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The Mariner 7 ultraviolet spectrometer observed the south polar cap of Mars. The 
near ultraviolet polar spectrum shows the predominance of surface reflection over 
atmospheric scattering. The intensity of the reflected radiation, I, decreased 
steeply for a change in solar elevation of only about 10”. Neither a haze layer nor 
ground inhomogeneity is considered a likely explanation for this observation. An 
unusual photometric function of the surface is more probable. 

An analysis of intensity as a function of the incidence and emission angles (i and 
E) was made, assuming a photometric function of the form I - cos~ico&lr 
(Minnaert’s law) for the surface. Eight model atmospheres, based on information 
previously known for Mars or from the Mariner 6 and 7 missions, were used to 
correct for scattering and attenuation effects. The angular inversion revealed a 
rather high value of about 3 for k. This result is interpreted to mean that the surface 
reflection is strongly specular as from an icy or glazed surface. 

Applying the principle of least variation of the k value with wavelength, it was 
learned that the atmosphere over the polar region was not as turbid as that over 
the deserts; and that the ozone, discovered from spectral inversion of the same 
data, is either low in the atmosphere or trapped in the polar cap. 

An hypothesis is advanced to explain the observed phenomena and associated 
polar features. 

I. INTRODUCTION concluded that the ultraviolet reflectivity 

In 1969 the Mariner 6 and 7 spacecraft of the Martian deserts is low and atmos- 

flew past Mars while instruments aboard pheric scattering predominates over sur- 

viewed the planet at a resolution and face reflection in these areas. They at- 

observational geometry never before pos- tributed the excess scattering to the 

sible. The ultraviolet spectrometer experi- presence of particulate matter, whose 

ment and some of its results have been diameters are small compared with the 

reported elsewhere : instrumentation wavelength. 

(Pearce et al., 1971), upper atmosphere The ultraviolet spectrum of the Mars 
(Barth et al., 1969,1971a), and topography P olar cap is much more intense than that 
and polar cap (Barth and Hord, 1971; of the desert; a factor of three at 29OOA 
Hord, 1971). This paper reports results and two at 25OOA. Barth and Hord 
for the photometric function and rough- concluded that the ultraviolet reflectivity 
ness of the south polar cap surface. of the polar cap is high. A broad absorption 

Barth and Hord analyzed ultraviolet feature centered at 255O.k was observed 
spectra of the desert regions of Mars and in the reflectance spectrum, and this was 
found the intensity of the reflected radia- explained in terms of Hartley band absorp- 
tion to be about three times greater than tion by ozone. 
that scattered from a pure 6.6mb carbon If the ozone is in the atmosphere, the 
dioxide atmosphere. It was also learned amount needed to produce the observed 
that the reflectance increases monotonic- feature was calculated to be 1 x 10-3cm- 
ally with decreasing wavelength. They atm. Laboratory experiments by Broida 
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et al. (1970) indicate tha t  ozone may be 
trapped in solid carbon dioxide. 

In addition to the spectral shape or 
wavelength dependence of the reflectance, 
the variation of the intensity of the re- 
flected radiation with incidence and emis- 
sion angles is available for analysis. The 
reflectance spectrum of the Mars south 
polar cap differs from its desert counterpart 
in that  light reflected from the surface 
predominates. The observed contrast is 
still noticeable down to 2200A. Spatial 
intensity variations observed by the ultra- 

violet spectrometer correlate well with 
surface features of the same region in the 
television pictures. This makes it possible 
to obtain a photometric function of the 
polar cap using the angular dependence of 
the data. Knowing the photometric func- 
tion, we can deduce some information on 
the roughness of the polar cap surface. 

II. DATA 

The region scanned by the ultraviolet 
spectrometer is shown on a polar projection 

FIO. 1. Map of Mars south polar region. Hatched portion is area observed by Mariner 7 ultra- 
violet spectrometer. 
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map of Mars prepared from Mariner 7 
television pictures. The area of interest is 
shown in Fig. 1. The area covered by an 
individual spectrum var ies  from about 
300 × 30km at the top to about 200 × 20 
km at the bottom. Such an area is repre- 
sented approximately by the length and 
width of a hatch mark. Hatch marks indi- 
cate the locations of the first, 5th, l l th,  
20th, 27th, and 33rd spectrum. The latitude 
and longitude of the area scanned varied 
from -66.0 ° to -74.0 ° and 7.3°W to 
335.4°W (through 0 °) respectively. The 
incidence angle ranged from 56.9 ° to 66.5 ° , 
and the emission angle from 41.3 ° to 39.4 ° . 
The Sun's azimuth changed from 5.4°E 
to 26.9°W (through North). The azimuth of 
observation varied from 53.4W to 75.9W, 
or 58.8°W to 49.0°W from the Sun's 
azimuth. The phase angle remained con- 
stant  at 46.3 ° throughout the time of 
observation. 

Thirty-seven contiguous polar cap spec- 
tra were studied. Twelve wavelength 
intervals, centered at 2200, 2240, 2320, 
2430, 2500, 2550, 2580, 2655, 2700, 2800, 
2850, and 2885 A, were selected for analysis. 
Data above 2885 A were off-scale and thus 
not available. The data were smoothed by 
taking averages over three sample numbers 
(SN) (1 SN ~ 4.3 A). Detailed descriptions 
of the data and their reduction together 
with averages of individual spectra are 
given in a separate report (Barth et al., 
1971b). 

How the intensity, observed at  a par- 
ticular wavelength, varies during the 
course of the polar viewing can be seen in 
Fig. 2. The open circles represent data 
points taken at  2800J~ at three-second 
intervals. The direction of increasing time 
is from right to left. The quanti ty plotted 
along the y-axis is the product of the 
cosine of the emission angle and the 
intensity (in units of net solar flux outside 
the Martian atmosphere, F). The product 
of the cosine of the emission angle and the 
cosine of the incidence angle is plotted 
along the x-axis. Since the emission angle 
changed very little during the course of 
observation, the scattergram shows 
essentially the variation of intensity with 
the cosine of the incidence angle. The 

intensity change is primarily an effect due 
to decreasing solar elevation, barring the 
possibilities of ground inhomogeneity. 

The magnitude of this intensity change 
is considerable. The intensity decreases 
from 0.246 to 0.0979 (~rE = 1). This is a 
change of about 60%, a rather large de- 
crease for a Sun angle variation of only 
9.6 ° at moderate solar elevations. Remark- 
able darkening at the south polar cap was 
also seen near both the limb and terminator 
in far-encounter television pictures (Leigh- 
ton et al., 1969). I t  is possible that  the 
phenomenon seen in the ultraviolet and 
the visible regions of the spectrum have a 
common cause. The south polar cap shad- 
ing is most likely an effect due to near 
grazing angles of observation or a sunset 
effect, and not due to surface inhomogene- 
ity, since it is seen only near the limb and 
terminator. Sharp et al. (1971) account for 
this darkening in terms of a haze, while 
Leovy et al. (1971) suggest that  it is due to 
a photometric function of the surface. 
Unfortunately, the ultraviolet spectrom- 
eter scanned only in the vicinity of the 
terminator and not the limb of the polar 
cap, and thus we are unable to make a 
symmetrical comparison. 

Possible explanations of the steep in- 
tensity change observed in the ultraviolet 
also include the presence of haze over the 
polar region and an unusual photometric 
behavior of the cap itself. We cannot dis- 
criminate between these two possibilities 
on the basis of photometric data alone. 
However, we have additional information 
in the form of spectral data. 

Let us examine the gross rate of de- 
crease of the uncorrected intensity with 
the cosine of the incidence angle in different 
wavelength intervals. This rate is equal to 
the slope of the straight line of best fit 
through the data points, determined by 
standard regression methods. This slope 
has the values of 2.27, 2.44, 2.20, 2.58, 
2.51, 2.74, 2.94, 3.12, 3.12, 2.84, 3.01, and 
3.10 for the twelve spectral intervals 
stated, in order of increasing wavelength. 
An examination of this set of numbers 
shows an increase with increasing wave- 
length. From this, we conclude that  ff a 
haze layer is responsible for the intensity 
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FIG. 2. T h e  u p p e r  g r a p h  s h o w s  t h e  v a r i a t i o n  o f  t h e  p r o d u c t  o f  t h e  i n t e n s i t y  ( a t  2 8 0 0 / ~ )  w i t h  
os  • vs .  c o s i c o s  ~. T h e  l o w e r  g r a p h  s h o w s  t h e  c o r r e c t i o n  f a c t o r  vs .  c o s i c o s  •. 

decrease with increasing optical air mass, 
then attenuation of the incident and re- 
flected rays alone cannot produce the spec- 
tral effect observed. The extinction cross 
section of particles capable of suspension 
in the tenuous Martian atmosphere would, 
in general, be increasing (or at most 
constant) with decreasing wavelength. 
This is incompatible with the observations. 
We will consider the possibility of a haze 
layer again in the next section taking into 
account both attenuation and scattering. 
An alternate explanation of an anomalous 
photometric function will be derived from 
an analysis of the data in the next section. 
We will now consider the problem of sur- 
face inhomogeneity. 

Two types of surface inhomogeneity can 

influence the variation of the reflected 
intensity. These are changes in the degree 
of ice coverage with latitude and with 
orientation of topographic slopes. The 
more completely the condensate covers 
the ground, the higher the surface albedo 
should be. 

First, the most likely surface albedo 
variation would be an increase with de- 
creasing latitude, because the thickness of 
the cap should increase poleward. The 
effect of such surface inhomogeneity is to 
decrease the slope of our intensity curve. 
I f  this effect exists the true slope would be 
greater than that  found from our analysis. 

The surface albedo does not increase 
indefinitely with snow depth. Extensive 
airborne observations of albedo of farm 
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and  forest  land on E a r t h  show tha t  it  
increases rapidly  wi th  increasing snow 
d e p t h  up  to  about  13 cm (Kung et al.,  1964). 
Accumula t ion  of  snow beyond  this l imit 
does no t  significantly increase the  albedo 
fur ther .  The surface albedo m a y  be con- 
sidered approx imate ly  homogeneous once 
the snow dep th  passes this point.  A limit 
of  10cm m a y  be considered as reasonable 
for  the Mars polar region since rocks, gravel 
and  sand (likely const i tuents  of  Mart ian 
ground)  are easier to cover than  forest  land. 

Sharp et al. (1971) observed t ha t  the  
coverage in the  Mars polar  cap interior  
(lati tude less t ha n  -60 .5  ° ) is essentially 
continuous.  The y  es t imated  the cap thick- 
ness to  be at  least tens of  meters  in the area 
o f  the  "e lephan t ' s  foo tp r in t "  in television 
pic ture  7N14. This picture is nested in the  
area seen in our  nor the rnmos t  spectra  
( lat i tude less t ha n  -66°) .  F r o m  these 
results it  is reasonable to  assume tha t  most  
of the ground cover in this area and south  
of  i t  a t ta ins  a t  least 10 cm thickness. Thus,  
we will assume t ha t  the  albedo of the polar 
cap surface is approx imate ly  homogeneous 
wi th  lat i tude,  when averaged over  an area 
seen in a single spectrum. 

I f  the  surface albedo does change wi th  
slope or ienta t ion it  should increase as the 
az imuth  of  the  slope varies f rom 0 ° 
(north-facing) to 180 ° (south-facing), be- 
cause of  increasing ice coverage wi th  less 
and  less solar radiat ion.  In  our  nor thern-  
most  spectra  the Sun was almost  d i rect ly  
no r th  of  the  area observed,  i l luminating 
most  s t rongly the  equator-facing slopes. 
F r o m  then  on, the  az imuth  of  the  sun 
gradual ly  increased, shining more and more 
on west-facing slopes. At  the same t ime 
the  az imuth  of observat ion also slowly 
increased, i.e., the  spec t rometer  saw less 
and  less of  nor th-facing slopes. The effect 
of  this second-type of surface inhomogene-  
i ty  is to  decrease the  slope of  the  in tens i ty  
curve. As before, if  this effect exists the  
t rue  slope would be grea ter  t han  t h a t  found 
f rom our  analysis. 

Sharp et al. ( 1971 ) observed ice-free areas 
and craters wi th  ice only  on south-facing 
inner walls in the  outer  marginal  zone 
( lat i tude between - 5 7  ° and  --58.5°). Ice- 
free areas were also observed within the  

inner marginal  zone (between -58 .5  ° and  
-60.5°) .  However  no such features  were 
found in the pole-cap interior.  Conse- 
quen t ly  we will assume t h a t  the surface 
albedo is essentially independent  of  slope 
or ienta t ion in the area scanned by, and 
at  the  resolution of, the uv  spectrometer .  

To summarize,  bo th  types  of  surface 
inhomogenei ty  t h a t  are possible for the  
Mars polar region have the  effect of  de- 
creasing the slope of  the in tens i ty  curve. 
Consequent ly  surface inhomogenei ty  is an 
unlikely explanat ion  for the steep in tens i ty  
decrease observed.  

I I I .  P H O T O M E T R I C  F U N C T I O I ~  

The in tens i ty  of  solar radia t ion a t  wave- 
length )~ direct ly  reflected from a surface 
and a t t enua ted  by  a plane-parallel  a tmos-  
phere,  m a y  be represented b y  the  equa t ion  

47rid = 4 ~ F p o f e x p  [-T(sec i ÷ sec e)], 
(1) 

where 

7rF is the net  solar flux outside the  Mars 
a tmosphere,  

i is the  angle of incidence, 
c is the  angle of  emission, 

is the normal  optical  thickness, 
p0 is the  normal  albedo of  the  surface, 
f is the  photomet r ic  funct ion of  the  

surface. 

The simplest photomet r ic  funct ion t h a t  
satisfies the reciproci ty  principle follows 
from Minnaer t ' s  law, 

f = COS k/COS k--1 6. (2)  

k is a constant  indicat ive of  the  surface 
roughness and  is sometimes cMled the  
"smoothness  fac to r"  (Syt inskaya,  1949). 
For  a L a m b e r t  surface k --- 1 and Minnaer t ' s  
law reduces to Lamber t ' s  law, i . e . , f  = cos/. 
Fo r  a ve ry  smooth  surface k >> 1. k m a y  
depend on the  az imuth  of observat ion A, 
or in the  case of  p lane ta ry  pho tome t ry ,  
the  phase angle a. For  example,  ]c = 0.5 for  
the  full Moon b u t  is near ly  equal  to  1 for 
phase angles greater  t h an  90 ° . 

Our  goal is to de te rmine /c  for  the Mars 
polar  cap, and deduce the  roughness of  the  
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cap surface. The in tens i ty  observed by  the  
spec t rometer  Iobs consists of  not  only the  
d i rec t ly  reflected and a t t enua ted  compon- 
ent  1D, bu t  also a component  diffusely 
reflected f rom the a tmosphere  Id. In  
pract ice  i t  is impossible to  separate  the two 
components .  However ,  we can make  a 
theoret ical  correct ion for the  diffuse com- 
ponen t  by  assuming a model atmosphere.  
We will discuss this point  fully later. 
Equa t ion  (1) can be wri t ten  wi th  the  
in tens i ty  in units  of  ~F ,  

47r(Iobs -- Id)/4rrF 
P0 cosk /COS k--1 E 

× exp[- - r ( scc i  ÷ sec ~)]. (3) 

Fo r  an opt ical ly thin a tmosphere ,  the 
logari thmic form of this equat ion  can be 
inver ted  if  F ,  i, e, and ei ther  P0 and k 
(surface parameters)  or I d and r (atmos- 
pheric parameters)  are known. In  the  first 
case 

In [47r(Iob s -- Id)/47rF COS k i COS k-1 ~] 

= In (P0) -- r(sec i ÷ sec ~). (4) 

This is an equat ion  of  a s t ra ight  line 

Y = a + bX. (5) 

Stat is t ical  evaluat ion of  variat ions of  
In [4~(Iobs -- Id)/47r-F cos ki cos k-1 e] with 
( s ec i÷se c E)  can yield est imates of  the 
slope r and the  in tercept  ln(p0). Id, the 
correct ion term,  can be de termined  by  
successive i terat ion and the  correct  choice 
of  Id should yield the known value of  P0- 

In  the second case 

In [47r(Iob s -- Id) COS e/4~F] ÷ ~(sec i ÷ sect) 

= In (p0) + k ln  (cosi cos E). (6) 

Again, regression analysis of  the  var ia t ion  
of  the  left-hand-side values with 
ln(cosicos~)  can give est imates of  the  
slope/c and the in tercept  In (po)- 

The above analysis was made  wi thout  
taking into considerat ion t h a t  k m a y  v a r y  
wi th  the  az imuth  or phase angle, as in the  
case of  the  Moon. To overcome this 
difficulty we m a y  perform our  analysis in a 
small range of  A or a, and assume as a 
first approximat ion  t h a t  ]c does no t  change 
much  within this range. As a second ap- 
proximat ion,  we assume t h a t  the  area 

scanned b y  the  spec t rometer  was covered 
by  horizontal  surfaces which follow the  
same photomet r ic  function.  

Equa t ion  (6) was used in an angular  
inversion of  the polar  cap data.  The  cor- 
rect ion te rms for diffuse reflection, Id, and  
a t tenuat ion ,  r(seci  + secE), were computed  
for eight model a tmospheres  : 

1. 6 .6mb pure CO2 atmosphere .  
2. Deser t  a tmosphere  wi th  "v io l e t "  

haze. I t s  optical  thickness is approx imate ly  
three  t imes t h a t  of  Model 1 bu t  due ent i re ly  
to  Rayleigh scatterers.  The values used are 
averages found b y  Bar th  and H o rd  (1971) 
f rom spectral  inversion of the ul t raviole t  
da ta  t aken  over  the  Mars desert  regions. 

3. 6 .6mb CO2 a tmosphere  on top  of  03 
layer.  Values for  ozone were der ived b y  
Ba r th  and H o rd  b y  spectral  inversion of  
ul t raviolet  da ta  t aken  over  the polar region. 

4. Deser t  a tmosphere  on top  of  03 
layer.  

5. 6.6rob CO2 uni formly  mixed wi th  Os. 
6. Deser t  a tmosphere  uni formly  mixed 

with O3. 
7. 03 layer  on top  of  6 .6mb C02 

atmosphere.  
8. 03 layer  on top  of  desert  a tmosphere .  
For  Models 1 and 2, I d was calculated 

from the  single scat ter ing formula  wi th  
the  Rayleigh phase function,  

47rld/4rr F 
= ( 3 / 1 6 )  z~0 c o s i ( 1  + c o s  2 O) 

× (1-exp [--r(sec i + sec e)])/ 

( c o s / T  cos ~). (7) 

Multiple scat ter ing and i l lumination of  the  
a tmosphere  by  the  ground (and vice versa) 
are neglected since the Mart ian a tmosphere  
is opt ical ly th in  even in the  near  ul traviolet .  
In  the first two models, ~0,  the  albedo of  
single scattering,  is 1, and  T=~R,  the  
Rayleigh optical  thickness. The scat ter ing 
angle, O, is 133.7 ° for all spectral  intervals  
and models. For  Models 3 and  4, the  same 
formula  and  values are used to  compute  
I d. However  r = v~ ÷ to3 in the  correct ion 
t e rm for the  a t tenuat ion .  For  Models 5 and 
6, Eq.  (7) is again used, bu t  with ~0  = rR/r  
and  r = rR + tO3. The same value of  r was 
used in calculating the  correct ion for the  
a t tenuat ion .  F o r  Models 7 and 8, Eq.  (7) 
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is modified to include an extra attenuation 
factor, exp[-ros(seei  + sect)]. In Eq. (7) 

= r R, but  is equal to ~R + to3 in the at- 
tenuation term in Eq. (6). 

The photometric function of a surface is 
determined primarily by its irregularities. 
The wavelength of light is much less than 
the size of these irregularities for most 
natural surfaces. Consequently, the value 
of k ideally should not vary with )t pro- 
vided that  the surface absorption does not 
change with A. This assumption is made for 
the Mars polar cap since laboratory meas- 
urements show that  the reflectance of 
freshly precipitated solid carbon dioxide 
(the most likely polar cap constituent) is 
large and constant with wavelength be- 
tween 2000A and 3000A. Consequently, 
the model atmosphere that  leads to the 
least variation in the k value with A will be 
considered to fit our data best. 

Simple linear regression methods were 
used to analyze the data. A F O R T R A N  
program reads uncalibrated data numbers, 
corrects for the background, and converts 
the results into units of ~rF, after taking 
into account the instrumental sensitivity. 
The diffuse reflection and attenuation is 
corrected. The program then calculates 
the logarithm of the intensity, corrected for 
atmospheric effects, left-hand side of 

Eq. (6), and plots it against ln(cosicos~) 
in a scattergram; finds the equation of 
best fit by  the method of least squares, 
and computes the correlation coefficient 
and standard deviations. An example of 
such an analysis is Fig. 2. The procedure 
involves subtracting the diffusely reflected 
radiation (curves marked "SCATTER- 
ING") from the observations (open circles 
labeled "UNCORRECTED")  and then 
multiplying by the correction factor (curve 
marked "ATTENUATION")  to arrive at 
the intensity corrected for atmospheric 
effects (black circles labeled "COR- 
RECTED") .  The net effect is illustrated as 
a total correction factor (curves marked 
"SCATTERING AND ATTENU- 
ATION").  The model used in this par- 
ticular example is Model No. 3 in which 
r •=0 .05  at 2800A. The broken lines 
denote computational results using values 
interpolated from tables published by  
Coulson et al. (1960) with all orders of 
scattering taken into account. Since the 
Martian atmosphere is optically thin, the 
final results of this more involved proced- 
ure differ from those of our simpler single 
scattering method (solid lines) by  only a 
few percent. The slope of the regression 
equation is k, the "smoothness factor" 
desired. Values of k are given as functions 

T A B L E  I 

VARIATION OF ]¢ WITH WAVELENGTH AND MODEL ]~UMBER 

Model  No.  

(h)  1 2 3 4 5 6 7 8 

2200 2.52 2.78 2.42 2.68 2.36 2.53 2.30 2.31 
2240 2.75 3.17 2.60 3.02 2.52 2.77 2.43 2.46 
2320 2.53 3.18 2.24 2.89 2.08 2.37 1.95 1.88 
2430 3.05 4.22 2.53 3.70 2.26 2.66 2.07 1.94 
2500 3.12 4.82 2.48 4.63 2.11 2.69 1.88 1.80 
2550 3.36 4.93 2.69 4.80 2.32 2.90 2.09 2.03 
2580 3.65 6.36 3.02 5.70 2.61 3.40 2.35 2.39 
2655 3.72 5.53 3.17 4.99 2.87 3.60 2.66 2.78 
2700 3.68 5.34 3.23 4.89 2.99 3.75 2.81 3.03 
2800 3.23 4.26 3.01 4.03 2.90 3.59 2.81 3.21 
2850 3.38 4.30 3.24 4.17 3.18 3.9I 3.12 3.67 
2885 3.43 4.24 3.36 4.14 3.30 3.99 3.26 3.82 

M e a n  3.20 4.43 2.83 4.15 2.63 3.19 2.48 2.62 

S t a n d a r d  
dev ia t i on  0.42 1.05 0.38 0.93 0.41 0.58 0.45 0.69 
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of the wavelength and model number in 
Table I. 

IV. SVRFACE ROUGHNESS 

An examination of Table I shows that  the 
values of k are rather high regardless of 
which model is used to correct for the 
atmospheric effects. These large slope 
values are consistent with the large de- 
crease in the observed intensity for a 
change in solar elevation of about 10 °. 
Such a steep intensity variation is not 
compatible with reflection from a Lambert 
surface (k = 1, top curve in Fig. 2), unless 
the effect is attributed to a haze overlying 
the surface. Computations show that  a 
haze layer of greater optical thickness than 
that  used in the models is required to pro- 
duce the observed effect. However, this 
leads to other difficulties. 

The standard deviations of the k values 
in Table I show that  a 6.6mb pure C02 
atmosphere with a layer of ozone near the 
ground gives the least spread in the k 
values. The same atmosphere with the 
ozone either not in it, or uniformly mixed 
with the major constituent, is a close second 
choice. A hazy desert atmosphere does not 
fit the data well. An optically thicker 
atmosphere would produce a still greater 
spread in the k values and thus is unaccept- 
able. This shows that  a haze layer is prob- 
ably not the cause of the large intensity 
decrease observed. On the basis of this 
analysis, it seems that  the atmosphere over 
the polar region scanned is not as turbid as 
that  of the deserts. Ozone, discovered 
from the wavelength dependence of the 
reflectance, is more likely to exist low in the 
atmosphere or may be trapped in the polar 
cap, in order to be consistent with the 
spectral data. 

Comparison with laboratory reflection 
measurements yields very interesting re- 
suits. Sytinskaya (1949) measured the 
photometric function of many different 
surfaces under the special opposition-like 
condition, i.e., observing close to the 
direction of incidence. For this special 
case of i ~ e, 

f = cos k i cos k-i i = cos 2k-1 i = cosq i, 
(S) 

where 

q = 2 k - 1 ,  or k = ½ ( q + l ) .  (9) 

Numerous laboratory and field measure- 
ments support this formula for the great 
majority of natural surfaces within experi- 
mental error. The q values Sytinskaya 
found and their k equivalents (in paren- 
theses) are summarized as follows: 

q > l ( k > l )  
q = l ( k = l )  

q = 0.85-0.92 
(k = 0.93-0.96) 
q <  l ( k <  1) 

for polished surfaces 
for an ideal orthotropie 
surface following Lam- 
bert's law 
for photometric screens 

for most natural ob- 
jects: rocks, 0.1-0.6 
(0.55-0.8); sand, 0.3- 
0.5 (0.65-0.75); gravel 
and pitted surfaces, 
0.1-0.2 (0.55-0.6) ; vege- 
tation, sometimes down 
t o - 0 . 1 4  (0.43), never 
above 0.4 (0.7) 

Although the observational geometry 
for the Mariner 7 polar scan is not exactly 
the same as these laboratory experiments, 
it is not very different. The angle between 
the incident and reflected rays is only 
about 45 ° . Thus, we can still make the 
analogy that  the Mars polar region scanned 
resembles a polished surface more than 
any of the other objects mentioned above. 

An order-of-magnitude estimate may be 
made on the size of the irregularities on the 
polar cap surface. This should not be con- 
fused with the topographical features, 
which show up as bright ridges or dark 
valleys. I t  is the microrelief of the surface 
that  determines the general slope of the 
intensity curve, and thus the photometric 
function (see Fig. 2). Observations by 
Barabashov and Chekirda (1960) showed 
that  dustlike substances with grain size of 
0.06mm diameter yield a pattern of 
reflection which closely obeys Lambert 's  
law. Using this result as an upper limit, 
we deduce that  the dimensions of the 
irregularities are less than 60/z. The 
strongly specular nature of the surface 
reflection leads us to infer that  the polar 
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region scanned is predominantly covered 
with icy or glazed material. 

As stated in Section II,  the slope of the 
intensity cui-ce, k, would be higher if there 
were no surface inhomogeneity. So the 
effects of such inhomogeneity, if present, 
reinforce, not weaken, the above conclu- 
sion. 

V .  D I s c u s s I o t ~  

An icy or glazed surface is the most likely 
explanation for the steep intensity varia- 
tion found for the small change in observa- 
tional geometry. The formation of such a 
surface under Martian conditions seem 
to be a difficult phenomenon to explain 
based on our experience of similar processes 
with water on Earth. Because of the ex- 
tremely low temperature and pressure of 
the Martian polar regions, any mechanism 
involving a transition through the liquid 
phase is out of the question, since solid 
carbon dioxide and water (a possible 
minor constituent) do not liquify under 
such conditions. Thus a nonaqueous 
scheme is necessary. Recent laboratory 
experiments with solid carbon dioxide 
suggest a solution. 

Experiments done at the Laboratory 
for Atmospheric and Space Physics by 
Kelly (1971) showed that,  in a pure C02 
atmosphere at a pressure of about 10mm 
Hg, the gas consistently condensed as clear 
ice on a low temperature surface. This 
carbon dioxide ice looks very much like 
ordinary water ice. Introduction of a non- 
condensing buffer gas, such as nitrogen, 
into the system is essential for the forma- 
tion of carbon dioxide frost. Broida (1970) 
observed a glassy material forming out of a 
mixture of gaseous CO2 and ozone main- 
tained at approximately Martian polar 
temperatures. 

From the Mariner 6 and 7 and the 
laboratory results, we hypothesize that  
the following processes take place in the 
polar regions of Mars and tha t  they are 
responsible for some of the polar phenom- 
ena observed : 

1. The atmosphere of Mars is nearly 
pure carbon dioxide. 

2. When the ground temperature drops 
to 148°K during local autumn, gaseous 
carbon dioxide condenses directly from 
the atmosphere onto the ground and forms 
ice layers. 

3. At about the same time clouds appear 
in the atmosphere through the condensa- 
tion of C02 on ice nuclei in the gas. These 
clouds may constitute the polar hood. 

4. Precipitation of solid COs from the 
atmosphere-"snow"-together with the 
direct deposition mentioned in 2 continu- 
ously build up a polar cap in late autumn 
and winter. The precipitation continues 
until the lower atmosphere is no longer 
cold enough and/or the ice nuclei are 
depleted. 

5. Even after the precipitation has 
stopped, the ground is still at  the freezing 
point of COs as long as it has a snow cover. 
The gaseous COs continues to condense on 
this cold surface as clear ice. This process is 
responsible for the icy or glazed appearance 
of the cap surface discovered by the Mariner 
7 ultraviolet spectrometer. Since this 
process fuses fine fluffy snow crystals into 
"glazed" surfaces of large textural scale, 
the quasi-specular reflection from such 
surfaces may explain why the observed 
bidirectional reflectance of the Mars polar 
cap is lower than that  of laboratory samples 
of CO2 and H20 frosts (Kieffer, 1970). 

6. In the early spring the clouds dissi- 
pate, exposing the cap surface to solar 
heating. This results in the sublimation 
of the glazed snow. The disappearance of 
the snow uncovers the ice layers which were 
formed in the last autumn. Reflection from 
a clear-ice-coated mineral surface is 
strongly specular. The radiant energy is 
now reflected in the forward direction at 
the expense of other direction. Conse- 
quently such a surface would look darker 
than the original diffusely reflecting 
mineral surface when viewed from the 
Earth (near-backward directions). These 
darkened mineral surfaces constitute the 
so-called polar collar. Photometric ob- 
servations of the polar collar show tha t  
is it darker than other surfaces on the 
planetary disk (Capen, 1971). This sugges- 
tion is also consistent with polarimetric 
and colorimetric observations indicating 
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that  the polar collar has a smooth sur- 
face. 

7. The ice layers axe the last to sublime. 
After the bright polar cap has receded 
from an area the dark polar collar follows, 
and in so doing, returns the mineral surface 
to its original summer appearance. 

8. Decalibrated television pictures show 
no suggestion of a polar collar at the time 
of the Mariner 7 flyby. At the same time 
Earth-based telescopes observed either a 
very faint collar or none at all. If the atmos- 
phere drops to freezing before the ground 
does, snow would fall before ice layers can 
be formed; thus no polar collar will be 
observed the following spring and summer. 
When the recession rate of the cap is at a 
minimum this hypothesis predicts that 
no collar should be seen. No new ice layers 
are exposed and previously exposed layers 
can "catch up" with the snow cap. At the 
maximum recession rate the collar should 
be widest and most prominent. The above 
predictions agree with ground observations 
and may explain why no collar was seen by 
the Mariner 7 television camera. 

The above hypothesis makes no use of 
transitions through the liquid phase and 
does not involve water, and therefore 
avoids the difficulties encountered by the 
aqueous hypotheses, e.g., the low temper- 
ature and scarcity of water. Furthermore, 
it agrees qualitatively with photometric, 
colorimetric, polaximetric, and recession 
data. A detailed exposition of the above 
outline will be presented in a future report. 
Extensive observations by the Mariner '71 
missions and more laboratory measure- 
ments should lead to a better understand- 
ing of these processes. 

Since reflection from a moist, level 
surface is also strongly specular, this 
method may be a good way of identifying 
moist areas over the desert regions in 
future missions to Mars. 
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