a spatial sense, as the experimental
determination of lunar surface brightness was limited spatially
by the resolution achievable with earth-based instruments.
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of the sector relative to the sun and earth changed due to both
the diurnal rotation of Mars and the motion of the Earth and
Mars about the sun. The resultant map is far from a description
of the average surface brightness as a function of sun-surface-
observer geometry.

The television experiment results returned by
Mariner IV provide photometric data on Mars over a limited
range of illumination and emittance angles at a resolution
considerably better than earth-based observations. This is
useful data for model fitting in any attempt to develop a
self-consistent photometric description of Mars, although
there are questions as to whether all of the Mariner IV photo-
graphic data should be accepted. ‘

The objective of the present study is to provide a
photometric description of Mars which can explain the Mariner IV
data. The study has proceeded along two basic lines: (a) an
analysis of Mariner IV data to develop criteria for photometric
model building, including an analysis of the validity of the
data (Section II); and (b) development of a model for the Mars
surface and atmosphere which seems physically realizable and
agrees in general with the above criteria based on the Mariner
data as reported (Section III).

This report is considered preliminary in the sense
that the scope 1s limited to consideration of the Mariner IV
data. Further work will attempt to fit the present model
to certain earth-based data, such as the geometrical albedo
and the phase function (integral planet brightness as a function
of phase angle). Additional checks on the validity of the model
which can be made using Mariner '69 imagery are pointed out in
Section IV.

II. Mariner IV Data

A. Empirical Basis for a Photometric Model of Mars
1. Feature Detection

One of the most important classes of data from the
Mariner IV pictures is the variation from plcture to picture
of the number of surface features detected by tralined observers.
Assuming that the camera operated nominally and that the dis-
tribution of features on the surface is reasonably uniform,
this data indicates the manner in which changing camera and
lighting geometry affects the detection of topographic features.
A photometric model of Mars should account for this change
in feature detection.
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Figure 1 indicates the number of craters and the
number of central peaks counted in the retouched picture

pairs made from the Mariner IV data(2’3). These histograms
confirm the generally held impression that the pictures near
the center of the sequence revealed more surface detail.

Figure 2 shows that the same trend occurs when the craters

are grouped according to size (with the exception of an
anomalously large number of craters with diameters D greater
than 32 kilometers in frames 3 and U4). Marcus detected craters
in the 4 to 5.6 kilometer size range for all pairs of frames
from 3 and 4 through 13 and 14. This compares favorably with
the theoretical camera resolution of 3 kilometers and indicates
that the change in feature detection was not caused by a change
in resoluftion.

When the number of craters detected per pair is
plotted versus incident sun angle as in Figure 3, a peak occurs
at about 40°. As the incidence angle increased from 40° to 60°
the number of craters detected decreased by about a factor of
two. Over this range the camera angle e remained nearly constant
(22 £ 2°) and the range from the camera to the surface varied
only about *3% from an average of 12,600 km. It appears that
the lighting incidence angle strongly affects feature detecta-
bility within this range. It is possible that the reduced
feature count is caused by an actual reduction of the number
of surface features within the camera field of view. However,
the reduced feature counts do not correlate well with any
change in terrain type (e.g., light and dark areas) either on
earth-based or the Mariner photographs. Moreover, the continued
decrease in feature count as the angle of incidence increased
toward the terminator strongly suggests that an interaction of
the camera properties and Mars photometry reduces surface feature
dectectability at high incidence angles.

2. Surface Brightness

The average brightness of the surface appearing in
the Mariner IV pictures is a second class of data which must
be accounted for by a Mars photometric model. Figure 4 shows
the average brightness of the surface¥ as a function of incidence
angle. The brightness is averaged over the area of surface 1in-
cluded in a single picture; this is the data presented in
Table III-6 of Reference 3. The "error bars" indicate the
range of incidence angles in a single picture; these data are

¥What is meant here is, of course, the apparent surface
which includes the real surface modified by effects due to
the atmosphere between the surface and the camera.
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from Table D-4 of Reference 3. The unit of brightness is a

millilamb, which is 10_3 times the brightness of* a white Lambert
surface normal to the sunlight at Mars.

The Mariner IV camera took pictures in overlapping
pairs with alternate green and orange filters so that a pair
consisted of a "green" and an "orange" picture. The color of
the filter used in taking each picture is indicated on Figure 4.
The camera was callbrated to account for different sensitivities
with the different filters. The consistently greater brightness
of the orange pictures reflects the fact that the brightness of
Mars increases with wavelength The camera spectral response

was centered at ~5300 A with the green filter and at ~6100 A
with the orange filter. According to Figure B-13 of Reference 3,

o]
the brightness of Mars is about 1.6 times as great at 6100 A as
o]

at 5300 A. If the brightness of the green pictures is multi-
plied by 1.6, they agree well with the brightness of the orange
pictures as indicated in Figure 4.

Averaging the brightness data over the surface visible
in one picture is sufficient to remove the brightness variations
caused by topographic features, but more extensive brightness
variations caused by albedo differences are still evident.
Pictures 8 through 13 seem to depart from the curves established
by the other pictures. According to Figure D-3 of Reference 3,
these pictures contain parts of the Mare Sirenum. Other than
this, the brightness appears to decrease monotonically with
increasing incidence angles.

3. Sky Brightness

The third category of Mariner IV data involves the
brightness of the illuminated atmosphere or sky. Unless re-
futed, the sky brightness data must be explained by the Mars
photometric model. Figure 5 is a duplication of Figure III-15
in Reference 3 and shows the sky brightness above the limb of
Mars. These data come from picture 1 in which the illuminated
sky appears against the dark background of space. The sky 150 km
above the 1limb appears about 60% as bright as the surface at
the limb. Picture 1 was taken with an orange filter, hence
these data reflect a camera spectral response centered at 6100 A.

Figure 6 is a duplication of Figure III-16 in
Reference 3. It shows brightness, presumably scattered from
the atmosphere, as a function of the lowest directly illuminated
altitude. Even with no direct sunlight illumination below
100 to 200 km, picture 22 indicates the presence of some atmos-
phere or other light scattering media at 200 km above the surface.
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B. Validity of Mariner Photometric Data

Even a cursory examination of the calibrated but
unenhanced Mariner IV pictures reveals two important character-
istics: the contrast is extremely low and the sky in picture 1
is very bright. Both characteristics lead to the impression
that there is substantial stray light in the pictures either
from "haze" around the planet or "glare" in the camera, or
perhaps a combination of these. The "haze" would be an impor-
tant part of the photometric model of Mars while camera "glare"
is just an effect of the measuring instrument.

Numerous arguments as to whether the stray light is
due to planet haze or camera glare are given in Reference 3.
Many of these arguments concern the likelihood of a particular
occurrence and are not definitive. Therefore, the cause of
the stray light is still in question. However, the following
facts are known:

1. Some "velling glare" existed in the camera optics,
although 1t is not enough to account for the observed
stray light.

2. It is possible to degrade the optics to produce
effects similar to the stray light without greatly
reducing the image brightness.

3. The stray light does not originate within the
camera electronics since pictures of the dark sky
made weeks after encounter are black. Magnification
of the existing optical glare by electronic distortion
has not been ruled out.

L, Some image retention from picture to picture occurs;
it was estimated at about 10% from picture 1 to
picture 2.

From this it is possible to say that at least some of the stray
light originated within the camera as veiling glare. The follow-
ing analysis is presented to indicate that, at least in picture 1,
most of the stray light could have originated within the camera.

According to Reference 3, the Mariner IV encounter
photographic sequence was initiated by a device called the

Narrow Angle Mars Gate (NAMG). The NAMG(A) is a small tele-

scope with an aperture of 1/2 inch and a rectangular field of

view of 1 1/2° by 2 1/2°. 1Its optical axis is aligned with

the camera optical axis. It was designed to start the photographic
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sequence when the limb of Mars had moved a few tenths of a
degree into its fleld of view. The light sensitivity speci-
fied to trigger the NAMG was 30 foot - lamberts (5.7 millilambs)
over the entire field of view, or a point source which produced
an equivalent amount of light.

The time at which the NAMG started the photographic

sequence was obtained from JPL(6). The times at which the

first two photographs were taken are given in Reference 3,

Table C-1. By extrapolation, shown in Figure 7, the relation-
ship of the NAMG field of view to the camera field of view

for pictures 1 and 2 can be found. The limb of Mars seen

in picture 1 is shown. The limb is somewhat skewed because

the aiming point was not exactly as planned, but otherwise

the encounter was nominal. The NAMG started the photographic
sequence when the limb encroached a few tenths of a degree as
planned, and the first picture included the 1limb, as was desired.

The fact that the NAMG apparently performed nominally
despite the unexpected brightness of the sky in Mariner picture 1
suggests that the sky brightness was due largely to camera glare
rather than haze on Mars. If the sky and planet brightness
indicated by picture 1 is integrated over the field of view of
the NAMG at the time it triggered the photo sequence, the
illumination of the detector is found to be avbout five times
the value required to trigger the first picture. Figure 8
shows the brightness curve used to obtain this result. The
solid part of the curve is the data from Reference 3 reproduced
in Figure 5. The curve was extended below the limb on the basis
of the average brightness of the planet in picture 1 as given
in Reference 3 and by inspection of the brightness varlation on
the reproduction of picture 1. The sky brightness was abruptly
terminated at 175 km above the 1limb - just beyond the edge of
picture 1.

‘Mariner picture 1 was taken with an orange filter,
o]

hence the camera response was centered at 6100 A. The spectral
response of the Mariner Earth sensor, which used a Cd-S sensor

le]
like the NAMG, was centered at about 6000 A. No correction for
different spectral response between the camera and NAMG was made.

The five fold discrepancy between the brightness seen
by the NAMG, indicated by picture 1, and the brightness required
to activate the NAMG is the minimum consistent with the known
uncertainties in the data. Terminating the sky brightness just
beyond the edge of picture 1 reduces the brightness in the NAMG
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field of view as much as possible. Using the earliest possible
NAMG acquisition time also reduces the amount of light in the
field of view. The 30 foot - lambert threshold for the NAMG

is apparently the minimum sensitivity of the instrument; testing
showed it had a tendency to become more sensitive with time by

as much as a factor of three(q). This would make the discrep-
ancy even greater.

If we consider that the NAMG data is correct, the
question arises as to how picture 1 might be corrected to bring
1t into agreement. If it is assumed that a uniform glare level
exists in the picture, it is possible to compute a glare level
which makes the photographic data and the NAMG data agree.

This computed glare level, based on the conservative assumptions
stated above, is 100 millilambs. If this brightness level were

subtracted from picture 1, it would leave only a small amount

of brightness in the sky at 150 km above the limb and would in-

crease the contrast between the sky and the planet. The planet

brightness would be approximately halved.

Since it has been determined experimentally that it
i1s possible to degrade the camera optics to produce a large
amount of veiling glare (which would appear as sky brightness)
and not greatly change the apparent brightness of the planet,
an alternate scheme for correcting picture 1 would be to dis-
regard the sky brightness and leave the planet brightness
unchanged. If the brightness curve in Figure 8 is assumed to
be zero above the 1limb, the picture brightness and the NAMG
data agree within about 15%. This very small discrepancy can
be accounted for by the uncertainty in the camera photometric
calibration.

If the NAMG data is accepted, it is possible to
make the following conclusions about the sky and planet
brightness data provided by picture 1. Most of the sky
brightness appears to be due to camera glare and it is pos-
sible that the actual sky brightness is negligible. The
actual planet brightness may be essentially as pictured or
may be only about half as bright as pictured.

, A series of discussions has been carried out with
JPL over the past two months in an attempt to resolve the
NAMG problem. The cenclusion is that in view of the difficulty,
or in some cases impossibility, of recovering critical data at
this time, the discrepancy remains unresolved. The opinion
of the Principal Investigator (R. B. Leighton, California
Institute of Technology) is that the television data as reported
is the best that can be made available prior to Mariner '69.
It is the reported data which has formed the basis for the
model work, with no corrections to bring the NAMG and camera
brightness data into agreement.
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IIT. Photometric Models Based on Mariner IV Data

A. Atmosphere

The brightness above the limb and the lack of contrast
were unexpected results. These data can be explained by an
atmosphere which is optically fairly thick. A fog on earth,
for example, produces similar effects over much shorter dis-
tances. The known atmosphere of Mars, i.e., an atmosphere con-
sisting principally of CO2 and having a surface pressure of

5-10 mb and a scale height of 10 km, is completely inadequate
to explain the reported phenomena.

In the subsequent sections, the term atmosphere
should be taken to mean not the usual gaseous atmosphere, but
some unspecified material like dust which will have the
optical properties required to explain the Mariner IV data.
This atmosphere will be described by four parameters: the
scale height, a cutoff height, an extinction coefficient, and a
scattering coefficient.

The density, d, of the atmosphere is taken to have
the form
—h/h0

d doe for hzhco

(1)
d =20 for h<h
co

where do is the density extrapolated to the planetary surface,
h is the altitude gbove the surface, hO is the scale height,
and hco is the cutoff height. Figure 9 illustrates this
density profile.

The exponential portion of the density profile has
been chosen in analogy to the behavior of gaseous atmospheres,
for which such profiles provide reasonable agreement. It was
found necessary to include a low altitude cutoff in order
to obtain agreement between the model and picture 1 from
Mariner IV, specifically, to make the limb visible against
the bright sky background. The rationale for this 1s discussed
later in this sectilon.

It is not possible to specify an exact criterion for
the altitude profile of the brightness in the model. The
observed brightness from Mariner IV extends to at least 150 km.
The parameters of the model have been chosen so that the atmos-
pheric brightness decreases rapidly above 200 km.

The extinction coefficient represents the fract?on
of a beam of light which is removed from the beam, per unit
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length, by absorption and scattering. If F is the flux in
a beam,

dr Fodx (2)

where o is the extinction coeifficient and dx is an element
of path length along the beam. The extinction coefficient
is taken to be proportional to the density of the atmosphere
and has the same analytical form as Equation (1) where S is

defined as the extinction coefficient extrapolated to the
planetary surface. A scatftering coefficient b and extra-
polated surface valve bo are simllarly defined. The scattering

coefficient determines the portion of the incident beam which
is scattered (only) out the beam of light.

If a small volume element dV is illuminated by a
beam of intensity S (lumens/unit area), the scattered light
forms a point source of intensity dI

dl = b sSdav (3)
T

where I is measured in candles if S is in lumens/unit area.

The dimensions of b are(distance)—l. Scattering is assumed
to be isotropic. :

The extinction coefficient must be greater than
or equal to the scattering coefficient because the extinction
coefficient includes the process of scattering plus that of
absorption. That is,

g _>b ()
o— 0

B. Surface

For the purposes of the model calculations the
photometric properties of the Martian surface are taken to
be those of a Lambert surface with a normal albedo Py A1l

of the calculations are carried out with the same albedo,
although it is clear that for some of the pictures the scene
photographed was a dark area of Mars, and a lower albedo would
be appropriate.

There is little earth-based data upon which to base
a choice of photometric properties of Mars. One example of
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available data is the phase function (5), which is in agreement
with a model consisting of a lunar~type reflective surface plus
a thin atmosphere. Such a deduction about the surface proper-
tles is not applicable to the presently postulated model in

which atmospheric effects significantly modify the photometric
appearance of the surface.

C. Values of the Pafameters

The set of parameters given in Table I has been
chosen to give a good fit to the data obtained from Mariner IV.
The relationship between the parameters and the data and the
logic which led to the particular choice of parameters will
be discussed in some detail in parts of this section.

TABLE 1
Scale height hO 75 km
Cutoff height hco 50 km
Extinction coefficient 4 .01/km
Scattering coefficient b .006/km
Surface normal albedo GO 0.5

D. Slope Sensitivity Calculations

Slope sensitivity relates changes in the signal
produced by the camera to changes in the slope of the surface.
It depends on the photometric properties of the surface, the
transmission properties of the atmosphere and the camera
system. Geometric and atmospheric conditions which produce
a high slope sensitivity lead to pictures with readily dis-
cernible surface detall compared to pictures in which the slope
sensitivity is low.

Figure 3 illustrates the detection of craters in
the Mariner IV pictures. This figure may be interpreted as
indicating that in pictures taken at incidence angles of about
40 degrees, the slope sensitivity is higher than at other
incidence angles. The photometric model postulated here
gives qualitative agreement with the results indicated in
Figure 3. Lack of knowledge of the surface topography, along
with other reasons, prevents any quantitative comparison.
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The slope sensitivity G (i,e) is a function
proportional to the change in camera signal divided by the
slope difference producing the change. The angle 1 1s the
angle between the local vertical and the incident radiation,
and ¢ 1s the angle between the local vertlcal and the direction
to the observer. Because of the particular properties of
the Lambert surface, which 1s used in thls model, the slope
sensitivity does not depend on the phase angle.

Although slope sensitivity depends on the response
of the camera system, there 1s inadequate information presently
avallable to account for the effect reliably. For this study
the response of the camera is assumed to be constant and linear.
Under these assumptions, the camera parameters do not enter
the slope sensitivity calculation.

The slope sensitivity is most easily calculated by
considering the case where there is no atmosphere, and then
by modifying the result to account for the effect of the
atmosphere. The geometry is shown 1ln Figure 10. The slope
sensitivity with no atmosphere, s(i), is given by

= 8B
s(1) = (lekl k=é] average over w (5)

where B 1s the surface brightness and k the angle between the
local vertical and the normal to the sloping surface. The
derivative is evaluated at k=0 since that represents a flat
surface at the local area. The derivative is averaged over
the azimuthal angle w under the assumption that slopes are
equally probable in all directions. The absolute value of

the derivative 1s taken before averaging because, for the
purpose of slope detection, brightness decreases are as useful
as brightness increases. The function s(i), plotted in Figure
11, can be defined as the average (over the azimuthal angle)
of the absolute value of the rate of change of the surface
brightness as the surface is tilted away from local vertical.
Thus s(i) is a reasonable measure of the brightness change
produced by the terrain in a region. Where there are limits
on the detection of brightness differences, as exist in all
real systems, slopes which produce large brightness changes
are more easily detected than those in other areas. There-
fore the slope sensitivity is a reasonable measure of the
expected quality of the pilctures.

The presence of the atmosphere alters the slope
sensitivity through two principal effects. First, it decreases
the intensity of the incldent sunlight reaching the surface,
and second, it attenuates the light reaching the camera from
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the surface. Both of these effects reduce the brightness of
the entire local area by a constant factor, and hence also

reduce the brightness difference between surfaces having
different slopes.

The change 1n the apparent brightness B of the
surface seen through an atmosphere is given by

~h/h
dB = Bodx = Bo e dx (6)

and,

- o ¢
B = Be (7)
where BO is the brightness if no atmosphere were present and

® _h/ho dx

R =j' e 8X  4n (8)
dn
hCO

R is a function of the angle between the line of sight and
the local vertical. The_function is plotted in Figure 12,
Rc denotes the value of R along the line of sight to the

camera.

Similarly, the intensity of the incident sunlight
may be shown to be

S = 8S_e (9)

where ﬁs is the value of R along the line of sight to the sun,
SO is the unattenuated intensity of the incldent solar radiation,
and S is the value at the surface.

Both the attenuation of the incident sunlight and

the attenuation of the scattered sunlight reduce the slope
sensitivity G(i,e), which becomes
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-0 R (e) =0 _R_(1)
G(1,e) = s(i)e 9 ¢ ¢ ©O8 (10)

The functions G and s are plotted in Figure 11 as a function

of the i1ncidence angle, although the function G depends on

both the incidence and emittance angles. The incidence angle
was chosen as a convenlent parameter to separate the Mariner IV
pictures, and at each point the emittance angle & was chosen

in agreement with the trajectory data. A similar convention
will be employed in the subsequent figures.

The additional illumination of the surface produced
by sunlight scattered from the atmosphere does not contribute
appreciably to the ability to detect slopes and has not been
included in the slope detection calculations. The scattered
sunlight is almost uniform over the sky hemisphere, as seen
from a point on the surface of the planet, and surfaces which
are vertical receive the same i1llumination from scattered
sunlight independent of the direction in which they are tilted.

The slope sensitivity does not depend on the parameter
bO nor on the albedo Por In the latter case, this is because

Po 1s taken to be the same constant in all plctures, and there-

fore, as a multiplicative factor, it does not affect the relative
picture quality. The parameter bo affects the brightness of

the atmosphere, but does not degrade the slope sensitivity.

This is because the atmospheric brightness represents a constant
background and does not contribute to the differential bright-
ness change s = §B/8§k, Degradation of slope sensitivity arises
only from the extinctlion of light by the atmosphere.

The function G(i,e) (Figure 11) has the general shape
required by the Mariner IV pictures; that is, it has a maximum
in the center and falls off at either end. This is to be com-
pared with the crater count curves in Figure 3, which also peak
in the middle of the photo sequence. It is not possible to
obtain quantitative data from Mariner IV to compare with this
curve, since the actual topography is unknown. Only the shape
of the curve is important.

To obtain the desired shape, it is necessary to
choose a moderately thick atmosphere, i.e., the product of

95 and R should be about unity. Thinner atmospheres than

we have chosen would not provide as much roll-off for high
incidence angles. This is illustrated by Figure 11 where s(i),
which does not include atmospheric affects, increases mono-
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tonically with increasing illumination angle, i.e., as the
Mariner picture sequence approaches the terminator. On the
other hand, too thilck an atmosphere would entail such low
contrast, relative to that expected with no atmosphere,
that no detaill at all would be expected in the Mariner IV
pictures.

E. Brightness Calculations

The brightness calculations consider the effects
of atmosphere seen above the limb in Marlner pilcture 1
and the appearance of the surface in pictures 1 through 19.
A major problem in the interpretation of the Mariner IV
plctures was that the brightness visible above the limb in
picture 1 extended essentially undiminished from the limb to
an altitude of at least 150 km. Since the rate of decrease
was low, reasonable extrapolation of the curve would give
rise to appreciable brightness at ilarge distances, say 500 km,
above the 1limb. Such an atmosphere should be detectable from
earth. As there is no evidence for such an atmosphere, the

model parameters ho, Oqs and bO were adjusted to produce a

rapid decrease in sky brightness beginning just above the
region contained in Mariner picture 1 (i.e., about 150 km
altitude). This decrease in model atmosphere brightness
is illustrated in Figure 13.

A physical explanation for this atmospheric bright-
ness profile is that near the limb, the viewer is unable to
see all the way through the atmosphere. Looking farther above
the limb, the atmosphere becomes thinner and the viewer sees
farther into it, but still not all the way through. Because
of this the brightness changes very 1little as a funetion of
altitude above the limb for altitudes less than 150 km. How-
ever, once the density decreases so that the viewer can see
completely through the atmosphere (cOle), then the apparent

brightness of the atmosphere will decrease rapidly at a rate
commensurate with the scale height, ho.

The calculations of the atmospheric brightness took
into account single but not multiple scattering. That is, each
volume element was assumed to be illuminated with sunlight
attenuated in passing through the atmosphere. The illumination
of the volume element produced by scattered sunlight was ignored.
The attenuation of the light between the volume element and the
camera was taken into account.

Figure 13 illustrates results of the calculations.
The selection of 95 and ho was made to explain the slope

sensitivity data (i.e., the pictures in the middle of the
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sequence appear clearer) and the atmospheric profile (i.e.,
the shape of the curve for brightness vs. altitude above the
1imb). The parameter bO adjusts the amplitude of the atmo-

spheric brightness. Initially results were computed assuming
that the atmosphere extended to the Mars surface. The data
indicated that the thickness of the atmosphere looking tangent
to the limb was so great that the limb could not be seen. The
discontinulty in brightness at the limb is an essential feature
of the model, since the limb 1s readily apparent even in the
unenhanced Mariner pictures. This requirement led directly to
fhe selection of a low altitude cutoff, hco’ below which the

atmosphere 1s transparent. This produced the desired shape
for the brightness profile below the horizon in Figure 13, and
the value of °s (albedo) was selected to provide a limb bright-

ness discontinuity and general surface brightness comparable to
Figure 5.

The necessity of introducing a cutoff altitude hco

was forced by the requirement to expose the 1limb of the planet.
The resulting model atmosphere 1s one in which the light scat-
tering elements are concentrated between about 50 km and 200
km above the surface (i.e., within a shell which is 2 scale
heights thick). There may be some physical significance to
this model in the following sense. Meteoroids entering the
earth's atmosphere break up at altitudes around 100 km, pro-
viding a source of light scattering material. Noctilucent
clouds have been observed at about the same region in the
earth's atmosphere, demonstrating the exlstence of light scat-
tering sources concentrated at high altitudes. It 1s quite
possible that such mechanisms could be effective at Mars, ana
if so, comparable altitudes might be expected. Figure 14 com-
pares the density of the earth's atmosphere wlth several
possible models of the gaseous atmosphere proposed for Mars.
The Mars models bracket the earth's density in the region
around 100 km.

Figure 15 illustrates the illumination level at the
Martian surface as a function of the incidence angle. As ex-
pected the atmosphere reduces the illumination due to direct
sunlight, while the scattered light, or skylight, provides some
illumination of the surface beyond the point which would have
been the terminator in the case of no atmosphere (i.e., where
the incidence angle equals 90°).

Model calculations for the surface brightness at the
center of the Mariner IV pictures are shown in Figure 16,
together with the contribution to the apparent brightness due
to the atmosphere. These points have been calculated for a
constant albedo Pys SO that the dip in the brightness curve in
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the Mariner IV data (see Figure 4) caused by the dark surface
areas 1s not included. The brightness difference between the
calculated curve and the atmospheric contribution is propor-

tional to the surface albedo.

The albedo was chosen to give reasonable agreement
with Mariner IV brightness data. A single value produces
quantitative agreement at the limb, as mentioned previously,
(specifically, the magnitude of the discontinuity) and at
the center of each of the Mariner IV pictures, to an accuracy
of about 10%. However, the surface albedo is significantly
higher than that of the moon, and it indicates an exceptionally
efficient reflecting surface.

As Section II has raised the possibility of a
significant amount of glare in Mariner picture 1, model compu-
tations were made for a case where the atmospheric scattering
coefficient bo was reduced by a factor of 10, while retaining

the other parameters constant. The resulting brightness profile
which would be deduced for Mariner picture 1 is shown in Figure
17. As expected, the brightness of the atmosphere decreased

by an order of magnhitude. Figure 18 illustrates the calculated
brightness vs. incidence angle (or picture number) at the centers
of the Mariner pictures for the same case. The critical fea-
tures of the Mariner IV data are maintained in this model,
including the brightness discontinuity at the limb and the fall
off in picture brightness with increasing incidence angle. The
brightness of the atmosphere 50 km above the limb was about 70%
of the brightness at the center of picture 1 in Figure 16. This
is reduced to about 15% in Figure 18, 1.e., the haze above the
limb appears less bright compared to the surface. The slope
sensitivity calculation does not depend on bo and therefore

remains the same for this choice of parameters.

There is extensive freedom within the model to adjust
parameter values and functional forms to make the fit to the
Mariner IV data even more precise. The cholce of a Lambert
surface and an exponential density profile for the atmosphere
are arbitrary, and there is considerable freedom in the choice
of parameters describing the atmosphere.

The purpose of the model 1s to demonstrate that all
of the relevant photometric data obtalned from Mariner IV can
by explained by a single photometric model, which includes a
haze atmosphere. This model is sufficiently accurate that it
appears justified to use the model to predict the photometric
behavior of Mars in geometric configurations not photographed
by Mariner 1V.

This model is wholly dependent on Mariner IV data,
and any adjustment of that data would be reflected in changes
in the parameters of the model.



BELLCOMM, INC. - 17 -

IV. Applications for Future Missions

A, Mariner '69 Flyby

Both far- and near-encounter 1limb photography on
the 1969 Mariner Mars flyby mission should provide an important
check on the validity of the Mariner IV data, and hence on the
foundations for the haze model, Full planet far-encounter
photography at relatively small phase angles (~30°) will ex-
pose essentially half the circumference of the planet disk to
a search for atmospheric haze, At a resolution of about 30
km/line pair this data should be adequate to determine whether
any haze phenomenon of the magnitude apparent in the first
Mariner IV picture exists.

Higher resolution 1limb photography could be obtained
during the near-encounter photographic sequence. If the haze
effect is confirmed, the sequence of full planet photography
will provide evidence of its spatial and temporal variations.

B. Mariner '71 Orbiter

One of the objectlives of the '71l imagery experiment
is to search for temporal changes in the surface properties
of Mars. In particular, the wave of seasonal darkening will
be investigated, largely by searching for albedo changes in
photographs of the same surface areas taken at different times.
If the '69 data confirms that the haze model described here is
substantially correct, there are important consequences bearing
on the success of the '71 imagery experiment.

In particular, the model predicts an atmospheric
contribution of about 25% to the scene brightness over an
average mare 50° from the terminator, increasing to a con-
tribution greater than that from the surface 10° from the
terminator. This 10°-50° interval is approximately the range
at which the swaths of periapsis photography will be acquired
on the 1971 orbiter mission. Furthermore, over this range
of angles, a 20% change in haze brightness would appear as
at least a 5% change in apparent surface albedo. While
temporal and spatial variations in the haze contribution
are completely unknown at this time, this magnitude of
change may well be induced merely by the varying sun/camera
geometry which is required to repeatedly photograph the
same surface areas throughout the orbital mission. It would
seem that a 5% surface albedo change would be important to
an investigation of the wave of darkening, considering that
a 50% increase in albedo would make a mare as bright as a
desert.
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The haze can therefore make a significant contribu-
tion to the overall scene brightness (and brightness changes).
One obvious use for the haze model, then, would be to subtract
the haze effect from the pictures to expose the true surface
brightness. Three types of pictures have been identified as
being particularly appropriate to this extension of the
model work for the '7l mission. The first is photography
of the limb above the area of surface photographs taken on
each orbit. This will expose the haze against the dark sky
background. Second is photography of the terminator region
just beyond the area of surface photographs to expose the
illuminated haze against the dark planet surface. And third
is a series of full planet photographs on approaeh in which
the changing brightness contrast of pairs of bright and dark
areas can be measured as the rotating planet varies the incidence
and emittance angles. Assuming the same photometric function
for the two surface areas, any observed changes in contrast
should be due to atmospheric effects. Use of these data in
formulating the haze model would not require knowledge of the
surface photometry, as was the case with the Mariner IV data.
In this case, once the surface pictures were corrected for the
haze effect, an empirical model for surface photometry could
be developed.

V. Summary

Examination of the Mariner IV television pictures
and data derived from these pictures by JPL has led to the
"development of three criteria which can be used to test any
proposed photometric model of Mars.

1. Histograms have been developed to reveal the
number of craters and number of central peaks
in most pilctures of the Mariner sequence. These
data confirm the observation that the pictures in
the middle of the sequence reveal more surface detail
than either those at the beginning or at the end.
Feature detectability has been plotted as a function
of picture number, or angle of solar illumination,
as the picture sequence progressed towards the
terminator.

2. Average surface brightness 1n the Mariner pictures
has been tabulated by JPL. This data can also
be plotted as a function of solar illumination
angle, indicating a general trend of decreasing
picture brightness as the sun approaches the
horizon, l1.e., as the plecture sequence approaches
the terminator.
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3. Perhaps the most startling feature of the Mariner
photos 1is the brightness of the sky in the first
picture. The sky at 150 km above the limb, which
is the highest altitude visible in the picture,
is approximately 60% as bright as the limb. JPL
has determined the absolute scene brightness as
a function of altitude above and below the limb,
and any photometric model for Mars should account
for this feature.

In view of the surprising amount of sky brightness
in the first Mariner picture, a separate study was conducted
to test the validity of this data. It was concluded that if
this brightness was a real property of Mars, then the amount
of light seen by the Narrow Angle Mars Gate sensor was about
5 times the nominal threshold thought to be required. (The
NAMG 1s an optical sensor separate from the vidicon system
which responds to integral scene brightness). The amount of
sky brightness reported would be sufficient to cause the first
picture to be taken considerably earlier, thereby photographing
a much larger portion of the atmosphere above the limb.

Several explanations of this discrepancy are possible.
One 1s that the apparent sky brightness is glare in the camera
system. This possibiiity was investigated by JPL with the
conclusion that, in the laboratory, they could not find a
reasonable mechanism for producing the cbserved brightness
either with the nominal camera system or with one of degraded
performance. Other sources of error are the time at which the
NAMG achieved its threshold level of integral scene brightness,
or the changing sensitivity of the photo-detector surface of
the NAMG.

These questions have been pursued with JPL. 1t was
concluded that the NAMG problem would remailn unresolved due
to lack of necessary data, and the best course of action for the
model work would be to assume that the Mariner IV television
data 1is correct as reported.

Four parameters were introduced to describe the
properties of the atmosphere, where, by definition, atmosphere
refers to the light scattering elements which are necessarily
distinct from the gaseous atmosphere. Values chosen for the
scale height and extinction coefficient effectively produced
the observed decrease in sky brightness above 150 km and the
enhanced slope sensitivity, which 1s related to the criterion
of feature detectability, near the middle of the picture sequence.
A value selected for the atmospheric scattering coefficient
produced the correct magnitude of sky brightness above the
limb. Finally it was necessary to introduce a cutoff altitude
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(50 km) below which the density of light scattering elements

was zero in order to make the 1limb of the planet visible.

A single surface albedo of 0.5 produced the desired brightness
discontinuity at the limb and the desired amplitude of the
decreasing picture brightness as the photographs approached

the terminator. The shape of this latter function is primarily
determined by the assumed surface photometric function, although
atmospheric effects are increasing in importance towards the
terminator.

Although earth-based measurements of the Mars phase
function indicate that a lunar photometric model for the sur-
face might be appropriate in the case of a thin atmosphere,
the true surface light scattering properties are concealed by
the thick atmosphere which was found necessary to describe the
Mariner data. With no real evidence. to the contrary, a Lambert
surface has been used to simplify the model computations.

The resulting model has a plausible physical explana-
tion and fits the Mariner IV data criteria. One bothersome aspect
1s the high surface normal albedo. An obvious step in contin-
uing this work is to determine quantities such as the phase
function and geometric albedo for the model and compare them
with earth-based observations.

VI. Conclusions

An empirical model for the photometric properties of
Mars has been developed which can explain all the relevant
features of the Mariner IV television data. A principal feature
of this model 1s a haze component in the atmosphere. This haze
has the effect of degrading the surface contrast and making the
atmosphere visible above the 1limb and beyond the terminator. The
magnitude of this haze effect was not predicted from earth-based
observations. :

The utility of a model such as this is two-fold. First,
it may be used as a basis for further studies of the nature and
possible origin of the haze. More importantly, however, it
provides a technique for computing the haze effect on picture
brightness. This would be necessary for any experiment which
depends on a knowledge of surface albedo or albedo variations,
since haze properties may vary in space and time.
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Mariner '69 far-and near-encounter photography should
provide a definitive check on the validity of the haze model

for the Mars atmosphere.

Chandgygson

E. N./Shipley

. w. 8. jw-‘*“m

1014~ENS-mao W. B. Thompson
WBT
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