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/ ~ yyL.2 VERY HIGH ELEVATION WATER ICE CLOUDS ON WRS: THEIR EIORPHOLOGY 
AND TEIBORAL BEHAVIOR; F. Jaquin, Cornel1 U n i v e r s i t y  

Q u a n t i t a t i v e  ana lys is  o f  V ik ing  O r b i t e r  images o f  the  mart ian plane- 
t a r y  l imb has uncovered the  ex is tence and temporal behavior o f  water i c e  
clouds t h a t  form between 50 and 90 km e leva t ion .  These clouds form a 
t h i n  haze l a y e r  over most o f  t he  p lanet  du r ing  southern sp r ing  and summer 
when Mars i s  near pe r ihe l i on .  A t  o ther  t imes o f  year t h i s  h igh e l e v a t i o n  
haze i s  absent. As we l l  as seasonal con t ro l ,  t he  c loud has a s t rong 
d iu rna l  dependence, being observed i n  the  e a r l y  morning, but not  i n  t h e  
afternoon. A rad iomet r ic  i nve rs ion  i n d i c a t e s  t h a t  t h e  o p t i c a l  depth o f  
t h i s  h igh  e leva t i on  haze i s  less  than 0.05 and may conta in  a few hun- 
dredths o f  a p r e c i p i t a b l e  micron o f  water. Enhanced v e r t i c a l  m ix ing  o f  
t he  atmosphere as Mars nears p e r i h e l i o n  i s  hypothesized as the  cause o f  
t h e  seasonal dependence, and t h e  d i u r n a l  dependence i s  most e a s i l y  ex- 
p la ined by the  temporal behavior o f  the  mart ian d iu rna l  thermal t i d e .  
The small water content o f  t h i s  h igh e leva t i on  haze ind i ca tes  t h a t  t he  
haze l a y e r  i s  unimportant wi th regard t o  v o l a t i l e  storage o r  t ranspor t .  
However, the  seasonal dependence o f  t h e  haze prov i  des p re fe ren t  i a1 pro- 
t e c t i o n  from s u n l i g h t  t o  the  southern po la r  cap dur ing  southern summer. 
This  may be impor tant  i n  ma in ta in ing  t h e  cap through t h e  summer. 

V i k ing  O r b i t e r  images o f  t he  mar t ian  l imb prov ide a seasonal ly and 
l a t i t u d i n a l l y  complete data set  regard ing the  v e r t i c a l  d i s t r i b u t i o n  o f  
aerosols  i n  t h e  mar t ian  atmosphere. Sun l igh t  r e f l e c t e d  from aerosols 
above the  p lanetary  l imb can be measured w i t h  a rad iomet r ic  unce r ta in t y  
o f  about 7%, and e leva t i ons  above t h e  6.1 m i l l i b a r  pressure sur face can 
be ca l cu la ted  t o  an accuracy o f  a few k i lometers.  Thus, t he  temporal and 
s p a t i a l  d i s t r i b u t i o n  o f  aerosols can be character ized. 

The geometric nature o f  l imb viewing in t roduces a m u l t i p l i c a t i v e  
constant o f  about 46 between the  v e r t i c a l  o p t i c a l  depth t o  any l e v e l  i n  
t h e  atmosphere and t h e  corresponding l i n e - o f - s i g h t  o p t i c a l  depth. This  
l a r g e  f a c t o r  l i m i t s  the  depth t o  which i n fo rma t ion  regard ing the  v e r t i c a l  
d i s t r i b u t i o n  o f  aerosols can be measured t o  those l e v e l s  above a v e r t i c a l  
o p t i c a l  depth o f  about 0.1. Below t h i s  l e v e l  no in format ion can be re -  
t r i e v e d  concerning t h e  v e r t i c a l  d i s t r i b u t i o n  of aerosols. Dur ing per iods 
o f  very low atmospheric opaci ty ,  t he  aerosol d i s t r i b u t i o n  o f  t he  e n t i r e  
atmospheric column can be measured. However, i n  p rac t ice ,  atmospheric 
opac i t i es  are l a r g e  enough t h a t  t he  l i n e - o f - s i g h t  o p t i c a l  depth l i m i t  i s  
reached a t  about 30 km e levat ion.  This  l i m i t  i s  on ly  a weak f u n c t i o n  o f  
wavelength, because o f  the  l a rge  m u l t i p l i c a t i v e  constant.  Therefore, 
these and f u t u r e  o r b i t a l  observat ions o f  t he  aerosol d i s t r i b u t i o n  are 
l i m i t e d  t o  e leva t ions  above th ree  scale he ights .  Above t h i s  l i m i t  a 
rad iomet r i c  i n v e r s i o n  has been used t o  r e t r i e v e  t h e  t r u e  v e r t i c a l  aerosol  
d i s t r i b u t i o n .  The inve rs ion  assumes spher ica l  symmetry, t he  aerosol  
s i n g l e  s c a t t e r i n g  a1 bedo, asymmetry fac to r ,  and surface re f lec tance 
proper t ies .  F igure 1 i l l u s t r a t e s  the  l imb-viewing geometry. 

Morning l imb p r o f i l e s  from southern spr ing  and summer d i sp lay  a 
c h a r a c t e r i s t i c  morphology o f  an extended detached haze near 60 t o  70 km, 
above a continuous haze t h a t  extends t o  the  surface. Afternoon p r o f i l e s  
show the  detached haze t o  be absent o r  diminished i n  prominence. The 
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F igure  1. Geometry of l imb re f l ec tance  measurements. L ine-of -s ight  o p t i c a l  
depth zp i s  approximately 46 times l a r g e r  than t h e  v e r t i c a l  
o p t i c a l  depth z0 t o  t h e  same l e v e l  z. 

detached haze o f t e n  has a layered s t r u c t u r e  w i t h  rouqhlv 5 t o  10 km wave- 
length.  F igure 2 i l l u s t r a t e s - a  t y p i c a l  
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l imb p r o f i l e  o i  t he  type discussed. 
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Figure  2. Typica l  l imb re f l ec tance  p r o f i l e s  i n  the  Mars atmosphere: (a)  
i l l u s t r a t i n g  h igh  e leva t i on  condensate haze between 85 and 60 km 
discussed i n  t e x t ,  and (b) a lower e leva t i on  condensate haze 
t y p i c a l  o f  southern m id - la t i t udes  dur ing  w in te r  and f a l l .  
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The detached haze i s  i n f e r r e d  t o  be a water i c e  condensate based on 
morphology and atmospheric thermal s t ruc tu re .  The detached morphology o f  
t h e  h igh e leva t i on  hazes i s  most e a s i l y  expla ined as a na tura l  r e s u l t  o f  a 
condensate haze t h a t  forms a t  some l e v e l  i n  the  atmosphere. The detached 
morphology i s  very d i f f i c u l t  t o  exp la in  i f  t h e  aerosol i s  a n o n - v o l a t i l e  
mater ia l  (i.e., dust  p a r t i c l e s )  t h a t  i s  being t ranspor ted  through the  atmo- 
sphere i n  some narrow layer .  The d i u r n a l  behavior o f  the  detached haze sup- 
p o r t s  the condensate o r i g i n  o f  the  aerosol .  That the  condensate i s  water 
r a t h e r  than C02 i s  i n f e r r e d  from t h e  p r o h i b i t i v e l y  h igh temperatures f o r  CO, 
condensation observed i n  the  mart ian atmosphere. Temperature p r o f i l e s  f rom 
t h e  V ik ing  Landers du r ing  e n t r y  i n t o  the  atmosphere, as we l l  as der ived  
temperature p r o f  i l e s  from the  E: Gemi norum s t e l  1 a r  occul a t i  on, i ndi  cate atmo- 
spher ic  temperatures i n  excess o f  t he  requ i red  102 K requ i red  for CO, con- 
densat ion a t  these leve ls .  ,' These measurements were made dur ing  a d i f f e r -  
en t  t ime o f  t he  year, but  i n d i c a t i o n s  are t h a t  t he  upper atmosphere o f  Mars 
i s  warmer dur ing  southern spr ing  and summer than dur ing  the  r e s t  o f  t h e  
year  . 41 Measured water vapor abundance o f  near 10 p r e c i p i t a b l e  microns, if 
un i fo rm ly  mixed throughout the  atmospheric column, i s  more than adequate t o  
a l l ow  condensation a t  h igh  e leva t ion .  6 

As i nd i ca ted  i n  F igure  3, high e l e v a t i o n  clouds are  observed a t  most 
l a t i t u d e s  du r ing  southern sp r ing  and summer. The coincidence o f  t he  appear- 
ance o f  t h i s  haze around p e r i h e l i o n  suggests t h a t  t he  increased i n s o l a t i o n  
d r i ves  a more vigorous v e r t i c a l  mixing, t h a t  l i f t s  water vapor t o  h igh  e l e -  
vat ions.  Fur ther  ana lys is  i n d i c a t e s  t h a t  t h e  detached haze i s  more o f t e n  
observed i n  morning p r o f i l e s  r a t h e r  than af ternoon p r o f i l e s .  This i s  most 
r e a d i l y  a t t r i b u t e d  t o  t h e  a c t i o n  o f  t h e  d iurna17thermal  t i d e  t h a t  has a 
maximum amplitude near 60 km e a r l y  i n  the  morning. 

Resul ts  o f  the  rad iomet r ic  i n v e r s i o n  i n d i c a t e  t h a t  t he  v e r t i c a l  o p t i c a l  
depth o f  t he  h igh-e leva t ion  detached hazes i s  l ess  than or3equal  t o  0.05. 
Der ived e x t i n c t i o n  c o e f f i c i e n t s  are on the  order o f  1 x 10- inverse  k i l o -  
meters, s i m i l a r  t o  t e r r e s t r i a l  s t ra tospher i c  aerosols. Assuming a reason- 
ab le average rad ius o f  0.1 fl and a reasonable number dens i ty  o f  100 per  
cub ic  cent imeter,  t h e  detached haze conta ins about 0.01 p r e c i p i t a b l e  microns 
o f  wa te re8  It i s  c l e a r  t h a t  t h i s  order o f  magnitude est imate imp l i es  t h a t  
these h igh-e leva t ion  hazes are unimportant i n  v o l a t i l e  storage and t rans -  
p o r t  . 

The seasonal dependence o f  t h i s  haze p r e f e r e n t i a l l y  sh ie lds  the  south 
p o l a r  cap from s u n l i g h t  du r ing  t h e  southern summer, and provides no such 
s h i e l d i n g  f o r  t he  nor thern  cap du r ing  i t s  summer. Sun l igh t  t r a v e r s i n g  t h e  
haze l a y e r  near normal inc idence w i l l  s u f f e r  no apprec iab le a t t e n t u a t i o n  due 
t o  the  low o p t i c a l  depth o f  t he  haze. However, a t  h igh  inc idence angles, 
when a l a r g e  a i r  mass i s  t raversed, t h e  haze l a y e r  may prov ide  s i g n i f i c a n t  
e x t i n c t i o n .  The southern po la r  cap i s  i l l u m i n a t e d  by sun l i gh t  dur ing  south- 
e r n  summer a t  an inc idence angle o f  near 65'. Th is  h igh  e leva t i on  haze 
l a y e r  alone at tenuates i n c i d e n t  s o l a r  f l u x  by EXP(-T/po) = 0.89, reducing 
t h e  sur face f l u x  by 11%. This s h i e l d i n g  occurs du r ing  t h e  peak heat ing  o f  
the  south po la r  cap, and su re l y  in f luences  i t s  f i n a l  dimensions. 
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Figure 3. Seasonal and l a t i t u d i n a l  d i s t r i b u t i o n  o f  l imb p r o f i l e s .  The 
s o l i d  l i n e s  bound the  area o f  seasonal n igh t .  The dashed l i n e  
i nd i ca tes  the  approximate po la r  cap edges. Limb p r o f i l e s  w i t h  
aerosols  above 50 km are enclosed by t h e  do t ted  l i n e .  
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