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ABSTRACT 

A photometric model for Mars has been developed 

which explains all the 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 I N  THE MARS ATMOSPHERE AS REVEALED 
BY TI-E MARINER IV TELEVISION DATA 

I. I n t r o d u c t i o n  

Adequate p lanning  o f  photographic  experiments  f o r  
f u t u r e  space miss ions  t o  Mars r e q u i r e s  an  unders tanding  o f  
t h e  basic l i g h t  s c a t t e r i n g ,  absorb ing ,  and r e f l e c t i n g  
p r o p e r t i e s  of the p l a n e t ,  i n c l u d i n g  i t s  atmosphere.  
Knowledge o f  these p r o p e r t i e s  w i l l  a f f e c t  b o t h  the  camera 
system d e s i g n  and the  photographic  miss ion  p l an .  

I n  t he  c a s e  of t he  moon a r easonab ly  a c c u r a t e  
photometr ic  func t ion ,  based on t e l e s c o p i c  d a t a ,  was a v a i l a b l e  
p r i o r  t o  the  Ranger mis s ions .  T h i s  e m p i r i c a l  f u n c t i o n  
descr ibed  the average* s u r f a c e  b r i g h t n e s s  a s  a f u n c t i o n  
of the sun-surface-observer  geometry. S ince  t h e  shape of  
the  mean l u n a r  s u r f a c e  i s  a sphere  so  f a r  a s  ear th-based 
b r i g h t n e s s  measurements a re  concerned, t h i s  i s  e q u i v a l e n t  
t o  de te rmining  b r i g h t n e s s  of  a n  average s u r f a c e  element 
as a f u n c t i o n  o f  the a n g l e s  between the normal t o  the  
s u r f a c e ,  the  i n c i d e n t  i l l u m i n a t i o n  v e c t o r ,  and the  
emi t ted  i l l u m i n a t i o n  v e c t o r .  Laboratory measurements have 
i n d i c a t e d  t h a t  t he  appa ren t  b r i g h t n e s s  i s  determined 
i n t r i n s i c a l l y  by the  small s c a l e  p r o p e r t i e s  o f  t he  l u n a r  
s u r f a c e  mater ia l ,  such a s  the  opac i ty ,  s i z e ,  and packing 
d e n s i t y  of  i n d i v i d u a l  p a r t i c l e s  o r  g r a i n s .  Lacking an  
atmosphere, the  photometr ic  f u n c t i o n  f o r  the moon i s  
completely determined by i t s  n e a r  s u r f a c e  p r o p e r t i e s .  

Our p r e s e n t  knowledge o f  the  photometr ic  p r o p e r t i e s  
of Mars i s  based on bo th  t e l e s c o p i c  d a t a  and the  Mariner I V  
t e l e v i s i o n  experiment  r e s u l t s .  A s  Mars subtends  about  l /3  
minute of  a r c  from e a r t h  d u r i n g  i t s  bes t  viewing pe r iods  
(compared t o  1/2 degree o f  a r c  f o r  the moon) and i s  l i m i t e d  
t o  phase a n g l e s  ( t h e  sun-Mars-Earth a n g l e )  o f  47" o r  less ,  
i t  i s  n o t  s u r p r i s i n g  t h a t  a photometr ic  d e s c r i p t i o n  comparable 
i n  d e t a i l  t o  t ha t  o f  the  moon was n o t  a v a i l a b l e  i n  advance 
of Mariner I V .  One of  the b e t t e r  compi la t ions  o f  "Mars 
photometr ic  da t a"  c o n s i s t s  o f  a b r i g h t n e s s  map a t  a r e s o l u t i o n  
of 10" ( p l a n e t  c e n t r a l  a n g l e )  cover ing  a l l  l o n g i t u d e s  and 
l a t i t u d e s  i n  t he  range 1600(1). 
s e c t o r  i s  a n  average  o f  observed v a l u e s  taken  a s  the  p o s l t i o n  

The b r i g h t n e s s  f o r  each 10" 

*"Average" i n  a s p a t i a l  s ense ,  as  the exper imenta l  
de t e rmina t ion  o f  l u n a r  s u r f a c e  b r i g h t n e s s  was l i m i t e d  s p a t i a l l y  
by the r e s o l u t i o n  achievable wi th  earth-based ins t rumen t s ,  
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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 televlsion 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 11); 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 111). 

This report is considered preliminary in the sense 
that the scope is 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. 

11. 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 picture to picture 
of the number of surface features detected by trained 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 affectsthe 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). 
confirm the generally held impression that the pictures near 
the center of the seqyence 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 4). 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 resolution. 

These histograms 

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 5 2') and the range from the camera to the surface varied 
only about 5 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. 
the average brightness of the surface* as a function of incidence 
angle. The brightness is averaged over the area of surface in- 
cluded in a single picture; this is the data presented in 
Table 111-6 of Reference 3. The "error bars" indicate the 
range of incidence angles in a single picture; these data are 

Figure 4 shows 

*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. 
millilamb, which is 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 llorangell picture. The color of 
the filter used in taking each picture is indicated on Figure 4. 
The camera was calibrated 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, 
the brightness of Mars is about 1.6 times as great at 6100 A as 
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. 

The unit of brightness is a 

0 0 

0 

0 

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 111-15 
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 limb appears about 60% as bright as the surface at 
the limb. Picture 1 was taken with an orange filter, hence 0 

these data reflect a camera spectral response centered at %6100 A. 

Figure 6 is a duplication of Figure 111-16 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 j u s t  an effect of the measuring instrument. 

Numerous arguments as to whether the stray light is 
due t o  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. 

2 .  

3 .  

4. 

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

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

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. 

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 

The NAMG ('1 is a small tele- 
photographic sequence was initiated by a device called the 
Narrow Angle Mars Gate (NAMG). 
scope with an aperture of 1/2 inch and a rectangular field of 
view of 1 1 / 2 O  by 2 1/2O. I ts  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 field 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 limb, 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 about 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 variation on 
the reproduction of picture 1. The sky brightness was abruptly 
terminated at 175 km above the limb - just beyond the edge of 
picture 1. 

Mariner picture 1 was taken with an orange filter, 
0 

hence the camera response was centered at %6100 A. The spectral 
response of the Mariner Earth sensor, which used a Cd-S sensor 
like the NAMG, was centered at about 6000 A. No correction for 
different spectral response between the camera and NAMG was made. 

0 

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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f i e l d  of view as much as p o s s i b l e .  
NAMG a c q u i s i t i o n  t i m e  a l s o  reduces  t h e  amount of  l i g h t  i n  t h e  
f i e l d  of view. The 30 f o o t  - l a m b e r t  t h r e s h o l d  f o r  t h e  NAMG 
i s  a p p a r e n t l y  the  minimum s e n s i t i v i t y  of the in s t rumen t ;  t e s t i n g  
showed i t  had a tendency t o  become more s e n s i t i v e  w i t h  t i m e  by 

as much as a f a c t o r  of  t h ree (4 ' .  T h i s  would make t h e  d i sc rep -  
ancy even greater.  

Using t h e  ea r l i e s t  p o s s i b l e  

I f  w e  cons ide r  tha t  the  NAMG data i s  c o r r e c t ,  t h e  
q u e s t i o n  arises as t o  how p i c t u r e  1 might  be c o r r e c t e d  t o  b r i n g  
i t  i n t o  agreement.  I f  i t  i s  assumed t h a t  a uniform glare  l e v e l  
e x i s t s  i n  t h e  p i c t u r e ,  it i s  p o s s i b l e  t o  compute a g l a r e  l e v e l  
which makes t h e  photographic  data and the  NAMG data ag ree .  
T h i s  computed g l a r e  l e v e l ,  based  on the conse rva t ive  assumptions 
s ta ted above, i s  190 m i l l i l a m b s .  I f  t h i s  b r i g h t n e s s  l e v e l  were 
s u b t r a c t e d  from p i c t u r e  1, i t  would l e a v e  only  a small amount 
of b r i g h t n e s s  i n  t h e  s k y  a t  150 k m  above the l i m b  and would in -  
c r e a s e  t he  c o n t r a s t  between the  sky and the  p l a n e t .  The p l a n e t  
b r i g h t n e s s  would be approximately ha lved .  

S ince  i t  has been determined expe r imen ta l ly  t h a t  i t  
i s  p o s s i b l e  t o  degrade the  camera o p t i c s  t o  produce a l a r g e  
amount of v e i l i n g  g l a r e  (which would appear  as sky b r i g h t n e s s )  
and not  g r e a t l y  change t h e  apparent  b r i g h t n e s s  of t h e  p l a n e t ,  
an  a l t e r n a t e  scheme f o r  c o r r e c t i n g  p i c t u r e  1 would be to d i s -  
r ega rd  t h e  sky  b r i g h t n e s s  and l e a v e  the p l a n e t  b r i g h t n e s s  
unchanged. I f  the  b r i g h t n e s s  curve i n  F igu re  8 i s  assumed t o  
be zero  above the l i m b ,  t he  p i c t u r e  b r i g h t n e s s  and t h e  NAMG 
data agree w i t h i n  about  15%. T h i s  very small d iscrepancy  can 
be  accounted f o r  by the u n c e r t a i n t y  i n  the  camera photometr ic  
c a l i b r a t i o n .  

I f  t h e  NAMG data i s  accep ted ,  i t  i s  p o s s i b l e  to 
make t h e  fo l lowing  conclus ions  about  t h e  s k y  and p l a n e t  
b r i g h t n e s s  data provided  by p i c t u r e  1. Most of t h e  s k y  
b r i g h t n e s s  appears to be due t o  camera g l a r e  and it i s  pos- 
s i b l e  t h a t  the a c t u a l  sky  b r i g h t n e s s  i s  n e g l i g i b l e .  The 
a c t u a l  p l a n e t  b r i g h t n e s s  may be  e s s e n t i a l l y  as p i c t u r e d  o r  
may be  only about  half  as b r i g h t  as p i c t u r e d .  

J P L  over  the  p a s t  two months i n  a n  attempt to r e s o l v e  the  
NAMG problem. The co.nclusion i s  tha t  i n  view of t h e  d i f f i c u l t y ,  
o r  i n  some cases  i m p o s s i b i l i t y ,  of r ecove r ing  c r i t i c a l  data a t  
t h i s  t i m e ,  t h e  d iscrepancy  remains unreso lved .  The opin ion  
of t h e  P r i n c i p a l  I n v e s t i g a t o r  (R .  B.  Leighton,  C a l i f o r n i a  
I n s t i t u t e  of Technology) i s  t ha t  t he  t e l e v i s i o n  data as r e p o r t e d  
i s  the  best that  can be made a v a i l a b l e  p r i o r  to Mariner '69 .  
It i s  the  r e p o r t e d  data which has formed t h e  basis f o r  t he  
model work, w i t h  no c o r r e c t i o n s  to b r i n g  t h e  NAMG and camera 
b r i g h t n e s s  data i n t o  agreement.  

A ser ies  o f  d i s c u s s i o n s  has been c a r r i e d  o u t  w i t h  
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111. Photometr ic  Models Based on Mariner I V  Data 

A. Atmosphere 

The b r i g h t n e s s  above t h e  l i m b  and t h e  l ack  of c o n t r a s t  
were unexpected r e s u l t s .  These data can be expla ined  by an 
atmosphere which i s  o p t i c a l l y  f a i r l y  t h i c k .  A fog on e a r t h ,  
f o r  example, produces similar e f f e c t s  over  much s h o r t e r  d i s -  
t a n c e s .  The known atmosphere of Mars, i . e . ,  an atmosphere con- 
s i s t i n g  p r i n c i p a l l y  of  C 0 2  and having a s u r f a c e  p re s su re  of 
5-10 mb and a s c a l e  h e i g h t  of 1 0  km, i s  completely inadequate  
to e x p l a i n  the r e p o r t e d  phenomena. 

I n  t h e  subsequent  s e c t i o n s ,  t h e  term atmosphere 
should be taken  t o  mean not  t h e  u s u a l  gaseous atmosphere,  but 
some unspec i f i ed  m a t e r i a l  l i k e  d u s t  which w i l l  have t h e  
o p t i c a l  p r o p e r t i e s  r e q u i r e d  t o  e x p l a i n  t h e  Mariner IB data. 
T h i s  atmosphere w i l l  be desc r ibed  by f o u r  parameters :  t h e  
s c a l e  h e i g h t ,  a c u t o f f  h e i g h t ,  an e x t i n c t i o n  c o e f f i c i e n t ,  and a 
s c a t t e r i n g  c o e f f i c i e n t .  

The d e n s i t y ,  d,  o f  t h e  atmosphere i s  taken  t o  have 
t h e  form 

-h/h - 
d = doe 

d = O  

where do i s  t h e  d e n s i t y  
h i s  t h e  a l t i t u d e  above 

f o r  V 

f o r  

e x t r a p o l a t e d  
t h e  s u r f a c e ,  

t o  t h e  p l ane ta ry  s u r f a c e ,  
ho i s  t h e  s c a l e  h e i g h t ,  

and hco i s  the  c u t o f f  he igh t .  F igure  9 i l l u s t r a t e s  t h i s  

d e n s i t y  p r o f i l e  . 
The exponen t i a l  p o r t i o n  of t h e  d e n s i t y  p r o f i l e  has 

been chosen i n  analogy t o  t h e  behavior  of gaseous atmospheres,  
f o r  which such p r o f i l e s  provide reasonable  agreement. It was 
found necessary t o  inc lude  a low a l t i t u d e  cu to f f  i n  o rde r  
t o  o b t a i n  agreement between t h e  model and p i c t u r e  1 from 
Mariner I V ,  s p e c i f i c a l l y ,  t o  make t h e  l i m b  v i s i b l e  a g a i n s t  
t h e  b r i g h t  sky background. The r a t i o n a l e  for t h i s  i s  d iscussed  
l a t e r  i n  t h i s  s e c t i o n .  

It i s  no t  p o s s i b l e  t o  s p e c i f y  an exac t  c r i t e r i o n  f o r  
t h e  a l t i t u d e  p r o f i l e  of t h e  b r i g h t n e s s  i n  t h e  model. The 
observed b r i g h t n e s s  f rom Mariner I V  extends t o  a t  least  150 k m .  
The parameters  of t h e  model have been chosen s o  t h a t  t h e  atmos- 
p h e r i c  b r i g h t n e s s  dec reases  r a p i d l y  above 200 k m .  

of a beam of l i g h t  which i s  removed from t h e  beam, p e r  u n i t  
The e x t i n c t i o n  c o e f f i c i e n t  r e p r e s e n t s  t h e  f r a c t i o n  
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length, by absorption and scattering. If F is the flux in 
a beam, 

dF = Fcrdx 

where cr is the extinction coefficient 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 o0 is 
defined as the extinction coefficient extrapolated to the 
planetary surface. A scattering coefficient b and extra- 
polated surface valve bo are similarly defined. 
coefficient determines the portion of the incident beam which 
is scattered (only) out the beam of light. 

The scattering 

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 

dI = b SdV (3) 
7 . L  

where I is measured in candles if S is in lumens/unit area. 
The dimensions of b are(distance)-’. 
to be isotropic. 

Scattering is assumed 

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, 

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 p o .  

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

A l l  

There is little earth-based data upon which to base 
a choice of photometric properties of Mars. One example of 
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a v a i l a b l e  data i s  the  phase f u n c t i o n  ( 5 ) ,  which i s  i n  agreement 
w i t h  a model c o n s i s t i n g  of  a lunar- type r e f l e c t i v e  s u r f a c e  p l u s  
a t h i n  atmosphere.  Such a deduct ion  about t he  s u r f a c e  proper- 
t i e s  i s  not  a p p l i c a b l e  t o  t h e  p r e s e n t l y  p o s t u l a t e d  model i n  
which atmospheric  e f f e c t s  s i g n i f i c a n t l y  modify the photometr ic  
appearance of the s u r f a c e .  

C .  Values of  t he  Parameters  

The set  of parameters  g iven  i n  Tab le  I has been 
chosen t o  g ive  a good f i t  t o  t h e  data ob ta ined  from Mariner I V .  
The r e l a t i o n s h i p  between the  parameters  and t h e  data and t h e  
l o g i c  which l e d  t o  t h e  p a r t i c u l a r  choice of parameters w i l l  
be d i s c u s s e d  i n  some d e t a i l  i n  p a r t s  of t h i s  s e c t i o n .  

TABLE I 

S c a l e  he igh t  hO 75 km 

50 km Cutoff he igh t  hco 

0 
E x t i n c t i o n  c o e f f i c i e n t  0 

S c a t t e r i n g  c o e f f i c i e n t  

. Ol/km 

.006/km 

Sur face  normal a lbedo  P O  0.5 

D. Slope S e n s i t i v i t y  C a l c u l a t i o n s  

Slope s e n s i t i v i t y  re la tes  changes i n  the  s i g n a l  
produced by t h e  camera t o  changes i n  t h e  s l o p e  of t h e  s u r f a c e .  
It depends on the  photometr ic  p r o p e r t i e s  of  t he  s u r f a c e ,  t he  
t r ansmiss ion  p r o p e r t i e s  o f  the  atmosphere and t h e  camera 
sys t em.  Geometric and atmospheric  c o n d i t i o n s  which produce 
a high s l o p e  s e n s i t i v i t y  lead t o  p i c t u r e s  w i t h  r e a d i l y  d i s -  
c e r n i b l e  s u r f a c e  d e t a i l  compared t o  p i c t u r e s  i n  which t h e  s l o p e  
s e n s i t i v i t y  i s  low. 

F igure  3 i l l u s t r a t e s  the d e t e c t i o n  of c r a t e r s  i n  
t h e  Mariner I V  p i c t u r e s .  T h i s  f i g u r e  may be i n t e r p r e t e d  as 
i n d i c a t i n g  t h a t  i n  p i c t u r e s  t a k e n  a t  inc idence  ang le s  of about 
40 degrees ,  t h e  s l o p e  s e n s i t i v i t y  i s  h i g h e r  t h a n  a t  o t h e r  
i nc idence  a n g l e s .  The photometr ic  model p o s t u l a t e d  here 
g i v e s  q u a l i t a t i v e  agreement w i t h  the  r e s u l t s  i n d l c a t e d  i n  
F igure  3 .  Lack of knowledge of  t h e  s u r f a c e  topography, a long 
w i t h  o t h e r  r easons ,  p r e v e n t s  any q u a n t i t a t i v e  comparison. 
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9 

t ton  

the Lambert s u r f a c e ,  which i s  used  i n  t h i s  model, the s l o p e  
s e n s i t i v i t y  does not  depend on the phase angle .  

of the  camera sys tem,  there i s  inadequate  informat ion  p r e s e n t l y  
a v a i l a b l e  t o  account  f o r  the e f f e c t  r e l i a b l y .  For t h i s  s tudy 
the response of the camera i s  assumed t o  be cons t an t  and l i n e a r .  
Under these assumptions,  the camera parameters  do not  e n t e r  
t h e  s l o p e  s e n s i t i v i t y  c a l c u l a t i o n ,  

cons ide r ing  the case  where there i s  no atmosphere,  and then  
by modifying the r e s u l t  t o  account  f o r  t h e  e f f e c t  of the 
atmosphere.  The geometry i s  shown i n  F igure  10. The s l o p e  
S e n s i t i v i t y  w i t h  no atmosphere,  s ( i ) ,  i s  given by 

Although s l o p e  s e n s i t i v i t y  depends on the  response 

The s l o p e  s e n s i t i v i t y  i s  most easi ly  c a l c u l a t e d  by 

where B i s  t h e  s u r f a c e  b r i g h t n e s s  and k t h e  angle  between t h e  
l o c a l  v e r t i c a l  and t h e  normal t o  the s l o p i n g  s u r f a c e .  The 
d e r i v a t i v e  i s  eva lua ted  a t  k=O s i n c e  tha t  r e p r e s e n t s  a f l a t  
s u r f a c e  a t  the l o c a l  area. The d e r i v a t i v e  i s  averaged over  
t h e  az imutha l  angle  w under  t he  assumption t ha t  s lopes  are 
equa l ly  probable  i n  a l l  d i r e c t i o n s .  The a b s o l u t e  value of 
the d e r i v a t i v e  i s  t aken  be fo re  averaging  because,  f o r  t h e  
purpose of s l o p e  d e t e c t f o n ,  b r i g h t n e s s  dec reases  are as u s e f u l  
as b r i g h t n e s s  i n c r e a s e s ,  The  f u n c t i o n  s ( i ) ,  p l o t t e d  i n  Figure 
11, can be de f ined  as the average (over  the az imutha l  a n g l e )  
of the a b s o l u t e  va lue  of the  ra te  of change of t h e  sur’face 
b r i g h t n e s s  as the s u r f a c e  i s  t i l t e d  away from l o c a l  v e r t i c a l .  
Thus s ( i )  i s  a reasonab le  measure of t h e  b r i g h t n e s s  change 
produced by the t e r r a i n  i n  a r eg ion .  Where there are l i m i t s  

i t  decreases  
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t h e  s u r f a c e .  Both of t h e s e  e f f e c t s  reduce t h e  b r igh tness  o f  
t h e  e n t i r e  l o c a l  a r e a  by a cons tan t  f a c t o r ,  and hence a l s o  
reduce t h e  Br igh tness  d f f f e r e n c e  between s u r f a c e s  havfng 
d i f f e r e n t  s l o p e s .  

The change i n  t h e  apparent  b r i g h t n e s s  B of t h e  
s u r f a c e  seen through an  atmosphere i s  given by 

-Who 
dB = Badx = Bsoe dx 

and, 
-a a o c  B = Boe 

where Bo i s  t h e  b r igh tness  if no atmosphere were present  and 

co -h/ho 
- dx dh 

- 
R =I, e dh 

co 

- 
R i s  a f u n c t i o n  of the angle  between t h e  l i n e  of s i g h t  and 
- t h e  l o c a l  v e r t i c a l .  The f u n c t i o n  i s  p l o t t e d  i n  Figure 1 2 .  
Re denotes  the va lue  of E along t h e  l i n e  o f  s i g h t  t o  t h e  
camera. 

S i m i l a r l y ,  t h e  i n t e n s i t y  of t h e  i n c i d e n t  sun l igh t  
may be shown t o  be  

-a E o s  S = Soe 

( 7 )  

( 9 )  

where xs i s  t h e  value of 
So i s  t h e  una t tenuated  i n t e n s i t y  o f  t h e  i n c i d e n t  s o l a r  r a d i a t i o n ,  
and S i s  t h e  value a t  t h e  s u r f a c e .  

t h e  a t t e n u a t i o n  of t h e  s c a t t e r e d  s u n l i g h t  reduce t h e  s lope  
s e n s i t i v i t y  G(i,s), which becomes 

along t h e  l i n e  of s i g h t  t o  t h e  sun, 

Both t h e  a t t e n u a t i o n  o f  t h e  i n c i d e n t  s u n l i g h t  and 
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The f u n c t i o n s  G and s are p l o t t e d  i n  F igure  11 as a f u n c t i o n  
of t h e  inc idence  angle ,  a l though t h e  f u n c t i o n  G depends on 
both  the  inc idence  and emi t tance  a n g l e s .  The inc idence  angle  
was chosen as a convenient  parameter  to s e p a r a t e  t h e  Mariner IT 
p i c t u r e s ,  and at  each  p o i n t  the emi t tance  angle  E was chosen 
i n  agreement w i t h  t h e  t r a j e c t o r y  data. A similar convent ion 
w i l l  be employed i n  t h e  subsequent  f i g u r e s .  

The a d d l t i o n a l  i l l u m i n a t i o n  of t h e  s u r f a c e  produced 
by s u n l i g h t  s c a t t e r e d  from t h e  atmosphere does not  c o n t r i b u t e  
apprec iab ly  t o  the a b i l i t y  to d e t e c t  s l o p e s  and has  not  been 
inc luded  i n  t h e  s l o p e  d e t e c t i o n  c a l c u l a t i o n s .  The s c a t t e r e d  
s u n l i g h t  i s  almost uniform over  t h e  sky  hemisphere,  as seen  
from a p o i n t  on t h e  s u r f a c e  of t h e  p l a n e t ,  and s u r f a c e s  which 
a r e  v e r t i c a l  r e c e i v e  t h e  same i l l u m i n a t i o n  from s c a t t e r e d  
s u n l i g h t  independent  of t h e  d i r e c t i o n  i n  which they  a r e  t i l t e d .  

The s l o p e  s e n s i t i v i t y  does not  depend on t h e  parameter  
bo  nor  on the albedo p o .  I n  t h e  l a t t e r  case ,  t h i s  i s  because 

i s  taken  to be t h e  same cons t an t  i n  a l l  p i c t u r e s ,  and the re -  
PO 

f o r e ,  a s  a m u l t i p l i c a t i v e  f a c t o r ,  i t  does not  a f f e c t  t h e  r e l a t i v e  
p i c t u r e  q u a l i t y .  The parameter  bo a f f e c t s  t h e  b r i g h t n e s s  of 
t h e  atmosphere,  bu t  does not  degrade t h e  s l o p e  s e n s i t i v i t y .  
T h i s  i s  because t h e  a tmospher ic  b r i g h t n e s s  r e p r e s e n t s  a cons tan t  
background and does not  c o n t r i b u t e  to t h e  d i f f e r e n t i a l  b r i g h t -  
nes s  change s = 6 B / 6 k ,  Degradat ion of s l o p e  s e n s i t i v i t y  a r i s e s  
only f rom t h e  e x t i n c t i o n  of l i g h t  by t h e  atmosphere.  

The f u n c t i o n  G ( i , E )  (F igu re  11) has t h e  g e n e r a l  shape 
r e q u i r e d  by t h e  Mariner I V  p i c t u r e s ;  tha t  i s ,  i t  has a maximum 
i n  t h e  c e n t e r  and f a l l s  off a t  e i t h e r  end. T h i s  i s  to be com- 
pared w i t h  t h e  c r a t e r  count curves  i n  F igure  3, which a l s o  peak 
i n  %he middle of  the photo sequence. It i s  not  p o s s i b l e  to 
o b t a i n  q u a n t i t a t i v e  data from Mariner I V  to compare wfth t h i s  
curve,  s i n c e  the a c t u a l  topography i s  unknown. Only the shape 
of t h e  curve i s  impor tan t .  

To o b t a i n  t h e  d e s i r e d  shape,  i t  i s  necessary  to 
choose a moderately t h i c k  atmosphere,  i . e . ,  t h e  product  of 
u and Ti should be about  u n i t y .  Thinner  atmospheres than  
w e  have chosen would no t  provide as much r o l l - o f f  for high 
inc idence  ang le s .  T h i s  i s  i l l u s t r a t e d  by F igure  11 where s ( i ) ,  
which does not  i nc lude  atmospheric  a f f e c t s ,  i n c r e a s e s  mono- 

0 
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t o n i c a l l y  w i t h  i n c r e a s i n g  i l l u m i n a t i o n  ang le ,  i . e . ,  as the  
Mariner p i c t u r e  sequence approaches t he  t e rmina to r .  On t h e  
o t h e r  hand, t o o  t h i c k  an  atmosphere would e n t a i l  such low 
c o n t r a s t ,  r e l a t i v e  t o  t ha t  expec ted  w f t h  no atmosphere,  
tha t  no d e t a i l  a% a l l  would b e  expec ted  i n  the Mariner I V  
p i c t u r e s .  

E. Br ightness  C a l c u l a t i o n s  

The b r i g h t n e s s  c a l c u l a t i o n s  cons ide r  t he  e f f e c t s  
of atmosphere seen  above t h e  l i m b  i n  Mariner p i c t u r e  1 
and the appearance of  t h e  s u r f a c e  I n  p i c t u r e s  1 through 19. 
A major problem i n  the  i n t e r p r e t a t i o n  of the Mariner  IV 
p i c t u r e s  was t h a t  t he  b r i g h t n e s s  v i s i b l e  above t h e  l i m b  i n  
p i c t u r e  1 extended e s s e n t i a l l y  undiminished from the l i m b  t o  
an  a l t i t u d e  o f  a t  l e a s t  150 km. S ince  the  r a t e  of  decrease  
was low, reasonable  e x t r a p o l a t i o n  of  t he  curve would g ive  
rise t o  apprec l ab le  b r i g h t n e s s  a t  large d i s t a n c e s ,  s a y  500 km, 
above t h e  l i m b .  Such an  atmosphere should  b e  d e t e c t a b l e  from 
earth.  A s  there  Ps no ev idence  f o r  such an  atmosphere,  t h e  
model parameters  ho, o o ,  and bo were a d j u s t e d  t o  produce a 
r a p i d  decrease i n  sky  b r i g h t n e s s  beginning  j u s t  above t h e  
r e g i o n  conta ined  i n  Mariner p i c t u r e  1 ( i . e . ,  about 150 k m  
a l t i t u d e ) .  T h i s  decrease  i n  model atmosphere b r i g h t n e s s  
i s  i l l u s t r a t e d  i n  F igu re  13. 

A p h y s i c a l  exp lana t ion  f o r  t h i s  a tmospheric  b r i g h t -  
nes s  p r o f i l e  is t h a t  n e a r  t h e  l i m b ,  t h e  viewer i s  unable  t o  
see a l l  t h e  way through the  atmosphere.  Looking f a r the r  above 
the l i m b ,  t h e  atmosphere becomes t h i n n e r  and t h e  viewer sees 
f a r the r  i n t o  i t ,  b u t  s t i l l  no t  a l l  the  way through.  Because 
of t h i s  t h e  b r i g h t n e s s  changes very  l i t t l e  as a f u n c t i o n  of' 
a l t i t u d e  above the l i m b  f o r  a l t i t u d e s  less t h a n  150 k m .  How- 
eve r ,  once t h e  d e n s i t y  decreases  s o  that t h e  viewer can see 
completely through t h e  atmosphere (ooRr\ll), t hen  t h e  apparent  
b r i g h t n e s s  of  the  atmosphere w i l l  decrease  r a p i d l y  a t  a r a t e  
commensurate w i t h  t he  s c a l e  h e i g h t ,  ho,  

i n t o  account  s i n g l e  b u t  no t  m u l t i p l e  s c a t t e r i n g .  That i s ,  each 
volume element was assumed t o  be i l l u m i n a t e d  w i t h  s u n l i g h t  
a t t e n u a t e d  i n  pas s ing  through t h e  atmosphere.  The i l l u m i n a t i o n  
of the volume element  produced by s c a t t e r e d  s u n l l g h t  was ignored .  
The a t t e n u a t l o n  of t h e  l l g h t  between the  volume element and the 
camera was t a k e n  i n t o  account .  

The c a l c u l a t i o n s  of the  atmospheric  b r i g h t n e s s  took 

F igure  1 3  i l l u s t r a t e s  r e s u l t s  of  t he  c a l c u l a t i o n s .  
The s e l e c t i o n  of  o o  and ho was made t o  e x p l a i n  t he  s l o p e  
s e n s i t i v i t y  data ( i . e . ,  t h e  p i c t u r e s  i n  t h e  middle of t h e  
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sequence appear  c learer)  and the atmospheric  p r o f i l e  ( i . e . ,  
t h e  shape of t h e  curve f o r  b r igh tness  v s .  a l t i t u d e  above t h e  
l imb) .  The parameter  b a d j u s t s  the ampl i tude  of  the  atmo- 
s p h e r i c  b r i g h t n e s s .  
t h a t  t h e  atmosphere cxtended t o  t he  Mars s u r f a c e .  The data 
i n d i c a t e d  t ha t  the th i ckness  of t he  atmosphere looking  tangent  
t o  t h e  l i m b  was s o  g r e a t  tha t  t he  l i m b  could no t  be seen.  The 
d i s c o n t i n u i t y  i n  b r i g h t n e s s  at  t h e  l i m b  i s  an  e s s e n t i a l  f e a t u r e  
of t h e  model, s i n c e  the  l i m b  i s  r e a d i l y  apparent  even i n  t h e  
unenhanced Mariner  p i c t u r e s .  This  requirement  l e d  d i r e c t l y  t o  
t he  s e l e c t i o n  of a low a l t i t u d e  c u t o f f ,  hcO, below which t h e  
atmosphere i s  t r a n s p a r e n t .  T h i s  produced t h e  d e s i r e d  shape 
for the b r i g h t n e s s  p r o f i l e  below t h e  hor izon  i n  F igure  13 ,  and 
t h e  va lue  of  p o  ( a lbedo)  was s e l e c t e d  t o  provide  a l i m b  b r igh t -  

0 
I n i t i a l l y  r e s u l t s  were computed assuming 

ness  d i s c o n t i n u i t y  and gene ra l  s u r f a c e  b r igh tness  comparable t o  
F igure  5.  

The n e c e s s i t y  o f  i n t roduc ing  a c u t o f f  a l t i t u d e  hco 

was fo rced  by t h e  requirement  t o  expose the l i m b  o f  t h e  p l a n e t .  
The r e s u l t i n g  model atmosphere i s  one i n  which t h e  l i g h t  sca t -  
t e r i n g  elements  are concent ra ted  between about 50 km and 200 
k m  above the  s u r f a c e  ( i . e . ,  w i t h i n  a s h e l l  which i s  2 scale  
h e i g h t s  t h i c k ) .  There may be some p h y s i c a l  s i g n i f i c a n c e  t o  
t h i s  model i n  t he  fo l lowing  sense .  Meteoroids e n t e r i n g  t h e  
e a r t h ' s  atmosphere break up a t  a l t i t u d e s  around 100  km, pro- 
v id ing  a source  of  l i g h t  s c a t t e r i n g  material. Noct i lucent  
c louds  have been observed a t  about  t he  same reg ion  i n  t h e  
ear th ' s  atmosphere, demonst ra t ing  t h e  e x i s t e n c e  of  l i g h t  s c a t -  
t e r i n g  sources  concent ra ted  a t  high a l t i t u d e s .  It i s  q u i t e  
p o s s i b l e  t h a t  such mechanisms could  be  e f f e c t i v e  a t  Mars, ana 
i f  so ,  comparable a l t i t u d e s  might b e  expected.  F igu re  1 4  com- 
pares the  d e n s i t y  o f  the  e a r t h ' s  atmosphere w i t h  s e v e r a l  
p o s s i b l e  models of t h e  gaseous atmosphere proposed f o r  Mars. 
The Mars models b racke t  the  ear th ' s  d e n s i t y  i n  t h e  reg ion  
around 100 k m .  

F igu re  15 i l l u s t r a t e s  t h e  i l l u m i n a t i o n  l e v e l  a t  t h e  
Mart ian s u r f a c e  as a f u n c t i o n  of t h e  inc idence  ang le .  A s  ex-  
pec ted  the  atmosphere reduces  the i l l u m i n a t i o n  due t o  d i r e c t  
s u n l i g h t ,  w h i l e  t he  s c a t t e r e d  l i g h t ,  or s k y l i g h t ,  p rovides  some 
i l l u m i n a t i o n  of  t h e  s u r f a c e  beyond the  p o i n t  which would have 
been t h e  t e rmina to r  i n  the case  of no atmosphere ( i . e . ,  where 
the  inc idence  ang le  equa l s  9 0 " ) .  

Model c a l c u l a t i o n s  f o r  the s u r f a c e  b r igh tness  a t  t he  
c e n t e r  of t he  Mariner I V  p i c t u r e s  are shown i n  Figure  16 ,  
t o g e t h e r  w i t h  t he  c o n t r i b u t i o n  t o  t h e  apparent  b r igh tness  due 
t o  the atmosphere.  These p o i n t s  have been c a l c u l a t e d  for a 
cons tan t  a lbedo  po, so tha t  t he  d i p  i n  t h e  b r i g h t n e s s  curve i n  
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t h e  Mariner I V  data (see F igure  4 )  caused by the dark su r face  
areas i s  no t  i nc luded ,  The b r i g h t n e s s  d i f f e r e n c e  between t h e  
c a l c u l a t e d  curve and the  atmospheric  c o n t r i b u t i o n  i s  propor- 
t i o n a l  t o  t h e  s u r f a c e  a lbedo ,  

The a lbedo  was chosen to g ive  reasonable  agreement 
w i t h  Mariner I V  b r i g h t n e s s  data. A s i n g l e  va lue  produces 
q u a n t i t a t i v e  agreement a t  t h e  l i m b ,  as mentioned p rev ious ly ,  
( s p e c i f i c a l l y ,  t h e  magnitude of  t h e  d i s c o n t i n u i t y )  and a t  
t h e  c e n t e r  of each  of t h e  Mariner I V p i c t u r e s ,  t o  an  accuracy 
of about  10%. However, t h e  s u r f a c e  a lbedo  i s  s i g n i f i c a n t l y  
h ighe r  t han  tha t  of the moon, and it i n d i c a t e s  an  excep t iona l ly  
e f f i c i e n t  r e f l e c t i n g  s u r f a c e .  

A s  S e c t i o n  I1 has r a i s e d  the  p o s s i b i l i t y  of  a 
s i g n i f i c a n t  amount o f  g l a r e  i n  Mariner p i c t u r e  1, model compu- 
t a t i o n s  were made f o r  a case  where t h e  a tmospher ic  s c a t t e r i n g  
c o e f f i c i e n t  bo was reduced by a f a c t o r  of 1 0 ,  whi le  r e t a i n i n g  
t h e  o t h e r  parameters cons t an t .  The r e s u l t i n g  b r igh tness  p r o f i l e  
which would be  deduced f o r  Mariner  p i c t u r e  1 i s  shown i n  Figure 
1 7 .  A s  expec ted ,  t h e  b r i g h t n e s s  of  t he  atmosphere decreased 
by  an o r d e r  of magnitude. F igure  18  i l l u s t r a t e s  t h e  c a l c u l a t e d  
b r i g h t n e s s  vs .  inc idence  ang le  ( o r  p i c t u r e  number) at  the  c e n t e r s  
of t h e  Mariner p i c t u r e s  f o r  the  same c a s e .  The c r i t i c a l  fea- 
t u r e s  of  t h e  Mariner I V  data are maintained i n  t h i s  model,  
i nc lud ing  t h e  b r i g h t n e s s  d i s c o n t i n u i t y  a t  t h e  l i m b  and t h e  f a l l  
o f f  i n  p i c t u r e  b r i g h t n e s s  w i t h  i n c r e a s i n g  inc idence  ang le .  The  
b r i g h t n e s s  of t he  atmosphere 50 k m  above t h e  l i m b  was about 70% 
of  t he  b r i g h t n e s s  at  the  c e n t e r  of  p i c t u r e  1 i n  F igure  1 6 .  T h i s  
i s  reduced t o  about  15% i n  F igu re  1 8 ,  i . e . ,  t h e  haze above t h e  
l i m b  appears  less b r i g h t  compared to t h e  s u r f a c e .  The s lope  
s e n s i t i v i t y  c a l c u l a t i o n  does no t  depend on bo  and t h e r e f o r e  
remains t h e  same f o r  t h i s  choice of parameters. 

There i s  ex tens ive  freedom w i t h i n  t h e  model t o  a d j u s t  
parameter  va lues  and f u n c t i o n a l  forms to make t h e  f i t  t o  t h e  
Mariner I V  data even more p r e c i s e .  The choice of a Lambert 
su r f ace  and an  exponen t i a l  d e n s i t y  p r o f i l e  f o r  the atmosphere 
are a r b i t r a r y ,  and t h e r e  i s  cons iderable  freedom i n  t h e  choice 
of parameters d e s c r i b i n g  the  atmosphere. 

The purpose of t h e  model i s  t o  demonstrate  t ha t  a l l  
of t h e  r e l e v a n t  photometr ic  data obta ined  from Mariner I V  can 
by expla ined  by a s i n g l e  photometr ic  model, which inc ludes  a 
haze atmosphere,  T h i s  model i s  s u f f i c i e n t l y  accu ra t e  t h a t  i t  
appears  j u s t i f i e d  t o  use the model t o  p r e d i c t  t he  photometr ic  
behavior  o f  Mars i n  geometr ic  conf igu ra t ions  not  photographed 
by Mariner I V .  

T h i s  model i s  wholly dependent on Mariner I V  da ta ,  
and any ad jus tment  of t h a t  data would b e  r e f l e c t e d  i n  changes 
i n  t h e  parameters  of t h e  model. 
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I V  . Appl ica t fons  f o r  Fu tu re  Missions 

A. Mariner  '69  Flyby 

Both far-  and near-encounter  limb photography on 
the 1969 Mariner  Mars f l y b y  miss ton  should  provfde an  impor tan t  
check on the  va1td i t .y  o f  the Mariner  I V  data, and hence on the 
foundat ions  for t he  haze model, F u l l  p l a n e t  fa r -encounter  
photography a t  r e l a t i v e l y  small phase ang le s  ( % 3 0 ° )  w i l l  ex- 
pose e s s e n t i a l l y  half the  c i rcumference  of  t h e  p l a n e t  d i s k  to 
a s e a r c h  f o r  a tmospher ic  haze .  A t  a r e s o l u t i o n  of  about  30 
km/line p a i r  t h i s  data should  be adequate  t o  de te rmine  whether 
any haze phenomenon of the magnitude apparent  i n  t he  f i rs t  
Mariner I V  p i c t u r e  e x i s t s .  

Higher r e s o l u t i o n  l i m b  photography could  be  obta ined  
du r ing  t h e  near-encounter  photographic  sequence.  I f  t he  haze 
e f f e c t  i s  confirmed, t he  sequence of f u l l  p l a n e t  photography 
w i l l  p rovide  ev idence  of i t s  s p a t i a l  and tempora l  v a r i a t i o n s .  

B.  Mariner  '71 O r b i t e r  

One o f  t h e  o b j e c t i v e s  of  t he  ' 7 1  imagery experiment 
i s  to sea rch  f o r  tempora l  changes i n  t h e  s u r f a c e  p r o p e r t i e s  
of  Mars. I n  p a r t i c u l a r ,  t h e  wave of  s e a s o n a l  darkening  w i l l  
b e  i n v e s t i g a t e d ,  l a r g e l y  by s e a r c h i n g  f o r  a lbedo  changes i n  
photographs o f  t h e  same s u r f a c e  areas t aken  a t  d i f f e r e n t  times. 
If t he  ' 6 9  data confirms tha t  t he  haze  model desc r ibed  here i s  
s u b s t a n t i a l l y  c o r r e c t ,  t h e r e  are impor tan t  consequences bear ing  
on the success  o f  t he  ' 7 1  imagery experiment .  

I n  p a r t i c u l a r ,  t h e  model p r e d i c t s  an  atmospheric  
c o n t r i b u t i o n  of about  25% t o  t h e  scene b r i g h t n e s s  over  an  
average  mare 50° from t h e  t e r m i n a t o r ,  i n c r e a s i n g  to a con- 
t r i b u t i o n  g r e a t e r  t han  t h a t  from t h e  s u r f a c e  l o o  from the  
t e rmina to r .  T h i s  1Oo-5O0 i n t e r v a l  i s  approximately t h e  range 
a t  which t h e  swaths of p e r i a p s i s  photography w i l l  be acqui red  
on t h e  1 9 7 1  o r b i t e r  miss ion .  Furthermore,  over  t h i s  range  
of ang le s ,  a 20% change i n  haze b r i g h t n e s s  would appear  as 
a t  l e a s t  a 5% change i n  apparent  s u r f a c e  a lbedo .  While 
temporal  and s p a t i a l  v a r i a t i o n s  i n  t h e  haze c o n t r i b u t i o n  
are completely unknown a t  t h i s  t i m e ,  t h i s  magnitude of 
change may w e l l  b e  induced m e r e l y  b y  t h e  vary ing  sun/camera 
geometry which i s  r e q u i r e d  t o  r e p e a t e d l y  photograph the  
same s u r f a c e  areas throughout  t h e  o r b i t a l  mi s s ion .  It would 
seem t h a t  a 5% s u r f a c e  a lbedo  change would be impor tan t  t o  
an  i n v e s t i g a t i o n  of t h e  wave of darkening ,  cons ide r ing  t h a t  
a 50% i n c r e a s e  i n  a lbedowould  make a mare as b r i g h t  as a 
d e s e r t .  
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tion to the o 

background. Second is photography of the termina 
just beyond the area of surface photographs to ex 
illuminated haze against the dark planet surface. And third 
is a series of full planet photographs on approach 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 pictures 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. 

Mariner pictures 
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3. Perhaps t 

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 is an optical sensor separate from the vidicon system 
which responds to integral scene brightness). The amount o f  
sky brightness reported would be sufficient to cause the f i r s t  
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 is that the apparent sky brightness is glare in the camera 
system. This possibility was investigated by JPL with the 
conclusion that, in the laboratory, they could not find a 
reasonable mechanism f o r  producing the observed 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. It was 
concluded that the NAMG problem would remain 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 is 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 

re. Values chosen for the 
cient effectively produced 
tness above 150 
is related to th 

ic scattering coefficient 
middle of the picture sequence. 

ess above the 
a cutoff altitude 
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(50 km) below which the density of light sc 
was zero in order to make the limb of the p 
A single surface albedo of 0.5 produ 
discontinuity at the limb and the de 
decreasing picture brightness as the 
the terminator. The shape of this latter fu 
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 
is the high surface normal albedo. An obvious step in contin- 
uing this work is t o  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 is a haze component in the atmosphere. This haze 
has the effect of degrading the surface contrast and making the 
atmosphere visible above the limb 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 ‘ 6 9  far-and near-encounter photography should 
provide  a d e f i n i t i v e  check on the v a l i d i t y  of t he  haze model 
f o r  t h e  Mars atmosphere. 

PLC 
1014-ENS-mao 

WBT 

d d A .  J+”q 
W .  B.  Thompson 



BELLCOMM, INC. 

REFERENCES 

1. "A Low Resolution Photometric Map of Mars", G. de Vaucouleurs, 
Icarus 7, 1967. 

2. "Number Density of Martian Craters", A. Marcus, Belleomm 
Technical Report # TR-68-710-1, January 29, 1968. 

3. Mariner IV Pictures of Mars, R. Leighton et al., JPL 
Technical Report #32-884 , December 15, 1967. 

4. Mariner Mars 1964 Project Report: Mission and Spacecraft 
Development, Volume 1, JPL Technical Report #32-740, 
March 1, 1965 

5. Planets and Satellites, Edited by G. Kuiper and B. Middlehurst, 
University of Chicago Press, 1961, p. 326. 

6. A. Herriman, Jet Propulsion Laboratory, Personal Communication. 



I 40 

I20 

ip0 CRATERS 
TOTAL COUNT 

MARCUS 80 

- - -- - LEIGHTON 60 

40 

rn ( BELLCOMM) 

(JW 

20 

0 

CENTRAL PEAKS 

MARCUS m ( BELLCOMM) 

- - - - -  LEIGHTON 

(JPL) 

5 4 6  9&10 1 1 & / 2  13&l4 15&16 17&18 

FRAME NUMBERS 

3 & 4  5 & 6  7 & 8  9&10 11&12 13&14 15&16 17&13 

FRAME NUMBERS 

FIGURE I - FEATURES COUNTED I N  MARINER I V  PICTURES 

I 

MARCUS-BELLCOM TR-68-7 IO- 1 
LE I GHTON - JPL TR-32-884 



CRATER COURT 
Dc:8KM 

40 

30 

20 

10 

3&4 5&6 7&8 9&10 llL12 13&14 15&16 17&18 

CRATER COUE4T 
8< D< 32KM 

FRAME NUMBERS 

80 I 1 

60 

49 

20 

3&4 5&6 7 & 8  9&10 1 1 & 1 2  
FRAME NUMBERS 

- 
3&14 15&16 17&18 

CRATER COUNT 30 
D> 32KM 

20 

IO 

3 & 4  5 & 6  7 & 8  9&10 118112 13&1U 15L16 17&18 

FRAME NUMBERS 

FIGURE 2 - CRATERS COUNTED I N  MARINER i V  PICTURES 

DATA FROM MARCUS-BELLCW TR-68-7 IO- 1 



3 

REGION OF 
NEARLY CONSTANT E 

2 2 O  f: 2 O  - 

-NUMBER OF CRATERS DETECTED 
PER PA1 R - JPL-TR-32.884 

-COUNT BY A. MARCUS - BELLCOMM 

3&l4 

I I I I 

20 60 80 

i -ANGLE OF I NC I DENCE, DEGREES 6 

FIGURE 3 - CRATER DETECTION I N  MARINER IV PICTURES 



n 
0 

W 
CL 

- 
I- 3 O 
z 5 

z: U 

(0 

X 
- 

3 
x) 

D 
yc 

D 
W 

n 
in 
W 
W e 
CI 
W 

w 
-I 
CI z 

W 
0 z w 

0 
% 

a 

9 2  
- 

a 

R 

0 
I 



0 
0 
N 

0 0 
v) 0 I 

0 z 

0 
0 * 

0 

Zv3 CL 

W 
I- 
W 
5 
0 
d - 

o x  - z" 0 

0 
N 
CL 
0 
I 

W 

- 

s g  
U 

w 
n 
=4 
I- 

- 

- 
!i 
4 

0 

0 
0 

I 
- 

0 
0 

I 

0 0 
v) 



I I I I I - 50 0 50 IO0 I50 200 250 
M I N I MUM I LLUM I NATED ALT 1 TUDE, K I LOMETERS 

FIGURE 6 - MEASURED BRIGHTNESS VS. MINIMUM ILLUMINATED 
ALTITUDE I N  THE ATMOSPHERE 



P \ 
\ 

.. .. .. 
0 0 0  
0 0 0  



0 
0 
e4 

0 
0 



20 

15 

h 

H 
v 

W 
CI 
3 
I- 

I- -I 
U 

- 

IO 

5 

I 

F 

ho = 75 KH 

RELATIVE DENSITY 

GURE 9 DENSITY PROFILE OF SCATTERS SHOWING THE EXTRAPOLATED DENSITY do 

THE SCATTER I NG COEFF I C  I ENT b ARE PROPORTI ONAL TO THE DENS I TY 
AND THE CUTOFF ALTITUDE hco* THE EXTINCTION COEFFICIENT 0 AND 



Z (LOCAL VERTICAL) 

X 

F I GURE IO - GEOMETRY FOR SLOPE SENS IT1 V ITY 



I * '  

0. 

0. 

0. 

0. 

0. 

0 .  

0. 

0. 

0. 

- / h, = 75 KM 

I I I I I I I I 

IO 20 30 40 50 60 70 80 90 

INCIDENCE ANGLE ( i ) 
FIGURE I I  - SLOPE S E N S I T I V I T Y  - LAMBERT SURFACE 



ho = 75 YM 
h c o  = 50 KM - 
h c o  = 0 --- 

e ,  DEGREES 

FIGURE 12 .. THE QUANTITY R AS A FUNCTION OF 6 



8 
N 

0 
0 

0‘ 
u) -. - 

sawn I ii I w ‘ S S ~ N I H ~  I NI 

0 
2 

0 
3 

8 
0 

0 
0 
N 

0 
2 

0 

0 
0 

I 
- 

0 

I 
8 

1 

V) 
CIC 
W + 
W 

4 
Y 

z 
0 
N 
pc 
0 
I 
W > 
0 

4 
W 

3 
I- 

x - 
h 

- 

m 

n 
- 
!I 
4 

I 



250 

200 

i 50 

n 

5 
u 

W 

z 
I- 

t- 
-I 
4 

n 

- 

IO0 

50 

0 

DENSITY (GM C W 3 )  

FIGURE 14 - DENSITY PROFILE I N  THE EARTH AND MARTIAN ATMOSPHERES 



h, = 75 KM 
I 

0, = - 
100 KM 

bo = .6 Uo 
hco = 50 KM 

SUN ANGLE, DEGREES 

FIGURE 15 - ILLUMINATION OF THE MARTIAN SURFACE REALTIVE TO THE ILLUMINATION OF A SURFACE 
OUTSIDE THE ATMOSPHERE AND NORMAL TO THE INCIDENT SUNLIGHT. THE COSINE CURVE 
GIVES THE ILLUMINATION OF THE PLANETARY SURFACE I F  THERE IS NO ATMOSPHERE 

0 



/ I 7 1  I 

/ I 
I 
I 
I 
I 
I 
f 
I 
I 
I 

- k -  
(ICU I 

" I  
& I  0 

I 
I 
I 
I 
I 
I 
I 
I 
I 
/ 

-4 

hl. 

0 
a, 

0 
a0 

0 
b 

0 
=f 

0 
c-? 

0 
N 

0 - 

Q 

v) 
w 
W 
(IC 
W w 
n 
h 

W 
-I 
W z 
U 

w 
0 z 
W 

0 
n 

f 
- 
z 
23 
v) 

0 0 ro 



s8wvi I ii I w ‘SS~NIHC) I 89 

m 
er 
W 

L 
25 
A 
Y 

z 
0 
N 

er 
0 
E 

W 
> 
0 

Q 

W 
CI 
3 
I- 
I- 
A 
Q 

- 
h 

- 

ai 

- 



I I  I1 f l  II II 
0 

0 0  
r c boao 

I 
1 
I 
I 
I 
I 
I 
5 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
t 
I 
I 
I 
I 
t 

0 
a, 

0 
b 

0 
(D 

0 
m 

s 

0 
c3 

0 
N 

0 
c 

0 

v) w 
w e a 
W n 

L 

w 
A a 
4 

W o z 
W e 
0 z 

z 

a 

- 

2 

S8WVlllllW ‘ S S 3 N l H S l l J ~  



BELLCOMM, INC. 

DISTRIBUTION LIST 

NASA Headquarters 
Messrs. R. J. AllenbgIMAL 

W. P . Armstrbng/MTX 
W. E. Brunk/SL 
R. P. Bryson/MAL 
N. W. Cunningham/SL 
F. P. Dixon/MTY 
S. E. Dwornik/SL 
R. F. Fellows/SL 
E. W. Glahn/SL 
E. W. Hall/MTG 
D. P. Hearth/SL 
W. Jakobowski, SL 
T. A. Keegan/MA-2 
R. S. Kraemer/SL 
U. Liddel/SS 
D. R. Lord/MTD 
M. A. Mitz/SL 
M. W. Molloy/MAL 
D. G. Rea/SL 
G. Reiff/SL 
A. D. Schnyer/MTV 
A. T. Strickland/MAL 
J. W. Wild/MTE 
V. R. Wilmarth/MAL 

Ames Research Center 
D. Gault/SSP 
L. Roberts/M ( 2 )  

California Institute 
of Technology 

D. L. Anderson 
N. W. Horowitz 
R. €3. Leighton 
B. C. Murray 
R. P. Sharp 

Goddard Space Flight Center 
I. Adler/64l 

Jet Propulsion Laboratory 
J. D. Allen/323 
A. G. Herriman/32 
D. Schneiderman/251 
H. M. Schurmeier/241 
€3. K. Sloan/323 

Langley Research Center 
Messrs. C. Broomz/l% 

J, S. Martin/2QO 
I. Taback/l59 
T. Young/l59 

Manned Spacecraft Center 
W. N. Hess/TA 

Massachusetts Institute 
of Technology 

J. Beckerly 
T. McCord 
F. Press 

Bellcomm Inc. 
F. G. Allen 
G. M. Anderson 
A. P. Boysen, Jr. 
D. A. Chisholm 
D. A. DeGraaf 
J. P. Downs 
R. E. Gradle 
D. R. Hagner 
P. L.. Havenstein 
N. W. Hinners 
B. T. Howard 
D. B. James 
J. Kranton 
H. S. London 
K. E. Martersteck 
R. K. McFarland 
J. Z. Menard 
G. T. Orrok 
T. L. Powers 
I. M. Ross 
F. N; Schmidt , 

W. B. Thompson 
C. C. Tiffany 
J. W. Timko 
J. M. Tschirgi 
R. L. Wagner 
J. E. Waldo 

All members, Division 101 
Central Files 
Department 1023 
Library 


