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AB S T RA CT 

Observa t ions  o f  Mars p r e v i o u s l y  r e p o r t e d  in l 0  narrow 
0 

bands between 3150 A and 1 , 0 6  p and i n  UBV a r e  ana lyzed  for 

b r i g h t n e s s  v a r i a t i o n s  which c o r r e l a t e  w i t h  l o n g i t u d e  o f  

t h e  c e n t r a l  mer id i an ,  Such an e f f e c t  i s  found fop  

h - > 5000 A ,  w i t h  some ev idence  for such  a e o ~ r e l a t i o n  a t  

h = 4570 A ,  The data are t h e n  cc t r rec ted  t o  t h e  m e a n  

( o v e r  l o n g i t u d e )  b r f g h t n e s s  and a l i n e a r  phase  curve fitted 

t o  t h o s e  o b s e m a t f o n s  with phase  a n g l e  i z 2 - 5 1 ~ ~  

opposition e f f e c t  (anomalous b r i g h t n i n g  a t  small  phase angles 1 

0 

et 

An 

3 
i s  found f o r  wavelengths  X - < 5500 A, in c o n t r a s t  t o  a, r e s u l t  

p r e v i o u s l y  r e p o r t e d ,  The magnftude a t  ze ro  phase, phase 

c o e f f i c i e n t  and monozhromatic a l b e d o  are computed fogs Mars 

as a f u n c t i o n  o f  wavelength ,  

-2- 



1 INTRODUCTION 

Mul t fco lok  p h o t o e l e c t r i c  photometry of Mars between 

1963 and 1965 has been Peported i n  t w o  p r e v i o u s  papers  

( I r v f n e  e-t a l .  1968a, Paper  I; Irv-fne e t  ap, 196813, P a p e r  II>, 

The o b s e r u a t i o n s  w e r e  made u s i n g  10 narrow bands rss'kcated by 

i n t e r f e r e n c e  f i l t e r s  between 3150 A and 1 0 0 6 p  and also i n  

UBV, The .narrow bands were labeled v-u-s-p-rn--1-k-h-g-e 

as shown.fn Table I of Hopkfns and I r v f n e  ( 1 9 6 9 ) ,  The obser-  

v a t i o n s  were conducted  from two s i t e s ,  one i n  S e u t h  AlYIca 

and one i n . F r a n @ e ;  f o r  t h e  p r e s e n t  p a p e r  these r e s u l t s  are 

comb i n e  d 

0 

I1 L O N G I T U D I N A L  VARIATIONS 

From. the  data p r e s e n t e d  i n  P a p e r  I and Paper  11: we 

s e l e c t e d  t h o s e  o b s e r v a t i o n s  which were no t  denoted  by  an astea"9sk; 

that  A s 3  w e  s e l e c t e d  o b s e r v a t i o n s  made unde r  s u p e r i o r  observ ing  

conditfans We t h e n  f u r t h e r  s e l e c t e d  t h o s e  observ8tfsns c o m e s -  

p o n d f n g . t a . p h a s e  a n g l e s  1 _1 > J5", 

t o  t h i s  .data w a s  made, and t h e  r e s i d u a l s  R were plotted v e r s u s  

l o n g i t u d e . o f  t h e  c e n t r a l  m e r i d i a n  on Mars w, The e w r e L a t f s n s  

found,are.shown i n  F i g ,  lo The l o n g i t u d i n a l  effec't; i s  easily 

observed ,  I t s  magnitude i n c r e a s e s  w i t h  wavelength o u t  t a  t h e  

A l i n e a r  l e a s c  s q u a r e s  P f r  
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long  wavelen@h limit of" o u r  o b s e r v a t i o n s  (So06p>, E t  1s 

c l e a r l . y . u i s f b l e  I"or wavelengths  as s h o r t  as 5000 A$ and the re  

i s  some ... evidence  for t h e  e f f e c t  i n  t h e  band at 4570 A ,  The 

s o l i d  line i n  Fig.  9 i s  a Least squares f i t  u s i n g  a 6S;h-osdeEa 

9 

0 

po lyn&al , .w i th  the  obvfous c o n s t r a i n t  t h a t  t h e  curve  and 

its first d e r i v a t i v e  be periodlc w i t h  p e r i o d  2Tln Mote that 

t h e  p l a n e t o c e n t r i c  dec l fna t i cm of the Earth was DE E 20" 

dur ing  t h e  p e r i o d s  of" o b s e r v a t i o n ,  

For ..the s h o r t e r  wavelengths  the correPatien observed no 

longer  seems P e l a t e d  t o  surfi"ace f e a t u r e s  and i s  a p p a ~ e n t % y  

not s t a t i s t i c a l l y  s i g n i f i c a n t  ( s e e  fop example Figo 2 )  

This 4 s . k o  be expec ted  f rom t h e  well known i o s s  af" obse rvab le  

s u r f a c e  d e t a i l  on Mars at wavelengths  X .c: 4550 A ,  
0 

..w 

111, PHASE CURVES AXJD THE OPPOSITION EFFECT 

6 
The . o b s e r v a t i o n s  i n  f i l t e r s  m-1-k-h-g-e aa%d V ( X  2 4570 A >  

were then. c o m e c t e d  t o  a mean l o n g l t u d l n a l  b r i g h t n e s s  using 

t h e  l e a s t . s q u a r e s  T i t  i l l u s t r a t e d  i n  Pig, 1, The r e s u l t i n g  

data, and .also t h e  co r re spond ing  o b s e r v a t i o n s  feu? wavelengths  

A < 4500 -A, weye then  plotted v e r s u s  phase ang le  and a l i n e a r  

1 e a s t . s q u a e s  f i t  was made (remembep That t h i s  data lne%udes 

only o b s e r v a t i o n s  f o r  i> - l ~ ' > ~  TIE r e s u l t i n g  straight line 

0 

i s  t h e  f u l l  line shown in Figc 3,  and t h e  co r re spond ing  
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magnitudes at  z e r o  phase  m ( 1 , O )  ( a l l  t h e  data have been reduced  

t o  u n i t  d i s t a n c e )  and phase  c o e f f i c i e n t  a a r e  g i v e n  i n  T a b l e  

I, columns 2 and 3.  We n o t e  t h a t  t h e  narrow band c o l o r  o f  

t he  sun i s  ze ro  on our magnitude sys tem,  S t a n d a r d  e r r o r s  f o r  

m ( 1 , O )  are t y p i c a l l y  0 , 0 1 5  m. The o b s e r v a t i o n a l  data f o r  

phase  a n g l e s  i - < ' 1 5 *  were t h e n  c o r r e c t e d  f o r  t h e  l o n g i t u d i n a l  

e f f e c t  and added t o  t h e  p l o t s ,  t h e  l e a s t  s q u a r e s  f i t  performed 

f o r  a l l  t h e  data (dashed  l i n e  i n  F i g u r e  3 ) ,  and t h e  r e s u l t a n t  

i n t e r c e p t  and s l o p e  l i s t e d  i n  columns 4 and 5 o f  T a b l e  I, 

No s i g n i f i c a n t  change i n  the  mean curve  was found f o r  f i l t e r s  

k-h-g- o r  e ( 1  - > 6250 A ) ,  An o p p o s i t i o n  e f f e c t  (anomalous 

b r i g h t n i n g  f o r  small phase  a n g l e s )  was, however, observed  f o r  

f i l t e r  V and s h o r t e r  wave leng ths ,  T h i s  f i n d i n g  i s  i n  c o n t r a -  

d i c t i o n  t o  t h e  r e s u l t  p r e v i o u s l y  r e p o r t e d  ( I r v i n e  e t  a1, 1968b) 

f o r  t h i s  data, a l t h o u g h  anomalous b r i g h t n i n g  a t  t h e  o p p o s i t i o n s  

of  1967 and 1969 has been  r e p o r t e d  b y  Bugaenko, Kovals  , 
and Morozhenko (1967)  , O'Leary ( 1 9 6 7 )  and Murphy (1969)  A 

( n e c e s s a r i l y  rough)  e x t r a p o l a t i o n  o f  o u r  r e s u l t s  t o  z e r o  

phase r e s u l t s  i n  t h e  v a l u e s  o f  m ( 1 , O )  shown i n  colwnn @-of 

Table I ,  where t h e  e r r o r s  l i s t e d  are " e y e b a l l "  e s t i m a t e s ,  

We a l s o  l i s t  t h e  d i f f e r n e c e  AMo between t h e  m ( l J 0 )  In columns 

2 and 6 o f  Table  I ( i o e e 3  t h e  "magnitude" o f  t h e  o p p o s i t i o n  

e f f e c t )  

0 

A comment on t h e  i n t e r n a l  c o n s i s t e n c y  o f  o u r  r e s u l t s  i s  

i n  o r d e r  h e r e ,  The phase  c o e f f i c i e n t s  a l i s t e d  i n  column 3 

o f  T a b l e  I appea r  anomalously small a t  X 4573 and X 5012 and 

r a t h e r  l a r g e  at  X 6264, b o t h  compared to t h e  o t h e r  narrow 
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band data and a l s o  t o  t h e  b r o a d  band (B and V )  r e s u l t s ,  The 

wavelength  r ange  5 0 0 0 ~  - X - c 

s u b j e c t  t o  changes i n  t h e  " b l u e  haze" ,  and o u r  cu rves  may be 

0 
4500 A w i l l ,  o f  cour se ,  be  most 

weighted  by  unusua l  a tmosphe r i c  c o n d i t i o n s  We a l s o  n o t e  

from Paper I1 t h a t  t h e  o b s e r v a t i o n s  n e a r  o p p o s i t i o n  i n  bands  

X 4155, X 4573, and X 5012 may be anomalously b r i g h t  because  

of u n c e r t a i n t i e s  i n  t r a n s f o r m a t i o n  to t h e  s t a n d a r d  magnitude 

system. The combinat ion of t h e s e  e f f e c t s  makes t h e  v a l u e  o f  

AM i n  column 9 of Table  I p a r t i c u l a r l y  u n c e r t a i n  f o r  X 4573 

and X 5012. 
0 

Our r e s u l t s  f o r  t h e  o p p o s i t i o n  e f f e c t  may be compared 

w i t h  t h o s e  o f  O'Leary (1967) and O'Leary and Rea (1968) .  We 

do no t  conf i rm t h e  e x i s t a n c e  o f  an  o p p o s i t i o n  e f f e c t  a t  wave- 

l e n g t h s  X > 6 0 0 0  A ,  as t h o s e  a u t h o r s  r e p o r t ,  R a t h e r  it seems 
0 

t h a t  a t  l eas t  p a r t  o f  t h e  a p p a r e n t  e f f e c t  i n  t h e i r  data may 

be  due t o  t h e  s e l e c t i o n  of  an a s s y m p t o t i c  phase  c o e f f i c i e n t  

% ( f o r  i > 16: d e r i v e d  u l t i m a t e l y  from Wooley e t  a1, ( 1 9 5 5 ) )  

which i s  t o o  small, and, i n  t h e  c a s e  o f  band R ( 0 , 7 1 ~ ) ~  t h e i r  

cho ice  o f  an m(1,O) from t h e  l i n e a r  e x t r a p o l a t i o n  (column 2 

o f  Table I )  which i s  f a i n t e r  by about  0.06m t h a n  i s  i n d i c a t e d  

by o u r  data,  
0 

At wavelengths  X - ~ 5 5 0 0  A t h e  o p p o s i t i o n  e f f e c t  which 

w e  observe  i s  s i g n i f i c a n t l y  l e s s  t h a n  t h a t  r e p o r t e d  b y  

O'Leary and Rea, and does n o t  show t h e  s t r o n g  wavelength  

dependence which t h e y  r e p o r t ,  I n  f a c t  o u r  r e s u l t s  cou ld  be 
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read as i n d l c a t f n g  no wavelength dependence cf t h e  e f f e c t  f o r  

5500 A A > 3150 A .  A t  U t h i s  dPfferpence i s  i n  p a r t  t h e  
0 

- - 
r e s u l t  of ou r  f i n d f n g  a "no-opposi t4on-effect"  m ( l , O >  of  0,311, 

c o n s i d e r a b l y  b r i g h t e r  t h a n  used by O ' L e a r y  and Rea and 

d e r i v e d  from deVaucouleurs (19642. FOP B and V t h e  d i f f e r e n c e  

may b e  par t ly-  due  to O p L e a ~ y - f s  obseyva t fons  ex tending  to smaller 

phase a n g l e s ,  and conse rva t i sm on ou r  p a r t  i n  t h e  e x t r a p o l a t i o n  

of our  r e s u l t s .  

On t h e  o t h e r  hand, our  o b s e r v a t i o n s  were made dur1n.g a 

d i f f e r e n t  opposi t ion,  and parameters  such  as atmospherzic a e r o s o l  

c o n t e n t  may play an impor t an t  r o l e  i n  de t e rmin ing  b o t h  a and 

m. T h i s  d i s c u s s i o n  p o i n t s  o u t  t h e  d i f f i c u l t y  of  de t e rmin ing  

t h e  magnitude of t h e  o p p o s i t i o n  e f f e c t  on a p l a n e t  l i k e  Mars, 

f o r  which at.mospherfc and s u r f a c e  c o n d i t i o n s  change bo th  

d u r i n g  an a p p a r i t i o n  and from a p p a r i t i o n  to a p p a r i t i o n ,  

rv. ALBEDOS 

V a l u e s  of  t h e  geomet.ric a lbedo  f n c l u d i n g  t h e  o p p o s i t i o n  

e f f e c t  could  b e  o b t a i n e d  from t h e  v a l u e s  of m ( 1 , O )  i n  column 

6 of T a b l e  I u s i n g  t h e  s t a n d a r d  formula ( e . g .  , Paper 11). 

T h e  r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s  i n  AMo make t h i s  appea r  

u n p o f i t a b l e ,  however. Rather w e  s h a l l  u s e  t h e  v a l u e s  i n  

columns 4 and 5 to de te rmine  p, and R u s s e l ' s  Rule  (Paper  11) 

to f i n d  t h e  phase  i n t e g r a l  q and t h e  s p h e r i c a l  a lbedo  A = pq; 

n o t e  t ha t  to f i r s t  o r d e r  i n c l u s i o n  of  t h e  o p p o s i t i o n  e f f e c t  

i n c r e a s e s  p and d e c r e a s e s  q b y  t h e  same f a c t o r ,  s o  t h a t  A i s  

l e f t  unchanged, Valuesof A c a l c u l a t e d  i n  t h e  manner 
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d e s c r i b e d ,  u s i n g  p a r a m e t e r s  g i v e n  i n  Paper  T I  f o r  t h e  s e m i -  

diameter of Mars and the  magnitude of  t h e  sun (v=-26.81), 

a r e  l i s t e d  i n  t h e  l a s t  column o f  Tab le  1. They f a l l ,  n o t  

s u r p r i s i n g l y ,  between t h e  v a l u e s  p r e v i o u s l y  quoted  i n  Pape r s  

I and 11. 

The o b s e r v a t i o n s  o f  Mars d i s c u s s e d  here were o b t a l n e d  

unde r  a g r a n t  t o  P r o f e s s o r  Donald H- Menzel a t  t h e  Marvard 

Col lege  Observa tory .  The p r e s e n t  r e s e a r c h  w a s  s u p p o r t e d  i n  

p a r t  by NASA g r a n t  NGR 22-010-023 and NSF g r a n t  GP 7793 t o  t he  

U n i v e r s i t y  o f  Massachuse t t s .  Computations were performed 

p r i n c i p a l l y  a t  t h e  Amherst Co l l ege  Computing Center ,  and 

t h e  a s s i s t a n c e  of t h e i r  s t a f f  i s  g r a t e f u l l y  acknowledged. 

We a r e  a l s o  g r a t e f u l  t o  M r r  N e i l  Hopkins f o r  h i s  a id .  
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zel, D.W., Pfkoos,  C., and Young, 

807 (Paper II>. 

Albmys N.Y., meeting of A . A . S .  



T a b l e  1. S p e c t r a l  R e f l e c t i v i t y  of Mars 

x 
3147; 
3590  

3 9 2 6  

4155 
4573 
5 0 1 2  
6 2 6 4  

7 2 9 7  

8595 
1 . 0 6 1 ~  
U 
B 
v 

- 0 ~ 5 1  0,019 

- $60 0 015, 
- . 6 5  e 018 

- . 4 5  0 1 7  

- , g o  e 015 
- 1 . 1 0  0 1 4  

- 2 . 1 2  e 018 
- 2 , 3 0  0 1 6  

- 2 , 2 7  0 1 5  

- 2 , 2 5  0 1 5  
0" 34 0 1 8  

- 0 0 1 7  017 
- 1 , 4 9  0 1 6  

- 0 . 5 4  

- . 5 1  
- . 6 3  
- 075 
- 1 . 0 4  

- 1 , 2 7  
- 2 , 1 2  
-2 0 2 7 
-2 2 7  

- 2 , 2 4  

0 . 3 1  
- 0 , 2 2  

-1 0 52 

AMo % *  A 

0 , 0 9 + 0 , 0  5 0 , 0 5 2  

o 1 3  . 0 5  0 0 5 3  
,lo . 0 4  0 057 
.i6 . 0 6  060 
" 2 3  .lo 0 8 6  

" 2 8  . 1 5  B 1 1 2  

0 . 0 2  0 2 4 4  

0 . 0 2  e 3 0 8  

0 . 0 2  c 3 2 2  

0 ,022 314 
0 . 1 2  . 0 7  0 5 2  

.15 " 0 4  0 074 
, o g  o o 4  0 154 

% L i n e a r  f i t  t o  data w i t h  D 1 5 '  
t L l n e a r  f i t  to data at a l l  i 
# I n c l u d i n g  e s t ima ted  o p p o s i t l o n  effect 

I 

%*Column 2 minus column 6 
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FIGURE CAPTIONS 

F i g u r e  la,  b,  c, d, e, f,  g: L o n g i t u d f n a l  b r f g h t n e s s  

v a r i a t i o n s  f o r  Mars, Longi tude  o f  c e n t r a l  mer idfan  denoted  

b y  w, r e s idua l  from l i n e a r  phase  curve  by R. Only p o i n t s  

w i t h  phase  a n g l e s  i - 15’ p l o t t e d ,  

F i g u r e  2 :  Same as F i g u r e  1, h u t  s h o r t e r  wavelength.  

F igu re  3a, b,  e,  d, e ,  f, g, h, i, 3 ,  k, 1, m: Phase c u r v e s  

Yor Mars, F u l l  P ine  f i t t e d  t o  p o i n t s  with 4’ - 15O, dashed 

Pine r i c t e d  t o  a l l  p o i n t s ,  C f r c l e s  a r e  o b s e r v a t i o n s  unde r  

p o o r e r  c o n d i t i o n s  a t  small phase .angJ.es n o t  used  i n  l e a s t  

s q u a r e s  f i t s  (open c i r c l e s  are “ s t m . r e d ”  o b s e r v a t i o n s  from 

Paper  I,  f i l l e d  c i r c l e s  f r o m  Paper  II>, 
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