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ABSTRACT 

The A i r b o r n e  V i s i b l e / I n f r a r e d  Imaging S p e c t r o m e t e r  
( A V I R I S )  Perfermance E v a l u a t i m  Workshop was h e l d  a t  t h e  J e t  
P ropu l s ion  Labora tory  on J u n e  6 ,  7 ,  and 8 ,  1 9 8 8 .  The major 
focus  of t h e  Workshop was the assessment  of d a t a  q u a l i t y  by 
t h e  A V I R I S  p r o j e c t  ar,d 18 NASA-spensored p e r f o r m a n c e  
e v a l u a t i o n  i n v e s t i g a t o r s .  Twenty one p r e s e n t a t i o n s  were made 
t o  1 1 9  workshop a t t e n d e e s  from 7 c o u n t r i e s .  W r i t t e n  
summaries of 1 6  of t h e  p r e s e n t a t i o n s  a r e  pub l i shed  i n  t h e s e  
p roceed ings .  The A V I R I S  performance e v a l u a t i o n  p e r i o d  began 
i n  June 1 9 8 7  w i t h  f l i g h t  d a t a  c o l l e c t i o n  i n  t h e  e a s t e r n  
United S t a t e s ,  and cont inued  i n  t h e  western U . S .  i n t o  October 
1987, a f t e r  which t h e  ins t rument  w a s  r e t u r n e d  t o  J P L  f o r  
p o s t - f l i g h t  c a l i b r a t i o n .  A t  t h e  s t a r t  of t h e  performance 
e v a l u a t i o n  p e r i o d ,  t h e  s e n s o r  met a l l  of  t h e  s p a t i a l ,  
s p e c t r a l  and r a d i o m e t r i c  performance r equ i r emen t s  except  i n  
t h e  f o u r t h  spec t romete r  where t h e  s i g n a l - t o - n o i s e  r a t i o  was 
below t h e  r e q u i r e d  v a l u e .  By t h e  end of t h e  f l i g h t  season ,  
s e n s o r  per formance  had d e t e r i o r a t e d  due t o  f a i l u r e  of 2 
c r i t i c a l  p a r t s  and due t o  some des ign  d e f i c i e n c i e s  which were 
d i scove red  a s  a r e s u l t  of ex tens ive  f l i g h t  o p e r a t i o n s  i n  t h e  
a i r .  The independent  assessment  by t h e  NASA per formance  
e v a i u a t i o n  i n v e s t i g a t o r s  confirmed tile assessment b y  t h e  
A V I R I S  p r o j e c t ,  whicn was the b a s i s  f o r  t h e  f l i g h t  hardware 
rework p l a n  t h a t  was a l r eady  w e l l  under way by t h e  t ime t h e  
workshop was convened. Although much of t h e  f l i g h t  d a t a  
c o l l e c t e d  du r ing  t h e  June t o  October 1987 p e r i o d  was of on ly  
moderate  t o  poor  q u a l i t y ,  some e x c i t i n g  s c i e n t i f i c  r e s u l t s  
were d e r i v e d  and a r e  presented  i n  t h e s e  p roceed ings .  These 
i n c l u d e  t h e  mapping of t h e  s p a t i a l  v a r i a t i o n  of a tmosphe r i c  
p r e c i p i t a b l e  w a t e r ,  d e t e c t i o n  of  e n v i r o n m e n t a l l y  induced  
s h i f t s  i n  t h e  c h l o r o p h y l l  red edge,  d e t e c t i o n  of s p e c t r a l  
f e a t u r e s  r e l a t e d  t o  pigment,  l e a f  water  and l i g n o - c e l l u l o s e  
a b s o r p t i o n s  i n  p l a n t s ,  and t h e  i d e n t i f i c a t i o n  of  many 
mine ra l s  i n  a v a r i e t y  of geo log ica l  s e t t i n g s .  The work done 
by t h e  r e s e a r c h  community on t h e  d a t a  c o l l e c t e d  i n  1987 
should  pave t h e  way f o r  rap id  p rogres s  i n  t e r r e s t r i a l  imaging 
s p e c t r o s c o p y  when A V I R I S  i s  r e t u r n e d  t o  o p e r a t i o n s  i n  t h e  
nea r  f u t u r e .  
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FOREWORD 

I n  t h e  t e x t  and f i g u r e  c a p t i o n s  of some of t h e  papers  i n  t h e  Proceedings,  
r e f e rence  i s  made t o  c o l o r  s l i d e s ;  t h e s e  35-m.u s l i d e s  are l o c a t e d  i n  a pocket 
a t  t h e  end of the Proceedings. They are sometimes c o l o r  v e r s i o n s  of t h e  r e f -  
erenced black-and-white f i g u r e s  wi th in  t h e  Proceedings. A l i m i t e d  number of 
cop ie s  were pr inted wi th  t h e  c o l o r  s l i d e s  included. 
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AVIRIS PERFORMANCE DURING THE 1987 FLIGHT SEASON: AN AVIRIS 
PROJECT ASSESSMENT AND SUMMARY O F  THE NASA-SPONSORED 
PERFORMANCE EVALUATION 

GREGG VANE, WALLACE M. PORTER, J O H N  H.  REIMER, THOMAS G. 
CHRIEN,  and  ROBERT 0. GREEN, Je t  P r o p u l s i o n  L a b o r a t o r y ,  

91109 
C a l i f o r n i a  I n s t i t u t e  sf T e c h n o l o m v  31 I E J 2 S a d P m i  C a l i f n r n i a  

ABSTRACT 

R e s u l t s  are  p r e s e n t e d  of t h e  a s s e s s m e n t  o f  
AVIRIS performance d u r i n g  t h e  i387 f l i g h t  season  by 
t h e  AVIRIS p r o j e c t  and  t h e  e a r t h  s c i e n t i s t s  who 
w e r e  chartered by NASA t o  conduct an  independen t  
da ta  q u a l i t y  and  s e n s o r  performance e v a l u a t i o n .  
The AVIRIS  e v a l u a t i o n  program began i n  l a t e  J u n e  
1987 w i t h  t h e  s e n s o r  mee t ing  most o f  i t s  d e s i g n  
r e q u i r e m e n t s  e x c e p t  f o r  s i g n a l - t o - n o i s e  r a t i o  i n  
t h e  f o u r t h  s p e c t r o m e t e r ,  w h i c h  w a s  a b o u t  h a l f  o f  
t h e  r e q u i r e d  level .  S e v e r a l  e v e n t s  r e l a t ed  t o  
p a r t s  f a i l u r e s  and  d e s i g n  f laws  f u r t h e r  r e d u c e d  
s e n s o r  p e r f o r m a n c e  o v e r  t h e  f l i g h t  s e a s o n .  
S u b s t a n t i a l  a g r e e m e n t  was f o u n d  b e t w e e n  t h e  
a s s e s s m e n t s  by t h e  p r o j e c t  and t h e  i n d e p e n d e n t  
i n v e s t i g a t o r s  o f  t h e  e f fec ts  o f  these v a r i o u s  
f a c t o r s .  A summary o f  the  engineer ing  work t h a t  i s  
b e i n g  done t o  ra ise  A V I R I S  p e r f o r m a n c e  t o  i t s  
r e q u i r e d  leve l  i s  g i v e n .  I n  s p i t e  o f  d e g r a d i n g  
d a t a  q u a l i t y  o v e r  t h e .  f l i g h t  s e a s o n ,  severa l  
e x c i t i n g  s c i e n t i f i c  r e s u l t s  were o b t a i n e d  from the  
data .  These i n c l u d e  the  mapping of  t h e  s p a t i a l  
v a r i a t i o n  o f  a t m o s p h e r i c  p r e c i p i t a b l e  w a t e r ,  
d e t e c t i o n  of environmentally-induced.shifts- i n  t he  
spectral red edge o f  stressed vege ta t ion ,  d e t e c t i o n  
of  spectral  f e a t u r e s  related t o  pigment, leaf water 
and l i g n o - c e l l u l o s e  a b s o r p t i o n s  i n  p l a n t s ,  and t h e  
i d e n t i f i c a t i o n  o f  many d i a g n o s t i c  m i n e r a l  
a b s o r p t i o n  f e a t u r e s  i n  a v a r i e t y  o f  g e o l o g i c a l  
s e t t i n g s .  

INTRODUCTION 

T h e  A V I R I S  Performance Eva lua t ion  Workshop held a t  J P L  
on J u n e  6 ,  7 ,  and  8, 1988, was t h e  c u l m i n a t i o n  o f  an  
i n t e n s i v e  assessment  of data  q u a l i t y  and  s e n s o r  performance.  
The e v a l u a t i o n  was sponsored  by NASA and conduc ted  by t h e  
AVIRIS p r o j e c t  a n d  a n  independent  g r o u p  of NASA-selected 
s c i e n t i s t s .  Development of the  AVIRIS f l i g h t  and ground data 
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p r o c e s s i n g  s y s t e m s  Pegan  i n  1984 i n  r e s p o n s e  t o  a n  
u n s o l i c i t e d  p r o p o s a l  t o  NASA the  p r e v i o u s  y e a r .  Eng inee r ing  
f l i g h t s  were c o n d u c t e d  w i t h  t h e  s e n s o r  i n  t h e  w i n t e r  and  
s p r i n g  of 1987 i n  c o n j u n c t i o n  w i t h  e x t e n s i v e  l a b o r a t o r y  
t e s t i n g  of t h e  s e n s o r  i n  t h e  AVIRIS c a l i b r a t i o n  l a b o r a t o r y  a t  
J P L .  By June  1987, t h e  s e n s o r  w a s  pe r fo rming  c l o s e  t o  t h e  
d e s i g n  g o a l s ,  m e e t i n g  most  r e q u i r e m e n t s .  The n o t a b l e  
e x c e p t i o n  w a s  t h e  s i g n a l - t o - n o i s e  r a t i o  (SNR) i n  t h e  f o u r t h  
s p e c t r o m e t e r ,  which w a s  o n l y  a b o u t  h a l f  t h e  d e s i g n  
r e q u i r e m e n t .  However, b e c a u s e  f l i g h t  da t a  f rom A V I R I S  
s p e c t r o m e t e r  D w e r e  shown t o  be a d e q u a t e  f o r  m e e t i n g  t h e  
o r i g i n a l  s c i e n c e  r equ i r emen t s ,  i .e . ,  t he  d e t e c t i o n  o f  s u b t l e  
spectral  f e a t u r e s  such  as the  OH a b s o r p t i o n  d o u b l e t  a t  2 .2  pm 
i n  t h e  spectrum o f  t h e  c l a y  m i n e r a l  k a o l i n i t e ,  t h e  d e c i s i o n  
w a s  made t o  conduct  t h e  data  q u a l i t y  and s e n s o r  per formance  
e v a l u a t i o n  program d u r i n g  t h e  summer o f  1987 as p l anned ,  and 
defer f u r t h e r  improvements,  such  as  i n c r e a s i n g  SNR, t o  t h e  
f o l l o w i n g  w i n t e r .  F l i g h t s  w e r e  begun i n  l a t e  J u n e  a t  t h e  
E a s t  c o a s t  NASA Wallops I s l a n d  f a c i l i t y  on t h e  U-2  a i r c r a f t  
and con t inued  on t h e  West c o a s t  a t  NASA Ames from l a t e  J u l y  
t h r o u g h  October  when AVIRIS w a s  r e t u r n e d  t o  J P L  f o r  p o s t -  
f l i g h t  season c a l i b r a t i o n ,  checkout  and upgrade .  During t h e  
4 months of o p e r a t i o n s  aboa rd  t h e  a i r c r a f t ,  several  e v e n t s  
o c c u r r e d  which compromised t h e  pe r fo rmance  o f  t he  s e n s o r .  
These events w e r e  re la ted b o t h  t o  p a r t s  f a i l u r e s  and  d e s i g n  
f l a w s  t h a t  w e r e  u n d e t e c t a b l e  t h r o u g h  l a b o r a t o r y  t e s t i n g  o f  
t h e  s e n s o r .  A s  a r e s u l t  o f  w h a t  w a s  l e a r n e d  d u r i n g  t h e  i n -  
f l i g h t  t e s t i n g  o f  A V I R I S ,  t h e  upgrade  program p l a n n e d  f o r  
l a t e  1987 w a s  e n l a r g e d  and extended through 1988. 

I n  t h i s  p a p e r ,  w e  s u m m a r i z e  t h e  p e r f o r m a n c e  
character is t ics  o f  AVIRIS a t  t h e  b e g i n n i n g  o f  t he  i n - f l i g h t  
assessment program, describe t h e  p r o b l e m s  t h a t  o c c u r r e d  
d u r i n g  t h e  1987 o p e r a t i o n s  a n d  how t h e y  a f f e c t e d  d a t a  
q u a l i t y ,  summar ize  t h e  f i n d i n g s  o f  t h e  i n d e p e n d e n t  
p e r f o r m a n c e  e v a l u a t i o n  i n v e s t i g a t o r s  whose r e p o r t s  a r e  
p u b l i s h e d  i n  these p r o c e e d i n g s ,  a n d  b r i e f l y  describe t h e  
u p g r a d e  program t h a t  i s  unde r  way a t  J P L  t o  b r i n g  A V I R I S  
performance t o  t h e  r e q u i r e d  level. 

AVIRIS PERFORMANCE DURING THE FIRST FLIGHT SEASON 

AVIRIS i s  a "whisk-broom" imaging s p e c t r o m e t e r  employing 
a s c a n n i n g  f o r e o p t i c  c o n n e c t e d  by  o p t i c a l  f i b e r s  t o  4 
spec t romete r s ,  each w i t h  a l i n e  a r r a y  o f  d e t e c t o r  e l emen t s  a t  
i t s  focus .  Data encoded a t  1 0  b i t s  are r e c o r d e d  a t  t he  r a t e  
of  17  Mbps on an  on-board t a p e  r e c o r d e r .  A l so  r e c o r d e d  are  
data  from an  on-board c a l i b r a t o r  and  v a r i o u s  e n g i n e e r i n g  data 
from the  s e n s o r .  F l i g h t  data  are  s u b s e q u e n t l y  p r o c e s s e d  a t  
J P L  a t  a d e d i c a t e d  computer  f a c i l i t y .  T h e  i n s t r u m e n t  and 
ground d a t a  p r o c e s s i n g  f a c i l i t y  a re  described i n  d e t a i l  i n  a 
s u i t e  o f  p a p e r s  by t h e  A V I R I S  e n g i n e e r s  i n  Vane (1987a and 
b ) .  A b r i e f  d e s c r i p t i o n  o f  t h e  i n s t r u m e n t  i s  g i v e n  i n  
Appendix 1 o f  these p r o c e e d i n g s  by  Vane e t  a l .  ( 1 9 8 8 ) .  
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Figure  1 i s  an a r t i s t ' s  sketch of t h e  f l i g h t  hardware i n  t h e  
NASA U-2 a i r c r a f t  (see s l i d e  No. 1 ) .  

A t  t h e  s t a r t  of f l i g h t  o p e r a t i o n s  i n  l a t e  June, 1987, 
t h r e e  e n g i n e e r i n g  f l i g h t s ,  i n c l u d i n g  t h e  f i r s t  f i e l d  
c a l i b r a t i o n  expe r imen t ,  and 3 l a b o r a t o r y  c a l i b r a t i o n s  had 
been per formed on A V I R I S .  Table  1 summarizes t h e  s e n s o r  
performance a t  t h e  s t a r t  of f l i g h t  o p e r a t i o n s  a s  determified 
i n  t h e  l a b o r a t o r y .  

Table  1. A V I R I S  performance a t  t h e  s t a r t  of t h e  1 9 8 7  f l i g h t  
season 

Parameter  Requirement Achieved 

S p e c t r a l  Coverage 
S p e c t r a l  Sampling 
S p e c t r a l  Bandwidth 
SNR (Albedo = 0 . 5 )  

I F O V  
Swath from U-2 
S p a t i a l  Oversampling 
I n t e r n a l  Image Geometry 

Cum.  E r r o r  over  Scan 
P ixe l - to -P ixe l  E r ro r  

S i g n a l  Level S t a b i l i t y  
C a l i b r a t i o n  

S p e c t r a l  
Radiometr ic  ( a b s o l u t e )  

0 . 4  t o  2 . 4  pm 
10  nm 
1 0  nm 
1OO:l a t  0 . 7  pm 
5 0 : l  a t  2 . 2  pm 
1 mrad 
1 0  km 
15% 

0 . 5  mrad 
0 . i  mrad 
3% 

5 nm 
1 0 %  

0 . 4 1 0  t o  2 . 4 5 1  pm 
9 . 6  t o  1 0 . 0  pm 
9 . 0  t o  1 1 . 6  pm 
1 1 0 :  1 
20:l 
0 . 9 5  mrad 
1 0 . 5  km 
1 7 %  

0 . 2 6  mrad 
0 . 0 6  mraa 
2 . 4  t o  7 . 7 %  

0 . 8  t o  2 . 1  nm 
7 .3% 

The a r e a s  of  sensor p e r f o r m a n c e  n o t  m e e t i n g  t h e  
r equ i r emen t s  were SNR a t  2 . 2  p m  and s i g n a l  l e v e l  s t a b i l i t y .  
The r e q u i r e d  and achieved  SNR performance c i t e d  i n  Table 1 i s  
r e f e r r e d  t o  a s t anda rd  scene rad iance  determined by an a lbedo  
of  0 . 5  a t  mid - l a t i t ude ,  mid-summer, w i t h  an atmosphere of 23 
km v i s i b i l i t y  w i t h  r u r a l  a e r o s o l s  ( s e e  Green e t  a l . ,  1988, 
f o r  a more d e t a i l e d  d e s c r i p t i o n  of  t h e  AVIRIS r e f e r e n c e  
r ad iance  model ) .  The achieved performance was measured i n  
t h e  l a b o r a t o r y  w i t h  a c a l i b r a t e d  i n t e g r a t i n g  s p h e r e  whose 
r a d i a n c e  o u t p u t  was no rma l i zed  t o  t h e  A V I R I S  r e f e r e n c e  
r a d i a n c e .  While  t h e  SNR requirement  of 5 0 : l  was no t  be ing  
met a t  t h e  s t a r t  of  t h e  f l i g h t  season ,  e n g i n e e r i n g  f l i g h t  
d a t a  over  Cupr i t e ,  Nevada showed t h a t  t h e  s e n s o r  performance 
a t  t h a t  wavelength was adequate  f o r  d e t e c t i n g  t h e  k a o l i n i t e  
d o u b l e t  unde r  t h e  c o n d i t i o n s  a t  C u p r i t e  (Vane, 1 9 8 7 ~ ) .  
S i g n a l  l e v e l  s t a b i l i t y  i n  Table 1 r e f e r s  t o  t h e  s t a b i l i t y  of 
t h e  r a d i o m e t r i c  r e sponse  f u n c t i o n ,  which i s  d i f f e r e n t  f o r  
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each s p e c t r o m e t e r  because  o f  t h e  s m a l l  d i f f e r e n c e s  i n  t he i r  
thermal  and  op to -mechan ica l  c o n f i g u r a t i o n s .  I n  t h e  pre- 
f l i g h t  s e a s o n  l a b o r a t o r y  t e s t i n g  o f  A V I R I S ,  w e  found t h a t  
spec t romete r  D w i t h  a s t a b i l i t y  of 2.4%, m e t  t he  requi rement ,  
which w a s  derived from t h e  a b s o l u t e  r a d i o m e t r i c  c a l i b r a t i o n  
r equ i r emen t ,  w h i l e  spec t romete r s  A, B and  C, a t  3.5%, 7 .7%,  
a n d  4 .2% r e s p e c t i v e l y ,  d i d  n o t  m e e t  t h e  r e q u i r e m e n t  f o r  
r a d i o m e t r i c  r e sponse  f u n c t i o n  s t a b i l i t y  (Vane e t  a l . ,  1987) . 
S p e c t r a l  coverage o v e r l a p  between the spec t romete r s ,  p l u s  t h e  
on-board c a l i b r a t o r ,  c o u l d  be u s e d  t o  t i e  the  r a d i o m e t r y  o f  
s p e c t r o m e t e r s  A, B, and C t o  t h e  more s t ab le  s p e c t r o m e t e r  D 
if desired, however. 

Three  o t h e r  areas a f f e c t i n g  da ta  q u a l i t y  and  s e n s o r  
p e r f o r m a n c e  were a l s o  known a t  t h e  s t a r t  o f  t h e  f l i g h t  
season .  F ixed  p a t t e r n  n o i s e  was p r e s e n t  i n  t h e  data from a l l  
s p e c t r o m e t e r s  a n d  had been s t u d i e d  t h r o u g h  a F o u r i e r  
t r a n s f o r m  a n a l y s i s .  Only i n  spec t rometer  D ,  however, w a s  i t s  
ampl i tude  great  enough t o  be observable  t o  the eye,  and t h e r e  
o n l y  i n  h i g h l y  stretched images o f  un i fo rm t a rge t s  such  as 
t h e  i n t e r i o r  o f  t h e  AVIRIS i n t e g r a t i n g  sphere. Spec t romete r  
D w a s  a l s o  known t o  have 2 noisy d e t e c t o r  e lements  i n  i t s  64- 
e l e m e n t  l i n e  a r r a y .  T h e i r  l o c a t i o n s  w e r e  a t  spec t ra l  
c h a n n e l s  181  and 210, o r  2.026 and  2.312 pm, r e s p e c t i v e l y .  
F i n a l l y ,  v i g n e t t i n g  w a s  present i n  t h e  f o r e o p t i c s  o f  about  8% 
a t  t h e  l e f t  edge o f  t h e  f i e l d  o f  v i e w .  These and  t h e  areas 
d i s c u s s e d  above w e r e  t o  be addressed  i n  t h e  upgrade  program 
a t  t he  end o f  t h e  f l i g h t  season. 

Evo lu t ion  of AVLRIS Performance Over the  F l h h t  Seasm 

A s  a r e s u l t  of t n e  e x t e n s i v e  o p e r a t i o n  o f  A V I R I S  aboa rd  
t he  U-2 ,  coup led  w i t h  a f i e l d  c a l i b r a t i o n  exper iment  a t  t h e  
e n d  o f  t h e  s e a s o n ,  a p o s t - f l i g h t  s e a s o n  l a b o r a t o r y  
c a l i b r a t i o n  and t h e  subsequent tear-down of  t h e  in s t rumen t ,  a 
great deal w a s  l e a r n e d  about  sensor  performance by t h e  A V I R I S  
p r o j e c t  by t h e  t i m e  o f  t h e  Performance E v a l u a t i o n  Workshop. 
I n  p a r t i c u l a r ,  severa l  a d d i t i o n a l  a r e a s  o f  p e r f o r m a n c e  
w e a k n e s s  t h a t  d e v e l o p e d  ove r  t h e  f l i g h t  s e a s o n  w e r e  
i d e n t i f i e d ,  t h e i r  causes  determined and s o l u t i o n s  i d e n t i f i e d .  
Appendix 1 c o n t a i n s  2 pape r s  t h a t  w e r e  p r e s e n t e d  a t  t h e  
Or lando ,  F l o r i d a  m e e t i n g  o f  t h e  S o c i e t y  o f  P h o t o - O p t i c a l  
I n s t r u m e n t a t i o n  E n g i n e e r s  ( S P I E )  A p r i l  6, 7 ,  and  8,  1988, 
t h a t  d e t a i l  w h a t  w a s  l e a r n e d  t h r o u g h  t h e  f i e l d  c a l i b r a t i o n  
e x p e r i m e n t  and  p o s t - f l i g h t  s e a s o n  l a b o r a t o r y  c a l i b r a t i o n  
(Cone1 e t  a l . ,  1988a, and Vane e t  a l . ,  1988, r e s p e c t i v e l y ) .  

W e  summarize t h e  r e s u l t s  here as  t h e y  p e r t a i n  t o  r a d i o m e t r i c  
s t a b i l i t y ,  spec t ra l  performance and  SNR. D e t a i l s  o f  t h e  
e n g i n e e r i n g  work b e i n g  done t o  address these problems i s  
d i s c u s s e d  i n  t h e  l a s t  section o f  t h e  paper .  

t r i c  s t a i l i t v .  V a r i a t i o n s  of  5 0 %  o r  more w e r e  
s e e n  i n  t h e  r a d i o m e t r i c  response  o f  t h e  s e n s o r  r e l a t i v e  t o  
t h e  AVIRIS  r e f e r e n c e  r a d i a n c e  model. T h e  c a u s e s  were (1) an  
i n a d e q u a t e  s p e c t r o m e t e r  thermal  c o n t r o l  system, ( 2 )  warpage 

I ,  
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o f  t h e  AVIRIS i n s t r u m e n t  rack,  (3) de tachmen t  o f  o p t i c a l  
fibers t o  2 o f  t he  s p e c t r o m e t e r s ,  (4) f a i l u r e  o f  a component 
i n  t h e  s i g n a l  c h a i n  e l e c t r o n i c s ,  and  (5 )  breakage of  a 
b l o c k i n g  f i l t e r  i n  one of t h e  s p e c t r o m e t e r s .  Because o f  t h e  
c l o s e  match between t h e  s i z e  of  t he  cone of  l i g h t  f a l l i n g  on 
t h e  AVIRIS d e t e c t o r s  and  t h e  d e t e c t o r  d imens ions ,  thermal  
c o n t r o l  of  t h e  spec t romete r  b o d i e s  i s  c r i t i ca l  t o  m a i n t a i n i n g  
al ignment  and, t h e r e f o r e ,  c o n s t a n t  s i g n a l  level .  The the rma l  
c o n t r o l  s y s t e m  used  d u r i n g  t h e  f i r s t  f l i g h t  s e a s o n  he ld  the 
s p e c t r o m e t e r  b o d i e s  t o  w i t h i n  3 degrees C o f  a pre-set 
temperature, wh ich  r e s u l t e d  i n  t h e  l a b o r a t o r y  s t a b i l i t y  
p e r f o r m a n c e  n o t e d  e a r l i e r .  The much c o l d e r  a i r c r a f t  
env i ronmen t  c a u s e d  l a r g e r  f l u c t u a t i o n s  i n  t e m p e r a t u r e ,  
however ,  and  t h e r e f o r e  s i g n a l  l eve ls .  Warpage o f  t h e  
i n s t r u m e n t  rack i n  t he  a i r c r a f t  a p p a r e n t l y  r e s u l t e d  because  
o f  a des ign  d e f i c i e n c y  by t h e  manufac tu re r .  The warpage was 
t r a n s m i t t e d  t o  a t  l ea s t  s p e c t r o m e t e r  D ,  r e s u l t i n g  i n  a 
d e g r a d a t i o n  of o p t i c a l  a l ignment .  I n  t h e  p o s t - f l i g h t  s eason  
i n s p e c t i o n  of t h e  i n s t r u m e n t ,  it w a s  d i s c o v e r e d  t h a t  t h e  
o p t i c a l  fibers t o  s p e c t r o m e t e r s  A and B had become detached 
because  of an  epoxy f a i l u r e .  T h i s  r e s u l t e d  i n  b o t h  a s i g n a l  
l o s s  i n  each s p e c t r o m e t e r  and  a d e g r a d a t i o n  o f  spec t r a l  
r e s o l u t i o n  d i s c u s s e d  below. During the  f l i g h t  season ,  sudden 
s h i f t s  i n  b r i g h t n e s s  were o c c a s i o n a l l y  n o t e d  i n  t h e  images 
from t h e  v a r i o u s  s p e c t r o m e t e r s .  T h i s  w a s  t raced  t o  t h e  
p o t e n t i o m e t e r s  i n  t h e  preamplif ier  c i r c u i t s  which n u l l  t h e  
dark c u r r e n t  o f f s e t  of t h e  d e t e c t o r  s i g n a l  p r i o r  t o  s i g n a l  
p r o c e s s i n g ,  i n  o r d e r  t o  keep d e t e c t o r  dark c u r r e n t  levels on 
scale .  T h i s  had t h e  a d d i t i o n a l  effect  o f  making it a p p e a r  
t h a t  t h e  o u t p u t  o f  some d e t e c t o r  e l emen t s  w a s  z e r o  when the  
o f f s e t  d r i f t  w a s  n e g a t i v e .  Table 2 summarizes t h e  spectral  
c h a n n e l s  a f f e c t e d  by t h i s  problem, which show up i n  t h e  da ta  
as  having  da rk  c u r r e n t  v a l u e s  o f  z e r o .  F i n a l l y ,  the  breakage 
o f  t he  KH2P04 c r y s t a l  ( K D P )  f i l t e r  i n  s p e c t r o m e t e r  B e a r l y  i n  
t h e  f l i g h t  s e a s o n ,  c a u s e d  a d d i t i o n a l  f l u c t u a t i o n s  i n  t h e  
r e s p o n s e  o f  t h a t  s p e c t r o m e t e r .  These 5 f a c t o r s  t a k e n  
t o g e t h e r  on an i n d i v i d u a l  s p e c t r o m e t e r  bas i s  a r e  t h o u g h t  t o  
e x p l a i n  most o f  t h e  i n s t r u m e n t  r e s p o n s e  i n s t a b i l i t i e s  s e e n  
d u r i n g  t h e  1987 f l i g h t  s e a s o n .  See Vane e t  a l .  (1988) i n  
Appendix 1 f o r  a much more thorough d i s c u s s i o n .  

Table 2.  AVIRIS spectral channels  w i t h  dark c u r r e n t  o f  z e r o  

F l i g h t  Date Channel Number 

4 6/25 162, 163, 166, 168, 169, 173, 189, 200, 
214, 216 

5 7 / 4  162, 168, 173 
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Table 2. (contd) 

Flight Date Channel Number 

6 
7 

9 
10 
11 
12 
13 

15 
16 
17 
18 
19 

7/9 
7/i33 

7/24 
7/30 
8/1 
9/14 
9/18a 

162, 168, 173 
i62-i66, i68, i69, 173-178, 1 8 0 ,  182, 184, 
189, 194, 197, 200, 201, 205, 208, 209, 
211, 213, 214, 216, 223 
162, i68 
162, 168 
162, 168 
20, 24, 26, 28, 32, 162, 163, 168, 169, 173 
20, 24, 26, 28, 32, 34, 40, 64, 72, 80,162, 
163, 165, 168, 169, 173, 176, 189, 205 
none 
none 
none 
none 
none 

apotentiometers adjusted and/or replaced after these flights. 
bAlthough no channels had dark current values of zero, small 
line-to-line offsets were still occurring. 

e. Item numbers (2) and (3) above 
a l s o  affected the spectrai aiignment ana bandwidths of the 
AVIRIS spectrometers. Warpage of spectrometer D induced by 
distortion of the instrument rack probably accounts for the 3 
nm shift in spectral alignment measured in the post-flight 
season laboratory calibration (Vane et al., 1988) and 
subsequently measured in the flight data from flight number 
10 on July 30, 1987 (Green et al., 1988). Detachment of the 
optical fibers to spectrometers A and B caused a broadening 
of the spectral response functions and shifts in the spectral 
alignments of both spectrometers. Vane et al. (1988) report 
post-flight season bandwidths of 17 and 14 nm and spectral 
alignment shifts of 6 and 2 nm toward the blue for 
spectrometers A and B respectively. Green et al. (1988) 
report from the flight data of July 30, 1987, spectral 
bandwidths of 15 and 17 nm and alignment shifts of 0 and 4 nm 
toward the blue for A and B respectively. We take the 
discrepancy between these 2 independent determinations to be 
an indication of the dynamic nature of the spectral response 
of these two spectrometers because of the detached and 
therefore moveable optical fibers. A similar disagreement 
between the in-flight radiometric response and the pre- and 
post-flight season radiometry is noted by Cone1 et al. 
(1988a). 
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S i a n a l - t o - n o i s e  r>e r f o r m a n c e .  A l l  o f  t h e  f a c t o r s  
d i s c u s s e d  above which a f fec t  i n s t r u m e n t  o u t p u t  s i g n a l  levels 
a l s o  a f f e c t  SNR. I n  a d d i t i o n ,  i n c r e a s e s  i n  e l e c t r o n i c  n o i s e  
w e r e  no ted  o v e r  t h e  f l i g h t  s e a s o n .  One s o u r c e  w a s  t h e  
f a i l i n g  p o t e n t i o m e t e r s  which by t he  end  o f  t he  f l i g h t  season  
w e r e  c a u s i n g  l i n e - b y - l i n e  v a r i a t i o n s  i n  o f f s e t s .  
A d d i t i o n a l l y ,  t h i s  e f f ec t  n u l l i f i e s  t h e  g a i n  one  would 
no rma l ly  ge t  by a v e r a g i n g  s p a t i a l  p i x e l s  t o  enhance  SNR by 
t h e  squa re  r o o t  o f  t h e  number o f  p i x e l s  averaged. W e  a l s o  
no ted  an  i n c r e a s e  i n  t h e  Gaussian n o i s e  level i n  spec t romete r  
D ,  and i n c r e a s e s  i n  f i x e d  p a t t e r n  n o i s e  i n  a l l  spec t romete r s ,  
b u t  again,  e s p e c i a l l y  i n  s p e c t r o m e t e r  D .  Most o f  t h e  
preamplifier and  c l o c k  dr iver  b o a r d s  w e r e  reworked several 
t i m e s  t o  improve per formance  b e f o r e  t h e  f l i g h t  s e a s o n  began 
t o  op t imize  n o i s e  per formance .  T h i s  p r o b a b l y  weakened t h e  
boa rds ,  making them more s u s c e p t i b l e  t o  s u c h  n o i s e  paths  as 
v i b r a t i o n  of v a r i o u s  e l e c t r o n i c  components on the  boa rds .  A s  
a r e s u l t  of these f a c t o r s ,  t h e  SNR o f  s p e c t r o m e t e r  D w a s  as 
low as  1O:l by t h e  end  o f  the  f l i g h t  s e a s o n ,  n o r m a l i z e d  t o  
t h e  AVIRIS r e f e r e n c e  r ad iance  model. 

I ,  

CI F a c a t y  Performance 

The A V I R I S  Ground Data P rocess ing  F a c i l i t y  c o n s i s t s  o f  a 
dedicat.ed VAX 11-780 computer, an  Ampex HBR3000 high d e n s i t y  
d i g i t a l  t a p e  drive,  2 9 - t r a c k  6250 bpi  tape dr ives ,  and  
dedicated hard d i s k  d r ives ,  p r i n t e r s ,  d i s p l a y  devices, 
t e r m i n a l s ,  an o p t i c a l  d i s k  drive, a m a t r i x  f i l m  r e c o r d e r ,  and 
an  i n t e r l a n  e t h e r n e t  i n t e r f a c e .  T h e  pu rpose  o f  t he  f a c i l i t y  
i s  t o  conver t  f l i g h t  data on high d e n s i t y  tapes ( H D T s )  t o  9- 
t rack  6250 b p i  archival  computer compa t ib l e  t a p e s  ( C C T s )  and 
quick-look hardcopy images (archival  p r o c e s s i n g ) ,  t o  p r o v i d e  
eng inee r ing  data  t o  the  ins t rumen t  team f o r  t i m e l y  moni tor ing  
o f  ins t rument  performance, t o  p r o c e s s  r e q u e s t e d  data from the  
a rch ive  t h r o u g h  s p a t i a l  a n d  s p e c t r a l  s u b s e t t i n g  a n d  
r a d i o m e t r i c  a n d  g e o m e t r i c  r e c t i f i c a t i o n  ( r e t r i e v a l  
p r o c e s s i n g ) ,  and t o  p r o v i d e  a n a l y t i c a l  p r o c e s s i n g  suppor t  f o r  
v i s i t i n g  s c i e n t i s t s .  Also,  selected s c e n e s  s p e c i f i e d  by t h e  
AVIRIS experiment  s c i e n t i s t  are archived on o p t i c a l  d i s k  f o r  
d i s t r i b u t i o n  t o  anyone who wishes  a copy. The sys tem and 
i t s  f u n c t i o n s  are  described i n  d e t a i l  by R e i m e r  e t  a l .  
( 1 9 8 7 ) .  Dur ing  t h e  1987 f l i g h t  s e a s o n ,  t h e  A V I R I S  Ground 
Data Process ing  F a c i l i t y  performed f l a w l e s s l y .  

During 1987, the  e q u i v a l e n t  o f  795 f u l l  6250 b p i  CCTs o f  
d a t a  were c o l l e c t e d  a n d  p r o c e s s e d  a s  a r e s u l t  o f  t h e  
performance e v a l u a t i o n  program and t h e  pre- and p o s t - f l i g h t  
season  p r o j e c t  e n g i n e e r i n g  e v a l u a t i o n  ac t iv i t ies .  T h e  d e s i g n  
g o a l  f o r  t h e  f a c i l i t y  w a s  t o  complete re t r ieval  p r o c e s s i n g  i n  
no more t h a n  3 w e e k s  of  elapsed t i m e  f rom receipt o f  t h e  
p r o c e s s i n g  r e q u e s t  from t h e  i n v e s t i g a t o r .  T h i s  g o a l  w a s  
achieved. I n  a d d i t i o n ,  1 0  i n v e s t i g a t o r s  s p e n t  an  average o f  
3 days  each a n a l y z i n g  t h e i r  f l i g h t  data  a t  t h e  A V I R I S  Ground 
Data P r o c e s s i n g  F a c i l i t y .  Table 3 summar izes  t h e  da t a  
p r o c e s s i n g  s t a t i s t i c s  f o r  1987.  The f l o w  o f  da t a  from 
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acquisition to distribution of processed products is: (1) 
Data acquisition aboard the NASA U-2, (2) mailing HDT to 
AVIRIS Ground Data Processing Facility at JPL, (3) archival 
processing at JPL, (4) mailing a copy of the quick-look 
hardcopy images and a retrieval processing request form to 
the investigator, ( 5 )  investigator returns retrieval request 
form to JPL indicating which data are to be processed and to 
what level, and (6) CPL inails processed data on 6250 bpi CCT 
to investigator. 

Table 3. AVIRIS 1987 data processing statistics 

Data Quantity Collected 33 HDTs 
Data Quantity Archived (Archival Processing) 795 CCTs 
Data Quantity Processed (Retrieval Processing) 339 CCTs 

Number of Investigators Who Received Data 58 

Data Processing Times (Average) 
From Acquisition through Archival Processing 6 weeks 
From Archival Processing to Receipt of 

Retrieval Processing Request Form 7 weeks 
From Receipt of Request Form to Mailing of 

Fully Processed Data on CCTs 3 weeks 

RESULTS OF THE INDEPENDENT PERFORMANCE EVALUATION OF AVIRIS 

In the following section of the paper we summarize the 
work presented in these proceedings of 15 of the 
investigations sponsored by NASA to assess AVIRIS data 
quality and sensor performance. In addition to assessing 
data quality, many of the investigations attempted to use 
AVIRIS data to address scientific problems. 

Cone1 et al. (198813) used AVIRIS data from Mountain 
Pass, California to assess the potential for recovering 
atmospheric water abundance in the vertical column below the 
sensor at the spatial resolution of AVIRIS. Using a band 
ratio method and the 940 nm atmospheric water band and the 
870 nm continuum radiance, they were able to successfully 
produce a map of the areal distribution of total precipitable 
water over the region which conforms well to topography. 
Independent validation of the AVIRIS-derived column abundance 
at one point i.n the region was supplied by a calibrated 
spectral hygrometer. The accuracy of the AVIRIS 
determination is estimated to be 10%. For average conditions 
over Mountain Pass, the uncertainty in AVIRIS-derived water 
column abundance is + / -  0.12 cm. Signal-to-noise was 
enhanced by averaging spatially 2 by 2 pixels. 
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Kief fe r  e t  a l .  (1988) a n a l y z e d  AVIRIS data from several 
si tes t o  assess i n s t r u m e n t  s t a b i l i t y  and r e s p o n s e .  Although 
t h e  da ta  were c l e a r l y  n o i s y  and  t h e  i n s t r u m e n t  r e s p o n s e  
f u n c t i o n  was u n s t a b l e  a t  t h e  t i m e s  of data  a c q u i s i t i o n ,  t h e y  
showed t h a t  v a l u a b l e  s p e c t r a l  s i g n a t u r e s  c a n  s t i l l  be 
e x t r a c t e d  and  a n a l y z e d .  Two methods  a r e  described f o r  
e x t r a c t i n g  s p e c t r a l  i n f o r m a t i o n  f rom t h e  K e l s o  Dunes,  
C a l i f o r n i a ,  b o t h  o f  which s u c c e s s f u l l y  i d e n t i f i e d  a t  l e a s t  
th ree  d i s t i n c t  spec t r a l  s i g n a t u r e s ,  a l t h o u g h  p o s i t i v e  
i d e n t i f i c a t i o n  o f  a specific material  was n o t  p o s s i b l e .  They 
a l s o  describe t h e i r  assessment  of c o h e r e n t  and random n o i s e  
and  two t e c h n i q u e s  used  f o r  minimizing these and a tmosphe r i c  
effects. 

Curran and Dungan (1988) have developed  a new p rocedure  
f o r  e s t i m a t i n g  SNR which t h e y  c a l l  t h e  " g e o s t a t i s t i c a l "  
method,  and have appl ied  it t o  5 AVIRIS d a t a  sets  t o  
i l l u s t r a t e  i t s  u t i l i t y  t o  t h e  i n v e s t i g a t o r  f o r  d e t e r m i n i n g  
where t h e  zones  o f  maximum i n f o r m a t i o n  l i e  f o r  a specif ic  
ground cover  t y p e .  They d e f i n e  zones o f  maximum i n f o r m a t i o n  
as  t h o s e  s p e c t r a l  r e g i o n s  o f  h ighes t  SNR. The p r o c e d u r e  i s  
based on removal o f  p e r i o d i c  n o i s e  by " n o t c h  f i l t e r i n g "  i n  
t he  f requency  domain and  the  i s o l a t i o n  o f  s e n s o r  n o i s e  and 
i n t r a - p i x e l  v a r i a b i l i t y  us ing  the semi-variogram. 

C l a r k  e t  a l .  (1988)  u s e d  da t a  from several  g r o u n d  
c a l i b r a t i o n  s i tes  a t  C r i p p l e  Creek and Canon C i t y ,  Colorado  
t o  r e d u c e  t h e i r  f l i g h t  da t a  t o  ground r e f l e c t a n c e .  SNR 
performance w a s  computed on selected s p e c t r a  extracted from 
t h e  cal ibrated images. T h e  data w e r e  v e r y  n o i s y ,  a l t h o u g h  
F o u r i e r  t r a n s f o r m  a n a l y s i s  revealed t h e  absence  o f  p e r i o d i c  
n o i s e  i n  t h e  data.  Random o f f s e t s  i n  s i g n a l  and dark c u r r e n t  
l eve ls  were n o t e d ,  l e a d i n g  t h e  i n v e s t i g a t o r s  t o  d r o p  t h e  
s t a n d a r d  p r o c e d u r e  of  t h e  1 0 1  s c a n  l i n e  da rk  c u r r e n t  
smoothing i n  f a v o r  o f  a l i n e - b y - l i n e  c o r r e c t i o n .  Images of 
spec t ra l  a b s o r p t i o n  band d e p t h  selected t o  be d i a g n o s t i c  o f  
t h e  p r e s e n c e  of  c e r t a i n  m i n e r a l s  a n d  v e g e t a t i o n  were 
computed. The r e s u l t i n g  images showing t h e  p r e s e n c e  o f  
g o e t h i t e ,  k a o l i n i t e  and lodgepole  p i n e  trees agreed w e l l  w i t h  
f i e l d  checks o f  t h e  t e s t  s i t e s .  C l a r k  e t  a l .  p o i n t  o u t  
however, t ha t  s u c c e s s f u l  i d e n t i f i c a t i o n  o f  these materials i n  
areas  o f  lower  abundance o r  h igher  v e g e t a t i o n  c o v e r  w i l l  
r e q u i r e  higher SNR per formance  t h a n  A V I R I S  had i n  Oc tobe r  
1987. 

Kruse e t  a l .  (1988a) have deve loped  t e c h n i q u e s  f o r  the  
a u t o m a t e d  e x t r a c t i o n  a n d  c h a r a c t e r i z a t i o n  o f  a b s o r p t i o n  
f e a t u r e s  f rom r e f l e c t a n c e  spectra and  have s u c c e s s f u l l y  
a p p l i e d  these t e c h n i q u e s  t o  AVIRIS a n d  G e o p h y s i c a l  a n d  
Envi ronmenta l  Research Imaging S p e c t r o m e t e r  ( G E R I S )  da ta .  
Maxima i n  the  spectra are  i d e n t i f i e d  a u t o m a t i c a l l y ,  and  a 
cont inuum o f  s t r a i g h t  l i n e  segments  i s  f i t  be tween these 
p o i n t s  The con t inuum i s  removed from t h e  s p e c t r u m  by 
d i v i s i o n ,  t h e  minima o f  t h e  r e s u l t i n g  s p e c t r u m  a r e  
de te rmined ,  and  t h e  1 0  s t r o n g e s t  f e a t u r e s  are  e x t r a c t e d .  
From these,  t h e  wave leng th  p o s i t i o n ,  d e p t h ,  f u l l  w i d t h  a t  
ha l f  t h e  maximum depth,  and  asymmetry f o r  each of  t h e  1 0  
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f e a t u r e s  a r e  d e t e r m i n e d  and  t a b u l a t e d .  T h e  r o u t i n e s  a r e  
w r i t t e n  i n  F o r t r a n  and C languages.  When a p p l i e d  t o  AVIRIS 
da ta  from t h e  Grapevine  Mountains o f  Nevada, many o f  t h e  
s t r o n g e s t  f e a t u r e s  l o c a t e d  were n o i s e ,  b u t  AVIRIS spectra  
from known areas of sericite and dolomi te  were a l s o  found. 

A second s t u d y  by Kruse et a l .  (198833) used  t h e  i n t e r n a l  
average r e l a t i v e  ( I A R )  r e f l e c t a n c e  a p p r o a c h  a n d  a U .  S .  
G e o l o g i c a l  Su rvey  (Flagstaff! developed a n a l y s i s  program 
cal led QLook t o  a n a l y z e  t h e  Grapevine Mountains data  as w e l l  
a s  t h e  Colorado  data  sets  s t u d i e d  by C l a r k  e t  a l .  A t  t h e  
G r a p e v i n e  Mountsins h n t h  m.uscovite a n d  c a r b o n a t e  were 
a c c u r a t e l y  i d e n t i f i e d  and mapped i n  t h e  imagery, b u t  low SNR 
p r e c l u d e d  d i f f e r e n t i a t i o n  between ca lc i te  and  l i m e s t o n e  and 
muscovi te  and mon tmor i l l on i t e ,  which had been p r e v i o u s l y  done 
w i t h  A I S .  The n o i s e  problems w i t h  t he  Co lo rado  data  w e r e  
a c c e n t u a t e d  by t h e  IAR t e c h n i q u e  b e c a u s e  o f  t h e  modera t e  
v e g e t a t i o n  c o v e r .  T h i s  approach t o  i n f o r m a t i o n  e x t r a c t i o n  
w a s  less s u c c e s s f u l  t h a n  t h a t  u s e d  by C l a r k  e t  a l .  described 
above. The c o n c l u s i o n  by Kruse e t  a l .  w a s  t h e  same as  C l a r k  
e t  a l . ,  however: Higher SNR is r e q u i r e d  i f  A V I R I S  i s  t o  be 
e f f e c t i v e l y  u t i l i z e d  i n  more cha l lenging  g e o l o g i c a l  s e t t i n g s .  

Rock e t  a l .  (1988)  w e r e  i n t e r e s t e d  i n  t e s t i n g  t h e  
e f f i c a c y  o f  AVIRIS data  f o r  d e t e c t i o n  o f  e n v i r o n m e n t a l l y -  
i n d u c e d  s h i f t s  i n  t h e  s p e c t r a  o f  v e g e t a t i o n  a t  t h e  
c h l o r o p h y l l  w e l l  and red edge. They u s e d  r a d i o m e t r i c a l l y  
c o r r e c t e d  d a t a  from Bishop, C a l i f o r n i a ,  which w e r e  f l a t  f i e l d  
c o r r e c t e d  u s i n g  a g r u s  p i t  o f  w e a t h e r e d  p r o d u c t s  f rom 

n o r m a l i z a t i o n  t e c h n i q u e  w a s  developed and a p p l i e d  t o  remove 
t h e  l a r g e  v a r i a t i o n s  i n  t h e  h e i g h t  o f  t h e  n e a r  i n f r a r e d  
p l a t e a u  and d e p t h  o f  t h e  c h l o r o p h y l l  w e l l  charac te r i s t ic  o f  
t h e  d i f f e r e n t  t y p e s  o f  v e g e t a t i o n  i n  t h e  area.  Both n a t i v e  
a n d  c u l t i v a t e d  v e g e t a t i o n  s i t e s  w e r e  s t u d i e d  i n  a r eas  
s u f f i c i e n t l y  l a rge  and uniform t h a t  several p i x e l s  c o u l d  be 
averaged t o  enhance SNR. When a p p l i e d  t o  data from f i e lds  o f  
g r e e n  u n c u t  a l f a l f a  and  f i e l d s  o f  f r e s h l y  c u t  g r e e n  b u t  
d r y i n g  a l f a l f a ,  a d i s t i n c t  s h i f t  i n  wave leng th  toward  t h e  
b l u e  end  o f  t h e  spectrum w a s  observed i n  t he  p o s i t i o n  o f  t h e  
red edge o f  the  c u t  a l f a l f a  r e l a t i v e  t o  t h e  red edge p o s i t i o n  
o f  t h e  uncut  a l f a l f a .  The i n v e s t i g a t o r s  a l s o  conclude  t h a t  
AVIRIS spectra may be u s e f u l  i n  d e t e c t i n g  small  amounts ( 2 0  
t o  30% cover )  o f  semi-arid and a r i d  v e g e t a t i o n  ground cover .  

Elvidge (1988) u s e d  l a b o r a t o r y  and  f i e l d  r e f l e c t a n c e  
data  from 3 large,  uni form t a r g e t s  o f  high, i n t e r m e d i a t e  and 
low b r i g h t n e s s  f o r  c o r r e c t i n g  A V I R I S  d a t a  from J a s p e r  Ridge, 
C a l i f o r n i a  t o  p e r c e n t  r e f l e c t a n c e .  The area s t u d i e d  i s  a 
large n a t u r a l  v e g e t a t i o n  preserve which c o n t a i n s  most o f  t he  
ma jo r  p l a n t  communit ies  found a l o n g  t h e  c e n t r a l  C a l i f o r n i a  
c o a s t .  H igh ly  l i n e a r  r e l a t i o n s h i p s  w e r e  found between the  
d i g i t a l  numbers and r e f l e c t a n c e  f o r  t h e  3 c a l i b r a t i o n  targets  
i n  t h e  f i r s t  two s p e c t r o m e t e r s .  However, c h a n g e s  i n  
i n s t r u m e n t  r e s p o n s e  i n  t h e  l a s t  2 s p e c t r o m e t e r s  i nduced  by 
f a c t o r s  d i s c u s s e d  ear l ier  i n  t h i s  p a p e r  caused  the  DN o f  t h e  
b r igh t  t a rge t  a t  t he  n o r t h  end o f  t h e  f l i g h t  l i n e  t o  deviate 

g r a n i t i c  r o c k  a n d  h a v i n g  no v e g e t a t i o n  p r e s e n t .  A 
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from a l i n e a r  fit  w i t h  t h e  o t h e r  2 t a rge t s  f u r t h e r  s o u t h  
a l o n g  t h e  f l i g h t  l i n e .  S p e c t r o m e t e r  C a n d  D da t a  were 
t h e r e f o r e  c o r r e c t e d  on ly  w i t h  t h e  r e f l e c t a n c e  data from t h e  2 
s o u t h e r n  t a rge t s .  The r e s u l t s  o f  t h e  a n a l y s i s  o f  t h e  
c a l i b r a t e d  data  showed d i s t i n c t  r e f l e c t a n c e  spectra from 5 
p l a n t  communities,  i n c l u d i n g  4 c o n t a i n i n g  g r e e n  v e g e t a t i o n  
and 1 c o n t a i n i n g  a d r y  annua l  g r a s s l a n d .  S p e c t r a l  f e a t u r e s  
i d e n t i f i e d  i n  t h e  data  were t i e d  t o  pigment a b s o r p t i o n  i n  t h e  
v i s i b l e  spectrum, t o  t h e  red edge, t o  l eaf  water a b s o r p t i o n s  
a t  0 .97 and 1 .19  p m ,  and t o  l i g n o - c e l l u l o s e  a b s o r p t i o n s  a t  
2.09, 2.26, and 2 .33  p. A l i g n o - c e l l u l o s e  v e g e t a t i o n  index  
image w a s  produced from the  data  having  v e r y  good c o r r e l a t i o n  
w i t h  known l i g n o - c e l l u l o s e  c o n c e n t r a t i o n s  on the ground. 

Swanberg (1988) has comple ted  t h e  f irst  phase o f  a 2 
phase s tudy t o  assess the  u t i l i t y  o f  AVIRIS data f o r  remotely 
a c q u i r i n g  i n f o r m a t i o n  on p l a n t  c h e m i s t r y .  She assessed t h e  
g e o m e t r i c  a n d  r a d i o m e t r i c  p r o p e r t i e s  o f  da t a  sets  from 
c e n t r a l  Oregon f o r  p i x e l  s i z e ,  swath w i d t h ,  spectral  p o s i t i o n  
and SNR. H e r  i n - f l i g h t  a n a l y s i s  o f  image geometry compares 
w e l l  w i t h  t h e  l a b o r a t o r y  measured v a l u e s  f o r  IFOV and  FOV, 
t h e  s m a l l  d i f f e r e n c e s  b e i n g  due most l i k e l y  t o  t o p o g r a p h i c  
effects .  T h e  LOWTRAN 6 a tmosphe r i c  mode l l ing  code w a s  u sed  
t o  e v a l u a t e  s p e c t r a l  p o s i t i o n  by compar ing  a 5 0  p i x e l  
averaged A V I R I S  spec t rum w i t h  a LOWTRAN spec t rum c a l c u l a t e d  
f o r  a m i d - l a t i t u d e ,  mid-summer, 0 . 5  a l b e d o  model. From the  
v i s u a l  i n s p e c t i o n  o f  t h e  two r a d i a n c e  c u r v e s ,  agreement  w a s  
found t o  w i t h i n  1 AVIRIS s p e c t r a l  bandwidth o r  1 0  nm, which 
i s  t h e  r e s o l u t i o n  o f  such an  approach.  SNR w a s  c a l c u l a t e d  a t  
two t a r g e t s  by d i v i d i n g  t h e  mean s i g n a l  level a t  each by the  
s t a n d a r d  d e v i a t i o n  o f  t h e  s i g n a l .  F i f t y  p i x e l s  f rom a 
b r i g h t ,  r e l a t i v e l y  homogeneous beach and 9 p i x e l s  from a dark 
f o r e s t  s i te w e r e  used t o  de te rmine  t h e  upper  and lower bounds 
r e s p e c t i v e l y ,  o f  SNR. Swanberg concludes  t h a t  f o r  t h e  second 
phase of her s t u d y ,  which i s  t o  a n a l y z e  AVIRIS  spectra f o r  
p l a n t  c h e m i s t r y  s i g n a t u r e s ,  she w i l l  u s e  d a t a  o n l y  from 
s p e c t r o m e t e r s  A and B s i n c e  t he  SNR o f  s p e c t r o m e t e r s  C and D 
is t o o  l o w  i n  t h e  1987 data.  

Ba i l ey  e t  a l .  (1988) ana lyzed  A V I R I S  data  from t h e  Drum 
Mountains, Utah, t o  assess s e n s o r  performance and the  u t i l i t y  
o f  t he  d a t a  f o r  g e o l o g i c a l  mapping i n  an  area o f  well-exposed 
diverse  r o c k  and  a l t e r a t i o n  t y p e s .  T h e i r  a s s e s s m e n t  o f  
c o h e r e n t  n o i s e  and i d e n t i f i c a t i o n  o f  the  low o u t p u t  channnels  
agrees w e l l  w i t h  r e s u l t s  o b t a i n e d  by t h e  AVIRIS p r o j e c t .  To 
a v o i d  contaminat ion by the  low o u t p u t  channels ,  t h e y  chose  t o  
work w i t h  r a w  data  p rocessed  wi thou t  spectral resampl ing ,  and 
a mod i f i ed  dark c u r r e n t  s u b t r a c t i o n  approach  w a s  t a k e n  t o  
a v o i d  i n t r o d u c i n g  e r r o r s  due  t o  t h e  o f f s e t  s h i f t s  n o t e d  
above .  A l so ,  a G a u s s i a n  n o t c h  f i l t e r  w a s  s u c c e s s f u l l y  
applied t o  remove some o f  t h e  major  n o i s e  components.  SNR 
w a s  c a l c u l a t e d  on a b r i g h t  h a r d p a n  t a r g e t  a f t e r  t h e s e  
c o r r e c t i o n s  a n d  found  t o  be g e n e r a l l y  l o w e r  t h a n  t h o s e  
r e p o r t e d  by  t h e  p r o j e c t  a t  t he  s t a r t  o f  t h e  f l i g h t  season ,  
which i s  i n  agreement  w i t h  p o s t - f l i g h t  s e a s o n  l a b o r a t o r y  
v e r i f i c a t i o n  o f  t h e  o v e r a l l  d r o p  i n  SNR by t h e  e n d  o f  t h e  
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summer. To assess the  s p e c t r a l  c o n t e n t  o f  t h e  data, several 
a n a l y s i s  approaches w e r e  used i n c l u d i n g  t h o s e  a s s o c i a t e d  w i t h  
t h e  JPL-developed Spectral  Analys is  Manager (SPAM) s o f t w a r e ,  
and s t a n d a r d  image p r o c e s s i n g  and enhanc ing  t e c h n i q u e s  such  
as band r a t i o i n g ,  band averaging ,  and  p r i n c i p a l  components 
a n a l y s i s .  Mixed r e s u l t s  w e r e  o b t a i n e d :  Data f rom 
s p e c t r o m e t e r s  A and  C were a d e q u a t e  f o r  i d e n t i f y i n g  i r o n -  

t h e  a b i l i t y  t o  d i s c r i m i n a t e  and  i d e n t i f y  h y d r o x y l - b e a r i n g  
r o c k s  and  m i n e r a l s  o r  d i f f e r e n t i a t e  c a r b o n a t e  m i n e r a l s ,  

LGUC-ULLO UUUVU-LUL+U ..Ab** these 
m a t e r i a l s  w e r e  r e so lved .  

The s t u d y  by Mustard and Pieters (1988) w a s  l imi t ed  by 
t h e  fac t  t h a t  AVIRIS  missed t h e  p r ime  area i n  t h e i r  t e s t  
s i t e ,  a l t h o u g h  u s e f u l  f i e l d  s t u d i e s  were conduc ted  t o  pave 
t h e  way f o r  f u t u r e  AVIRIS d a t a  c o l l e c t i o n  when t h e  s e n s o r  i s  
r e t u r n e d  t o  o p e r a t i o n s  w i t h  improved per formance .  T h e  t e s t  
area i s  t h e  Kings-Kaweah o p h i o i i t e  melange i n  e a s t - c e n t r a l  
C a l i f o r n i a ,  which i s  though t  t o  be a n  o b d u c t e d  o c e a n i c  
f r a c t u r e  zone. The e v e n t u a l  g o a l  o f  t he  s t u d y  i s  t o  map the 
d i s t r i b u t i o n  and  abundance of key m i n e r a l  components i n  t h e  
melange w i t h  AVIRIS  t o  determine the  importance o f  g e o l o g i c a l  
p r o c e s s e s  which are r e spons ib l e  f o r  the  format ion  of  f r a c t u r e  
zone c r u s t .  

Wetland v e g e t a t i o n  n e a r  San F r a n c i s c o  w a s  t h e  ta rge t  o f  
i n t e r e s t  t o  Gross e t  a l .  (1988)  i n  the i r  assessment  o f  AVIRIS 
da ta  u t i l i t y .  Using SPAM t o  a n a l y z e  J P L - r a d i o m e t r i c a l l y  
c o r r e c t e d  data, t h e y  concen t r a t ed  the i r  e f f o r t s  i n  the  0 . 4  t o  
1 . 7 2  pm r e g i o n ,  i g n o r i n g  t h e  s p e c t r a l  r e g i o n  c o v e r e d  by 
spec t romete r  D because of  low SNR. Averages o f  5 by 5 p i x e l s  
w e r e  g e n e r a l l y  used  i n  c o n s t r u c t i n g  s p e c t r a l  c u r v e s  from the  
da ta .  The i r  r e s u l t s  sugges t  t h a t  despi te  low SNR, it i s  
p o s s i b l e  t o  detect  differences i n  t h e  p o s i t i o n  o f  t h e  red 
edge, and t h a t  there may be several narrow spec t ra l  r e g i o n s  
between 0 . 4  and 1 . 7 2  p where ampl i tude  and s l o p e  v a r i a t i o n s  
f o r  v a r i o u s  v e g e t a t i o n  t y p e s  are s u f f i c i e n t l y  d i f f e r e n t  t o  
e n a b l e  them t o  be d i s t i n g u i s h e d .  These i n c l u d e  t h e  0.76- 
0 .77 ,  0.80-0.84, 1.04-1.09, 1.29-1.33, 1.50-1.52, and 1.57- 
1 .65  p r e g i o n s .  

Carrere and  Abrams ( 1 9 8 8 )  c h o s e  t h e  G o l d f i e l d  Mining 
Distr ic t  of wes te rn  Nevada f o r  t h e i r  t es t  area because  o f  the  
large s u i t e  o f  hydro thermal  a l t e r a t i o n  m i n e r a l s  i n  a w e l l -  
mapped and wel l -exposed s e t t i n g .  They worked w i t h  r a w  data,  
c o r r e c t i n g  them f o r  dark c u r r e n t  v a r i a t i o n s  a n d  d e t e c t o r  
r e a d o u t  d e l a y  w i t h  s o f t w a r e  w r i t t e n  f o r  t h a t  p u r p o s e .  
A tmospher i c  c o r r e c t i o n  was achieved by a p p l y i n g  t h e  f l a t  
f i e l d  t e c h n i q u e  u s i n g  a 9 by 9 p i x e l  average from t h e  
s p e c t r a l l y  b l a n d  and s p a t i a l l y  homogeneous Chispa a n d e s i t e  as 
r e f e r e n c e .  Unambiguous k a o l i n i t e  and  a l u n i t e  spectra w e r e  
o b t a i n e d  from t h e  p r o c e s s e d  da ta  and  ver i f ied  t h r o u g h  f i e l d  
and l a b o r a t o r y  work. Poor  SNR p r o h i b i t e d  t h e  p r o d u c t i o n  o f  
m i n e r a l  a n d  a l t e r a t i o n  zone maps w i t h  the  t e c h n i q u e s  
avai lable  w i t h  SPAM o r  w i t h  r a t i o  o r  c l u s t e r i n g  t e c h n i q u e s ,  
however. Assessment of s e v e r a l  a s p e c t s  o f  s e n s o r  performance 

oxide-bearing rmks, but p G G r  SNR in spectrometer D limited 

altho-dgh the major ~;bs=rpt-=c C n ~ t r ~ r a n  3 ~ c n n i  a t n A  T . T ~  t h  
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w a s  a l s o  conducted, i n c l u d i n g  long-per iod  d r i f t  i n  in s t rumen t  
r e s p o n s e  over  a several minute  d u r a t i o n  f l i g h t  l i n e ,  sudden 
s teps  i n  s c e n e  b r i g h t n e s s ,  n o i s e ,  SNR, a n d  s p e c t r a l  
r e s o l u t i o n .  Thei r  f i n d i n g s  on i n - f l i g h t  per formance  are  i n  
good agreement w i t h  o t h e r  r e s u l t s  p r e s e n t e d  a t  t h e  workshop. 

Crowley e t  a l .  (1988) s t u d i e d  AVIRIS  data q u a l i t y  a t  the  
r a r e - e a r t h - e l e m e n t - b e a r i n g  c a r b o n a t i t e  complex a t  Mountain 
Pass ,  C a l i f o r n i a ,  a s i t e  w e l l - s u i t e d  f o r  a s s e s s m e n t  of  
spectral  and r a d i o m e t r i c  performance because  o f  t he  p r e s e n c e  
of  m i n e r a l s  w i t h  v e r y  narrow and  deep a b s o r p t i o n  f e a t u r e s ,  
and  a l a r g e  homogeneous, s p e c t r a l l y  b l a n d  p l a y a  and  o t h e r  
t a r g e t s  f o r  f i e l d  c a l i b r a t i o n .  They derived SNR estimates 
t h a t  w e r e  i n  g e n e r a l  agreement  w i t h  t h e  p re - f l i gh t  s e a s o n  
v a l u e s  t a b u l a t e d  ear l ie r  i n  t h i s  p a p e r ,  and  c h a r a c t e r i z e d  
p e r i o d i c  n o i s e  a t  severa l  f r e q u e n c i e s  h a v i n g  s t r o n g  
h o r i z o n t a l  and weak ver t ica l ,  and h o r i z o n t a l  o n l y  f r equency  
d e p e n d e n c i e s .  Two p r o c e d u r e s  w e r e  u s e d  t o  c o r r e c t  f o r  
a tmospher ic  and s o l a r  i r r a d i a n c e  effects,  t h e  f l a t  f i e l d  and 
s i n g l e  spectrum t e c h n i q u e s .  The s i n g l e  spec t rum t e c h n i q u e  
c o n s i s t s  of  d i v i d i n g  a spectrum from a ground t a r g e t  by the  
c o r r e s p o n d i n g  r a d i o m e t r i c a l l y  c a l i b r a t e d  b u t  o t h e r w i s e  
u n c o r r e c t e d  A V I R I S  spec t rum,  and  a p p l y i n g  the  r e s u l t i n g  set 
o f  sca la rs  f o r  each s p e c t r a l  c h a n n e l  t o  t h e  res t  o f  t h e  
AVIRIS image. The 3 rare-earth (neodymium) narrow a b s o r p t i o n  
f e a t u r e s  between 0 . 7  and  0 . 9 4  pm, a s  w e l l  a s  f e a t u r e s  due t o  
C03 a n d  A1-OH w e r e  c l e a r l y  o b s e r v a b l e  i n  t h e  p r o c e s s e d  
s p e c t r a .  

Green e t  a l .  (19881 ,  i n  a p a r a l l e l  b u t  l a r g e l y  
independent  s t u d y  o f  t h e  same area u s e d  t he  rare-earth as 
w e l l  as  a t m o s p h e r i c  a b s o r p t i o n  f e a t u r e s  t o  q u a l i t a t i v e l y  
d e t e r m i n e  i n - f l i g h t  spectral  bandwidths  and  p o s i t i o n s ,  and  
u s e d  t h e  LOWTRAN 7 a t m o s p h e r i c  code  i n  c o n j u n c t i o n  w i t h  
measurements of a tmosphe r i c  o p t i c a l  d e p t h  and r e f l e c t a n c e  o f  
Ivanpah Playa and o t h e r  ground targets ,  a l l  o b t a i n e d  n e a r  t h e  
t i m e  of  o v e r f l i g h t ,  t o  assess i n - f l i g h t  SNR. Using f i e l d -  
measured r e f l e c t a n c e  da t a  from t h e  P l a y a ,  an  a s p h a l t  and a 
g raded  s o i l  t a rge t ,  an  empirical l i n e  c o r r e c t i o n  w a s  a p p l i e d  
t o  t h e  d a t a  t o  compensa te  f o r  s o l a r ,  a t m o s p h e r i c  a n d  
i n s t r u m e n t a l  f a c t o r s .  Us ing  t h e  c o n c u r r e n t l y  a c q u i r e d  
s u r f a c e  and a t m o s p h e r i c  measurements,  a n  improved s p e c t r a l  
c a l i b r a t i o n  w a s  performed.  Radiometr ic  c a l i b r a t i o n  w a s  done 
u s i n g  LOWTRAN 7 model led  r a d i a n c e  o v e r  Ivanpah .  From these 
data,  s h i f t s  i n  s p e c t r a l  a l ignment  o f  s p e c t r o m e t e r s  B, C and 
D w e r e  found r e s p e c t i v e l y ,  o f  4 nm and 1 pm toward  t h e  b l u e ,  
a n d  3 nm t o w a r d  t h e  red. The spec t r a l  b a n d w i d t h s  o f  
s p e c t r o m e t e r s  A and B were found t o  have broadened  t o  15 and 
1 7  nm r e s p e c t i v e l y .  SNR over  Ivanpah P laya  normal ized  t o  t h e  
AVIRIS  r e f e r e n c e  r a d i a n c e  model w a s  found t o  be lower  f o r  
s p e c t r o m e t e r s  A and  B t h a n  measured i n  t h e  l a b o r a t o r y  p r e -  
f l i g h t  season c a l i b r a t i o n ,  which i s  c o n s i s t e n t  w i t h  t h e  f ac t  
t h a t  t h e  o p t i c a l  f ibers  t o  these s p e c t r o m e t e r s  w e r e  detached 
a t  t h e  t i m e  o f  t h e  f l i g h t ,  w h i l e  t h e  i n - f l i g h t  SNR f o r  
spec t romete r s  C and D w a s  roughly e q u i v a l e n t  t o  t h a t  measured 
pre- f l igh t  i n  t he  l a b o r a t o r y .  A comparison of t he  geomet r i c  
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q u a l i t y  o f  t h e  A V I R I S  imagery w a s  a l s o  made re la t ive  t o  a 
Landsa t  Thematic Mapper image o f  t h e  same a r e a .  A V I R I S  
c l e a r l y  r e s o l v e s  more s p a t i a l  d e t a i l  on t h e  s u r f a c e  w h i l e  
showing e x c e l l e n t  i n t r a - i m a g e  g e o m e t r y .  F i n a l l y ,  t h e  
neodymium a b s o r p t i o n  features between 0 . 7  and  0.94 pm w e r e  
unambiguously r e so lved .  

SENSOR PERFORMANCE IMPROVEMENTS 

E f f o r t s  a r e  u n d e r  way t o  improve t h e  pe r fo rmance  o f  
AVIRIS  f o r  t h e  n e x t  f i e l d  season .  T h e  2 major  t h r u s t s  i n  
p e r f o r m a n c e  improvement a r e  (1) i n c r e a s e  i n  SNR a n d  ( 2 )  
improved r a d i o m e t r i c  r e sponse  s t a b i l i t y .  Table 4 l i s t s  t h e  
areas o f  work and  t h e  aspect o r  a s p e c t s  o f  per formance  t h a t  
are targeted f o r  improvement. 

The f i r s t  7 i t e m s  i n  Table  1 were comple ted  and  t h e  
i n s t r u m e n t  was t e s t e d  i n  t he  l a b o r a t o r y  o v e r  t h e  s u m m e r  o f  
1988, and  i n - f l i g h t  i n  e a r l y  September,  1988. The r e s u l t s  
were e n c o u r a g i n g :  The i n s t r u m e n t  r a d i o m e t r i c  r e s p o n s e  
f u n c t i o n s  w e r e  s i g n i f i c a n t l y  more s table  t h a n  d u r i n g  t h e  1987 
f l i g h t s ,  a l t h o u g h  anomal ies  were obse rved  which it i s  hoped 
may be p a r t i a l l y  m i t i g a t e d  b y  i t e m  number 9; s i g n a l  levels  
g e n e r a l l y  w e r e  t he  h ighes t  y e t  achieved from the  i n s t r u m e n t  
and  matched the  model led  l eve l s  f o r  a l l  b u t  s p e c t r o m e t e r  D 
which, because o f  t h e  a b e r r a t i o n s  i n h e r e n t  i n  i ts des ign ,  has  
a larger s p o t  s i z e  t h a n  t h e  o t h e r  spec t romete r s ,  r e s u l t i n g  i n  
s i g n a l  l o s s  o f f  t h e  d e t e c t o r s ;  and,  there  w a s  a g e n e r a l  
improvement i n  no i se ,  e s p e c i a l l y  coherent  no i se ,  which w a s  

Table 4 .  AVIRIS  p r o j e c t  a c t i v i t i e s  directec! a t  h p r ~ v i n c ;  
s e n s o r  performance. 

Engineer ing  A c t i v i t y  
Undertaken 

Performance I s s u e  ( s )  
Addre s sed 

1. Improve spec t rometer  S t a b i l i z e  r ad iomet r i c  response 
thermal c o n t r o l l e r s  func t ion  and s p e c t r a l  

a1 ignment 

2 .  Kinemat ica l ly  mount Reduce heat flow and 
spec t romete r s  t o  rack v i b r a t i o n s  from rack and 

mitigate effects of  
rack  warpage on al ignment  

3 .  Improve o p t i c a l  f iber Minimize chance o f  f u t u r e  
package defocus o f  ins t rument  

4 .  Implement new fiber Fac i l i t a t e  o p t i c a l  alignment - 
p o s i t i o n e r s  maximize s i g n a l  levels 
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Table 4 .  (contd)  

Engineer ing A c t i v i t y  
Undertaken 

Performance I s s u e  (s)  
Addressed 

5. Remove KDP f i l t e r  from S t a b i l i z e  r a d i o m e t r i c  response  
spec t rometer  B f u n c t i o n  

6. Real ign f o r e o p t i c s  Minimize v i g n e t t i n g  

7 .  Bu i ld  new p re -ampl i f i e r  S t a b i l i z e  s i g n a l  cha in  
and c lock  driver boards  performance and reduce n o i s e  

8. Repackage d e t e c t o r  drive Reduce s i g n a l  c h a i n  n o i s e  
l o g i c  

9. Remove d e l r i n  rod  between S t a b i l i z e  spec t rometer  
dewar mount and spectrom. alignment 

g r e a t l y  reduced from t h e  levels seen  e a r l y  i n  t h e  1987 f l i g h t  
s e a s o n .  However, o v e r a l l ,  t h e r e  w a s  o n l y  a modes t  
improvement i n  SNR as a r e s u l t  o f  reduced  c o h e r e n t  n o i s e  and 
much more stable s i g n a l  cha in  e l e c t r o n i c s  performance.  A f t e r  
t h e  i n - f l i g h t  t e s t i n g  i n  September  1988 ,  a d d i t i o n a l  
e x p e r i m e n t s  w e r e  conduc ted  i n  t h e  l a b o r a t o r y  which showed 
t h a t  (1) s i g n a l  c h a i n  packaging  was r e s p o n s i b l e  f o r  much o f  
t h e  remain ing  sys t em n o i s e ,  and ( 2 )  t h e  d e l r i n  r o d  t h a t '  i s  
t h e  mechanical i n t e r f a c e  between each  dewar mounting assembly 
and t h e  s p e c t r o m e t e r  body i s  n o t  s u f f i c i e n t l y  r i g i d  f o r  t h a t  
a p p l i c a t i o n ,  a l l o w i n g  some movement o f  t h e  dewar u n d e r  
v a r i o u s  c o n d i t i o n s  t h a t  e x i s t  i n  b o t h  t h e  l a b  and  f l i g h t  
envi ronments .  These r o d s  are b e i n g  replaced w i t h  aluminum. 
T h e  s i g n a l  c h a i n  packaging  w a s  i m p l i c a t e d  as  a n o i s e  s o u r c e  
t h r o u g h  s u b s t i t u t i o n  t e s t i n g  o f  each s p e c t r o m e t e r  w i t h  t he  
breadboard  e l e c t r o n i c s ,  which when s u b s t i t u t e d  f o r  t h e  f l i g h t  
e l e c t r o n i c s  on t h e  i n s t r u m e n t  rack, gave n o i s e  levels t h a t  
w e r e  2 t o  4 t i m e s  lower .  A s  a weight s a v i n g  s t r a t e g y  t o  meet 
t h e  r e q u i r e m e n t s  f o r  f l y i n g  on t h e  NASA U-2 a i r c r a f t ,  t h e  
d e t e c t o r  drive l o g i c  w a s  o r i g i n a l l y  packaged i n  t he  same box 
w i t h  o t h e r  l o g i c  c i r c u i t r y  u s i n g  a common power s u p p l y  and 
master c l o c k .  Moreover,  b e c a u s e  o f  i t s  s i z e ,  t h e  box i s  
l o c a t e d  a t  t h e  o t h e r  e n d  o f  t h e  A V I R I S  rack from t h e  
s p e c t r o m e t e r s ,  r e q u i r i n g  l o n g  e l ec t r i ca l  cables which a re  
s u s c e p t i b l e  t o  n o i s e  p ick  up. T h e  weight c o n s t r a i n t s  o f  the  
U-2 have been relieved now t h a t  the  l a s t  of  t h e  U-2s has been 
re t i red and  replaced w i t h  t h e  more capable ER-2, so t h e  
d e t e c t o r  drive l o g i c  i s  b e i n g  repackaged w i t h  i t s  own power 
supply  and c lock  and l o c a t e d  much c l o s e r  t o  t h e  s p e c t r o m e t e r s  
t o  minimize c a b l e  l e n g t h .  I t  i s  hoped t h a t  t h i s  w i l l  r e s u l t  
i n  a s i g n i f i c a n t  n o i s e  improvement.  The e n g i n e e r i n g  team 
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p l a n s  t o  f i n i s h  t h e  work i n  t h e  Spr ing  of 1989 and v e r i f y  i n -  
f l i g h t  performance wi th  another  f i e l d  c a l i b r a t i o n  exper iment .  

SUMMARY 

Judged by most c r i t e r i a ,  the  1987 f l i g h t  s eason  and 
performance e v a l u a t i o n  e f f o r t  were s u c c e s s f u l  i n  meet ing t h e  
o b j e c t i v e s  cf assessing d a t a  quality afid s e n s o r  perfarm-ance 
The r e s u l t s  of t h e  e v a l u a t i o n  by t h e  AVIRIS p r o j e c t  and t h e  
independent  performance eva lua t ion  i n v e s t i g a t o r s  provided  t h e  

information needed to 
b r i n g  A V I R I S  performance t o  i t s  d e s i r e d  l e v e l s .  I n  s p i t e  of 
degraded  d a t a  q u a l i t y  over  t h e  cour se  of t h e  summer, some 
e x c i t i n g  s c i e n t i f i c  r e s u l t s  were a l s o  o b t a i n e d  from t h e  
p rogram,  which b o d e s  w e l l  f o r  t h e  f u t u r e  of  imag ing  
spec t roscopy .  I f  t h e  AVIRIS eng inee r ing  team i s  s u c c e s s f u l  
i n  i t s  work o v e r  t h e  n e x t  few months ,  t h e  enhanced  
per formance  of t n e  s e n s o r  and t h e  knowledge g a i n e d  by t h e  
members of t h e  e a r t h  s c i e n c e  community who p a r t i c i p a t e d  i n  
t h e  1987  e v a l u a t i o n  program shou ld  a l l o w  u s  t o  l aunch  a 
v igorous  and e x c i t i n g  new phase of earth remote s e n s i n g .  

engineering team w i t h  3 great  deal of 
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ATMOSPHERIC WATER MAPPING WITH THE AIRBORNE VISIBLE/INFRARED 
IMAGING SPECTROMETER (AVIRIS), MOUNTAIN PASS, CALIFORNIA 
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Margolis, Ronald E. Alley, Gregg Vane, Carol J .  Bruegge & Bruce 
L. Gary 
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4Je -a=epe-~e- pbservations4 of the spatial variation of 
atmospheric p r e? i p i t ab 1 e water using the Airborne 
Visible/Infrared Imaging Spectrometer (AVIRIS) over a desert area 
in eastern California, derived using a band ratio method and the 
9 4 0  nm atmospheric water band and 8 7 0  nm continuum radiances. 
The ratios yield total path water from curves of growth supplied 
by the LOWTRAN 7 atmospheric model. An independent validation of 
the AVIRIS-derived column abundance at a point is supplied by a 
spectral hygrometer calibrated with respect to radiosonde 
observations. Water values conform to topography and fall off 
with surface elevation. The edge of the water vapor boundary 
layer defined by topography is thought to have been recovered. 
The ratio method yields column abundance estimates of good preci- 
sion and high spatial resolution. 

Atmospheric water vapor is an important reservoir in the 
global hydrosphere having profound implications for the main- 
tenance of fresh water supplies that are essential for life , for 
energetics of tpe atmosphere and for modelling the Garth's 
hydrologic cycle and climate . In addition, water vapor line 
and continuum absorptions affect quantitative interpretation of 
the spectral reflectance, which is a fundamental parameter deriv- 
able from remote sensing observations of the Earth's surface. We 
describe here preliminary experiments utilizing spectral 
radiance band ratios of the Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) that yield high-spatial resolution maps 
of precipitable atmospheric water. The present band ratio methot 
was modeled after a similar method devised by Farmer et al. 
for measurement of atmospheric water on Mars. The band ratio 
method offers the possibility of significant improvement in 
determination of column abundances over mid-infrared and micro- 
wave remote sensing techniques. Specification of the time and 
spatial variability of the absolute amount of water vapor, 
usually carried out remotely for the terrestrial case by 
observations at mid-infrared or microwave wavelengths (but see 
also Ref. 7) contributes to our understanding of surface fluxes 
through local application of the equation-of-continuity for 
water vapor. The compensation for water vapor in radiance images 
of the Earth from aircraft or satellites can be carried out by 

1 
2 

4 : 

6 

application of theoretical models of radiative transfer based o n  
molecular absorption line compilations 8 9 9  . 
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AVIRIS provides near nadir spectral radiance measurements of 
the Earth from 400-2500 nm" with a spectral sampling interval 
and spectal resolution near 10 nm. From its U - 2  platform at an 
altitude of 20 km above terrain the swath width is 11 km and the 
surface instantaneous field-of-view (IFOV) 20mx20m. The inflight 
spectral and radiometric performance of this instrument have been 
evaluated by field experiment 1 1  

AVIRIS overflew our test site at Mountain Pass, CA (Lat. 
35' 2 8 '  N ,  Long. 115' 32' W, Figure la) on July 30, 1987, 10:15 
AM PST, along a flight line oriented N 55' E. Topographically 
(Figure lb) the image area to the northeast contains Ivanpah 
Valley with Ivanpah Lake (dry) occupying the lowest part at an 
elevation of 2600 ft (794 m). To the southwest the land surface 
rises over broad sparsely vegetated alluvial slopes to Clark 
Mountain and the Mescal Range where the maximum elevation is 
6493 ft (1980 m). The image is bordered on the southwest by 
Shadow Valley at an elevation near 4200 feet (1280 m). During the 
overflight, measurements were made at site A (elevation 4726 
ft., 1441 m)of alt2mospheric optical depth using a Reagan-type 
solar radiometer (Figure 2), from which aerosol and ozone 
optical depths were derived by the procedure of Ref. 13. An 
observation at wavelength 940 nm was used to derive the slant 
path precipitable water present by cross-calibration with a 
ratioing spectral hygrometer (wavelengths 935 nm/880 nm) that is 
independently calibrated in terms of column precipitable water as 
determined by about one hundred radiosonde plus high altitude 
aircraft and large zenith angle solar observations. In addi- 
tion, the surface bidirectional spectral reflectance of targets 
within the scene was measured with a portable instantaneous 
display and analysis spectrometer (PIDAS) . PIDAS covers the 
spectral range 425-2500 nm with sampling intervals better than 5 
nm. Reflectances of uniform areas of Ivanpah Lake (Site B ,  
Figure la) were used to generate a local i2flight radiometric 
calibration of AVIRIS" through the LOWTRAN 7 atmospheric model 
s o  that the image digital numbers could be converted to spectral 
radiance L(X) in pw cm nm ster- . A standard rural aerosol 
model was employed with visibility of 2 3  km, adopted by com- 
parison with the Reagan solar radiometer measurements. 

1 4  

- 2  - 1  1 

Figure 3 is the radiance at AVIRIS spectral resolution 
predicted at altitude from Ivanpah Lake according to the LOWTRAN 
7 standard mid-latitude summer model using the PIDAS-determined 

We used the ratio surface reflectance as measured at site B .  
R(940,870,w) of AVIRIS-determined radiances L(940,~)/E(870,w) 
(over-bars are averages of three channels around the wavelength 
indicated and w is precipitable water in cm) to estimate total 
path precipitable water (downward slant path of zenith angle = 
29' and upward vertical path) on a point by point basis in the 
image. The ratios were converted to amounts of water by generat- 
ing a curve-of-growth from the LOWTRAN 7 model for the altitude 
of site A ,  including effects of path radiance intrinsic to the 

- 



model for the site altitude and flight conditions. The ratio 
curve-of-growth has the form R = Aexp(-BJw) where A -2.8564 and, 
B = 0.5248, with correlation coefficient- squared r = 0.9988. 
The total precipitable water calculated from the model for Site A 
is 3.139 pr. cm. This model neglects the pressure effect from 
variations in topography over the image away from Site A ,  which 
amounts to a few percent. 

Figure IC is a map of the distribution of total precipitable 
water over the image area. In general atmospheric water dis- 
tribution conforms to the topography. Notable are differences in 
amount between Ivanpah Valley and Shadow Valley, which differ in 
elevation by about 1600 feet (490 m), and a broad area of 
reduced water abundance found on the topographic slope between 
Ivanpah Lake and Clark Mountain. Highpoints of the landscape 
correspond to minimums in observed water abundance. We specu- 
late that the sharp decrease in water column abundance found at 

represent the edge of the water vapor boundary layer. The ratio 
calculation compensates well for albedo variations (bright and 
dark areas) over the surface, because the channels used are close 
to each other in wavelength and the corresponding differences in 
reflectance are small. The ratio R may be affected by water 
absorptions in the surface reflectance, either in vegetation or 
as soil moisture. The presence of an uncompensated surface 
absorption will decrease the apparent ratio and lead to an appa- 
rent increase in atmospheric water calculated to be present. 
The surface water absorption is always displaced to the red, and 
any effect o f  its presence minimized by forming the ratio 
described above. Also, the sparse desert plant cover present 
(mainly Larrea) and dry climatic conditions probably minimize 
these effects. 

the toe o f  the alluvial slope northeast of Clark Morrntain may 

We used the solar radiometer measurements in Figure 2, to 
estimate precipitable water present at Site A according to the 
radiosonde-based spectral hygrometer scale, for comparison with 
the LOWTRAN 7-derived scale. The relationship between solar 
radiometer ratio R s r  - L(940)/L(870) and spectral hygrometer 
ratio RSr = L(935)/L(880) is R S ,  = 0.08703 + 1.07992Rsr with r2 - 0,9999. The line-of-site precipitable water present is deter- 
mined from W l o s  = W, + (W,/6.8)3, where W, = 13.7/10'.38Rsh, 
with an uncertainty 2 l o % ,  including systematic and random 
errors. The values W l o s  were adjusted for pressure by multiply- 
ing by ./(po/p) where p, is sea-level pressure and p is the pres- 
sure at site A. The pressure correction factor used is 1.1. Our 
ratio RSr = 0.4886, which yields 2.78 cm of water from the 
radiosonde scale. This compares favorably with the LOWTRAN 7 
value of 3.14 pr cm from the AVIRIS-determined ratio. 

The data from separate bands used to generate the ratio 
image of Figure IC contain both coherent and random noise com- 
ponents. To improve signal/noise ratio the separate band data 
were first averaged areally with a 2x2 square filter thereby 
decreasing the surface spatial resolution by a factor of four. 
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Horizontal banding present in the ratio image was removed by 
adjusting the pixels in each line as the difference between the 
average value for that line and the average value of all pixels 
in the surrounding 2 2 5  lines. Periodic microphonic noise was 
removed by transforming to the Fourier domain, severly 
attenuating the microphonic noise frequencies, and performing 
the inverse transform. The random noise component, determined by 
analysis of single-band imagery over uniform portions of Ivanpah 
Lake, was found to be + 2 %  rms. The curve-of-growth yields a 
fractional uncertainty ow/w = 3.8(aR/R)/Jw in the determination 
of w, where a R / R  is the fractional uncertainty in the ratio, 
i.e., 4 %  rms. This gives about 2 0.12 cm of water for average 
conditions over the Mountain Pass test area. 

The present method benefits from a double pass of incident 
solar radiance through the atmosphere, increasing the observed 
abundance by approximately l/cos0 ( 0  = solar zenith angle) over 
the vertical path alone column abundance. The present method 
offers improvement in precision of retrieved column abundances 
over that provited by both infrared and microwave remote sound- 
ing techniques which have an estimated accuracy of 0.6 - 0 . 8  
Pr. cm with present-day instruments. Analysis of sensitivity to 
effects of scattering and further field validation exercises are 
planned. 
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F i g u r e  1. ( R e f e r  t o  s l i d e  No. 2 . )  ( a )  T h r e e  c o l o r  c o m p o s i t e  
i m a g e  o f  t h e  M o u n t a i n  P a s s  s i t e  u s i n g  1 0  nm c h a n n e l s  f r o m  A V I R I S ,  
1 5 3 7  nm ( r e d ) ,  1 0 5 1  nm ( g r e e n ) ,  6 7 2  nm ( b l u e ) .  The p o i n t  (.) 
l a b e l e d  A l o c a t e s  s t a t i o n  w h e r e  o p t i c a l  d e p t h  was d e t e r m i n e d ;  ( m )  
B ,  a p l a y a  t a r g e t  u s e d  f o r  i n f l i g h t  c a l i b r a t i o n  o f  t h e  i n s t r u -  
m e n t .  ( b )  g e n e r a l i z e d  t o p o g r a p h i c  map of  t h e  s i t e ,  ( c )  map o f  t h e  
d i s t r i b u t i o n  o f  p r e c i p i t a b l e  water i n  cm ( c o l o r  s c a l e  a t  r i g h t )  
d e t e r m i n e d  u s i n g  t h e  940  nm a t m o s p h e r i c  water  b a n d ,  a n d  t h e  r a d i -  
a n c e  r a t i o  L(940)/ L(870). S t i p p l e d  r e g i o n  C D  m a r k s  l o c a t i o n  o f  
s h a r p  c h a n g e  i n  mapped w a t e r  a b u n d a n c e  t h a t  may r e p r e s e n t  e d g e  o f  
water  v a p o r  b o u n d a r y  l a y e r  t a p e r e d  a g a i n s t  t h e  t o p o g r a p h y .  
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F i g u r e  2 .  A t m o s p h e r i c  o p t i c a l  d e p t h  d e t e r m i n e d  f o r  t h e  c l e a r  a i r  
c o n d i t i o n s  o f  J u l y  3 0 ,  1 9 8 7 .  (+>  a r e  m e a s u r e d  p o i n t s .  R a y l e i g h  
o p t i c a l  d e p t h  T R A Y L E I G H  was c o m p u t e d  f r o m  t h e  m e a s u r e d  a tmo-  
s p h e r i c  p r e s s u r e  ( 8 5 6  mb) a t  t ime of o v e r f l i g h t ,  1 0 : 1 5  AM, PST. 
The l i n e  T A E R O S O L  i s  g e n e r a t e d  as  t h e  b e s t  f i t  t o  t h e  d i f f e r e n c e  
b e t w e e n  t h e  o b s e r v e d  a n d  R a y l e i g h  o p t i c a l  d e p t h s .  The o z o n e  o p t i -  
c a l  d e p t h  i s  d e r i v e d  a s  t h e  d i f f e r e n c e  b e t w e e n  o b s e r v e d  a n d  sum o f  
R a y l e i g h  and  Mie v a l u e s .  The r e s u l t i n g  c o m p u t e d  o p t i c a l  d e p t h  
e x c l u d e s  a b s o r p t i o n  f r o m  a t m o s p h e r i c  water  v a p o r .  
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F i g u r e  3 .  T o t a l  r a d i a n c e ,  d i r e c t  p l u s  d i f f u s e  g r o u n d - r e f l e c t e d  
r a d i a n c e ,  a n d  p a t h  r a d i a n c e  g e n e r a t e d  f r o m  LOWTRAN 7 m o d e l  a t  
AVIRIS o b s e r v a t i o n a l  a l t i t u d e  and s p e c t r a l  r e s o l u t i o n  o v e r  I v a n p a h  
P l a y a  u s i n g  t h e  s p e c t r a l  r e f l e c t a n c e  m e a s u r e d  a t  s i t e  B ( F i g u r e  
l a ) .  C a n d  B mark  c e n t r a l  p o s i t i o n s  of b a n d  c l u s t e r s  u s e d  t o  g e n -  
e r a t e  b a n d  r a t i o s  t h a t  a r e  c a l i b r a t e d  i n  terms o f  a t m o s p h e r i c  p r e -  
c i p i t a b l e  w a t e r  a b u n d a n c e s  i n  F i g u r e  IC. 
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R A D I O M E T R I C  PERFORMANCE OF A V I R I S :  ASSESSMENT FOR AN A R I D  R E G I O N  
GEOLOGIC TARGET 

HUGH H. KIEFFER, E R I C  M. ELIASON, K E V I N  F. MULLINS, LAURENCE A. 
SODERBLOM, AND JAMES M. TORSON; U.S. Geologica l  Survey, F l a g s t a f f ,  
Ar izona,  USA 

ABSTRACT 

examined t o  assess i n s t r u m e n t  s t a b i  1 i t y  and 
response. 
were analyzed s t a t i s t i c a l l y .  
i n d i c a t e  t h a t ,  a l t hough  t h e  i ns t rumen t  o u t p u t  was 
n o i s y  and uns tab le  a t  t h e  t i m e  o f  da ta  a c q u i s i t i o n ,  
v a l u a b l e  spec t ra l  s i g n a t u r e s  can s t i  11 be e x t r a c t e d  
and analyzed. 
c o r r e c t i o n s  can be performed by f o r c i n g  i n t e r n a l  
cons i s tency  w i t h i n  t h e  data. 
de l  i v e r e d  i n  band-i n t e r l  eaved-by-1 i ne format,  ~ <but we 
haw? developed highi ’ef f icency rout inek,Ahhich access 
t h e  data as e i t h e r  image o r  s p e c t r a l  p lanes and enable 
e f f e c t i v e  s t a t i s t i c a l  and v i s u a l  examinat ion o f  b o t h  
A V I R I S  scenes and a n c i l l a r y  f i l e s .  

i n f o r m a t i o n  f r o m  segment 4 o f  t h e  Ke lso  Dunes 
f l i g h t .  Both s u c c e s s f u l l y  i d e n t i f i e d  a t  l e a s t  t h r e e  
d i s t i n c t  s p e c t r a l  s igna tu res ,  b u t  n e i t h e r  has 
p o s i t i v e l y  i d e n t i f i e d  a s p e c i f i c  m a t e r i a l .  

Data f rom seve ra l  A V I K I S  f l i g h t  l i n e s  were 

Both scene and i n - f l i g h t  c a l i b r a t i o n  da ta  
h e  da ta  c l e a r l y  

Some f i r s t  o r d e r  c a l i b r a t i o n  

A V I R I S  da ta  a r e  
J.. - P l :  tu\ . 

Two methods were used t o  e x t r a c t  s p e c t r a l  

I N TRODUC T I  ON 

v a r i o u s  c a l i b r a t i o n  f i l e s  t h a t  accompany a l l  A V I R I S  f l i g h t s  f o r  
seve ra l  1987 t a r g e t s  (TABLE 1). S t a t i s t i c a l  parameters were 
c o l l e c t e d  f o r  coherent and random n o i s e  p a t t e r n s ,  o f f s e t  and g a i n  
d r i f t s ,  and i n t e n s i t y  s h i f t s ;  some o r  a l l  o f  t hese  problems e x i s t  
i n  every f l i g h t  l i n e  we i n v e s t i g a t e d .  
performance were used t o  r e j e c t  bands w i t h  l ow  s i g n a l  - t o - n o i s e  
r a t i o s .  

F i r s t ,  a d e t a i l e d  s t a t i s t i c a l  a n a l y s i s  was performed on t h e  

These measures o f  

Table 1. Data Used i n  This Work 

F1 i gh t  Target Date Data Used 
~~~ ~~~ 

Mof f e t t  F i  e l  d 
Mountain Pass 

Hebro 
S i e r r a  Foothi  11 s 

Kelso Dunes 
Lake Powell 

Grand Canyon 
San Francisco Bay 

6/25/87 
7130187 
8/01/87 
91 14/87 
9/14/87 
9/18/87 
9/18/87 
10/13/87 

~~~ ~~~ ~ ~~ 

Ca l ib .  o n l y  
Cal ib.  o n l y  
Cal ib.  o n l y  
Cal ib .  o n l y  

Cal ib.  & image 
Cal ib.  o n l y  

Cal ib .  & image 
Cal ib.  & image 
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NO1 SE LEVEL ANALY S I  S 

average and s tandard d e v i a t i o n  values were ob ta ined  f o r  each o f  t h e  
f o u r  separate i n t e r n a l  i n t e n s i t y  1 eve1 s ( F i  gure 1). H i  stograms o f  
raw DN and o f  t h e  abso lu te  second d i f f e r e n c e  o f  t h e  raw DN were 
generated. Using l i n e a r  i n t e r p o l a t i o n  o f  t h e  corresponding 

DN, and t h e  median and mean abso lu te  second d i f f e r e n c e  were 
computed. S i m i l i a r  r o u t i n e s  were run on t h e  dark c u r r e n t  and image 

done on raw A V I K I S  data. 

Pre- and p o s t - f l i g h t  c a l i b r a t i o n  f i l e s  were processed and 

L u i l i u l u L l v L  ~ s n m a o l a + 4 ~ , n  h i c t n n r a r n s  I 1 l d u u y l  U t l l  , t h e  1 and 99 p e r c e n t i l e  p o i n t s  ~f t h e  r a w  

c:1..c I cnw. L y l i l c l l L  C n n m n n f  4 o f  t h e  Kelsc D ~ n e s  f l i g h t .  Al 1 analyses were 

A V I R I S ,  

50.0 

40.0 

30.0 

20.0 

10.0 

0.0 

-10.0 

-28.8 

-30.0 

-40.0 

-50.0 

(prc-posl ddrk for 4 flights / 00-MV- 4 09.08827 

I E 

Lake Powell 

Moffet t  

Grand Canyon 

Kelso 

BAN) NUBER 

F i g u r e  1. The d i f f e r e n c e  between the p re -  and p o s t - c a l i b r a t i o n  
dark c u r r e n t s  a r e  compared f o r  f o u r  A V I R I S  f l i g h t s .  
a r e  a c t u a l l y  cen te red  on zero bu t  each has been p r o g r e s s i v e l y  
o f f s e t  v e r t i c a l l y  by 10 DN. 

A l l  f o u r  p l o t s  

A s imp le  measure o f  d e t e c t o r  noise i s  one-hal f  t h e  median 
a b s o l u t e  va lue  o f  t h e  second d i f f e r e n c e  ( f o r  Gaussian n o i s e  t h i s  i s  
n e a r l y  i d e n t i c a l  t o  t h e  s tandard d e v i a t i o n ) .  This parameter v a r i e s  
s t r o n g l y  w i t h  d e t e c t o r ,  even w i t h i n  each o f  t h e  f o u r  
spectrometers.  Typical  va lues a r e  4.5, 2.5, 3.2, and 2.7 f o r  
spect rometers A, B, C and D, r e s p e c t i v e l y .  For t h e  most respons ive  
d e t e c t o r s  i n  each spectrometer,  t h e  s i g n a l - t o - n o i s e  r a t i o  (SNR) f o r  
t h i s  measure o f  no i se  i s  approx imate ly  150, 55, 100, and 60 f o r  t h e  
f o u r  spectrometers.  A r e v e a l i n g  parameter i s  t h e  "sc ience - to -no ise  
r a t i o " ,  based on t h e  v a r i a t i o n  o f  r e f l e c t i v i t y  w i t h i n  a scene, 
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r a t i o e d  t o  the n o i s e  l e v e l .  This parameter i s  on t h e  o r d e r  o f  20 
t o  30 f o r  a l l  f o u r  spectrometers.  

data. 
t e n  p i x e l s  f l o w  across t h e  image. 
t h e  coas t  o f  Oregon) no i se  w i t h  t h e  p e r i o d  o f  14.16 p i x e l s  was 
s h i f t e d  i n  phase by 10.5 samples between l i n e s .  

da ta  i t s e l  f. The 1 ow-1 eve1 p re -ca l  i b r a t i o n  da ta  has an approximate 
square-wave p a t t e r n  w i t h  amp l i t ude  o f  4 t o  6 DN w i t h  a p e r i o d  o f  26 
p i x e l s .  The dark l e v e l  ( 1  p i x e l  pe r  l i n e )  shows h i g h  frequency 
noise,  obvious, ab rup t  l e v e l  s h i f t s  on t h e  o r d e r  o f  5 p i x e l s ,  and 
d r i f t s  on t h e  order  o f  a few DN per  minute. I n  u n i f o r m  scenes, 
some o f  t h e  more obv ious l e v e l  s h i f t s  correspond t o  s h i f t s  i n  t h e  
dark c u r r e n t  f i l e .  

There a r e  severa l  k i n d s  o f  p e r i o d i c  n o i s e  w i t h i n  t h e  A V I K I S  
I n  a wavelength "movie", waves w i t h  a p e r i o d  on t h e  o r d e r  o f  

I n  a u n i f o r m  area ( t h e  ocean o f f  

There are a l s o  severa l  p a t t e r n s  o f  n o i s e  i n  t h e  c a l i b r a t i o n  

COHERENT N O I S E  

A V I K I S  subscene and on-board c a l i b r a t i o n  da ta  acqu i red  d u r i n g  t h e  
Kelso Dunes f l i g h t .  
un i fo rm f l  a t - f i e l d  t a r g e t  f o r  s tudy o f  coherent  n o i s e  a t  b r i g h t n e s s  
l e v e l s  above dark c u r r e n t .  The on-board c a l i b r a t i o n  c o n s i s t e d  of  
i ns t rumen t  data acqu i red  w i t h  t h e  f o r e - o p t i c s  s h u t t e r  c l o s e d  and 
t h e  i n t e r n a l  c a l i b r a t i o n  lamp e i t h e r  t u r n e d  o f f  p r o v i d i n g  dark 
c u r r e n t  data,  o r  a t  h i g h  and low i n t e n s i t y  l e v e l s  p r o v i d i n g  a 
f l a t - f i e l d  a t  d i f f e r e n t  i ns t rumen t  DN o u t p u t  l e v e l s .  

512 samples o f  a l i n e  f o r  a l l  224 s p e c t r a l  channels. Because a 
uni form-radiance f i e l d  was used, ampl i tudes o f  a l l  t h e  'Fou r ie r  
components can be a t t r i b u t e d  t o  e i t h e r  random o r  coherent  F o u r i e r  
no i  se (except  zero f requency).  Typical  background-f  requency 
ampl i tudes due t o  random n o i s e  f o r  t h e  f o u r  spect rometers f a l l  
w i t h i n  t h e  range .5  t o  1.0 DN f o r  most d e t e c t o r s .  Some o f  t h e  
d e t e c t o r s  w i t h  a 1 ower s i g n a l  - t o - n o i  se r a t i o  have n o t i  c a b l y  h i g h e r  
F o u r i e r  ampl i tudes a t  random f requencies.  These i n c l u d e  d e t e c t o r s  
97, 113, 131 t o  136, and 210. 

Coherent no i se  was modeled by F o u r i e r  t rans fo rms  o f  a u n i f o r m  

A subscene o f  t h e  dune f i e l d  p r o v i d e d  a 

A one-dimensional f a s t  F o u r i e r  t r a n s f o r m  (FFT) was a p p l i e d  t o  

P r o - c a l .  h i a h  intensity broad band.  Kelso f l i a h t  fi;,dp': 

Wavelength l p i x e l s / c y c l e l  

F i g u r e  2. 
scan l i n e  f o r  d e t e c t o r  C, band 129. The t r a n s f o r m  i s  o f  t h e  Kelso 
Dunes f l  i g h t  pre-ca l  i b r a t i o n  da ta  acqu i red  w i t h  t h e  f o r e - o p t i c s  
s h u t t e r  c l o s e d  and t h e  i n t e r n a l  c a l i b r a t i o n  lamp a t  t h e  h i g h  
i n t e n s i t y  l e v e l .  Because a un i fo rm- rad iance  f i e l d  was used, t h e  
h igh -amp l i t ude  F o u r i e r  components can be a t t r i b u t e d  t o  coherent  
no ise.  
p i x e l s / c y c l e  and i s  t y p i c a l  o f  most o f  t h e  d e t e c t o r s  i n  
spect rometer  C. 

F o u r i e r  t r a n s f o r m  o f  t h e  f i r s t  512 samples o f  a s i n g l e  

The transform e x h i b i t s  a sharp peak a t  39.38 and 19.69 
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The FFTs e x h i b i t e d  severa l  sharp peaks we1 1 above background 
n o i s e  l e v e l s  f o r  t h e  f o u r  spectrometers (see Table 2 and 
F i g u r e  2). 
same f o r  t h e  dark c u r r e n t  c a l i b r a t i o n ,  low and h i g h  i n t e n s i t y  lamp 
c a l i b r a t i o n ,  and image subscene, i t  i s  assumed t o  be an a d d i t i v e  
component t o  t h e  s i g n a l  and no t  a f u n c t i o n  o f  scene b r igh tness .  

I n  most cases a l l  d e t e c t o r s  o f  a spectrometer e x h i b i t e d  t h e  
same coherent  n o i  se frequency b u t  w i t h  v a r y i n g  ampi i tude. 
Spectrometers A and B e x h i b i t e d  t h e  lowest coherent  n o i s e  l e v e l s  o f  
no l a r g e r  than  2.0 DN ampl i tude.  
d i s c e r n i b l e  above random no ise  l e v e l s  when v iewing  a scene. 
Spectrometer D had s l i g h t l y  l a r g e r  coherent n o i s e  l e v e l s  of  no 
l a r g e r  than  4.0 DN ampli tude. 
coherent  n o i s e  l e v e l  was b a r e l y  de tec tab le  above random n o i s e  
l e v e l s  i n  some detec tors .  Spectrometer C e x h i b i t e d  t h e  g r e a t e s t  
coherent  n o i s e  l e v e l s  and were v i s i b l e  w e l l  above t h e  random n o i s e  
1 eve l  s. The 39.38 and 19.39 p i x e l  s /cyc le  coherent  no i  se 1 eve l  s ,  
hav ing  ampl i tudes  as h i g h  as 8.0 and 4.0 DN r e s p e c t i v e l y ,  were 
v i s i b l e  as o b l i q u e  wave pa t te rns .  

Because t h e  coherent  no ise  l e v e l s  a r e  approx imate ly  t h e  

These n o i s e  p a t t e r n s  were n o t  

V i sua l l y ,  t h e  19.59 p i x e l s l c y c l e  

TABLE 2. Summary o f  Four ie r  Transform Resu l t s  

Noise Maxi mum 

Spectrometer ( p i  x e l  s l c y c l  e )  ( Raw DN) Commen t s 
F r equ en cy Amp1 i tude 

A 19.69 1.8 Greatest  i n  d e t e c t o r s  13, 
16, 19, 22, 24, 25, 28, 
30. 

2.12 2.0 Present i n  a l l  d e t e c t o r s  
b u t  minimal i n  10, 30, 
31, 32. 

B 

C 

D 

9.48 2.0 Ampl i tude  n e a r l y  u n i f o r m  

5.70 1.8 Ampl i tude n e a r l y  u n i f o r m  
i n  a l l  de tec to rs .  

i n  a l l  de tec to rs .  

39.38 8.0 Greates t  i n  d e t e c t o r s  126 
t o  146. Ampl i tude v a r i e s  
w ide ly  among de tec to rs .  

131,134, 139, 140, 145, 
157. 

19.69 4.0 Greatest  i n  d e t e c t o r s  

32.00 3.0 Ampl i tude v a r i e s  w i d e l y  

19.69 4.0 Ampl i tude v a r i e s  w i d e l y  
among de tec to rs .  

among de tec to rs .  
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WHI TEYTARGET MODEL 
An est imate o f  t h e  expected response o f  A V I R I S  t o  a u n i f o r m  

p o i n t  t a r g e t  was computed based on t h e  c a l i b r a t i o n  f i l e  s u p p l i e d  by  
JPL, a nominal atmospher ic t r a n s m i s s i o n  spectrum computed u s i n g  
LOWTRAN 7 (Alee, 1988), and t h e  s o l a r  spectrum. This r e s u l t e d  i n  a 
"WHITE" spectrum t h a t  was used t o  conver t  A V I R I S  da ta  t o  s u r f a c e  
r e f l e c t a n c e  ( K i e f f e r ,  1988). Al though a t tempts  t o  d e r i v e  
normal ized c a l i b r a t e d  s p e c t r a  u s i n g  t h e  model gave poor r e s u l t s ,  
t h e  model was u s e f u l  i n  e s t i m a t i n g  t h e  q u a l i t y  o f  d i f f e r e n t  
s p e c t r a l  regions based on expected atmospher ic t r a n s m i s s i o n  and 
i n s t  r ument performance. 

An est imate o f  t h e  r e l a t i v e  g a i n  o f  each band was computed by 
deve lop ing  a " re ference"  band composed o f  t h e  sum of  DN f o r  a 
s p e c t r a l l y  cont iguous s e t  o f  low-noise,  h igh -ga in  bands. A 
cornpar is ion o f  t h e  c o e f f i c i e n t  o f  a l i n e a r  l eas t - squares  f i t  o f  t h e  
da ta  from any band t o  t h i s  r e f e r e n c e  band w i t h  t h a t  p r e d i c t e d  by 
t h e  w h i t e - t a r g e t  model g i v e s  a d i r e c t  i n d i c a t i o n  of t h e  change o f  
response o f  each de tec to r .  

SOF WARE D I  SPLAY TOOLS 

ins t rumen t ,  a new system o f  so f tware  was designed t o  handle 
cube-formatted data. 
Workstat ion i n t e r f a c e d  t o  an I V A S  d i s p l a y  system. 
program, QL3, a l l o w s  t h e  user  t o  i n t e r a c t i v e l y  examine a t h r e e -  
dimensional  cube of image data. 
ad jacen t  segments. The l e f t - h a n d  segment i s  an image o f  t h e  
s u r f a c e  (x,y)  a t  a p a r t i c u l a r  wavelength band which i s  d e f i n e d  by 
t h e  l o c a t i o n  o f  t h e  c u r s o r  i n  t h e  s p e c t r a l  ( 2 )  dimension. The 
r i g h t - h a n d  s ide i s  a s p e c t r a l  image r e p r e s e n t i n g  a l l  y p i x e l s  and 
a l l  z bands w i t h i n  an or thogonal  p lane  whose x l o c a t i o n  i s  d e f i n e d  
by t h e  cu rso r .  A graph o f  t h e  f u l l  spectrum a t  t h e  x,y p i x e l  i s  
d i s p l a y e d  on the works ta t i on .  Band images can be d i s p l a y e d  s i n g l y  
w i t h  numerous co lor -coded o v e r l a y  planes, o r  as a t h r e e  c o l o r  
composite. Various o p t i o n s  i n c l u d e  panning, pseudo-co lo ra t i on ,  
n o r m a l i z a t i o n ,  s t r e t c h i n g  and l i s t i n g s  o f  c u r r e n t  d i s p l a y  values. 

The cube d i s p l a y  s o f t w a r e  i s  designed t o  r u n  w i t h  a number of 
concu r ren t  processes t h a t  share access t o  t h e  da ta  i n  memory. 
These concurrent  processes enable one t o  i n t e r a c t i v e l y  c o l  1 e c t  and 
man ipu la te  s p e c t r a l  da ta  and s t o r e  t h e  r e s u l t s  o f  seve ra l  such 
analyses i n  t a b u l a r  form f o r  l a t e r  process ing.  Fo r  example, p i x e l s  
t h a t  match a se lec ted  spectrum can be i d e n t i f i e d  and used t o  
produce a themat ic  map o r  mask. A s e r i e s  o f  t hese  themat i c  images, 
which may be c o l o r  coded, can be o v e r l a i d  on t h e  o r i g i n a l  image t o  
d e l i n e a t e  ( o r  mask o u t )  areas w i t h  s p e c i f i c  s p e c t r a l  
c h a r a c t e r i  s t i c s .  

Given the l a r g e  q u a n t i t y  o f  da ta  produced by t h e  A V I R I S  

The s o f t w a r e  runs on a DEC Microvax Graphics 

The cube i s  d i s p l a y e d  i n  two 

The d i s p l a y  

DATA ANALYSIS 

sur faces w i t h i n  t h e  scene by suppress ing i n s t r u m e n t  g a i n  and o f f s e t  
e r r o r s  and spec t ra l  v a r i a t i o n  i n  atmospher ic t r a n s m i s s i o n  was made 
u s i n g  t h e  l i n e a r  f i t  c o e f f i c i e n t s  of  each band t o  t h e  ' ' reference' '  
band mentioned above. 
was a d j u s t e d  by t h e  d e v i a t i o n  o f  t h e  re fe rence  band, a t  t h a t  p i x e l ,  

An attempt t o  e x t r a c t  s u b t l e  s p e c t r a l  v a r i a t i o n s  a long  

For  each band, t h e  response a t  each p i x e l  
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f rom t h e  r e f e r e n c e  band average and scaled by t h e  s lope  o f  t h e  
l i n e a r  c o r r e l a t i o n  between t h i s  band and t h e  r e f e r e n c e  band. This 
process removed t h e  i ns t rumen t  dark l e v e l  and atmospher ic a d d i t i v e  
terms, and v a r i a t i o n  i n  i n s t r u m e n t a l  gain, s o l a r  s p e c t r a l  rad iance  
and atmospher ic t ransmiss ion.  It does n o t  a m p l i f y  no i se ,  b u t  i t  
does remove any c o r r e l a t i o n  o f  spec t ra l  s i g n a t u r e  w i t h  t h e  l o c a l  
i n c i d e n c e  angle. To whatever e x t e n t  the r e f e r e n c e  bands do n o t  
rep resen t  t h e  s p e c t r a l l y  averaged b r i g h t n e s s  of  su r face  m a t e r i a l s ,  
t h i s  process has t h e  u n f o r t u n a t e  c h a r a c t e r i s t i c  o f  magn i f y ing  t h e  
s p e c t r a l  s i g n a t u r e  o t  t h e  r e f e r e n c e  bands. 

A second technique was developed t o  remove t h e  i n s t r u m e n t  and 
atmospher ic e f f e c t s  w i t h o u t  use of any a b s o l u t e  c a l i b r a t i o n  and was 
a p p l i e d  t o  a p o r t i o n  o f  t h e  Kelso Dunes da ta  s e t  (Soderblom e t  al., 
i n  p r e p a r a t i o n ) .  
and m u l t i p l i c a t i v e  e r r o r s  i n h e r e n t  i n  t h e  A V I R I S  d a t a  so t h a t  
psuedo-spect ra l  s i g n a l s  a r e  n o t  created by t h e  n o r m a l i z a t i o n  o f  t h e  
a d d i t i v e  component. 

The w h i t e - t a r g e t  spectrum mentioned e a r l i e r  was used t o  mask 
o u t  s p e c t r a l  reg ions  of l ow  response. Next, bands w i t h  excess ive 
n o i s e  o r  da ta  c l i p p i n g  were i d e n t i f i e d  and deleted.  The nex t  s t e p  
i n v o l v e d  a process t o  d e t e c t  and d e l e t e  n o i s y  spect ra,  w i t h  any 
spectrum being d e l e t e d  t h a t  had a mean-squared d e v i a t i o n  from b o t h  
i t s  l e f t  and r i g h t  ne ighbors g r e a t e r  than 10 DN. I f  two s p e c t r a  
compared w i t h i n  t h i s  t o 1  erance, t h e n  t h e i  r average was s tored.  
This cleaned-up da ta  s e t  was then  used t o  generate h is tograms of 
a l l  remain ing channels and t o  compute t h e  f i r s t  and t h i r d  
q u a r t i l e s .  F i n a l l y ,  a l i n e a r  s t r e t c h  was a p p l i e d  t o  each s p e c t r a l  
channel, t h a t  sca led t h e  w id ths  and c e n t r o i d s  of  a l l  h istograms t o  
co inc ide .  
t h e  s p e c t r a l  c h a r a c t e r  o f  t h e  sur face,  n o t  t h e  s p e c t r a l  n a t u r e  o f  
t h e  i n s t r u m e n t  o r  atmosphere. This process c o n s i d e r a b l y  improves 
t h e  a b i l i t y  t o  d i s c e r n  i n d i v i d u a l  ground u n i t s .  
process o f  comparing t h e  normal ized s p e c t r a l  f e a t u r e s  i d e n t i f i e d  i n  
t h i s  manner w i t h  absol Ute 1 abo ra to ry  spectra.  

This process d e a l s  separa te l y  w i t h  t h e  a d d i t i v e  

The s i g n a t u r e s  i n  t h e  r e s u l t i n g  s p e c t r a  a r e  dominated by  

We a r e  now i n  t h e  
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ABSTRACT 

To make t h e  b e s t  use of Airborne 
Vi s ib l e / In f r a red  Imaging Spectrometer ( A V I R I S )  data 
an i n v e s t i g a t o r  needs t o  know t h e  r a t i o  o f  s i g n a l  t o  
random v a r i a b i l i t y  o r  ' no i se '  (S/N r a t i o ) .  The 
s i g n a l  is land-cover dependent and dec reases  w i t h  
both wavelength and atmospheric abso rp t ion  and 
random n o i s e  comprises sensor  no i se  and i n t r a - p i x e l  
v a r i a b i l i t y .  The three e x i s t i n g  methods f o r  
e s t i m a t i n g  the S/N r a t i o  are inadequate  as  t y p i c a l  
' l a b o r a t o r y '  methods i n f l a t e ,  w h i l e  ' da rk  c u r r e n t '  
and 'image' methods d e f l a t e  t h e  S/N r a t i o .  

We propose a new procedure called the  
' g e o s t a t i s t i c a l '  method. It is  based on the  removal 
of  p e r i o d i c  no i se  by  'notch f i l t e r i n g '  i n  t he  
frequency domain and t h e  i s o l a t i o n  of  sensor  no i se  
and i n t r a - p i x e l  v a r i a b i l i t y  us ing  the  
semi-variogram. T h i s  procedure was app l i ed  eas i ly  
and success fu l ly  t o  f i v e  sets of  A V I R I S  data from 
t h e  1987 f l y i n g  season. 

INTRODUCTION 

To optimize t h e  use o f  Airborne Vi s ib l e / In f r a red  Imaging 
Spectrometer  ( A V I R I S )  data t h e r e  is a need t o  know the  random 
v a r i a b i l i t y  o r  'no ise '  a s soc ia t ed  w i t h  t h e  s e n s o r ' s  s i g n a l .  T h i s  
in format ion  is r equ i r ed  by the  user community, as spectral  zones of high 
and low noise w i l l  be common t o  each land-cover and by every 
i n v e s t i g a t o r ,  as noise  determines the  accuracy wi th  which abso rp t ion  
f e a t u r e s  can be d i s t ingu i shed  i n  t h e  s p e c t r a  and o b j e c t s  can be  detected 
on the  ground. Noise a lone  is  no t  a very  u s e f u l  measure, as a g iven  
l e v e l  of noise  w i l l  have a more d e l e t e r i o u s  e f f e c t  on data q u a l i t y  i f  
the  s i g n a l  is low, Therefore ,  t h e  s i g n a l  t o  n o i s e ,  (S/N) r a t i o ,  which 
can be est imated by t h e  r a t i o  of t h e  s i g n a l ' s  mean (3 t o  i t s  s tandard  
d e v i a t i o n  ( s ) ,  w i l l  be used here. 

the  
s i g n a l  and t h e  s i g n a l  decreases s h a r p l y  w i t h  both an i n c r e a s e  i n  
wavelength and a tmospheric  absorp t ion .  Consequently,  p l o t s  of S/N r a t i o  
ve r sus  wavelength w i l l  be similar i n  form to  s i g n a l  ve r sus  wavelength 
for each land-cover under i n v e s t i g a t i o n .  

The aim of t h e  work r epor t ed  here was t o  develop a procedure f o r  
e s t i m a t i n g  the per-waveband S/N r a t i o  of  A V I R I S  data. 

The major part of  t h e  no i se  i n  the  A V I R I S  s i g n a l  is a d d i t i v e  t o  



ESTIMATING THE S/N R A T I O  OF A V I R I S  DATA 

AVIRlS data con ta in  pe r iod ic  (coherent)  sensor  no i se ,  t h a t  can be 
removed and random no i se  that cannot. The n o i s e  o f  re levance  t o  t h e  
i n v e s t i g a t o r  is random no i se :  t h e  random sensor  n o i s e ,  which is  image 
independent and i n t r a - p i x e l  v a r i a b i l i t y ,  which is' a r e s u l t  o f  s p a t i a l l y  
heterogeneous p i x e i  c o n t e n t s  and is image dependent. Unfor tuna te ly ,  
methods commonly used t o  es t imate  the  S/N r a t i o  o f  remotely sensed 
imagery (termed f o r  convenience ' l abo ra to ry , '  'dark c u r r e n t '  and 
:image') do not  i s o l a t e  t h i s  random n o i s e  f o r  t h e  i n v e s t i g a t o r  (Table 
1 ) .  

Tab le  1. Ex i s t ing  methods f o r  es t imat ing  t h e  S/N ra t io  of A V I R I S  data 
showing the l e v e l  o f  s i g n a l  and type  o f  n o i s e  t o  be estimated. 
A s  an i n v e s t i g a t o r ' s  spec t r a  can be free o f  p e r i o d i c  n o i s e  and 
i n t e r - p i x e l  v a r i a b i l i t y  a S/N r a t i o  is  requ i r ed  t h a t  con ta ins  
only  random sensor  noise  and i n t r a - p i x e l  v a r i a b i l i t y .  
Therefore ,  these three methods e i t h e r  underest imate  o r  
overes t imate  t h e  S/N r a t i o  requi red  by t h e  i n v e s t i g a t o r .  

Method S igna l  
l e v e l  

'Labor- Artif- 
a t o r y '  ic ia l ly  

h igh  

'Dark Natural 
c u r r e n t  

' Image Natural  

TY 
Pe r iod ic  

Sensor 
no i se  

3 of  no i se  
Random 

Sensor Intra- I n t e r -  
no ise  p ixe l  p i x e l  

var ia- va r  ia- 
b i l i t y  b i l i t y  

X 

X X 

X X X 

Estimated Two examples 
S/N r a t i o  from these 
i n  r e l a t i o n  proceedings 
t o  t h a t  
r equ i r ed  by 
i n v e s t i g a t o r  

Higher Vane 
Por t e r  

Lower Abrams and 
Carerre 
Vane and 
Green 

Lower Cone1 et &. 
Clark 

A t y p i c a l  ' l a b o r a t o r y ,  method uses t he  x and s of  a homogeneous 
su r face  w i t h  a high (e.g., 50%) albedo t o  estimate t h e  S/N r a t i o  f o r  
on ly  a few wavebands. The presence of p e r i o d i c  n o i s e  w i l l  decrease the 
measured S/N r a t i o  below t h a t  required by t h e  i n v e s t i g a t o r  (see above) 
but  t h i s  is  more than compensated by t h e  omission of  i n t r a - p i x e l  
v a r i a b i l i t y  and more impor tan t ly ,  by the  use o f  an a r t i f i c i a l l y  high 
s i g n a l .  A t y p i c a l  'dark  c u r r e n t '  method uses  v a r i a t i o n  (e.g., s)  i n  the  
s i g n a l  d a r k  c u r r e n t s  as a measure o f  no ise .  T h i s  va lue  inc ludes  
p e r i o d i c  no i se  which def la tes  t h e  S/N r a t i o  below t h a t  requi red  by t h e  
i n v e s t i g a t o r .  A t y p i c a l  'image' method uses  t h e  f and s of  f o u r ,  o r  
more, v i s u a l l y  homogeneous p i x e l s  as an estimate o f  t h e  S/N r a t i o .  The 
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resultant value is deflated below that required by the investigator, for 
it includes periodic noise (this could have been removed) and 
inter-pixel variability, which even on a visually homogeneous area can 
be around 2% of (Conel &a., 1987). 

To estimate the S/N ratio of the investigator's data a new procedure 
is proposed and this we have termed the 'geostatistical' method. 

THE 'GEOSTATISTICAL' METHOD FOR ESTIMATING THE S/N RAT10 

Following the removal of periodic noise there is a need to estimate 
random noise, free of inter-pixel variability (Table 1). We therefore 
require an estimate of variability at a pixel and a tool to do this is 
the semi-variogram (Curran, 1988). This is produced from a transect of 
pixels where the radiance z, at pixel number x along the transect has 
been extracted at regular intervals and where x = 1, 2, ..., n. The 
relation between a pair of pixels, h intervals apart (the lag distance) 
can be given by the variance of the differences between all such pairs. 
This value, the semi-variance y(h), for pixels at distance h apart is 
given by half the expectation E of their squared difference, 

2 
y(h) =1/2 E[~(~i)-z(xi+h)I (1 )  

Within the transect there will be m pairs of observations separated by 
the same lag, this is estimated by, 

m 2 3 =1/2m c [z(xi)-z(xi+h)l . 
-2 i=l 
S is an unbiased estimate of the semi-variance, y(h), in the population 
(Webster, 1985) and is a useful measure of the difference2 - between 
spatially separate pixels (Jupp &d., 1988). The larger S is and 
therefore y(h), the less similar the pixels will be. The semi-variogram 
is a plot of the function that relates semi-variance to lag (Fig. 1)  
and is described in Webster (1985) and Curran (1988). Three aspects of 
the semi-variogram are of interest here: ( s )  sill, the asymptotic 
upperbound value of y(h); (Co) nugget variance, the limit of y(h) when h 
approaches 0 and (C) spatially dependent structural variance, the sill 
minus nugget variance. By definition y(h)=O when h=O (Journal and 
Huijbregts, 1978), in practice however the limit of y(h) when h 
approaches 0 is positive because the nugget variance represents 
variability at scales smaller than a pixel. 

The nugget variance is a sound estimate of spatially independent 
image noise at the scale of a pixel as it comprises random sensor noise 
and intra-pixel variability. The square root of this variance can be 
used to estimate the standard deviation of the random noise and thereby 
the S/N ratio of AVIRIS data, 

- 
S/N ratio c x / G .  (3) 

The assumptions underlying the use of nugget Variance as an estimate 
of random noise are summarized in Table 2. 
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Fig. 1. Semi-variograms f o r  three wavebands of A V I R I S  data recorded 
f o r  a p l a n t a t i o n  f o r e s t  near Ga inesv i l l e ,  F lo r ida  ( T a b l e  3 ) .  

Table 2. Assumptions i n  t h e  use o f  nugget va r i ance  as an estimate of  
random no i se  (random sensor  no i se  and i n t r a - p i x e l  v a r i a b i l i t y )  
i n  A V I R I S  data. 

Assumption Explanation o r  reason Comments on assumptions i n  
r e l a t i o n  t o  A V I R I S  data 

S t a t i o n a r i t y  S p a t i a l  dependence of General ly  t r u e  wi th in  a land  

Is0 t r o p y  

Fixed s p a t i a l  
r e s o l u t i o n  

Scene does no t  
con ta in  random 
information.  

Nugget va r i ance  
is independent 
of s p a t i a l l y  
dependent 
s t r u c t u r a l  
va r i ance .  

p i x e l s  i s  a func t ion  of 
lag and not  loca t ion .  

Nugget var iance  is  
independent o f  t r a n s e c t  
d i r e c t i o n .  

I n t r a - p i x e l  v a r i a b i l i t y  
and t h e r e f o r e  nugget 
va r i ance  is dependent 
upon s p a t i a l  reso lu t ion .  

Random f e a t u r e s  i n  scene 
i n c r e a s e  nugget var iance 
and could con ta in  
informat  ion.  

L i m i t  of  y (h)  when h 
approaches 0 has minor 
dependence upon the  s lope  
of t h e  semi-variogram. 

cover.  

Untrue, due t o  ga in  and o f f s e t  
v a r i a b i l i t y  t h e r e f o r e  use row 
o r  column t r a n s e c t s .  

True. 

General ly  t r u e  bu t  need t o  
check. 

Untrue, but  point-spread- 
func t ion  o f  s enso r  ensures  
t h a t  y (h )  when h approaches 
0 is similar t o  t h a t  a t  small 
l a g s  and so t h e  effect  of  
t h i s  v i o l a t i o n  is  minimal. 
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THE 'GEOSTATISTICAL' METHOD FOR ESTIMATING THE S/N R A T I O  OF A V I R I S  DATA 

Applicat ion of  t h e  ' g e o s t a t i s t i c a l '  method involved two stages, 
first,  data s e l e c t i o n  and preprocess ing  and second, e s t i m a t i o n  o f  t h e  
S/N r a t i o  fo r  each waveband of  A V I R I S  data. 

S e l e c t i o n  and DreDrocessinR of  AVIRIS data  

Five A V I R I S  data sets  were s e l e c t e d  (Table  3 ) .  They were recorded 
around s o l a r  noon, over  a wide range of  dates and land-covers.  A l l  data 
were converted from grey l e v e l s  t o  rad iance  and r a d i o m e t r i c a l l y  
calibrated a t  J P L  (Vane e t  a l . ,  1987) and on r e c e i p t  dropped scan  l i n e s  
were replaced wi th  t h e  means o f  ad jacen t  l i n e s .  

Table  3 .  A V I R I S  data f o r  which t h e  S/N r a t i o  was estimated. 

Locat i on  Land-cover Date o f  data T i m e  o f  data 
of  i n t e r e s t  a c q u i s i t i o n  a c q u i s i t i o n  

(1987) ( s t a r t ,  h r s . )  

Mountain View, Sediment-laden 25 June 12:40 
C a l i f o r n i a  water 

Ga inesv i l l e ,  P l a n t a t i o n  4 J u l y  
F lo r ida  f o r e s t  

Yuba C i ty ,  Bare s o i l  30 J u l y  
C a l i f o r n i a  

11 :49 

12:49 

Metol ius ,  Semi-natural  1 August 11:14 
Oregon f o r e s t  

Cupr i t e ,  Bare s o i l  14 September 11:14 
Nevada 

The 1987 A V I R I S  data contained cons ide rab le  p e r i o d i c  n o i s e ,  produced 
by the  inadver ten t  coupl ing of t he  image s i g n a l  wi th  e lectr ical  and 
mechanical s i g n a l s .  T h i s  n o i s e  was dominated by f r equenc ie s  around two 
p i x e l s  per cycle and increased  i n  s e v e r i t y  as the  season progressed 
(F ig .  2) .  The major p e r i o d i c  no i se  f r equenc ie s  were removed by 'notch 
f i l t e r i n g '  i n  t h e  frequency domain of  t h e  image (similar t o  Hlavka, 
1986) (Table  4 ,  f o r  method). By comparison w i t h  p r e f i l t e r e d  s p e c t r a  
t h i s  removal of  major p e r i o d i c  no i se  made no d i f f e r e n c e  t o  t h e  r e l a t i v e  
radiometry and by comparison wi th  p r e f i l t e r e d  semi-var iogrms it  reduced 
considerably t h e  s p a t i a l l y  dependent s t r u c t u r a l  va r i ance  ( C )  . The 
v i s u a l  e f f e c t s  o f  such f i l t e r i n g  are i l l u s t r a t e d  i n  Figs .  3 t o  7 f o r  
t h e  waveband centered  a t  1.018 p. The success  o f  t h i s  p reprocess ing  
was a t t r i b u t e d  t o :  (i) c l a r i t y  of the n o i s e ,  e s p e c i a l l y  from 0.68 t o  
1 . 2 7 ~  (a  r e s u l t  of  low g a i n )  and 1.84-2.40 )xu (a r e s u l t  o f  low S i g n a l ) ;  
(ii) c l a r i t y  of the  major pe r iod ic  no i se  s p i k e s  i n  the  v e r t i c a l  
component of t h e  frequency domain; (iii) spectrometer-independence o f  
t he  major pe r iod ic  n o i s e  f requencies  and ( i v )  r e l a t i v e l y  homogeneous 
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sub-scenes w i t h  l i t t l e  chance of  ' r ing ing '  ( c r e n u l a t e d  t o n a l  boundaries)  
i n  t he  f i l t e red  images (Moik, 1980). 

LEFT TO RIGHT FREQUENCY IN RIGHT TO LEFT FREQUENCY IN  
SPATIAL DOMAIN, pixels cycle-l SPATIAL DOMAIN, pixels cycle-1 

NUMBER OF MAJOR 
PERIODIC NOISE 

DATA SET SOURCES 
0 MOUNTAIN VIEW, CA 4 
0 GAINESVILLE, FL 4 
0 YUBA CITY, CA 5 
0 METOLIUS, OR 11 
A CUPRITE,NV 13 

Fig.  2. The major t ypes  of per iodic  n o i s e  observed i n  f i v e  sets of  
A V I R I S  data (Table 3 ) .  The n o i s e  c h a r a c t e r i s t i c s  were 
determined from t h e  loca t ion  of  major p e r i o d i c  no i se  s p i k e s  i n  
t h e  frequency domain. 

Tab le  4 .  Removing the  major per iodic  n o i s e  i n  A V I R I S  data.  

Stage Procedure 

1 Select 256 x 256 p i x e l  sub-scene i n  one waveband. 
2 Use fast  Four i e r  t ransform t o  c r e a t e  a frequency domain image; 

major p e r i o d i c  no i se  appears as a series of  s p i k e s ,  each 
r e p r e s e n t i n g  energy concent ra t ion  a t  a s p e c i f i c  frequency. 

3 Design a 'no tch  f i l t e r ' ,  0's r e p r e s e n t  t h e  l o c a t i o n  of major 
p e r i o d i c  no i se  s p i k e s  and 1 ' s  r e p r e s e n t  t h e  remainder; m u l t i p l y  by 
f requency  domain image t o  c rea t e  a new frequency domain image 
wi thout  major p e r i o d i c  n o i s e  s p i k e s .  

4 I n v e r t  f i l t e r ed  frequency domain image t o  c r e a t e  spa t ia l  domain 
image w i t h  no major p e r i o d i c  noise .  

5 Repeat 4 on selected wavebands from each spec t rometer .  Define 
spectrometer- independent  notch f i l t e r  and use t o  f i l t e r  a l l  A V I R I S  
wavebands. 
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Estimating the S/N ratio for each data 

The procedure for estimating the S/N ratio for each waveband of 
A V I R I S  data is given in Table 5 and the results in Figs. 3 to 7. A s  
was noted in the introduction, noise varies little with wavelength but 
the signal drops sharply with both an increase in wavelength and 
atmospheric absorption. A s  a result the first-order forms of the S/N 
ratio plots (Figs. 3 to 7) were signal dependent. The spectral zones 
of very high S/N ratio were greedred (0.50-0.7Opm) for water and soil 
and near infrared (0.95-1.10pm) for vegetation. The spectral zones of 
high S/N ratio were blue for water and soil (0.40-0.50pm), greedred 
(0.50-0.7Oj.m) for vegetation and near infrared (0.85-0.90, 0.95-1.10jm) 
for vegetation and soil respectively. The spectral zones of medium S/N 
ratio were blue (0.40-0.50mn) for vegetation and the near infrared 
regions (0.70-0.85pn) for water and vegetation, (0.85-0.95~1) for water 
and soil, (0.90-0.95p) for vegetation and (0.95-1.10~) for water. The 
regions of low and very low S/N ratio were near and middle infrared 
wavelengths in zones of low signal, either at long wavelengths or in 
atmospheric absorption bands. These spectral zones of S/N ratio are a 
useful summary of the utility of specific A V I R I S  wavelengths from the 
1987 flight season. Of more importance is the potential use of the 
'geostatistical' method by individual investigators to plan for the 
restrictions that random noise places on the analysis of A V I R I S  data. 

Table 5. Estimating the S/N ratio in A V I R I S  data. 

Stage Procedure 

1 Locate three row transects within a land-cover, each transect 
75-100 pixels long to ensure that the statistically significant 
first fifth of the semi-variogram is at least 15 lags. 

2 Calculate the mean signal (x) and semi-variogram for each waveband. 
3 Determine the nugget variance (Co) by extrapolating the slope of 

y(h)/h for each waveband, (Here the extrapolation was based on a 
linear fit over 8 lags, Fig. I>. 

4 Plot y/6versus wavelength and x (with a ,6 envelope) versus 
wavelength as two representations of the S/N ratio (Figs. 3 to 7) .  

CONCLUSIONS 

A new prodedure, that we have called the 'geostatistical' method, 
was used to estimate the S/N ratio of five sets of A V I R I S  data. This 
method was designed around the needs of the A V I R I S  investigator and has 
the following advantages: (i) it estimates only noise that is relevant 
to the investigator, unlike the existing 'laboratory,' 'dark current' 
and 'image' methods, (ii) it requires acceptable assumptions and (iii) 
is easy to apply. 
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Removal of major p e r i o d i c  no i se  

Represen ta t ions  o f  the  S/N r a t i o  

WAVELENGTH, 

F i g .  3. Est imat ing t h e  S/N r a t i o  f o r  sediment-laden water i n  the  
A V I R I S  data of Mountain V i e w ,  C a l i f o r n i a  (Table  3) .  Above: 
removal o f  major p e r i o d i c  noise  by 'notch f i l t e r i n g '  i n  t h e  
frequency domain. Below: ( a >  t h e  S/N r a t i o  v e r s u s  wavelength 
and ( b )  t he  s i g n a l ,  wi th  noise envelope, ve r sus  wavelength f o r  
three image t r a n s e c t s .  
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Removal of major periodic noise 

ORIGINAL PAGE 
Bm@( AND WHITE PHOTOGRAPH 

Representations of the S/N ratio 
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2.36 
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.4 .79 1.18 1.58 1.97 
WAVELENGTH, pm 

Fig. 4. Estimating the S/N ratio for a plantation forest in the AVIRIS 
data of Gainesville, Florida (Table 3 ) .  Above: removal Of 
major periodic noise by 'notch filtering' in the frequency 
domain. Below: (a) the S/N ratio versus wavelength and (b) 
the signal, with noise envelope, versus wavelength for three 
image transects. 
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Removal of major p e r i o d i c  n o i s e  

Represen ta t ions  of t h e  S/N r a t i o  

400 4 ‘ I  

.4 .79 1.18 1.58 1.97 2.36 
WAVELENGTH, pm 

F i g .  5. Est imat ing the  S/N r a t i o  f o r  bare s o i l  i n  t h e  A V I R I S  data of 
Yuba C i t y ,  C a l i f o r n i a  (Tab le  3 ) .  Above: removal o f  major 
p e r i o d i c  n o i s e  by ‘notch f i l t e r i n g ’  i n  t h e  frequency domain. 
Below: ( a )  the  S/N r a t i o  ve r sus  wavelength and (b) t h e  
s i g n a l ,  w i t h  no i se  envelope, ve r sus  wavelength f o r  three image 
t r a n s e c t s .  
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Removal o f  major p e r i o d i c  no i se  

Representat ions of t h e  S/N r a t i o  

WAVELENGTH, p n  

Fig.  6.  Estimating t h e  S/N r a t i o  f o r  semi-natural  f o r e s t  i n  t h e  AVIRIS 
data  of Metol ius ,  Oregon (Tab le  3 ) .  Above: removal of major 
per iodic  no i se  by 'notch f i l t e r i n g '  i n  t he  frequency domain. 
Below: ( a )  the  S/N r a t i o  ve r sus  wavelength and ( b )  t h e  
s i g n a l ,  w i t h  n o i s e  envelope ve r sus  wavelength f o r  three image 
t r a n s e c t s .  
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Removal of major periodic noise 
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Representations of the S/N ratio 

.4 .79 1.18 1.58 1.97 2.36 
WAVELENGTH, pm 

Fig. 7. Estimating the S/N ratio for bare soil in the AVlRIS data of 
Cuprite, Nevada (Table 3). Above: removal of major periodic 
noise by 'notch filtering' a fast Fourier transform. Below: 
(a) the S/N ratio versus wavelength and (b) the signal, with 
noise envelope, versus wavelength for three image transects. 
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CALIBRATION AND EVALUATION OF AVIRIS DATA: 
CRIPPLE CREEK IN OCTOBER 1987 
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ABS TRACT 

Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) data 
were obtained over Cripple Creek and Canon City Colorado on 
October 19, 1987 at local noon. Multiple ground calibration sites 
were measured within both areas with a field spectrometer and Sam- 
ples were returned to the laboratory for more detailed spectral 
characterization. The data were used to calibrate the AVIRIS data 
to ground reflectance. Once calibrated, selected spectra in the 
image were extracted and examined, and the signal to noise perfor- 
mance was computed. diagnos- 
tic the presence of certain minerals and vegetation were com- 
puted. The AVIRIS data were extremely noisy, but images showing 
the presence of goethite, kaolinite and lodgepole pine trees agree 
with ground checks of the area. 

Images of band depth selected to be 
of 

INTRODUCTION 

As part the NASA Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) 
Investigators program, AVIRIS data were obtained over Cripple Creek and Canon 
City, Colorado, on October 19, 1987 at local noon. This paper describes 
analysis for Cripple Creek. The mineralogy of the Cripple Creek/Canon City 
area is varied and contains appropriate minerals for testing the spectral 
characteristics of AVIRIS. The region contains Tertiary volcanic rocks and 
Precambrian metamorphic and plutonic rocks, including areas of well-known 
alteration and mineralization. There are specific sites containing the 
minerals kaolinite, montmorillonite, gypsum, calcite, dolomite, jarosite, 
hematite, goethite, biotite, and muscovite that are large enough in extent to 
be resolved by AVIRIS. Exposures of rocks containing other OH-bearing 
minerals are also present. 

The October 19th flight was the second to last of the AVIRIS flight sea- 
son, and it was known that instrument performance had degraded somewhat (e.g. 
Vane and others, this volume). Our goal was to calibrate the AVIRIS data to 
ground reflectance (atmospheric absorptions and solar flux removed) and to use 
the calibrated data to evaluate mineral mapping capabilities. This initial 
investigation reports on 552 scan lines of AVIRIS data (614  pixels wide) cen- 
tered on the towns of Cripple Creek and Victor, Colorado (Figure 1 and Slide 
No. 3 ) .  
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Figure 1. A v i s i b l e  r e f l e c t a n c e  image from channel 28  (0 .66  pm) o f  t he  AVIRIS 
d a t a  over Cripple Creek, Colorado. The scene is 614 p i x e l s  wide by 552 l i n e s  
long,  covering an a r e a  of 11 by 10 km. 
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CALIBRATION 

Two concerns about the standard 
JPL processing of the AVIRIS data (Rei- 
mer et d., 1987) were addressed. 
First and foremost was the spectral 
interpolation to a uniformly spaced 
wavelength set. Second was the smooth- 
ing of variations in the dark signal by 
averaging 101 scan lines of dark data. 

Spectral interpolation can cause 
apparent shifts in band position of up 
to % channel. In practice, such shifts 
would only be significant for the shar- 
pest absorption bands. More impor- 
tantly, interpolation of data that 
includes a bad channel would result in 
two bad channels. AVIRIS does have 
noisy channels (e.g. see Vane and oth- 
ers, this volume). For these reasons, 
and because our software, the SPECtrum 
Processing Routines (SPECPR) (Clark, 
1980), handles any wavelength set with 
any spacing, we were able to process 
noninterpolated data. Another advantage 
to using SPECPR is that our spectral 
library, which is in SPECPR format, has 
been measured at a spectral resolution 

convolved to the AVIRIS resolution and 
sampling interval. SPECPR is not an 
imaging system, however, so that once 
the spectral analysis is complete, 
images are extracted and moved to our 
standard image processing system for 
further analysis and display. 

higher t h m  t h l t  for A?IaIc and the= 

-+ 
Figure 2. The image of the dark data 
from the scene in Figure 1. The image 
is 2 2 4  pixels across, corresponding to 
the 2 2 4  spectral channels and 552 lines 
long, corresponding to the 552 lines in 
Figure 1. The four vertical regions 
correspond to the four spectrometers in 
the AVIRIS instrument and wavelength 
increases from left to right. The 
white horizontal bands are dropped 
lines. The diagonal dark band in the 
center of the image is an artifact of 
photographic processing and is not in 
the dark data. 
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The raw Cripple Creek/Canon City data were first examined for general 
quality and for periodic noise. Other investigators (see other papers in this 
volume) had reported periodic noise in their data, but ours showed none (Fig- 
ure 1). However, there appeared to be discontinuities in the raw image inten- 
sity level and scan line drop-outs. Upon further examination, it was 
discovered that the discontinuities also occur in the dark signal image (Fig- 
ure 2 ) .  Therefore, it was decided to process the data from scratch because 
the standard J P L  101 scan line smoothing would have destroyed this informa- 
tion. 

-200 

The dark image in Figure 2 appears to show some pattern, but Fourier ana- 
lyses of each spectrometer show no clear frequency peaks; the bright and dark 
banding are random noise. A sample Fourier Transform of one channel is shown 
in Figure 3 .  

IMAGINARY PART - - 
- - 
- - - 

I 1 . 1 1 I 1 ~ 1 1 I 1 1 1 1 I 1 1 m 1 ~ a ~ ~ 1 ~ ~  

Figure 3.  A Fourier Transform of channel 28 for 512 lines down the image in 
Figure 2. No periodic noise is evident. 



Four ground calibration sites occur within the chosen 614 by 5 5 2  pixel 
data set. Samples were collected from each calibration site shortly after the 
flight for laboratory measurement. A field crew checked each site, verified 
pixel and identified uniform regions in the AVIRIS data within the 
calibration area. Laboratory reflectance spectra of samples collected within 
the calibration sites were convolved to AVIRIS raw data spectral resolution 
and sampling interval using SPECPR. Next, the corresponding AVIRIS raw spec- 
tral data, the JPL laboratory calibration data, and the dark spectra were 
extracted using SPECPR. The AVIRIS spectra were then dark corrected and cali- 
l;.-,+:,, A- _----- - - C l - - -  

L a L l V l l  Lu g L u u d  ~ a ~ ~ a ~ ~ t i n c e ,  R, accwrdliig to the following equation; 

locations 

R (DN - DK) CL CR, 

where DN is the raw data number from the AVIRIS instrument at a given 
wavelength and pixel, DK is the dark measured once each scan line (one spec- 
trum), CL is the JPL lab calibration (Vane et al., 1987), and CR is the 
correction to convert the AVIRIS data to growd reflectance. Equation 1 is 
applied to each spectral channel in a pixel independently. The CL multiplier 
is necessary to correct the data for crosstrack vignetting (Vane et al., 1987) 
and consists of 614 spectra, one for each crosstrack pixel. If there were no 
vignetting, the CL multiplier could be dropped from the equation. In prac- 
tice, the CL correction amounts to only a few percent at the edges of the scan 
line relative to the center. The CR multiplier spectrum is an average of 
several pixels from each of the calibration sites. The laboratory calibration 
data are averages of two to four spectra from each calibration site. 

Because of the use of ground calibration sites the calibration procedure 
in equation 1 corrects for any instrument response, solar irradiation func- 
tion, and atmospheric transmission. The procedure is simplistic in that it 
ignores light contribution from atmospheric scattering, and the correction 
specifically applies to one elevation at a certain scan angle. In practice, 
the Cripple Creek area has significant topography, and while the atmospheric 
correction is only approximate, the small differential atmospheric paths can 
cause only minor inaccuracies. For the quality of this data set, no adverse 
effects could be detected. 

Atmospheric scattering is negligible in this data set. Spectra of the 
lake in the lower right corner of the image have reflectance levels less than 
1% at wavelengths greater than 1.3 pm, no more than about 2% from 0.7 to 1.3 
pm, and a maximum of 8% at shorter wavelengths where there is likely scatter- 
ing in the lake itself. 

It is our intent in the future to use a digital elevation model to derive 
the correction factors as a function of elevation and scan angle, and to apply 
that function to each pixel so that all atmospheric features are properly 
removed. The problem is analogous to astronomical extinction corrections now 
commonly applied throughout the near infrared (e.g. McCord and Clark, 1979). 

The calibrated reflectance image for channel 28 is shown in Figure 1. 
The image has a lot of scan line striping, at least in part due to no smooth- 
ing of the dark data. Discussions at the 1988 AVIRIS workshop at JPL showed 
considerable confusion about dark smoothing. 
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A dark spectrum is obtained by AVIRIS once each scan line. Thus if no 
smoothing is performed, the same dark spectrum is subtracted from 614 
(crosstrack) spectra. a 
little high (due to natural noise variations), then the dark subtracted chan- 
nel for that whole scan line would tend to be low. A reasonable assumption 
from the way the AVIRIS instrument operates (e.g. Porter and Enmark, 1987) is 
that the noise level of the dark is equal to the noise level in an individual 
pixel. The fol- 
lowing is a noise model of the system: 

If the dark data number for a particular channel was 

Examination of the Cripple Creek data shows that to be true. 

AVIRIS Pixel: DN k u 
P 

d AVIRIS Dark: DK A u 

AVIRIS Dark subtracted data: A - DN - DK 
Noise: u - (up 2 + u:)' 

a 
If, as stated above, the noise in the dark equals the noise in the image data, 
then 

u - u - ad, and 
P 

u a - f l u  (eqn 3 )  

The dark subtracted image has a noise only 1.41 times greater than the origi- 
nal image. Dark averaging can reduce this noise increase according to the 
formula : 

Table 1 shows the specific improvements in the signal to noise as a function 
of n. 

From Table 1, it is clear that there is little to be gained beyond 
smoothing a few spectra. Alternatively, if too many lines are smoothed and 
the instrument changes (e.g. the dark level drifts), then a larger error could 
result. If the dark is averaged over too many scan lines, any drifts and 
jumps in the dark level will be averaged out. Figure 4 shows such an effect. 
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Figure 4. The dark value down the image for 512 
lines is shown for channel 28 with different 
smoothing levels. 

There is a rise in the dark level starting at about scan line 420. When the 
dark is smoothed by averaging adjacent lines, the boundary will become less of 
a step function, and significantly rounded at a smooth level of 12. The exam- 
ple shown is subtle, but the principles are clear. We recommend that the 
standard JPL processing be modified to so that the number of darks averaged is 
a variable that the user can specify in case the instrument is drifting. 

In the process of calibrating the AVIRIS spectral data, it was decided to 
produce a data set whose channels were in increasing wavelength but sampled at 
the AVIRIS flight instrument wavelengths so no interpolation was done. In 
addition, each spectrometer has a small overlap region with' adjacent spectrom- 
eters, and that overlap region was deleted. From the original 224 channel 
data, channels 31, 32, 33, 94, 95, 96, 97, 98, 160, 161, 162, and 163 were 
deleted so a 212 channel data set was produced. Finally, because the data are 
stored in 16-bit integers per pixel, the real data were scaled so that a 
reflectance of 1 is 20,000. 
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Figure 5. A sample AVIRIS spectrum (a single pixel at location scan line 212, 
pixel 215 in the image in Figure 1) is shown (solid line) compared to a 
laboratory spectrum convolved to the same spectral resolution and sampling 
interval (dotted line). The laboratory spectrum is of a representative soil 
sample from the area covered by the pixel. The general reflectance level and 
shape agrees well (within the noise). High noise is expected in the 1.4- and 
1.9-pm regions because of absorption due to telluric water. 

SPECTRAL ANALYSIS 

The calibrated AVIRIS data set can be used to extract reflectance spectra 
Figure 5 shows a sample spectrum extracted and a labora- 

Within the 
for direct analysis. 
tory spectrum of representative material from the pixel location. 
noise, the AVIRIS data agree with the laboratory data. 

The signal-to-noise-ratio spectrum was derived by computing the standard 
deviation of 36 pixels in a uniform region of the small lake seen in the lower 
right corner of the image in Figure 1. That standard deviation was inverted 
and scaled to indicate the signal to noise expected from an individual pixel 
(Figure 6). It can be seen that the signal to noise is very poor, especially 
from 1.25 to 2.45 pm. Again dark smoothing would improve the data by about a 
factor of 1.4. If the data were obtained in June rather than late October, 
the signal would have been nearly a factor of two higher, so the signal to 
noise could potentially be as high as about 25 in the 2.2-pm region instead of 
about 9. 
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Figure 6 .  The signal to noise derived from the Cripple Creek AVIRIS data is 
shown relative to a constant reflectance of 50% at all wavelengths. 

A simple spectral analysis was conducted to map specific absorption band 
depths in the image. Absorption bands were chosen for minerals and vegetation 
that are known or likely to be present in the Cripple Creek area. An absorp- 
tion band was defined by two continuum channels and the channel closest to the 
absorption band center. The absorption band depth, D, is defined relative to 
its continuum, Rc and the reflectance at the band center, % (Clark and 
Roush , 1984) : 

Band-depth images were computed for a number of minerals, including the 
1.75-pm band of gypsum, the 1.27-pm band of biotite, the 2.34-pm band of cal- 
cite, the 2.32-pm band of dolomite, the 2.21-pm band of montmorillonite, the 
2.20-pm band of kaolinite, the 0.45-pm and 0.93-pm bands of jarosite, the 
0.85-pm band of hematite, and the 0.94-pm band of goethite. A band depth 
image for the 0.68-pm band of lodgepole pine was also computed. Because the 
visible data are much better than the near-IR, the band depths in the 1.25- to 
2.45-pm spectral region show very little information (Figure 7). Absorptions 
in the visible show much more detail (Figure 8). 
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Figure 7. Band depth images of the Cripple Creek area: A) the 1.27-pm band of 
biotite, B) the 1.75-pm band of gypsum, C) the 2.20-pm band of kaolinite, D) 
the 2.21-pm band of montmorillonite, E) the 2.32-pm band of dolomite, and F) 
2.34-pm band of calcite. 
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Figure 8 .  Band depth images of the Cripple Creek area: A)  the 0.45-pm and B )  
0.93-pm bands of jaros i te ,  C) the 0.85-pm band of hematite, D )  the 0.94-pm 
band of goethite,  and E )  the 0.68-pm band of lodgepole pine. 
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Figure 9. AVIRIS spectrum is shown for the Globe Hill area (average of 5 pix- 
els: the spectrum with error bars) compared to spectrum library data convolved 
to the AVIRIS spectral resolution and sampling interval. The upper solid line 
is kaolinite and the lower dotted line is goethite. 

Because of the 3-channel method of computing band depths, similar bands 
will show similar results. For example, the jarosite, hematite, and goethite 
0.9-pm band images show similarities because the spectral features are broadly 
overlapping. Extracted spectra, however, show that the strongest absorption 
in the images (Globe Hill, to the upper left of center) is really goethite 
(Figure 9). 

The kaolinite image also shows a weak signature indicating its presence 
in the Globe Hill area. A combination of the kaolinite, goethite, and 
lodgepole pine band depths were used to produce the Color-Composite-Band- 
Depth Image (CCBDI) shown in slide No. 4. The Globe Hill area shows a reddish- 
purple color indicating the presence of both kaolinite and goethite. Globe 
Hill is known to be a region of hydrothermal alteration and extracted spectra 
confirms this fact (Figure 9). 



CONCLUSIONS 

The AVIRIS data for the 1987 flight season in October is very noisy, but 
it is still possible to calibrate the data to ground reflectance. The cali- 
bration to reflectance allows absorption bands from specific minerals to be 
mapped. Areas of goethite, kaolinite and lodgepole pine were clearly mapped 
in the Cripple Creek area. The signal to noise must be substantially 
improved, however, if mapping of minerals is to be done where the absorptions 
are weak due to low abundance or partial vegetation cover. 
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SLIDE CAPTIONS 

Slide No. 3. A false-color-infrared composite of the Cripple Creek scene. The 
reflectance at 0.88 pm is red, the reflectance at 0.68 pm is green, and 
the reflectance at 0.54 pm is blue. 

Slide No. 4. A Color-Composite-Band-Depth Image (CCBDI): the band depth for the 
0.94-pm goethite band depth is assigned to red, the 0.68-pm lodgepole 
pine band depth is assigned to green, and the 2.20-pm kaolinite band 
depth is assigned to blue. Aband depth of zero is black. The purplish 
area to the upper left of center is Globe Hill, a region of hydrothermal 
alteration. 
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ABgTRACT 
\L E \) Automated t e c h n i q u e s  kaue-been developed  f o r  t h e  e x t r a c y i o n  

a n d  c h a r a c t e r i z a t i o n  o f  a b s o r p t i o n  f e a t u r e s  f rom 

f i e l d ,  
spectra. 

a n d  a b s o r p t i o n  b a n d  
e x p e r t  sys t em h a s 4 e e n  + i + c '  

d e s i g n e d ,  i m p l e m e n t e d ,  a n d  s u c c e s s f u l l y  t e s t e d  t o  a l l o w  
i d e n t i f i c a t i o n  of  m i n e r a l s  based on the  e x t r a c t e d  a b s o r p t i o d  band 
charac te r i s t ics .  AVIRIS s p e c t r a  f o r  a s i t e  i n  t h e  n o r t h e r n  
G r a p e v i n e  Mountains ,  Nevada, have been  c h a r a c t e r i z e d  a n d  t h e  
m i n e r a l s  s e r i c i t e  ( f i n e  g r a i n e d  muscovi te )  and d o l o m i t e  ha 
i d e n t i f i e d .  The m i n e r a l s  k a o l i n i t e ,  a l u n i t e ,  and  budd in  

;.& \ ' have been  &keet  .-&y i d e n t i f i e d  and mapped f o r  a s i t e  a t  C u p r i t e ,  
Nevada, u s i n g  t h e  f e a t u r e  e x t r a c t i o n  a l g o r i t h m s  on t h e  new 
G e o p h y s i c a l  a n d  E n v i r o n m e n t a l  Research 6 4  c h a n n e l  i m a g i n g  
s p e c t r o m e t e r  ( G E R I S )  d a t a .  The f e a t u r e  e x t r a c t i o n  r o u t i n e s  
( w r i t t e n  i n  FORTRAN and C)  h a v e ' b e e n  i n t e r f a c e d  t o  t h e  e x p e r t  
sys t em ( w r i t t e n  i n  PROLOG) t o  a l l o w  b o t h  e f f i c i e n t  p r o c e s s i n g  of  
numerical  da ta  and l o g i c a l  spectrum a n a l y s i s .  

INTRODUCTION 
A i r c r a f t  imaging s p e c t r o m e t e r s  measure l i g h t  ref lected from 

t h e  E a r t h ' s  s u r f a c e ,  u t i l i z i n g  many nar row c o n t i g u o u s  s p e c t r a l  
bands  t o  c o n s t r u c t  de t a i l ed  r e f l e c t a n c e  spectra f o r  m i l l i o n s  o f  
discrete p i c t u r e  e l emen t s  ( p i x e l s )  (Goetz and  o t h e r s ,  1985). One 
d i f f i c u l t y  c o n f r o n t i n g  researchers i s  t h a t  the  immense volume o f  
data c o l l e c t e d  by these systems p r o h i b i t  detai led manual a n a l y s i s .  
The o b j e c t i v e  of t h i s  work i s  t o  deve lop  automated t e c h n i q u e s  f o r  
a n a l y s i s  o f  imaging s p e c t r o m e t e r  data  t h a t  emula t e  t h e  a n a l y t i c a l  
p r o c e s s e s  used by a human o b s e r v e r .  These t e c h n i q u e s  must 

Present address: U. S. Geological Survey, Box 25046, MS964, Denver, CO 80225 
Visiting scientist, Sociktk Europkenne de Propulsion (SEP) 
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e f f i c i e n t l y  use  ava i lab le  computing power t o  complete t h e  a n a l y s i s  
i n  a r easonab le  p e r i o d  of t i m e .  

FEATURE EXTRACTION 
Techniques f o r  e x t r a c t i o n  of spectral  f e a t u r e s  from f i e l d  and 

l a b o r a t o r y  r e f l e c t a n c e  spectra have been i n  u s e  f o r  several  y e a r s  
(Green and  Cra ig ,  1985; Kruse  and o t h e r s :  1986; Yamaguchi and  
Lyon, 1987; C l a r k  and  o t h e r s ,  1987) .  W e  are d e v e l o p i n g  computer  
au tomated  spec t ra l  f ea tu re  e x t r a c t i o n  a lgo r i thms  (implemented i n  
FORTRAN a n d  C )  t h a t  a l l o w  e x t r a c t i o n  a n d  s u b j e c t i v e  
c h a r a c t e r i z a t i o n  o f  l a b o r a t o r y ,  f i e l d ,  imaff inq  s p e c t r o  meter 
spectra (Kruse and o t h e r s ,  1986; Kruse,  1987, 1988a, 198813). The 

a b s o r p t i o n  f e a t u r e  i n f o r m a t i o n  i s  e x t r a c t e d  from each spec t rum 
u s i n g  t he  f o l l o w i n g  t e c h n i q u e s .  The computer r a p i d l y  i d e n t i f i e s  
maxima i n  t h e  spec t rum and  f i t s  a cont inuum o f  s t r a i g h t  l i n e  
segments  between these p o i n t s .  The continuum is  removed from t h e  

data u s i n g  d i v i s i o n .  The minima of  t h e  continuum-removed spectrum 
are de te rmined  and  the  1 0  s t r o n g e s t  f e a t u r e s  are  e x t r a c t e d .  The 

wavelength  p o s i t i o n ,  depth, f u l l  width a t  ha l f  t h e  maximum depth 

(FWHM),  a n d  asymmetry f o r  each o f  these 10  f e a t u r e s  are  t h e n  
de termined  and t a b u l a t e d .  

A f a s t ,  simple approach  was chosen  t o  f i t  t h e  cont inuum.  
F i r s t ,  high p o i n t s  o f  t h e  spectrum are de te rmined  u s i n g  magnitude 
and s l o p e  c r i t e r i a .  The magnitude o f  t h e  r e f l e c t a n c e  v a l u e  o f  a 
h i g h  p o i n t  must be larger t h a n  t h e  average r e f l e c t a n c e  on e i ther  
s ide.  The e x a c t  number o f  p o i n t s  u s e d  i n  t h e  average i s  
de te rmined  by u s i n g  a p e r c e n t a g e  o f  t h e  t o t a l  number of channe l s .  
The a v e r a g i n g  p r o c e d u r e  a ids  i n  t h e  d e t e c t i o n  o f  band  s h o u l d e r s .  
I n  a d d i t i o n ,  t h e  s l o p e  t o  t he  l e f t  o f  t h e  h igh  p o i n t  must be 

p o s i t i v e  and t h e  s l o p e  on t h e  r i g h t  must be n e g a t i v e .  Once t h e  
high p o i n t s  are  l o c a t e d ,  s t r a i g h t  l i n e  segments are drawn between 
them. f h e n  f o r  eve ry  p o i n t  i n  t h e  spectrum the  a c t u a l  r e f l e c t a n c e  

and  t h e  l i n e  segment r e f l e c t a n c e  are compared. The r e f l e c t a n c e  
v a l u e  o f  t h e  continuum a t  any given p o i n t  i s  d e f i n e d  as the  larger 
of t h e s e  two v a l u e s  ( F i g u r e  1, Table 1 ) .  The a d v a n t a g e  of  t h i s  
simple approach is t h a t  o n l y  a s i n g l e  pass through t h e  spectrum i s  
r e q u i r e d  t o  c h a r a c t e r i z e  t h e  continuum. 
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KAOLINITE LAB SPECTRUM 
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F i g u r e  1. L a b o r a t o r y  s p e c t r u m  of k a o l i n i t e  showing f i t t e d  
continuum, and  cont innuum removed spec t rum.  ( L a b  
spectrum from t h e  USGS, Denver spectral  l i b r a r y ) .  

ABSORPTION BAND A N A L Y S I S  FOR KAOLINITE LAB SPECTRUM 

Band 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

O r d e r  
1 I1 
112 
212 
1 I1 
112 
212 
1 I1 
111 
1 I1 
1 I1 

W a v e  
1.3996 
2.2032 
2.1 640 
1.91 90 
2.3208 
2.3796 
1.8112 
0.9586 
1.2428 
0.8802 

0.3732 
0.31 84 
0.0895 
0.0627 
0.0542 
0.051 1 
0.0352 

0.01 30 
0.0189 

0.0588 
0.0000 
0.0686 
0.0392 
0.0294 
0.0490 

A s v m  
0.6170 
0.21 61 
0.0000 
1.2802 

0.0000 
1.1 634 
0.51 26 
0.2628 
10.3361 

1 .ai 01 

Table 1. Absorption band a n a l y s i s  f o r  k a o l i n i t e  lab spectrum. 
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Minima are  located u s i n g  t he  i n v e r s e  of t h e  c r i t e r i a  f o r  
d e t e r m i n i n g  maxima. Given a minimum d e p t h  t h r e s h o l d ,  t h e  10 

f e a t u r e s  w i t h  t h e  greatest  depths  are de te rmined .  For  each o f  
these 1 0  f e a t u r e s ,  t h e  wavelength p o s i t i o n  of t h e  minimum i s  
de te rmined  as w e l l  a s  t h e  FWHM ( F i g u r e  2). I f  more t h a n  o n e  
minima l i e s  between t w o  h i g h  p o i n t s  t h e n  t h e  ban'd i s  d e f i n e d  as  
be ing  a m u l t i p l e  band; Band "order" hd ica t e s  t h e  n u ~ h e r  of baEds 

i n  t h e  m u l t i p l e  band and t h e  r e l a t i v e  dep th  of t h e  band compared 
w i t h  t-he o the r  members r\f the m u l t i p l e  band. The asymmetry is 
d e f i n e d  as t h e  sum of  t h e  r e f l e c t a n c e  v a l u e s  f o r  f e a t u r e  channe l s  
t o  t h e  r i g h t  of t h e  minimum div ided  by t h e  sum of t h e  r e f l e c t a n c e  
v a l u e s  fo r  f e a t u r e  channe l s  t o  t h e  l e f t .  Symmetrical  bands have 
an  asymmetry v a l u e  of one.  Bands t h a t  are  asymmetr ica l  towards 
shorter wavelengths have asymmetry less t h a n  one, wh i l e  bands t h a t  

are asymmetr ical  towards longe r  wavelengths have asymmetry greater 
t h a n  one. 

EXAMPLES FROM NEVADA A V I R I S  AND GERIS 

T h e  continuum-removal and f e a t u r e  e x t r a c t i o n  p r o c e d u r e s  were 
u s e d  t o  a n a l y z e  i n d i v i d u a l  spectra from AVIRIS data f o r  a s i t e  i n  
t h e  n o r t h e r n  Grapevine  Mountains, Nevada. Al though these da ta  
have severe s i g n a l - t o - n o i s e  problems,  t h e  f e a t u r e  e x t r a c t  i o n  
p r o c e d u r e s  s u c c e s s f u l l y  produced continuum-removed s p e c t r a  t h a t  

c o u l d  be compared t o  l a b o r a t o r y  spectra.  Many of t h e  f e a t u r e s  
l o c a t e d  i n  t h e  AVIRIS d a t a  a r e  n o i s e ,  however,  t h e  s t r o n g e s t  
a b s o r p t i o n  bands  c o r r e s p o n d  t o  bands  i n  t h e  l a b o r a t o r y  s p e c t r a .  
F i g u r e s  3 and  4 show AVIRIS s p e c t r a  f o r  known areas of se r ic i te  
( f i n e  g r a i n e d  muscovite) and dolomite (Kruse, 1988a) .  

T h e  f e a t u r e  e x t r a c t i o n  a l g o r i t h m s  were a l s o  t e s t e d  on 
Geophys ica l  and  Envi ronmenta l  Research I n c .  64  c h a n n e l  imaging  
s p e c t r o m e t e r  (GERIS) data from C u p r i t e ,  Nevada. This  i n s t r u m e n t  
i s  t h e  f i rs t  commercial imaging s p e c t r o m e t e r .  T h e  GERIS c o l l e c t s  
data  from 0 . 4 3  t o  2 .5  p m  i n  64 channels  o f  v a r y i n g  wid th .  The 2 4  
v i s i b l e  and i n f r a r e d  bands between 0 . 4 3  and 0 .972  are 23 nm wide, 
t h e  8 bands  i n  t he  i n f r a r e d  between 1 .08  and  1 . 8  pm are  120 nm 
wide, and  the 31 bands from 1 . 9 9  t o  2.5 pm are  1 6  nm w i d e  ( W i l l i a m  
C o l l i n s ,  w r i t t e n  communication, 1 9 8 8 ) .  Only t h e  l a s t  31 bands  
were used  i n  t h i s  s tudy .  The f e a t u r e  e x t r a c t i o n  procedures  were 
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used  t o  e x t r a c t  a b s o r p t i o n  band characterist ics d i r e c t l y  from t h e  
image data .  Comparison o f  t h e  continuum-removed GERIS spectra 
w i t h  l a b o r a t o r y  spectra was used t o  i d e n t i f y  k a o l i n i t e ,  a l u n i t e ,  
and  b u d d i n g t o n i t e .  A n  example o f  a n  a l u n i t e  spec t rum e x t r a c t e d  
from the  GERIS data  i s  shown i n  F i g u r e  5 w i t h  a l a b o r a t o r y  
spec t rum o f  a l u n i t e  f o r  comparison. Comparison of t h e  t a b u l a t e d  
a b s o r p t i o n  band characteristics a r e  shown i n  Table 2 .  

EXPERT SYSTEM 

The s e c o n d  s tage o f  t h i s  research u s e s  f a c t s  and  r u l e s  
derived from the  automated a n a l y s i s  of  l a b o r a t o r y  measurements o f  
selected m i n e r a l s  t o  d e f i n e  a knowledge base t h a t  c a n  be applied 
t o  a n a l y s i s  o f  r e f l e c t a n c e  s p e c t r a  (Kruse,  1 9 8 8 b ) .  The f i v e  
parameters der ived u s i n g  t h e  f e a t u r e  e x t r a c t i o n  p r o c e d u r e  were 
used  t o  der ive t h e  f a c t s  and r u l e s  u t i l i z e d  i n  t h e  e x p e r t  s y s t e m .  
T h e  knowledge b a s e / e x p e r t  system approach  w a s  chosen  t o  minimize 
a n a l y s i s  t i m e  (Yamaguchi and Lyon, 1987; G o e t t i n g  and Lyon, 1987) .  
O t h e r  p r o c e d u r e s  u n d e r  development  ( C l a r k  a n d  o t h e r s ,  1987)  
p r o p o s e  u s e  o f  spectral  l i b r a r y  o r  f e a t u r e  l i b r a r y  s e a r c h i n g  t o  
d e t e r m i n e  a best match f o r  a g i v e n  spec t rum.  A n a l y s i s  t i m e  
r e q u i r e d  i s  p r o p o r t i o n a l  t o  t h e  s i z e  o f  t h e  l i b r a r y  t o  be 

searched. The e x p e r t  system approach reduces  t h e  a n a l y s i s  t i m e  by 
u s i n g  a t r e e  h i e r a r c h y  ( F i g u r e  6 ) .  We are  u s i n g  t h e  PROLOG 

programming language (Qu in tus  Computer Systems, 1987) t o  implement 
t h e  fac t s  and  r u l e s  i n  a l o g i c a l  f a s h i o n  s i m i l a r  t o  t h e  d e c i s i o n  
p r o c e s s  fo l lowed by an experienced a n a l y s t .  A d e c i s i o n  is  made a t  
e a c h  level  o f  t h e  t ree  based  on f a c t s  and  r u l e s  derived t h r o u g h  
p r i o r  a n a l y s i s  o f  t h e  s p e c t r a l  l i b r a r y .  C r i t i c a l  a b s o r p t i o n  band 
character is t ics  f o r  a g iven  minera l  are d e f i n e d  u s i n g  t h e  f e a t u r e  
e x t r a c t i o n  p r o c e d u r e .  F a c t s  and  r u l e s  are w r i t t e n  f o r  each 
m i n e r a l  o r  g r o u p  o f  m i n e r a l s  i n  t h e  database. The spec t r a l  
l i b r a r y  i t s e l f  i s  n e v e r  accessed d u r i n g  t h e  a n a l y s i s  o f  a 
spectrum. 

1 

The d e c i s i o n  p r o c e s s  f o l l o w e d  by  t h e  compute r  i s  
d e s i g n e d  t o  emula t e  t h e  l o g i c a l  s t e p s  fo l lowed  by a n  e x p e r i e n c e d  
a n a l y s t .  The s t r o n g e s t  a b s o r p t i o n  f e a t u r e  f o r  a g i v e n  spec t rum 
( o r  p i x e l )  is  determined, and t h e  spectrum i s  b road ly  c lass i f ied  

6 9  
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F igu re  5 .  Comparison of GERIS and l a b o r a t o r y  spectra of a l u n i t e .  

ABSORPTION BAND ANALYSIS for 
ALUNITE GERIS AIRCRAFT SPECTRUM 

Band Position Order DeDth Width Asvmetry 
1 112 2.1697 0.1855 0.1314 0.5337 
2 212 2.0711 0.0712 0.0000 0.0000 
3 111 2.4161 0.0451 0.0657 0.7278 
4 111 2.3340 0.0325 0.0657 0.7756 

ABSORPTION BAND ANALYSIS for ALUNITE LAB SPECTRUM 

Band Order Position Widlh Asvmetry 
1 111 2.1640 0.7057 0.1078 1.1114 
2 1/1 2.3208 0.3422 0.0392 0.9432 
3 1/1 2.4188 0.3074 0.0686 0.4155 
4 111 2.0562 0.0278 0.0392 5.6839 

Table 2 .  Comparison o f  a b s o r p t i o n  band p a r a m e t e r s  f o r  GERIS and  
' l a b o r a t o r y  s p e c t r a  of  a l u n i t e .  
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F i g u r e  6 .  P r o t o t y p e  e x p e r t  s y s t e m  d e c i s i o n  t ree .  
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(eg. c l a y ,  ca rbona te ,  i r o n  o x i d e ) .  Pr imary  band charac te r i s t ics  
(eg. doub le t ,  t r i p l e t )  and s e c o n d a r y / t e r t i a r y  a b s o r p t i o n  bands are 
u s e d  t o  p r o g r e s s  t h r o u g h  t h e  t r e e  s t r u c t u r e  u n t i l  a n  
i d e n t i f i c a t i o n  i s  made. I f  t h e  d e c i s i o n  p r o c e s s  f a i l s  b e c a u s e  
there is  i n s u f f i c i e n t  i n f o r m a t i o n  t o  i d e n t i f y  a specif ic  m i n e r a l ,  
t h e n  t h e  l a s t  c l a s s i f i c a t i o n  i s  u s e d  t o  give t h e  best  answer 
p o s s i b l e .  A comparison o f  two continuum-removed spectra and  and 
example o f  t h e  d e c i s i o n  p r o c e s s  i s  shown i n  F i g u r e s  7 and Table 3 
and F i g u r e  8. 

CONCLUSIONS 
An a b s o r p t i o n  f e a t u r e  e x t r a c t i o n  p r o c e d u r e  a n d  p r o t o t y p e  

e x p e r t  sys tem have been deve loped  t h a t  a l l o w  rapid a n a l y s i s  o f  
r e f l e c t a n c e  spectra and  i d e n t i f i c a t i o n  o f  m i n e r a l s .  Numer ica l  
p r o c e s s i n g  of t h e  s p e c t r a l  data  i s  o p t i m i z e d  i n  FORTRAN and  C.  

L o g i c a l  d e c i s i o n s  based on f a c t s  and r u l e s  derived from a n a l y s i s  
of l a b o r a t o r y  s p e c t r a  are implemented i n  PROLOG. T h e  combina t ion  
of t h e  numer ica l  and l o g i c a l  p r o c e s s i n g  r o u t i n e s  t akes  advan tage  
of t h e  i n h e r e n t  s t r e n g t h s  o f  t he  a s s o c i a t e d  computer l anguages  t o  
e f f i c i e n t l y  a n a l y z e  t h e  data .  The f e a t u r e  e x t r a c t i o n  t e c h n i q u e s  
and  e x p e r t  sys tem have been  s u c c e s s f u l l y  tes ted on l a b o r a t o r y ,  
f i e ld ,  and imaging spec t romete r  data.  A d d i t i o n a l  m i n e r a l s  need t o  
be added t o  t he  database, and f ac t s  and r u l e s  must be r e f i n e d  t o  
f u l l y  u t i l i z e  t h e  e x p e r t  s y s t e m  f o r  m i n e r a l  i d e n t i f i c a t i o n .  
F u t u r e  e f f o r t s  w i l l  c o n c e n t r a t e  on i n t e g r a t i n g  t h e  knowledge base 
i n t o  an  image p r o c e s s i n g  environment f o r  a n a l y s i s  o f  e n t i r e  AVIRIS 
and GERIS images. 
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Figure 7. Comparison of kaolinite and alunite lab spectra. 

ABSORPTION BAND ANALYSIS for KAOLINITE LAB SPECTRUM 

Band Order Position Death Width Asvrnetry 
1 1 /2  2.2032 0.3759 0.0784 0.2063 
2 2/2 2.1640 0.3238 0.0000 0.0000 
3 1 /2  2.3796 0.0766 0.1176 0.1630 
4 2/2 2.3208 0.0741 0.0000 0.0000 

- - ~  

ABSORPTION BAND ANALYSIS for ALUNITE LAB SPECTRUM 

- -- Band Order Position DeDth Width Asvrnetry 
1 1/1 2.1640 0.7057 0.1078 1.1114 
2 1/1 2.3208 0.3422 0.0392 0.9432 
3 111 2:4188 0.3074 0.0686 0.4155 
4 111 2.0562 0.0278 0.0392 5.6839 

Table 3. Comparison of absorption band parameters for kaolinite 
and alunite lab spectra. 
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Example : kao l in i t e  v s .  a l u n i t e .  

1st Decis ion  - prede te rmined  t o  be "ROCK" 

2nd Decis ion  ( rock  level ) 

i f  it has a deep band i n  2.15-2.22 pm r e g i o n  
then l o o k  f o r  i n  r r c l ay r r  species. 

3rd Dec i s ion  ( r r c l a y r r  species ) 

if it has a doublet n e a r  2 .2  pm 
and s t r o n g e s t  band o f  t h e  d o u b l e t  i s  2.2 pm 
and weakes t  band  of t h e  doublet i s  n e a r  2 .16 

then i t  i s  k a o l i n i t e .  

if it h a s  a s i n g l e  band  n e a r  2 .2  pm 
and a weaker  band  n e a r  2.32 pm 
and a weaker  band  n e a r  2.42 pm 

then it  i s  a l u n i t e .  

Figure 8. Example of decision process for discriminating 
kaolinite from alunite. 



1986, Environmental Research Institute of Michigan, Ann 
Arbor, p. 513-520. 

Goetz, A. F. H., Vane, Gregg, Solomon, J. E., and Rock, B. N., 
1985, Imaging spectrometry for earth remote sensing: 
Science, v. 228, p. 1147-1153. 

Green, A. A., and Craig, M. D., 1985, Analysis of aircraft 

Proceedings, AIS workshop, 8-10 April, 1985, JPL Publication 
85-41, Jet Propulsion Laboratory, Pasadena, California, p. 
111-119. 

spectrometer data with logarithmic residuals: i n  

Kruse, F. A., 1988a, Use of Airborne Imaging Spectrometer data to 
map minerals associated with hydrothermally altered rocks in 
the northern Grapevine Mountains, Nevada and California: 
Remote Sensing of Environment, Special issue on imaging 
spectrometry, V. 24, No. 1, p. 31-51. 

Kruse, F. A., 1988b, Automated extraction and analysis of spectral 
f e a t u r e s  f rom imaging spectrometer data (Abst.): in Program 
with Abstracts, Second Hidden Peak Symposium on Computer- 
Enhanced Analytical Spectroscopy 1-3 June 1988, Snowbird, 
Utah, p. 23. 

Kruse, F. A., 1987, Extracting spectral information from imaging 
spectrometer data: A case history from the northern Grapevine 
Mountains, Nevada/California: proceedings, 31st Annual 
International Technical Symposium, 16-21 August, 1987, Society 
of Photo-Optical Instrumentation Engineers, V. 834, p. 119-128. 

Kruse, F. A., Knepper, D. H. Jr., and Clark, R. N., 1986, Use of 
digital Munsell color space to assist interpretation of imaging 
spectrometer data -- Geologic examples from the northern 
Grapevine Mountains, California and Nevada: h Proceedings, 
2nd AIS Data Analysis Workshop, Pasadena, California 6-8 May, 
1986, JPL Publication 86-35, Jet Propulsion Laboratory, 
Pasadena, California, p. 132-137. 

Version 10, Quintus Computer Systems, Mountain View, CA. 
Quintus Computer Systems, 1987, QUINTUS PROLOG Reference Manual, 

Yamaguchi, Yasushi, and Lyon, R. J. P., 1986, Identification of 
clay minerals by feature coding of near-infrared spectra: Ba 
Proceedings,. International Symposium on Remote Sensing of 
Environment, Fifth Thematic Conference, "Remote Sensing for 
Exploration Geology", Reno, Nevada, 29 September- 2 October, 
1986, Environmental Research Institute of Michigan, Ann 
Arbor, p. 627-636. 

75 



P r e l i m i n a r y  analysis  of Airborne V i s i b l d I n f r a r e d  
I m a g i n g  S p e c t r o m e t e r  (AVIRIS)  for m i n e r a l o g i c  

mapping at  sites i n  Nevada and C o l o r a d o  

Fred A. Kruse ,  Dan L .  Taranik,  and Kathryn S .  Kierein-Young 
Center f o r  t h e  Study of Ea r th  from Space (CSES) 

Cooperative I n s t i t u t e  f o r  Research i n  Environmental  Sc iences  
Univers i ty  of Colorado, Boulder,  Colorado 80309-0449 

ABSTRACT 
Airborne V i s i b l e / I n f r a r e d  Imaging Spec t rometer  ( A V I R I S )  d a t a  

f o r  s i tes  i n  Nevada and Colorado were e v a l u a t e d  t o  de te rmine  t h e i r  
u t i l i t y  f o r  m i n e r a l o g i c a l  mapping i n  s u p p o r t  of g e o l o g i c  
i n v e s t i g a t i o n s .  I n i t i a l l y ,  t h e  bad d a t a  l i n e s  w e r e  removed by 
r e p l a c i n g  them w i t h  t h e  average  of a d j a c e n t  l i n e s .  Bad s p e c t r a l  
bands were r ep laced  by t h e  average  of a d j a c e n t  bands.  The dark  
s i g n a l  was s u b t r a c t e d  from t h e  d a t a  and t h e  d a t a  w e r e  normal ized  
u s i n g  an equal  energy  n o r m a l i z a t i o n ;  a t e c h n i q u e  commonly used  
w i t h  imaging s p e c t r o m e t e r  d a t a  t o  reduce  a l b e d o  e f f e c t s .  
Techniques p rev ious ly  used wi th  t h e  Airborne Imaging Spec t rometer  
( A I S )  w e r e  u t i l i z e d  t o  reduce t h e  A V I R I S  d a t a  t o  i n t e r n a l  average  
r e l a t i v e  ( I A R )  r e f l e c t a n c e  by d i v i d i n g  t h e  spectrum f o r  each  p i x e l  
of  t h e  image b y  t h e  g l o b a l  ave rage  s p e c t r u m  f o r  t h e  image.  
Spec t r a ,  p r o f i l e s ,  and s tacked ,  color-coded s p e c t r a  were e x t r a c t e d  
from t h e  A V I R I S  d a t a  us ing  an i n t e r a c t i v e  a n a l y s i s  program (QLook) 
and these d e r i v a t i v e  d a t a  were compared t o  A I S  r e s u l t s ,  f i e l d  and 
labora tory .cSpec t ra ,  and geologic  maps. Images showing t h e  s p a t i a l  
d i s t r i b u t i o n  of s p e c i f i c  m i n e r a l s  were made u s i n g  t h r e e  band 
co lor -composi tes  i n  t h e  QLook environment .  A f e a t u r e  e x t r a c t i o n  
a lgo r i thm was used t o  e x t r a c t  and c h a r a c t e r i z e  a b s o r p t i o n  f e a t u r e s  
from A V I R I S  and l a b o r a t o r y  s p e c t r a ,  a l lowing  direct  comparison of 
t h e  p o s i t i o n  and  shape of abso rp t ion  f e a t u r e s .  

Both muscovite and carbonate  s p e c t r a  w e r e  i d e n t i f i e d  i n  t h e  
Nevada A V I R I S  d a t a  by comparison w i t h  l a b o r a t o r y  and A I S  s p e c t r a ,  
and an image was made t h a t  showed t h e  d i s t r i b u t i o n  of  t h e s e  
m i n e r a l s  f o r  t h e  e n t i r e  s i t e .  However, s e v e r e  s i g n a l - t o  n o i s e  
problems degraded t h e  q u a l i t y  of a l l  s p e c t r a  e x t r a c t e d  from t h e  
A V I R I S  d a t a  and d i f f e r e n t i a t i o n  between c a l c i t e  and l imes tone ,  and 
muscovi te  and mon tmor i l l on i t e ,  p r e v i o u s l y  demons t r a t ed  w i t h  A I S  
d a t a ,  was not  p o s s i b l e  u s i n g  t h e  A V I R I S  s p e c t r a .  A d d i t i o n a l ,  
d i s t i n c t i v e  s p e c t r a  w e r e  l o c a t e d  f o r  an unknown m i n e r a l .  This  
mine ra l  was a l s o  l o c a t e d  wi th  A I S  d a t a  and it i s  l i k e l y  a z e o l i t e  
m i n e r a l ,  however, t h i s  has no t  y e t  been v e r i f i e d  wi th  f i e l d  o r  
l a b o r a t o r y  measurements. For t h e  two Colorado si tes,  t h e  s i g n a l -  
t o - n o i s e  problem was s i g n i f i c a n t l y  worse and a t t e m p t s  t o  e x t r a c t  
meaningful  s p e c t r a  were u n s u c c e s s f u l .  Problems wi th  t h e  Colorado 
A V I R I S  d a t a  were a c c e n t u a t e d  by t h e  I A R  r e f l e c t a n c e  t e c h n i q u e  
because  of  moderate v e g e t a t i o n  cove r .  Improved s i g n a l - t o - n o i s e  
and a l t e r n a t i v e  c a l i b r a t i o n  procedures  w i l l  be r e q u i r e d  t o  produce 
s a t i s f a c t o r y  r e f l e c t a n c e  s p e c t r a  from these d a t a .  Although t h e  
A V I R I S  d a t a  were u s e f u l  f o r  mapping s t r o n g  m i n e r a l  a b s o r p t i o n  
f e a t u r e s  and p roduc ing  mine ra l  maps a t  t h e  Nevada s i t e ,  it i s  
c l e a r  t h a t  s i g n i f i c a n t  improvements t o  t h e  i n s t r u m e n t  performance 
a r e  requi red  b e f o r e  A V I R I S  w i l l  be an o p e r a t i o n a l  i n s t r u m e n t .  
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INTRODUCTION 
The Airborne Vis ib le / Inf ra red  Imaging Spectrometer ( A V I R I S )  

i s  t h e  f i r s t  of a second generation of imaging spectrometers. I t  

i s  a 224-channel i n s t r u m e n t  measuring su r face  radiance over t h e  

s p e c t r a l  range 0 . 4 1  t o  2.45 pm i n  approximately 10 nm-wide bands 
(Porter  and Enmark, 1 9 8 7 ) .  The A V I R I S  is  flown aboard t h e  NASA U- 
2 and ER-2 a i r c r a f t  a t  an a l t i t u d e  of 20 km, with an instantaneous 
f i e l d  of view of 20  m and a swath width of 10  km.  I t  u t i l i z e s  a 
l i n e a r  a r r a y  of d i s c r e t e  d e t e c t o r s  and f o u r  i n d i v i d u a l  
spectrometers t o  c o l l e c t  data  simultaneously f o r  t h e  2 2 4  bands i n  
a 6 1 4  pixel-wide swath perpendicular  t o  t h e  t h e  a i r c r a f t  
d i r e c t i o n .  The forward motion of t h e  a i r c r a f t  moves t h e  ground 
f i e l d  of view across the  terrain.  

A ' J IRIS  was flown f o r  two w e l l  cha rac t e r i zed  s i t e s  during 
1987, one i n  Nevada and one near Cripgle  C r e e k  and Canon C i t y ,  

Colorado. The primary objective of t h i s  study was t o  a s ses s  t h e  
A V I R I S  da t a  c h a r a c t e r i s t i c s  and q u a l i t y  and t h e  usefulness  of t h e  

da ta  f o r  d e t a i l e d  mapping of subt le  l i t h o l o g i c a l  v a r i a t i o n .  The 
A V I R I S  d a t a  are  be ing  eva lua ted  us ing  image and spectrum 
p rocess ing  techniques based on known p h y s i c a l  p r o p e r t i e s  of 
geologic mater ia l s .  T h e  invest igat ion u t i l i z e s  laboratory,  f i e l d ,  
and a i r c r a f t  s p e c t r a l  measurements and geologic da ta  t o  eva lua te  
s e l e c t e d  c h a r a c t e r i s t i c s  of the A V I R I S  d a t a .  A V I R I S  da t a  a r e  
c a l i b r a t e d  t o  r e f l ec t ance  and t h e i r  c a p a b i l i t y  t o  d e t e c t  s u b t l e  
mineralogical va r i a t ions  i n  the  rocks and s o i l s  a t  both tes t  s i t e s  
i s  being tested.  

PREPROCESSING 
Preprocess ing  of t h e  A V I R I S  da t a  i s  r equ i r ed  t o  ob ta in  

spec t ra  t h a t  can be compared with laboratory spec t ra  and t o  allow 
mineralogical mapping. The AVIRIS  data  f o r  t h e  s i tes  used i n  t h i s  

s t u d y  w e r e  conve r t ed  t o  i n t e r n a l  average  r e l a t i v e  ( I A R )  

r e f l ec t ance  (Kruse ,  1988) u s i n g  f i v e  preprocessing s t e p s .  T h i s  

conversion has been successful ly  used w i t h  A I S  da ta  and does not 
r e q u i r e  a p r i o r i  knowledge of t h e  s i t e .  One band of t h e  raw 
AVIRIS d a t a  f o r  each s i t e  was read from t h e  t ape  t o  preview t h e  

da t a  coverage. Because t h e  AVIRIS da t a  sets a r e  very l a rge ,  a 2 4 4  

l i n e  by 1 9 2  sample subscene was s e l e c t e d  from t h e  raw band 
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previewed f o r  e a c h  s i t e .  S i x t y  f o u r  of t he  AVIRIS r a w  data  bands 
from t h e  D spectrometer  (1.83 t o  2.45pm) were u s e d  i n  t h e  s t u d y .  

The f i r s t  p r e p r o c e s s i n g  step was t o  l o c a t e  bad bands  i n  the  
AVIRIS data and r e p l a c e  them w i t h  the average o f  a d j a c e n t  bands .  
T h e  p o s i t i o n s  o f  t h e  bad bands  w e r e  r e c o r d e d  so  i n t e r p r e t a t i o n s  
would n o t  be made u s i n g  t h o s e  p a r t i c u l a r  bands.  T h e  n e x t  s tep  
i n  t h e  data p rocess ing  w a s  the  removal o f  bad data l i n e s .  The bad 

l i n e s  w e r e  replaced w i t h  t h e  average o f  a d j a c e n t  l i n e s .  The 

p o s i t i o n s  o f  the bad l i n e s  w e r e  a l s o  r eco rded  s o  as n o t  t o  be used  
i n  t h e  i n t e r p r e t a t i o n .  Next t h e  dark c u r r e n t  f i l e  w a s  s u b t r a c t e d  
from t h e  AVIRIS data se t .  Because o f  t h e  high n o i s e  level i n  t he  

dark c u r r e n t  f i l e ,  a r u n n i n g  7 l i n e  by 1 band box w a s  u s e d  t o  
f i l t e r  t h e  data .  T h i s  f i l t e red  dark c u r r e n t  f i l e  w a s  s u b t r a c t e d  
from t h e  A V I R I S  data  set .  An e q u a l  e n e r g y  n o r m a l i z a t i o n  w a s  
performed next  on t h e  AVIRIS data .  The n o r m a l i z a t i o n  w a s  done by 
c a l c u l a t i n g  a m u l t i p l i e r  f o r  each p i x e l  t h a t  scales t h e  data  t o  a 
t o t a l  image average  (Dyks t ra  and Segal, 1985; Kruse, 1987, 1 9 8 8 ) .  
T h i s  n o r m a l i z a t i o n  removes a l b e d o  d i f f e r e n c e s  a n d  t o p o g r a p h y  
effects by s h i f t i n g  t h e  s p e c t r a  t o  t h e  same re la t ive  b r i g h t n e s s .  
T h e  no rma l i zed  data  w e r e  f i n a l l y  c o n v e r t e d  t o  i n t e r n a l  average 
r e l a t i v e  (IAR) r e f l e c t a n c e  (Kruse,  1988)  . T h i s  method c o n v e r t s  
t he  data t o  a q u a n t i t y  approx ima t ing  r e f l e c t a n c e  by d i v i d i n g  the  

spec t rum f o r  e a c h  p i x e l  by t he  o v e r a l l  average spec t rum f o r  t h e  

image. T h i s  t echn ique  a l s o  removes t he  major a tmosphe r i c  f e a t u r e s  
because  t h e  average spec t rum c o n t a i n s  a tmosphe r i c  f e a t u r e s  which 

are divided o u t  o f  t h e  r e s u l t i n g  s p e c t r a .  Cau t ion  must be used  
when a p p l y i n g  t h e  I A R  r e f l e c t a n c e  t e c h n i q u e  b e c a u s e  s p u r i o u s  
f e a t u r e s  can be i n t r o d u c e d  i n t o  t he  c o n v e r t e d  spec t ra  i f  t h e  
average c o n t a i n s  s t r o n g  a b s o r p t i o n  f e a t u r e s  related t o  t he  s u r f a c e  
compos i t ion .  T h e  average spec t rum f o r  t h e  Nevada s i t e  d i d  n o t  
show any o f  these a b s o r p t i o n  f e a t u r e s .  The Cripple Creek  average 
da ta ,  however, had s t r o n g  v e g e t a t i o n  f e a t u r e s  w h i c h  p roduced  
unusual  spectra n o t  characteristic o f  g e o l o g i c  materials. 

DATA ANALY S IS 
A new software package called llQLookll developed by t h e  United 

S t a t e s  Geo log ica l  Survey i n  F l a g s t a f f ,  Ar izona  and  enhanced b y  

CSES w a s  used f o r  t h e  A V I R I S  data a n a l y s i s .  QLook i s  a so f tware  
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package t h a t  a l l o w s  i n t e r a c t i v e  a n a l y s i s  o f  imaging s p e c t r o m e t e r  
da t a .  T h i s  s o f t w a r e  r u n s  under t h e  T r a n s p o r t a b l e  A p p l i c a t i o n s  
Execut ive  (TAE) on MicroVAXII computers u t i l i z i n g  GKS graphics and 
an IVAS 1024 d i s p l a y  device. QLook can hand le  up t o  three m i l l i o n  
p i x e l s  a t  one t i m e  and needs 1 2  megabytes o f  address space .  Using 
a subscene  c o n t a i n i n g  244 l i n e s  and 192 p i x e l s  a l l o w s  64 bands t o  
be viewed a t  once. 

The IVAS d i s p l a y  device h a s  a 1024 by 1024 m o n i t o r  which 

shows t he  AVIRIS subscene  zoomed by f o u r .  T h i s  a l l o w s  ind iv i c iua l  
p i x e l s  t o  be selected f o r  t h e  s p e c t r a l  a n a l y s i s .  Pa r t  o f  t he  IVAS 

d i s p l a y  shows a s p a t i a l  image and the  rest of t h e  d i s p l a y  shows a 
stacked, g r a y - s c a l e d  o r  co lo r -coded  s p e c t r a l  image (Marsh and  
McKeon, 1983; Kruse,  1987, 1988) .  The stacked spectra co r re spond  
t o  a s l ice  t h r o u g h  t h e  s p a t i a l  image which c a n  be i n t e r a c t i v e l y  
selected i n  r e a l  t i m e  u s i n g  t h e  mouse. The mouse a l s o  c o n t r o l s  
t h e  s p a t i a l  l o c a t i o n ,  band, and stretch b e i n g  viewed. A movie 
s t e p p i n g  t h r o u g h  a l l  t h e  bands o f  t h e  s p a t i a l  image c a n  be 

d i s p l a y e d .  A three band c o l o r  c o m p o s i t e  c a n  be selected and 
d i s p l a y e d  as  t h e  s p a t i a l  image o r  t h e  stacked spectra and b lack  

and w h i t e  image can  be psuedocolored w i t h  f o u r  d i f f e r e n t  look-up- 
tables.  

T h e  GKS graphics  s o f t w a r e  i s  u s e d  t o  p l o t  t h e  spec t rum f o r  
t h e  p i x e l  a t  t h e  c u r r e n t  c u r s o r  p o s i t i o n .  A window w i t h  
i n f o r m a t i o n  a b o u t  t h e  c u r r e n t l y  viewed bands  i s  d i s p l a y e d  a l o n g  
w i t h  a window c o n t a i n i n g  t h e  stretch p l o t .  I n d i v i d u a l  spectra can 
be selected and  saved i n  a n o t h e r  window f o r  compar i son .  An 
average spec t rum from a group of  p i x e l s  can  be c a l c u l a t e d  and 
saved i n  a t ab le  a long  w i t h  t he  s t a n d a r d  d e v i a t i o n  and minimum and 
maximum v a l u e s .  The data  i n  t h i s  t ab le  i s  u s e d  as  i n p u t  i n t o  t h e  

f e a t u r e  e x t r a c t i o n  r o u t i n e s .  
One d i f f i c u l t y  c o n f r o n t i n g  researchers i s  t h a t  t h e  immense 

volume' o f  d a t a  c o l l e c t e d  b y  i m a g i n g  s p e c t r o m e t e r s  p r o h i b i t  
detailed manual a n a l y s i s .  CSES i s  deve lop ing  automated t e c h n i q u e s  
f o r  a n a l y s i s  o f  imag ing  s p e c t r o m e t e r  da ta  t h a t  e m u l a t e  t h e  

a n a l y t i c a l  p r o c e s s e s  u s e d  by a human o b s e r v e r .  Aut omat i c 
a b s o r p t i o n  f e a t u r e  e x t r a c t i o n  a lgo r i thms  have been developed  t h a t  

cont inuum i s  d e f i n e d  by  i d e n t i f y i n g  high p o i n t s  i n  t h e  spec t rum 
a l l o w  s u b j e c t i v e  c h a r a c t e r i z a t i o n  o f  a b s o r p t i o n  b a n d s .  A 
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and f i t t i n g  s t r a i g h t  l i n e  segments  between t h e  h i g h  p o i n t s .  The 
continuum i s  removed from t h e  data u s i n g  d i v i s i o n .  The low p o i n t s  
of t h e  r e s u l t i n g  spec t rum are i d e n t i f i e d  and t h e  p o s i t i o n ,  dep th ,  
and  w i d t h  of t h e  a b s o r p t i o n  bands  are  d e t e r m i n e d  (Kruse  and  
C a l v i n ,  1988) .  These r e s u l t s  a re  i n p u t  i n t o  a n  e x p e r t  sys t em 
which i d e n t i f i e s  t h e  m i n e r a l s  based upon f ac t s  and  r u l e s  derived 

from l a b a t o r y  s p e c t r a .  

Northern Grapevine Mountains, Nevada 
T h e  Nevada s tudy  area i n  t h e  n o r t h e r n  Grapevine Mountains has 

been  s t u d i e d  i n  d e t a i l  u s i n g  c o n v e n t i o n a l  g e o l o g i c  mapping, 
geochemistry,  f i e l d  and l a b o r a t o r y  r e f l e c t a n c e  spec t roscopy ,  and 
imaging spec t rometers  (Raines  and o t h e r s ,  1984; Wrucke and o t h e r s ,  
1984;  Kruse,  1987, 1 9 8 8 ) .  P recambr ian  bedrock  i n  t h e  area 
c o n s i s t s  of  sed imentary  ( l imes tone ,  do lomi te )  and metasedimentary 
rocks  (marble, h o r n f e l s ,  s k a r n )  . Mesozoic p l u t o n i c  rocks  i n c l u d e  
q u a r t z  s y e n i t e ,  a q u a r t z  monzoni te  po rphyry  s t o c k ,  and q u a r t z  
monzoni te  d i k e s .  T e r t i a r y  v o l c a n i c  r o c k s  ( p r i m a r i l y  T i m b e r  

Mountain Tuff,  Wrucke and o t h e r s ,  1984) are  abundant  a round t h e  

p e r i p h e r y  of t he  s t u d y  area. Quaternary d e p o s i t s  i n c l u d e  Holocene 
and P l e i s t o c e n e  fanglomerates ,  pediment gravels, and a l luv ium.  

The Mesozoic  r o c k s  a r e  c u t  by  n a r r o w  n o r t h - t r e n d i n g  
m i n e r a l i z e d  s h e a r  z o n e s  c o n t a i n i n g  s e r i c i t e  ( f i n e  g r a i n e d  
muscov i t e )  and i r o n  o x i d e  m i n e r a l s .  S l i g h t l y  b r o a d e r  zones of  
d i s semina ted  q u a r t z ,  p y r i t e ,  ser ic i te ,  c h a l c o p y r i t e ,  and f l u o r i t e  
m i n e r a l i z a t i o n  occur  i n  t h e  q u a r t z  monzonite porphyry .  Th i s  t y p e  
o f  a l t e r a t i o n  i s  s p a t i a l l y  a s s o c i a t e d  w i t h  f i n e - g r a i n e d  q u a r t z  
monzon i t e  d i k e s .  There  are  s e v e r a l  s m a l l  areas of q u a r t z  
s tockwork  exposed a t  t h e  s u r f a c e  1 1 1  t h e  c e n t e r  of t h e  a r ea .  
Skarn,  composed mainly o f  brown a n d r a d i t e  g a r n e t  i n t e rg rown  w i t h  

c a l c i t e ,  ep ido te ,  and  t r e m o l i t e ,  o c c u r s  a round t h e  perimeter of 

t h e  q u a r t z  monzonite s t o c k  i n  Precambrian rocks .  
The Nevada s i t e  h a s  been s t u d i e d  i n  d e t a i l  u s i n g  Ai rborne  

Imaging Spec t rometer  (AIS) data (Kruse,  1987, 1 9 8 8 ) .  F i g u r e  1 
shows a mosaic of 7 AIS f l i g h t l i n e s  o b t a i n e d  between 1984 and 
1986. A V I R I S  data have obvious advantages  over AIS because  of t h e  

10 km swath wid th  and  e x c e l l e n t  image geometry.  F i g u r e  2 shows 
p a r t  of  an  AVIRIS image f o r  t h e  Nevada s i te .  The AVIRIS d a t a  f o r  



t h i s  s i t e  w e r e  reduced t o  IAR re f lec tance  a s  described i n  t h e  
preprocessing s e c t i o n .  The QLook program was used t o  e x t r a c t  
spec t ra  f o r  areas of known mineralogy. Figure 3 shows an AVIRIS 
spectrum f o r  s e r i c i t e  ( f i n e  grained muscovite) compared t o  a 
l abora to ry  spectrum of muscovite. Figure 4 shows an AVIRIS 
carbonate spectrum compared t o  a laboratory spectrum of dolomite. 
Both AVIRIS spectra  a r e  very n o i s y ,  desp i te  the f a c t  t h a t  t h e y  m e  
averages of s e v e r a l  p i x e l s .  S e r i c i t e  and dolomite have very 
s t r o n g  a b s o r p t i o n  f e a t u r e s  and y e t  a r e  only mmrginally 
i d e n t i f i a b l e  us ing  t h e  AVIRIS d a t a  because of t h e  n o i s e .  
Additional spec t ra  w i t h  a broad band near 2 . 4  pm w e r e  located i n  
t h e  AVIRIS data .  Similar spectra  f o r  an unident i f ied  mineral were 

a l s o  loca ted  with AIS data  and the  mineral  i s  l i k e l y  a z e o l i t e ,  
however, t h i s  has not y e t  been ve r i f i ed  with f i e l d  o r  labora tory  
measurements. Known occurrences of montmoril lonite a t  t h i s  s i t e  
w e r e  not i d e n t i f i e d  using t h e  AVIRIS data  and it was not possible  
t o  d i s t i n g u i s h  between dolomite and c a l c i t e  using t h e  AVIRIS. 
These f ind ings  ind ica t e  t h a t  t h e  AVIRIS data  i s  not a s  usefu l  as  
t h e  AIS data  f o r  mapping s u b t l e  mineralogical va r i a t ion ,  primarily 
because of signal-to-noise problems. 

C r i p p l e  C r e e k / C a n o n  C i t y ,  C o l o r a d o  
The Cr ipple  C r e e k  mining d i s t r i c t  i s  l o c a t e d  2 1  m i l e s  

southwest of Colorado spr ings (Figure 5 ) .  The d i s t r i c t  i s  hosted 
b y  a s i l i ca-undersa tura ted  a l k a l i c  i n t r u s i v e  complex (Thompson, 
1986).  The most voluminous rock w i t h i n  t h e  in t rus ive  complex i s  a 
phono l i t i c  brecc ia .  T h i s  breccia has a bimodal s i z e  d i s t r i b u t i o n  

and c o n t a i n s  Precambrian and T e r t i a r y  rock fragments .  The 
t ex tu re ,  s t r u c t u r e  and composition of t h e  suggest a diatreme-like 
o r i g i n  showing seve ra l  roo t  cen ters  and episodes of a c t i v i t y  
(Wobus and o thers ,  1 9 7 6 ) .  The P i k e s  Peak Grani te  borders  t h e  
Cripple Creek d i s t r i c t  t o  t he  north and i s  a m e d i u m  t o  coarsely 
c r y s t a l l i n e  hornblende-bioti te granite,  l o c a l l y  grading t o  quartz 

I monzonite. Lode gold minera l iza t ion  i s  hos ted  b y  t h e  upper 
Oligocene age phonol i t ic  breccia pipes which have produced over 2 1  

mi l l ion  ounces of gold s ince discovery i n  1891. The objec t ive  of 
t h e  work a t  Cripple C r e e k  i s  t o  i d e n t i f y  and map l i t h o l o g i c a l  

I 
I 

~ 
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v a r i a t i o n  related t o  emplacement of the i n t r u s i v e  r o c k s  and s u b t l e  
l i t h o l o g i c a l  v a r i a t i o n  caused  by hydro thermal  a l t e r a t i o n .  I t  i s  
e x p e c t e d  t h a t  t h e  A V I R I S  da t a  w i l l  c o n t r i b u t e  t o  a b e t t e r  
u n d e r s t a n d i n g  o f  t h e  v o l c a n i c  c e n t e r  and  t h e  p r o c e s s e s  t h a t  
l o c a l i z e d  the  g o l d  d e p o s i t s .  

T h e  Canon C i t y  Embayment l i e s  20  m i l e s  d i r e c t l y  s o u t h  o f  t he  

Cr ipp le  C r e e k  min ing  d i s t r ic t .  I t  i s  a la rge  s y n c l i n e  which 

p i tches  t o  t h e  s o u t h e a s t  and  c o n t a i n s  long ,  c o n t i n u o u s  s u r f a c e  
exposures  of sed imentary  rocks  r ang ing  from Ordovic ian  t o  T e r t i a r y  
age ( S c o t t  and  o t h e r s ,  1 9 7 8 ) .  T h e  s e d i m e n t a r y  u n i t s  i n c l u d e  
l i m e s t o n e s  and d o l o m i t e s ,  conglomera tes ,  s a n d s t o n e s ,  s i l t s t o n e s ,  
a n d  sha le s .  T h e  embayment i s  bounded on t h e  w e s t  s ide by 
P recambr ian  g r a n i t e s ,  g n e i s s e s  and  schists and  t o  t h e  n o r t h  by 
Precambr ian  g r a n o d i o r i t e .  The Canon C i t y  o i l  f i e l d  has p roduced  
o v e r  1 4  m i l l i o n  bar re l s  o f  o i l  s i n c e  i t s  d i s c o v e r y  i n  1887 .  The 

o b j e c t i v e  o f  t h e  work a t  Canon C i t y  i s  t o  i d e n t i f y  a n d  map 
l i t h o l o g i c a l  v a r i a t i o n  re la ted t o  p r imary  sed imen ta ry  d e p o s i t i o n  
a n d  subsequen t  changes  produced  by s u r f a c e  w e a t h e r i n g .  I t  i s  
a n t i c i p a t e d  t h a t  t h e  imag ing  s p e c t r o m e t e r  d a t a  w i l l  p r o v i d e  
i n f o r m a t i o n  a b o u t  s u b t l e  l i t h o l o g i c a l  v a r i a t i o n  w i t h i n  mapped 
u n i t s  t h a t  w i l l  l ead  t o  a n  improved  u n d e r s t a n d i n g  o f  t h e  

c o n d i t i o n s  of d e p o s i t i o n  o f  t h e  sedimentary rock sequence. 
T h e  Cripple Creek/Canon C i t y  A V I R I S  data  w e r e  reduced  t o  IAR 

r e f l e c t a n c e  u s i n g  t h e  p r o c e d u r e s  d i s c u s s e d  i n  t he  p r e p r o c e s s i n g  
s e c t i o n .  QLook was used  t o  e x t r a c t  s p e c t r a  from the  da ta  and t o  
p roduce  images and stacked, co lo r -coded  spectra.  N o  meaningfu l  
s p e c t r a  cou ld  be e x t r a c t e d  from t h i s  data set b e c a u s e  of severe 
s i g n a l - t o - n o i s e  problems.  Problems w i t h  t h e  Colorado  A V I R I S  da ta  
w e r e  a c c e n t u a t e d  by  t h e  I A R  r e f l e c t a n c e  t e c h n i q u e  b e c a u s e  o f  
modera t e  v e g e t a t i o n  c o v e r .  A l t e r n a t i v e  c a l i b r a t i o n  p r o c e d u r e s  
w i l l  be r e q u i r e d  t o  produce  s a t i s f a c t o r y  r e f l e c t a n c e  spectra even 
when t h e  s igna l - to-noise  problems are c o r r e c t e d .  

CONCLUSIONS 
Software h a s  been developed t o  c o r r e c t  A V I R I S  data  f o r  bad 

l i n e s  and  bad bands .  A d d i t i o n a l  p rocedures  have been developed 
f o r  d a r k  s u b t r a c t i o n ,  n o r m a l i z a t i o n  a n d  r e d u c t i o n  t o  IAR 
r e f l e c t a n c e .  I A R  r e f l e c t a n c e  images have been produced,  spectra  
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e x t r a c t e d ,  and m i n e r a l s  i d e n t i f i e d .  Absorp t ion  f e a t u r e s  have been 
s u c c e s s f u l l y  e x t r a c t e d  and c h a r a c t e r i z e d  f o r  A V I R I S  spectra  u s i n g  
automated f e a t u r e  e x t r a c t i o n  p rocedures .  F i r s t  r e s u l t s  from t h e  
Nevada AVIRIS da ta  f o r  a r e a s  of known mine ra logy  show matches  
between e x t r a c t e d  a b s o r p t i o n  f e a t u r e s  and l a b o r a t o r y  measurements 
desp i te  s i g n a l - t o - n o i s e  problems.  I n i t i a l  e v a l u a t i o n s  o f  t h e  
Colorado  AVIRIS da ta  i n d i c a t e  t h a t  image geometry i s  e x c e l l e n t ,  
however, severe s i g n a l - t o - n o i s e  problems have h i n d e r e d  e v a l u a t i o n  
of  s p e c t r a l  c h a r a c t e r i s t i c s .  

E v a l u a t i o n  of  t h e  1987 data w i l l  c o n t i n u e ,  w i t h  a d d i t i o n a l  
l a b o r a t o r y  a E a l y s i s  acd f i e l d  i n v e s t i g a t i o n s  p l a n n e d  f o r  t h e  
remainder  o f  1988 and 1989. Analys is  s o f t w a r e  w i l l  be r e f i n e d  and 
a d d i t i o n a l  a l g o r i t h m s  developed.  A d d i t i o n a l  A V I R I S  da t a  h a s  been 
requested f o r  t h e  1988 f l i g h t  season and i f  t h e  improved s i g n a l -  
t o - n o i s e  i s  adequa te ,  t h e  d a t a  w i l l  be r e - e v a l u a t e d  f o r  mapping 
s u b t l e  l i t h o l o g i c a l  v a r i a t i o n .  
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Figure 2 Nevada A V I R I S  s ingle  band image, band 29 ,  . 6 7  pm. 
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F i g u r e  5. L o c a t i o n  of Canon C i t y  and  C r i p p l e  C r e e k  AVIRIS s t u d y  a r eas  
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ASSESSMENT OF AVIRIS DATA FROM VEGETATED SITES IN THE OWENS 
VALLEY, CALIFORNIA 

ROCK, B. N., Complei Systems Research Center, University of New 
Hampshire, U. S. A.; ELVIDGE, C. D., Desert Research Institute, 
University of Nevada, U. S. A.; and DEFEO, N. J., Complex Systems 
Research Center, University of New Hampshire, U. S. A. 

ABSTRACT 

Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) data 
were acquired for the Bishop, CA area, located at the northern 
end of the Owens Valley, on July 30, 1987. Radiometrically- 
corrected AVIRIS data were flat-field corrected, and spectral 
curves produced and analyzed for pixels taken from both native 
and cultivated vegetation sites, using the JPL SPAM software 
program and PC-based spreadsheet programs. Analyses focussed on 
the chlorophyll well and red edge portions of the spectral 
curves. Results include the following: AVIRIS spectral data are 
acquired at sufficient spectral resolution to allow detection of 
Ilblue shifts" of both the chlorophyll well and red edge in 
moisture-stressed vegetation when compared with non-stressed 
vegetation; a normalization of selected parameters (chlorophyll 
well and near infrared shoulder) may be used to emphasize the 
shift in red edge position; and the presence of the red edge in 
AVIRIS spectral curves may be useful in detecting small amounts 
(20-30% cover) of semi-arid and arid vegetation ground cover. A 
discussion of possible causes of AVIRIS red edge shifts in 
response to stress is presented. 

INTRODUCTION 

The detection of various types of stress in vegetation using 

the red edge portion of the vegetation reflectance curve (Chang 
and Collins, 1983; Collins et al., 1983; Horler et al., 1980; 
Rock et al., 1986, 1988; Westman and Price, 1988). The shift of 
the red edge to shorter wavelengths (ie. toward the blue end of 
the visible spectrum) has been termed the "blue shift," and has 
been shown to occur in plants exposed to a variety of stress 
agents, including trace metals, airborne pollutants, and drying. 
A similar blue shift of the maximum absorption by chlorophyll 
pigments in the visible red, termed the chlorophyll well, has 
also been observed in vegetation exposed to these stress agents. 
These blue shifts are very subtle and range from 2-15 nm. 

Datasets from airborne high-spectral resolution sensor 
systems have used blue shifts of red edge parameters (both red 
edge and chlorophyll wells) to detect and map areas of stressed 
vegetation (Collins et al., 1983; Milton et al., 1983; Rock et 
al., 1988). The airborne sensor systems used provided a large 
number of spectral bands, with spectral resolution on the order 

-- in situ high-spectral resolution reflectance data has focussed on , 
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of a few nanometers. Rock et al. (1988) used an airborne system 
known as the Fluorescence Line Imager (FLI) , providing 288 
spectral channels covering the spectral region from 0.4-0.8 um, 
each 2.3 nm wide, to detect and map areas of forest decline 
damage in Vermont (USA) thought to be due to air pollution. The 
present study was conducted in part, to determine if AVIRIS 
datasets acquired in 210 spectral channels (for radiometrically- 
corrected data) in the spectral region from'0.4-2.4 um, each 9.8 
nm wide, would provide adequate spectral resolution to resolve 
red edge parameter blue shifts. 

Although an attempt was made to acquire AVIRIS data for the 
forest decline damage sites in the northeastern United States, a 
lack of cloud-free weather conditions in the New England area 
during July, 1987 prevented such data acquisition. An AVIRIS 
overflight on July 30, 1987 did acquire excellent data for the 
northern end of the Owens Valley, CA, an area characterized as 
semi-arid, exhibiting extensive vegetation cover dominated by 
members of the Great Basin sagebrush community and saltbush 
community. Along river courses a number of tree species form 
dense canopies, and heavily irrigated areas support either 
agricultural crops such as alfalfa, or grass-dominated areas such 
as pastures, lawns, and a golf course. Based on a field visit, 
vegetated areas were selected from the flightline which 
represented three basic vegetation types: lush, green vegetation; 
dry, semi-arid vegetation; and cut, dried, vegetation which had 
been green prior to cutting. Preliminary analyses of AVIRIS data 
acquired for these vegetation types are presented. 

MATERIALS AND METHODS 

AVIRIS data used in this study are from flight line #lo, Run 
#009, Segment 03, and were acquired on July 30th, 1987 at 
approximately 11:36 AM Pacific Standard Time. The flight line was 
selected for study because of the diversity of vegetation types 
occurring near the town of Bishop, CA (37'22" X 118920'W) and 
the surrounding area. In addition, these data were selected 
because of their high quality. The AVIRIS data presented here are 
radiometrically corrected and have been flat-field corrected. 

The radiometrically-corrected data were obtained from the 
Jet Propulsion Laboratory in Pasadena, CA. The radiometric 
correction was accomplished by subtracting the dark current 
values from the raw data, equalizing the response of the 224 
individual detectors and resampling the wavelenghts to a uniform 
9.8 nm sampling interval. The radiometrically-corrected data 
contain 210 spectral bands with band centers ranging from 0.4000 
um (band 1) to 2.4482 um (band 210). The response of each 
detector is such that the same amount of reflected radiance in 
each of the bands would yield the same DN (digital number) value. 

A flat-field correction was applied to the data to remove 
the effect of solar irradiance. A grus pit (consisting of the 
weathered products of granitic rocks) was used as the flat field. 
For each spectral band, pixel values from all vegetated sites 
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were divided by pixel values from the grus pit. Because the grus 
pit contains no vegetation, all the spectral data from the 
vegetation at the other sites was preserved while the component 
of solar irradiance was eliminated. A secondary effect of flat- 
field correction is the removal of atmospheric absorption 
features common to both the grus pit and vegetation datasets. The 
resulting spectral curves, produced by plotting brightness values 
of the 210 bands for each pixel or group of pixels were 
comparable to laboratory- or field-acquired spectra of 
vegetation. The resulting brightness values have not been 
converted to reflectance as yet, but this would be possible since 
ground reflectance data have been acquired for the grus pit 
calibration targets included within the AVIRIS flightline. The 
curves presented here were plotted on a Macintosh Plus using 
Cricket Graph software*. All plots are averages of several pixels 
from the areas cited. 

It is difficult to compare red edge and chlorophyll well 
parameters from spectral curve plots because of variations in the 
height of the NIR (near infrared) plateau and the depth of the 
chlorophyll well characteristic of different vegetation types. If 
the data are normalized, differences in the position of the red 
edge and the extent of the blue shift can be more easily studied. 
Therefore, the data were normalized as follows. For each spectral 
curve, the value corresponding to the lowest spectral band in the 
chlorophyll well was subtracted from every spectral band in the 
curve. For all vegetated sites along the flight line, the lowest 
value occurred at either spectral band 29 (band center = 0.6744 
um) or 30 (band center = 0.6842 um). The second step in the 
normalization involved scaling the curve so that channel 38 (band 
center = 0.7626 um) on the NIR plateau had a value of two. With 
these two points on each curve pinioned, the resulting curves 
clearly show relative red edge positions. 

The native vegetation occurring in the Bishop, CA area include 
the following dominant types. In July, lush, green trees and 
large shrubs occur along stream banks and areas of damp soil, 
while semi-arid, non-green or partially green sagebrush/saltbush 
shrubs occupy drier sites. Common tree species are cottonwoods 
(Populus) and willows (Salix) and these occur in dense stands 
where there is enough soil moisture to support their growth. At 
drier sites, only low desert shrubs are found, consisting of 
either sagebrush (Artemisia tridentata) or rabbit brush 
(Chrvsothamnus nauseosus). The rabbit brush characterizes 
disturbed areas (pasture lands) while the sagebrush is more 
typical of open range lands that are largely undisturbed. In 
drier sites characterized by soils high in salt levels, a small 
desert shrub known as saltbush (Atriplex spp.) is common. During 
the summer months, sagebrush retains its leaves, while rabbit 
brush and saltbush may lose their leaves. 

Along portions of the AVIRIS flightline three major types of 

* Reference to specific products is made for clarity, and does 
not constitute an endorsement of these products. 
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cultivated vegetation occurs: large areas of alfalfa (Medicaao 
sativa) grown in rotation (some fields with green, actively 
growing plants, and other fields with cut, drying plants); a 
large golf course of green, well-watered grasses and trees 
(cottonwoods); and irrigated pastures of green grass. The alfalfa 
fields were of great interest in this study because they provided 
large, homogeneous areas of either green or dried plants of the 
same species. Because of their rectangular shape, they could be 
easily identified in the AVIRIS data. The harvesting of alfalfa 
results in rows of cut plants alternating with partly green 
stubble and exposed soil. 

Radiometrically-corrected AVIRIS data are strongly 
influenced by both variation in solar illumination and by 
atmospheric absorption features. Figure 1 presents such AVIRIS 
spectral data acquired from the golf course. Note the decreasing 
brightness with increasing band numbers (wavelength) due to the 
drop in solar illumination intensity, as well as absorption by 
atmospheric water, centered at bands 57 (0.9488 um) , 76 (1.1350 
um) , and 102 (1.3898 um) . The absorption feature located at band 
38 (0.7626 um) is likely due to atmospheric molecular oxygen, 
while the strong absorption centered at band 29 (0.6744 um) is 
due to chlorophyll in the vegetation. This feature is referred to 
herein as the chlorophyll well, and is followed by a sharp rise, 
the red edge, located between bands 30 and 37. The broad 
absorption in bands 1-12 (0.4000-0.5078 urn) is due to both 
chlorophyll and carotenoid pigments. 

Raw spectral data for the grus pits used for flat-field 
correction are presented in Figure 2. Many of the same absorption 
features seen in Figure 1 are also seen in Figure 2 (features at 
bands 38, 57, 76, and 102), indicating that they are common 
atmospheric components. A broad absorption seen centered at band 
150 (1.8602 um) is due to atmosphereic water, while the strong 
feature at band 2 (0.4098 um) is likely due to iron oxide found 
in the grus. Causes of the absorption features at bands 89 
(1.2624 um) and 165 (2.0072 um) have not yet been identified. 

Flat-field corrected spectral curves are presented in Figure 
3 for the golf course, green alfalfa, and an area of low rabbit 
brush and grass (approximately 20-30% cover). Note that the flat- 
field correction has removed the effects of variable intensity of 
solar illumination and of atmospheric absorptions. Artifacts 
introduced into these curves by the flat-field correction method 
include a shift of one band in the position of the chlorophyll 
absorption maximum and the apparent lack of absorption by 
chlorophylls and carotenoids in the visible blue (bands 1-11), 
due to the strong iron oxide absorption seen in the grus. The 
overall results are most encouraging however, since the flat- 
field corrected curves for the golf course and alfalfa look very 
much like typical vegetation curves acquired with field and 
laboratory spectrometers. 
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A more detailed presentation of flat-field corrected visible 
and near infrared AVIRIS data is seen in Figure 4. Spectral 
curves for cottonwoods and green alfalfa show maximum absorption 
due to chlorophyll (the chlorophyll well) at band 30 (0.6842 um) 
while the chlorophyll well for drying alfalfa is located at band 
29 (0.6744 um) . Rock et al. (1988) report a five nanometer blue 
shift in chlorophyll well position with increased damage in 
spruce (Picea) forests as measured by the airborne FLI, although 
a similar blue shift of only two nanometers was measured in situ. 
Westman and Price (1988) report a similar two nanometer blue 
shift in chlorophyll well position determined in situ for pines 
(Pinus) experimentally exposed to drying, acid misting, and 
ozone. 

It is difficult to assess the true nature of the blue shift 
of the chlorophyll well reported here. Westman and Price (1988) 
attribute the blue shift seen in pine induced by drying to 
denaturing of chlorophylls. The blue shift seen in spruce has 
been correlated with decreases in the amount of chlorophyll b 
relative to chlorophyll a (Rock et al., 1988). The blue shift 
seen in Figure 4 may also be due to increased amounts of soil and 
stuble exposed by the cutting of alfalfa. 

Note that the variations in amplitude of both red (bands 28- 
30) and NIR (bands 38-90) reflectance seen in the Figure 4 curves 
makes evaluation of the red edge position difficult. The red edge 
of green alfalfa appears shifted to shorter wavelengths when 
compared with the red edge of the cottonwoods. This apparent 
shift is due to the greater NIR reflectance seen for the green 
alfalfa, an effect which can be removed by normalizing the two 
curves. Figure 5 presents normalized red edge curves for the golf 
course, cottonwoods, and green alfalfa. This approach 
demonstrates that the red edge parameters for all three green 
vegetation types are very similar. 

When the red edge data for the cut alfalfa are normalized to 
those of the green vegetation types (Figure 6) a distinct flshiftff 
is seen such that the red edge curve for the drying vegetation is 
separated from the others. This blue shift of the red edge of cut 
alfalfa is very similar to that seen in normalized FLI data 
acquired from the forest decline sites (Rock et al., 1988). 
Regardless of the cause of the blue shift (alteration of plant 
pignents, increased reflectance from soil/stubble, etc.), it is 
clear that AVIRIS data have been acquired with sufficient 
spectral resolution to detect such spectral fine features 
associated with stress in vegetation. 

The presence or absence of the red edge feature in spectral 
curve data may be useful in detecting trace amounts of vegetation 
in semi-arid regions. Although not presented in detail here, 
subtle changes in reflectance amplitude across the red edge 
region are seen in AVIRIS data for the sagebrush and rabbit brush 
areas of the flightline (see Figure 3). An investigation which 
relates the occurrence of such amplitude changes with percent 
ground cover and vegetation type will be needed to establish the 
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value of using red edge data for the purpose of trace vegetation 
detection and quantification. 
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Figure 1. Radiometrically-corrected AVIRIS data plotted as DN vs. 
band numbers for pixels selected from the golf course. Band 
numbers discussed in text are labelled. 
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Figure 2. Radiometrically-corrected AVIRIS data plotted as DN vs. 
band numbers for pixels selected from the grus pits used as 
calibration targets. Band numbers discussed in text are labelled. 
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Figure 3. Flat-field corrected AVIRIS data plotted as relative 
brightness vs. band numbers for pixels selected from fields of 
green alfalfa, the golf course, and an area of low-density 
vegetation dominated by rabbit brush. 
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Figure 4. Flat-field corrected visible and near infrared AVIRIS 
data plotted as brightness values vs. band numbers for pixels 
selected from stands of cottonwoods and fields of green and cut 
alfalfa (labelled "nongreen alf."). Note the difference in both 
shape and position of the chlorophyll wells f o r  green alfalfa and 
cottonwoods (centered at band 30) and drying alfalfa (centered at 
band 29). 
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Figure 5 .  Normalized red edge AVIRIS da ta  f o r  three types of 
green vegetation: t h e  golf course,  cottonwoods, and a l f a l f a .  Note 
t h e  red edge pos i t i on  is very s i m i l a r  f o r  a l l  three types.  
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Figure 6 .  Normalized red edge AVIRIS da ta  f o r  three types  of 
green vegetat ion (golf  course,  cottonwoods, and green a l f a l f a )  
and c u t ,  drying a l f a l f a  ( l a b e l l e d  lvnot g r .  a l f a l f a v v ) .  Note t he  
change i n  pos i t ion  of t he  red edge of t he  c u t  a l f a l f a  r e l a t i v e  t o  
t h e  red edge of the  green vegetat ion.  



EXAMINATION OF THE SPECTRAL FEATURES OF VEGETATION IN 1987 AVIRIS DATA 

CHRISTOPHER D. ELVIDGE, Biological Sciences Center, Desert Research 
Institute, University of Nevada System, Reno, NV, U.S.A.. 

ABSTRACT 

Equations for converting AVIRIS digital numbers to percent 
reflectence were developed us in. a set nf three 
calibration targets. AVIRIS reflectance spectra from five 
plant communities exhibit distinct spectral differences. 

1. INTRODUCTION 

A flight line of AJIRIS data covering Stanford University’s 1200 acre 
Jasper Ridge Biological Preserve plus three calibration targets was 
acquire on July 24, 1987 at 12:56 PM Pacific Standard Time. Jasper Ridge 
is located directly west of the main campus, in the foothills of the Santa 
Cruz Mountains. The preserve contains examples of most of the major plant 
communities found along the Central California coast. A more detailed 
report on this study is provided by Elvidge (1988). 

2 .  CALIBRATION OF AVIRIS DATA 

The three calibration targets cover a wide range of reflectance 
values. At the bright end is the roof of the Pulgas Balancing Reservoir 
belonging to the San Francisco Water Department. This is a highly uniform 
buff-tan color surface with 35-45 % reflectance. A total of 84 AVIRIS 
pixels were extracted from the roof. An asphalt parking lot at Canada 
College was used as a target of intermediate brightness (10-25 % 
reflectance), providing 35 pixels. Bear Gulch Reservoir is used as the 
dark calibration target (0-5 % reflectance). A set of 64 lake water 
pixels were extracted from the reservoir. 

Laboratory reflectance spectra were acquired of samples of the roof 
and asphalt surface using JPL’s Beckman W-5240 spectrophotometer. Due 
to a lack of access to Bear Gulch Reservoir, PFRS (JPL‘s Portable Field 
Reflectance Spectrometer) spectra from nearby Searsville Lake were used 
as surrogates for the reflectance of Bear Gulch Reservoir. The digital 
number value for each calibration target pixel has been paired to the 
average reflectance value for the target in all 209 bands of the 
radiometrically corrected data. These data sets were plotted and visually 
examined. Linear regression was used to develop equations of the form: 
Reflectance - A + B*DN. Highly linear relationships were found between 
digital numbers and reflectance for all three targets in the first two 
spectrometers (0.41 to 0.69 um and 0.69 to 1.27 um). Data from the third 
and fourth spectrometers exhibit in flight changes in the radiometric 
performance between the roof and the two darker targets plus Jasper Ridge. 
As a result, only the lake water and asphalt data was used to calibrate 
data from 1.28 to 2.45 um. There was no relationship between digital 
numbers and reflectance in the intense atmospheric water absorption bands 
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(e.g. at 1.40 um) , signifying that the ground is not being seen with 
AVIRIS in these bands. 

The results of the digital number to reflectance regressions for the 
209 bands of radiometrically corrected AVIRIS data are summarized in 
Figure 1. The regression coefficients (R2 values) versus wavelength are 
presented in the lower segment of Figure 1. Equations were formed only 
for bands yielding R2 values of 0.7 or better. This excludes bands in 
three atmospheric water absorption regions (1.3506 to 1.4780 um, 1.7720 
to 1.9852 um, and 2.3894 to 2.45 um). The middle segment of Figure 1 
shows the slopes determined for the equation: Reflectance - A + B*DN. 
The upper segement of Figure 1 shows the "additive term" (digital number 
intercept for zero reflectance) versus wavelength. This curve, which is 
highest in the blue, depicts the radiance scattered in the atmosphere. 

3 .  REFLECTANCE SPECTRA OF PLANT COMMUNITIES 

Figure 2 shows. the AVIRIS reflectance spectra derived from five plant 
communities. The spectra have been adjusted vertically to avoid overlap. 
The reflectance at 0.8 um is provided for each spectrum. The four plant 
communities containing green vegetation (golf course, swamp forest, 
broadleaf evergreen forest, and chaparral) all exhibit red edges, pigment 
absorptions in the visible, well developed NIR plateaus and leaf water 
absorption at longer wavelengths. Reflectance difference between plant 
communities in the pigment absorption region (0.4 to 0.7 um) are clearly 
visible in the reflectance spectra. The height of the NIR plateau above 
the pigment absorption and water absorption regions also varies between 
the plant communities. 

The NIR plateau lobe between 1.0 and 1.2 um is normally coequal in 
height with the NIR lobe between 0.8 and 1.0 um in the reflectance spectra 
of green leaves. However, the lobe centered at 1.1 um has an abnormal 
height and shape in the golf course and swamp forest reflectance spectra. 
This may be due to a shattered blocking filter on the second spectrometer. 

The reflectance spectrum of the dry annual grassland shows an 
absorption wing extending from the visible into the NIR. This is a 
typical spectral feature for dry yellow grass. Ligno-cellulose 
absorptions can be observed at 2.09, 2.26, and 2.33 um. A well developed 
absorption of probable ligno-cellulose origin can also be seen in the golf 
course spectrum from 2.30 to 2.38 um. 

Figure 3 is an AVIRIS image of the Jasper Ridge area depicting the 
intensity of ligno-cellulose absorption. The image was formed by 
subtracting reflectance values for two composite bands centered at 2.20 
and 2.35 um. Reflectance values in five AVIRIS bands (2.18 to 2.22 um) 
were averaged to form the first composite band, and eight bands (2.31 to 
2.38 um) were averaged to form the second band. The ligno-cellulose 
vegetation index is of the form: reflectance at 2.20 um minus reflectance 
at 2.35 um. The strongest ligno-cellulose absorptions occur in dry 
grasslands, though measureable ligno-cellulose absorptions occurred in the 
chaparral and broadleaf evergreen forest. 
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Figure 1. Results from the digital number to reflectance linear 
regressions. 
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Figure 2. AVIRIS reflectance spectra averages for five plant communities: 
golf course (16 pixels), swamp forest (42 pixels), broadleaf evergreen 
forest (120 pixels), chaparral (49 pixels), and a senesced annual 
grassland (64  pixels). 
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ORldiMAL PA= IS 
OF POOR QUALITY 

4. CONCLUSION 

AVIRIS data has been successfully employed to measure reflectance 
features of vegetation requiring high spectral resolution. Vegetation 
spectral features that have been observed in AVIRIS data include: details 
regarding pigment absorption in the visible, the red edge, leaf water 
absorptions at 0.97 and 1.19 um; and ligno-cellulose absorptions at 2.09, 
2.26, and 2.33 um. The detail available in AVIRIS reflectance spectra is 
comparable to that obtained with laboratory spectrophotometers. 
Additional work will be required to develop techniques for measuring the 
spectral features of vegetation in AVIRIS data without the use of 
calibration targets. 
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Figure 3. AVIRIS image of the Jasper Ridge area depicting the intensity 
of ligno-cellulose absorption. The ligno-cellulose vegetation index was 
formed by subtracting two composite bands of AVIRIS reflectance data: 2.20 
urn minus 2.35 urn. The brightest areas on the image correspond to dry 
grasslands. 
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AVIRIS DATA QUALITY FOR CONIFEROUS CANOPY CHEMISTRY 

NANCY A. SWANBERG, TGS Technology Inc., NASA Ames Research 
Center, USA 

ABSTRACT 

An assessment of AVIRIS data 
quality for studying coniferous canopy 
chemistry was made. Seven flightlines 
of AVIRIS data were acquired over a 
transect of coniferous forest sites in 
central Oregon. Both geometric and 
radiometric properties of the data were 
examined including: pixel size, swath 
width, spectra 1 posit ion and 
signal-to-noise ratio. A flat-field 
correction was applied to AVIRIS data 
from a coniferous forest site. Future 
work with this data set will exclude 
data from spectrometers C and D due to 
low signal-to-noise ratios. Data from 
spectrometers A and B will be used to 
examine the relationship between the 
canopy chemical composition of the 
forest sites and AVIRIS spectral 
response. 

INTRODUCTION 

The objective of this study is to determine whether or 
not AVIRIS data can be used to study coniferous canopy 
chemistry. This involves two steps: (1) an evaluation of 
AVIRIS data quality and ( 2 )  if in step one the data proves 
good enough, an examination of the relationship between 
canopy chemical composition and AVIRIS spectral response. 
The first step is the subject of this paper. 

DATA COLLECTION 

Seven flightlines of AVIRIS data were collected on 
August 1, 1988 over forest test sites in central Oregon. 
Together these zones form an east-west transect which 
exhibits a gradient of climate and fertility encompassing 
the western coast range, the interior coast range, the low 
elevation west cascades, the mid-elevation west cascades, 
the high cascade summit, the east slope cascades, and the 
interior high desert. AVIRIS data were acquired Over 1 3  of 
the total 14 sites distributed troughout the transect where 
ground data had been collected in previous studies. The 
site missed was in the western coast range. Average 
spectra from three-by-three pixel windows over three forest 



sites are shown in Figure 1. 
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Fig. 1. Nine pixel mean AVIRIS spectra from three forest 
sites: Casacde Head (top), Metolius (middle) I and 
Santiam Pass (bottom). 

METHODS AND RESULTS 

Both geometric and radiometric properties of the 
radiometrically corrected AVIRIS data received from JPL 
were examined. Pixel size in the along-track and 
across-track directions were measured on three flightlines. 
United States Geological Survey orthophoto quadrangles were 
used as the basis for comparison. Swath width was 
calculated as the average across-track pixel size 
multiplied by the number of pixels per line (614). These 
measurements and calculations for each flightline are shown 
in Table 1. 

Table 1. Mean pixel size and swath width of AVIRIS 
data 

Site Name Across-Track Along-Tzack Swath 
Mean Pixel Size Mean Pixel Size Width 

Cascade Head 1 8 . 3  m 
Trout Creek 17 .6  m 
Metolius 17.8  m 

18.9  m 11 ,236  m 
1 7 . 5  m 10,806 m 
16 .7  m 1 0 , 9 2 9  m 
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The average across-track pixel size ranged from 17.6 
to 18.3 m while in the along track direction it ranged from 
16.7 to 19.1. The swath width ranged from 10,806 to 11,236 
m. This variation is most likely due to differences in 
topographic relief between these flightlines. 

An atmospheric model, LOWTRAN 6 (Kniezys et al., 
1983), was used to evaluate AVIRIS spectral position. 
Known atmospheric absorption features were compared to 
those from a flat-field AVIRIS spectrum. This comparison 
is shown in Figure 2 .  where a fifty pixel average spectrum 
from a beach and LOWTRAN 6 output from the mid-lattitude 
summer model of solar spectral irradiance reflected by a 
hypothetical fifty percent reflector are plotted. 

i'i 
WRVELENGTH I U M l  

Fig. 2 .  Solar spectral radiance (uW/cm squared-nm-sr) 
from LOWTRAN (top) and an AVIRIS flat-field 
(bottom) showing the relative positions of 
atmospheric water and carbon dioxide 
absorption features. 

As can be seen in Figure 2. the atmospheric water 
absorbtion features at 0.942, 1.135, 1.389 and 1.876 
micrometers (Coulson, 1975) as well as atmospheric carbon 
dioxide features at 1.4, 1.6 and 2 . 0  micrometers (Liou, 
1980) are properly located within the appropriate 10 
nanometer AVIRIS spectral band. 

Visual inspection of the data revealed a noise 
pattern, present in all channels and especially noticable 
in homogeneous areas, that made the image look like 



corrugated cardboard. This periodic noise was evident in 
the Fourier domain as noise spikes, but was not filtered 
out prior to the following analysis of the signal-to-noise 
ratio. Sudden shifts in scene brightness were also evident 
in several flightlines, but did not OCCUK between imaging 
of the forest study site and the beach site used in this 
analysis. 

The ratio of mean radiance to standard deviation of 
the radiance over  a homogeneous surface was used to 
estimate the ratio of signal-to-noise for each AVIRIS 
spectral band. Assuming the beach was a relatively 
homomgeneous s u r f a c e  an  estimate of the siqnal-to-noise 
ratio for each AVIRIS spectral band was obtained by 
computing the mean radiance of the fifty beach pixels and 
dividing it by the standard deviation of those fifty 
pixels. This is a "best case" estimate of the 
signal-to-noise ratio for this flightline since beach sand 
is a highly reflective target as compared to the rest of 
the scene, but it does provide an upper bound. 

To obtain a signal-to-noise estimate for forested 
sites of interest in this study a similar method was 
employed. Nine adjacent pixels were extracted over the 
forest test site from the same flightline as the beach and 
for each channel the mean was divided by the standard 
deviation. In this case the assumption of homogeneity is 
not as good as for the beach and will lower the estimate of 
signal-to-noise. To minimize this effect a dense stand 
with a high leaf area index was chosen to provide as 
homogeneous a target as possible. This estimate served as 
a lower bound on the signal-to-noise ratio for forest 
targets on this flightline. Estimates of signal-to-noise 
ratios for both targets in all bands are shown in FigUKe 3 .  

The signal-to-noise ratio is lower in nearly all 
channels for data taken over the forest test site than for 
data from the beach (as would be expected from their 
different albedos). Excluding the atmospheric water 
absorption bands centered at 1.38 and 1.87 micrometers, the 
greatest difference between the two estimates is in 
spectrometers C and D. In spectrometer C between 1.55 and 
1.68 micrometers the mean signal-to-noise ratio as 
calculated from the beach AVIRIS data is 20.8 while the 
mean signal-to-noise ratio for the forest data is 7.7. In 
spectrometer D between 2.08 and 2.26 micrometers the 
estimates for the signal-to-noise ratio axe 14.6 and 2.3 
for the beach data and the forest data, respectively. 

A flat-field approach (Roberts et al., 1986) was used 
to correct for atmospheric effects in data from the forest 
site. The spectrum from the beach was divided into the 
forest spectrum to produce the spectrum shown in Figure 4. 
This spectrum looks like a typical vegetation spectrum with 
some exceptions: the flat region centered at approximately 
1.2 micrometers, the noisy portion between approximately 
2.0 -2.4 micrometers, and the decending values between 0.4 
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Fig. 3 AVIRIS signal-to-noise ( S / N )  estimates for a 
flat-field (top) and forest site (bottom) 
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Fig. 4. Ratio of an AVIRIS forest spectrum to a flat-field 
spectrum 
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DISCUSSION AND CONCLUSIONS 

Site coverage of 1 3  out of 1 4  sites, spatial 
resolution of better than 2 0  m, and spectral position of 
within one AVIRIS bandwidth are all expcted to be 
sufficient for this study of coniferous canopy chemistry. 
Excluding the atmospheric water absorption bands the 
signal-to-noise ratio in spectrometer A and B as bounded by 
even the low estimate in Fiqure 3 .  is above t e n  f o r  n e a r l y  
all bands and should be adequate for this work. AIS data 
of similar spectral resolution for this same forest site 
exhibited signal-to-noise ratios greater than t e n  in all 
channels and correlated well to canopy chemistry in a 
previous study (Swanberg and Peterson, 1987). 

The mean signal-to-noise ratio in spectrometers C and 
D, however, fall somewhere in the range 7.7 - 20.8, and 2.3 - 14.6, respectively. If one believed that the true 
signal-to-noise ratio for the forest site were actually 
closer to the upper bound the data could be considered 
useable; however, it is probably closer to the lower bound. 
The lower bound, calculated from data of the forest site, 
is an underestimate, but all efforts were made to use as 
homogeneous a forest target as possible and any lack of 
homogenity probably accounts for only a small percentage of 
the noise in this estimate, 

Although the results of  flat-field correction were 
encouraging they exhibit a number of problems. The flat 
region at 1.2 micrometers can be explained by the 
discrepancy in that spectral region between the beach 
spectrum and the LOWTRAN model output. The noisy region 
between 2.0 - 2.4 micrometers can be attributed to the 
AVIRIS signal-to-noise ratio in spectrometer D. The 
decending values between 0.4 - 0.55 micrometers can not 
easily be explained. This technique and additional methods 
of atmospheric corection will need to be examined before 
data from several flightlines can be compared. 

FUTURE WORK 

Since the signal-to-noise ratios in spectrometers C 
and D are unacceptabely low, future work with these data 
will be restricted to data from spectrometers A and B. 
Fourier filters will be constructed for each flightline to 
reduce periodic noise and methods to normalize data from 
different flightlines with respect to the dark current 
offsets will be investigated. Atmospheric corrections will 
be invesigated to corect for differences in elevation as 
well as possible differences in atmospheric composition 
between sites, Finally, the relationship between canopy 
chemical composition, as characterized in previous studies, 
and AVIRIS spectral response at each site will be examined. 
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ABSTRACT 

Airborne  V i s i b l e  and I n f r a r e d  Imaging Spectrometer  
(AVIRIS) d a t a  c o l l e c t e d  over  a g e o l o g i c a l l y  d i v e r s e  f i e l d  
s i t e  and over  a nearby  c a l i b r a t i o n  s i te  were analyzed and 
i n t e r p r e t e d  i n  e f f o r t s  t o  document r a d i o m e t r i c  and 
geomet r i c  c h a r a c t e r i s t i c s  of  A V I R I S ,  q u a n t i f y  and c o r r e c t  
f o r  d e t r i m e n t a l  s enso r  phenomena, and e v a l u a t e  t h e  
u t i l i t y  of AVIRIS d a t a  f o r  d i s c r i m i n a t i n g  rock  types  and 
i d e n t i f y i n g  t h e i r  c o n s t i t u e n t  mineralogy. AVIRIS d a t a  
acqu i r ed  f o r  t h e s e  s t u d i e s  e x h i b i t  a v a r i e t y  of 
d e t r i m e n t a l  a r t i f a c t s  and have lower s igna l - to-noise  
r a t i o s  t h a n  expected i n  t h e  longer  wavelength bands. 
Art i facts  are both  i n h e r e n t  i n  t h e  image d a t a  and 
in t roduced  du r ing  ground process ing ,  b u t  most may be 
c o r r e c t e d  by a p p r o p r i a t e  process ing  techniques .  Poor 
s igna l - to-noise  c h a r a c t e r i s t i c s  of t h i s  AVIRIS d a t a  se t  
l i m i t e d  t h e  u s e f u l n e s s  of t h e  d a t a  f o r  l i t h o l o g i c  
d i s c r i m i n a t i o n  and mine ra l  i d e n t i f i c a t i o n .  Various d a t a  
c a l i b r a t i o n  t echn iques ,  based on f ie ld-acqui red  s p e c t r a l  
measurements,  were app l i ed  t o  the AVIKIS da ta .  Major 
a b s o r p t i o n  f e a t u r e s  of hydroxyl-bearing mine ra l s  were 
r e s o l v e d  i n  t h e  s p e c t r a  of t h e  c a l i b r a t e d  A V I R I S  d a t a ,  
and the presence  of hydroxyl-bearing mine ra l s  a t  t h e  
cor responding  ground l o c a t i o n s  was confirmed by f i e l d  
d a t a .  

INTRODUCTION 

The Airborne  V i s i b l e  and In f r a red  Imaging Spectrometer  (AVIRIS) 
i s  p o t e n t i a l l y  a powerful e a r t h  renote  sens ing  t o o l ,  and i t  may 
p r o v i d e  g e o l o g i s t s  w i th  t h e i r  most e f f e c t i v e  c a p a b i l i t y  y e t  t o  map 

P u b l i c a t i o n  au tho r i zed  by t h e  D i r e c t o r ,  U.S. Geologica l  Survey. 

Any use  of t r a d e  names and trademarks i n  t h i s  p u b l i c a t i o n  i s  
f o r  d e s c r i p t i v e  purposes  only  and does no t  c o n s t i t u t e  endorsement by 
t h e  U.S. Geologica l  Survey. 

* Work performed under U.S. Geological  Survey c o n t r a c t  
14-08-0001-22521. 
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l i t h o l o g i c  v a r i a t i o n  and determine rock  composi t ion from remotely 
sensed  d a t a .  However, i n  o r d e r  f o r  AVIRIS d a t a  t o  be a p p l i e d  most 
s u c c e s s f u l l y  i n  t h e  s o l u t i o n  of geo log ic  and o t h e r  i n t e r d i s c i p l i n a r y  
s c i e n t i f i c  problems, a v a r i e t y  of ins t rument  and d a t a  c h a r a c t e r i s t i c s  
must f i r s t  be determined and eva lua ted .  The rad iometry  and geometry 
of  AVIRIS d a t a  must be c h a r a c t e r i z e d ,  and t h e  in fo rma t ion  c o n t e n t  of 
t h e  d a t a  r e l a t i v e  t o  s p e c i f i c  i n t e r d i s c i p l i n a r y  measurement 
requi rements  must be determined. 

OBJECTIVES 

The o v e r a l l  goa l  of t h e s e  s t u d i e s  was t o  use t h e  a t t r i b u t e s  of 
t h e  s e l e c t e d  f i e l d  si tes t o  determine and e v a l u a t e  as many 
c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  of AVIRIS as p o s s i b l e ,  p a r t i c u l a r l y  
as relate t o  geo log ic  a p p l i c a t i o n s  of AVIRIS d a t a .  S p e c i f i c  
o b j e c t i v e s  i d e n t i f i e d  a t  t h e  o u t s e t  were t o :  

- e v a l u a t e  r ad iomet r i c  f i d e l i t y  and s p e c t r a l  r e s o l u t i o n  
- document geometr ic  c h a r a c t e r i s t i c s  
- q u a n t i f y  d e t r i m e n t a l  s enso r  phenomena 
- e v a l u a t e  c a p a b i l i t i e s  t o  i d e n t i f y  c o n s t i t u e n t  mineralogy of 

- e v a l u a t e  e f f e c t s  of v e g e t a t i o n  on such c a p a b i l i t i e s  
- develop improved d a t a  products  f o r  i n t e r p r e t a t i o n  

d i v e r s e  r o c k  types  

FIELD SITE CHARACTEKISTICS 

The Drum Mountains i n  wes t -cent ra l  Utah were s e l e c t e d  as t h e  
pr imary f i e l d  s i t e  f o r  t h e s e  s t u d i e s  because good exposures  of many 
d i v e r s e  rock and a l t e r a t i o n  types  p re sen t  i n  an area of about 
25 squa re  lun make t h e  s i t e  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  geo log ic  
e v a l u a t i o n  of AVIRIS d a t a .  Furthermore,  t h e  d e t a i l e d  geology of t h e  
a r e a  i s  w e l l  documented (Ba i l ey ,  1974; Lindsay,  1979) ,  and t h e r e  
e x i s t s  a v a r i e t y  of o t h e r  remotely sensed and ground-based d a t a  t h a t  
a l s o  c o n t r i b u t e  t o  a comprehensive e v a l u a t i o n  of A V I R I S  d a t a  (Ba i l ey  
and o t h e r s ,  1985). 

Rocks exposed i n  t h e  f i e l d  area i n c l u d e  a t h i c k  sequence of 
west-dipping Cambrian l imes tones ,  do lomi te s ,  and s h a l e s  t h a t  o v e r l i e s  
a n  even t h i c k e r ,  heterogeneous sequence of Cambrian and pre-Cambrian 
q u a r t z i t e  and a r g i l l i t e .  In t e rmed ia t e  t o  s i l i c i c  T e r t i a r y  v o l c a n i c  
rocks  occur  i n  f a u l t  c o n t a c t  w i th  t h e  sedimentary rocks  i n  t h e  
n o r t h e r n  p a r t  of t h e  area, and o l d e r  i n t e r m e d i a t e  t o  maf ic  T e r t i a r y  
v o l c a n i c  rocks o v e r l i e  t h e  sediments  on the w e s t  and south .  The 
v o l c a n i c  rocks have been hydro thermal ly  a l t e r e d  i n  p l a c e s ,  and some 
ca rbona te  rocks ad jacen t  t o  t h e  vo lcan ic s  have been bleached and 
r e c r y s t a l l i z e d .  A c o n t a c t  metamorphic a u r e o l e ,  which i s  c h a r a c t e r i z e d  
by development of calcsi l icate  m i n e r a l i z a t i o n  i n  l imes tone  and s h a l e  
u n i t s ,  occurs  i n  t h e  c e n t r a l  p a r t  of t h e  area. The a u r e o l e  i s  
a s s o c i a t e d  with the  i n t r u s i o n  of two small s tocks .  One of t h e  
i n t r u s i v e s  i s  a d i o r i t e  and is  e s s e n t i a l l y  u n a l t e r e d  where exoosed. 
The o t h e r  was probably a monzonite,  bu t  i t  h a s  undergone such i i t e n s e  
hydrothermal  a l t e r a t i o n  t h a t  t h e  o r i g i n a l  l i t h o l o g y  i s  u n c e r t a i n .  
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A second f i e l d  s i t e ,  l oca t ed  near Pavant But te  and approximately 
50 km south of t h e  primary s i t e ,  was used f o r  d a t a  c a l i b r a t i o n  
purposes.  It i s  cha rac t e r i zed  by r a the r  l a r g e ,  uniform, and 
topograph ica l ly  f l a t  occurrences of b l ack  volcanic  s o i l s ,  l i g h t  
buff-colored d r y  lake sediments,  and white  s a l t  c r u s t s .  

APPROACH TO DATA ANALYSIS AND INTERPRETATION 

Data Acqu i s i t i on  - 

AVIRIS d a t a  were acquired over the  two f i e l d  s i tes  near  s o l a r  
noon on September i8 ,  i987,  under cioud-free,  iow-haze atmospheric 
cond i t ions .  The d a t a  swath co l lec ted  over t he  c a l i b r a t i o n  s i t e  was 
almost p r e c i s e l y  t h a t  which was requested,  but  a d e v i a t i o n  of 
approximately 3 km over the  p r imary  s i te  r e s u l t e d  i n  t h e  exc lus ion  of 
geo log ic  t a r g e t s  i n  t h e  t h i c k  basal  q u a r t z i t e  and a r g i l l i t e  u n i t s .  

Concurrent wi th  t h e  AVIRIS f lyover ,  ground spectral  measurements 
of  t h e  l i g h t ,  i n t e rmed ia t e ,  and dark t a r g e t s  a t  t h e  Pavant But te  
c a l i b r a t i o n  s i t e  were c o l l e c t e d  using a Geophysical Environmental 
Research, Inc.  (GER) Infra-Xed I n t e l l i g e n t  Spectroradiometer  (IRIS).  
F i e l d  spectra of va r ious  rock  and s o i l  t a r g e t s  i n  t h e  primary Drum 
Plountains f i e l d  s i t e  were co l l ec t ed  using an IRIS on t h e  two days 
p r i o r  t o  the  A V I R I S  f lyover .  In  addi t ion ,  an ex tens ive  set  of ground 
s p e c t r a l  d a t a ,  inc luding  nea r ly  a l l  rock and a l t e r a t i o n  u n i t s  i n  t h e  
primary f i e l d  s i te ,  w a s  acquired during t h e  f i r s t  week i n  August 1988 
us ing  an I R I S  and the  Tor t ab le  Instantaneous Display and Analysis  
Spectrometer  (PIDAS). Se lec ted  f i e l d  s t a t i o n s  f lagged i n  August were 
reacqui red  i n  September as a mechanism f o r  r e l a t i n g  d a t a  c o l l e c t e d  
du r ing  t h e  two d i f f e r e n t  c o l l e c t i o n  e f f o r t s .  Surface s o i l  moisture  
cond i t ions  appeared t o  he uniformly dry  with t h e  p o s s i b l e  except ion  of 
a small number of s i tes  measured the day a f t e r  a thunderstorm t h a t  
occur red  dur ing  t h e  August f i e l d  e f f o r t .  However, e f f e c t s  of t h i s  
p o s s i b l e  v a r i a t i o n  are no t  ev ident  i n  t h e  da t a .  

Image Qual i ty  Analysis  and A r t i f a c t  Correc t ion  

Pre l iminary  a n a l y s i s  of t h i s  AVIRIS d a t a  set revea led  a v a r i e t y  
of  de t r imen ta l  d a t a  a r t i f a c t s  and noise ,  as w e l l  as a lower 
s ignal- to-noise  r a t i o  than expected i n  some of t h e  da ta .  
Consequently,  i n i t i a l  e f f o r t s  were devoted t o  i d e n t i f y i n g  and 
c o r r e c t i n g  a r t i f a c t s  t h a t  would hamper d a t a  a n a l y s i s  and 
i n t e r p r e t a t i o n .  These a r t i f a c t s  are  of two types:  t hose  t h a t  are 
i n h e r e n t  i n  t h e  AVIRIS f l i g h t  d a t a ,  and those  that are introduced 
du r ing  subsequent processing of the f l i g h t  da ta .  The inhe ren t  
a r t i f a c t s  are l i n e  drops ,  low output s i g n a l  f o r  i n d i v i d u a l  bands, and 
coherent  ( p e r i o d i c )  no ises .  
n o i s e s  i n  da rk  c u r r e n t  d a t a  used during c a l i b r a t i o n  and from spectral  
resampling t h a t  i s  performed t o  produce contiguous and evenly 
incremented wavelength bands from the o r i g i n a l  bands t h a t  ove r l ap  and 
have varying bandwidths. 

Processing a r t i f a c t s  o r i g i n a t e  from 
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The l i n e  drops and low output  bands i n  the  image d a t a  were 
c o r r e c t e d  by s t r a igh t fo rward  means. Bad l i n e  segments were rep laced  
by averaging ad jacent  l i n e s ,  and low output  bands were rep laced  by 
averaging adjacent bands. Table 1 l i s t s  t h e  A V I R I S  bands with low 
o u t p u t ,  as determined by observing da rk  c u r r e n t  l e v e l s .  

Coherent noise  p a t t e r n s  were t h e  most apparent  a r t i f a c t s  i n  t h e  
image da ta .  I n i t i a l l y ,  one band from each spectrometer  ( f i g .  1 )  was 
analyzed to  determine t h e  frequency and magnitude of t h e s e  noises .  
Due t o  t h e  prominence of no i se  i n  spectrometers  B and D,  d e t a i l e d  
Four i e r  ana lys i s  then w a s  performed on 32 bands from both t h e  B and 
D spectrometers .  Each band w a s  transformed i n d i v i d u a l l y ,  and the  
r e s u l t i n g  magnitudes were averaged f o r  each 32-band subse t  and used t o  
l o c a t e  noise  f requencies  ( f i g s .  2a and 2b). The fo l lowing  
obse rva t ions  were made: 

( 1 )  All components of t h e  coherent  no ises  occur  a t  very s p e c i f i c  
h o r i z o n t a l  f requencies .  

( 2 )  Many noise  p a t t e r n s  appear t o  be i n v a r i a n t  wi th  r e s p e c t  t o  
spec t rometer ,  and wi th  r e spec t  t o  channel w i th in  a spectrometer .  

( 3 )  The frequency components of t h e  no i se  can be ca tegor ized  as 
belonging to  one of two groups. The f i r s t  group i s  i n v a r i a n t  with 
r e s p e c t  t o  v e r t i c a l  frequency, appearing as a modulation between 
hor izon . ta l ly  ad jacent  p ixe l s .  Components of t h e  second no i se  
group exh ib i t  well-defined h o r i z o n t a l  harmonic r e l a t i o n s h i p s  and a 
weak time-dependent preference  f o r  c e r t a i n  v e r t i c a l  f requencies .  
These components i n t e r a c t  t o  produce t h e  "herringbone" p a t t e r n  
seen  i n  the image da ta .  

Table 1. Low output  AVIRIS bands. 



Fig. 1. LOCI magnitudes of sample bands fran each of the  four AVIRPS spectrmeters. 
Vertical axes correspond to horizontal  frequencies 
( 0  to 0.5 cycles/sample), and horizontal axes correspond 
to v e r t i c a l  frequencies (-0.5 to 0.5 cycles/l ine) . 

E is centered a t  the top. 

cycleslper line 

Loglo of the average magnitude of 32 consecutive bands 
frm spectrometer F3 (0.71 to  1.00 micrometers) . 
Hxizon ta l  frequencies are plotted ve r t i ca l ly ,  and 
v e r t i c a l  frequencies are plotted horizontally. 

Fig. 2a. 
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cycleslper line 

Fig. 2b. Loglo of t h e  average magnitude of 32 consecut ive  bands 
from spectrometer  D (2.11 t o  2.41 micrometers).  
Hor izonta l  f requencies  are p l o t t e d  v e r t i c a l l y ,  and 
v e r t i c a l  f requencies  are p l o t t e d  ho r i zon ta l ly .  

Some of t h e  major no ise  components were removed from the  d a t a  by 
us ing  "Gaussian notch" frequency f i l t e r s  (Moik, 1980). 
l i s t  of noise  f requencies  having the  c h a r a c t e r i s t i c s  of t h e  f i r s t  
noise group, and t a b l e  3 l i s t s  those belonging t o  t h e  second group. 

Table 2 i s  a 

Spec t ra l  resampling of AVIRIS images in t roduces  a "smearing" of 
in format ion  between ad jacent  bands. This i s  p a r t i c u l a r l y  troublesome 
when low output bands are present  i n  the  d a t a ,  because t h e  resampling 
process  causes these  bands t o  cor rupt  immediately ad jacen t  bands. To 
avoid t h i s  source of d a t a  degradat ion,  r a w  AVIRIS d a t a  used i n  d a t a  
a n a l y s i s  were processed without s p e c t r a l  resampling. 

A f i n a l  source of degrada t ion  i s  t h e  s u b t r a c t i o n  of da rk  c u r r e n t  
d a t a  from the image da ta .  
no i sy ,  and the dark  cu r ren t  no i se  from spectrometer  B exh ib i t ed  a 
pronounced p e r i o d i c i t y  wi th  components a t  0.11, 0.29, 0.31 and 0.42 
c y c l e s / l i n e .  Consequently, t hese  d a t a  were smoothed by a moving 
101-element averaging f i l t e r  (Reimer and o t h e r s ,  1987). This  
smoothing did n o t ,  however, take i n t o  account o f f s e t  d i s c o n t i n u i t i e s  
(Vane, 1987a). For the  Drum Mountains d a t a ,  t h e  l o c a t i o n s  of t h e s e  
d i s c o n t i n u i t i e s  were v i s u a l l y  i d e n t i f i e d ,  and t h e  da rk  c u r r e n t  d a t a  
were smoothed between these  l o c a t i o n s  only. 

The da rk  cu r ren t  d a t a  themselves were q u i t e  

The c h a r a c t e r i s t i c s  of " t o t a l  noise"  (not  a t tempt ing  t o  
d i f f e r e n t i a t e  between sys temat ic  and random no i ses )  were determined by 
measuring the s tandard  d e v i a t i o n  of t he  image over a uniformly b r i g h t  
and topographical ly  f l a t  hardpan t a r g e t  and over a nearby lake. 
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F i g u r e  3 p l o t s  t h e s e  measurements for  b o t h  t a r g e t s .  Three p o i n t s  can 
b e  made about t h i s  f i g u r e .  F i r s t ,  the  major i n f l u e n c e s  (assumed 
t o  be system n o i s e )  on t h e  s t a n d a r d  d e v i a t i o n  appear  t o  be p u r e l y  
a d d i t i v e ;  no s i g n i f i c a n t  dependence on t a r g e t  b r i g h t n e s s  i s  e v i d e n t .  

Table  2 .  P e r i o d i c  n o i s e  components t h a t  are i n v a r i a n t  
w i t h  ver t ica l  frequency. 

_ _  Horizont  a1 Ho r i zo n t a i  
f requency  Spec t rometer  f requency Spec t rometer  
(cyc!samp) (cyc/  s a w )  

--------____------------------------------.------------------ 

9.010 * BYD 0.361 B 
.030 * BYD .369 D 
.043 B .383 B 
.049 * BYD .387 BYD 
.064 B .402 B 
.148 D .408 D 
.168 D .412 BYD 
.201 B .430 D . 209 D .457 D 
.214 RYD .468 BYD 
.250 B .477 * A y B y C y D  + 
.289 B .480 * D 
.305 B .484 B 
.320 B .486 * BYD 

___----______-------_____I______________-------------------.- 

* I n d i c a t e s  prominant n o i s e  f e a t u r e .  

+ F i g u r e s  f o r  A and C spec t rometers  were determined from 
bands a t  0.554 and 1.61 micrometers,  r e s p e c t i v e l y .  

Table  3. P e r i o d i c  n o i s e  components e x h i b i t i n g  ve r t i ca l  
f requency  dependence. 

Hor i zont  a1 Vertical peak Vertical  peak 
f requency  f requency  (spec. R )  f requency ( s p e c .  D) 
( c y c l  samp ( c y c / l i n e )  ( c y c / l i n e )  

-------------------------------______________^_____--------.- 

0.004 
.016 
.018 
.025 
.035 * 
. lo5  * 
.176 * 
.246 * 
.316 * 
.326 + 

0.094 
.277 
.461 
-469 . 434 
-295 . 164 
-029 . 113 
0459 

---- 
-0 -457 
- .429 
- .295 
- .174 
- .033 

.113 

* I n d i c a t e s  e lement  of harmonic sequence ( a l l  
s p e c t r o m e t e r s ) .  

+ P o s s i b l e  a l i a s e d  element of harmonic sequence. 
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Fig. 3. Standard d e v i a t i o n  of r e f l e c t a n c e  f o r  spectrometer  D 

f o r  b r i g h t  ( a )  and da rk  ( b )  c a l i b r a t i o n  t a r g e t s .  

Second, t h e  "noisy" channel (196) a t  2.31 micrometers s t ands  out  
c l e a r l y .  
wavelengths i n  t h i s  range. 

Third, n o i s e  l e v e l s  i nc rease  r a p i d l y  a t  t h e  longer  

Signal-to-noise f i g u r e s  were computed based on "coe f f i c i en t s -o f -  
var iance"  (Simpson and o t h e r s ,  1960) measurements of t h e  hardpan 
t a r g e t .  
wavelengths as acqui red  by an IRIS, and these  d a t a  show t h a t  t h e  
hardpan approximates a 50-percent albedo t a r g e t  over t h i s  s p e c t r a l  
range. 
2.4 micrometers. 
t h e  coef f ic ien ts -of -var iance  method. The numbers g iven  i n  t h i s  p l o t  
a r e  gene ra l ly  lower than publ ished f i g u r e s  (Vane, 1987b), p a r t i c u l a r l y  
a t  t h e  longer wavelengths. 

Figure 4 p l o t s  t h e  r e f l e c t a n c e  of t h e  hardpan over  r e l e v a n t  

The curve r e f l e c t s  a f a l l - o f f  i n  s o l a r  i r r a d i a n c e  from 2.1 t o  
Figure 5 d e p i c t s  s ignal- to-noise  estimates based on 

Data Analysis  

Two approaches were used t o  eva lua te  t h e  a n a l y t i c a l  u t i l i t y  of 
AVIRIS d a t a .  The f i r s t  involved t h e  use of s tandard  image process ing  
and enhancement techniques ,  such as band r a t i o i n g ,  p r i n c i p a l  
components ana lys i s ,  and band averaging,  t o  gene ra t e  products  f o r  
v i s u a l  i n t e r p r e t a t i o n .  
spec t romet r ic  p r o p e r t i e s  of t h e  AVIRIS system us ing  t h e  S p e c t r a l  
Analys is  Manager (SPAM) sof tware  (Mazer and o t h e r s ,  1987) t o  
i n t e r r e l a t e  image s p e c t r a  t o  ground measurements. 

The second approach took  advantage of 
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Criter ia  f o r  determining t h e  s p e c t r a l  performance of AVIRIS 
inc luded  the a b i l i t y  t o  d i s c r i m i n a t e  i r o n  oxide ,  hydroxyl-bearing , and 
carbonate  mineral  absorp t ion  f e a t u r e s  from image spec t r a .  Thus, the 
a n a l y s i s  addressed t h e  0.41-0.71 (spec t rometer  A ) ,  1.59-1.62 
(spectometer C ) ,  and 2.11-2.41 (spectrometer  D)  micrometer reg ions .  
I n  s p i t e  of the poor signal-to-noise c h a r a c t e r i s t i c s  of spectrometer  D 
d a t a ,  information e x t r a c t i o n  e f f o r t s  focused on d a t a  from t h a t  
spectrometer  because of hydroxyl-bearing and carbonate  minera l  
abso rp t ion  f e a t u r e s  of i n t e r e s t  i n  t h a t  r eg ion  of t h e  spectrum and 
because of i n t e r e s t  i n  determining what e f f e c t s  t h e  poor 
signal-to-noise c h a r a c t e r i s t i c s  had on informat ion  e x t r a c t i o n .  

Image products generated from d i g i t a l  p rocess ing  and enhancement 
techniques  appl ied  t o  AVIRIS d a t a  were g e n e r a l l y  d isappoin t ing .  I n  no 
case was an image produced t h a t  d i sp layed  t h e  d i s t r i b u t i o n  of i r o n  
oxide ,  hydroxyl-bearing, and carbonate  minera ls  wi th  as good c l a r i t y  
and d e t a i l  as  d i sp layed  i n  s i m i l a r l y  processed Landsat thematic  mapper 
d a t a  of t he  area. These r e s u l t s  were no t  s u r p r i s i n g ,  however, g iven  
t h e  measured s ignal- to-noise  r a t i o s  of spectrometer  D da t a .  Attempts 
t o  improve the  s ignal- to-noise  by computing multiple-band averages f o r  
c e r t a i n  hydroxyl f e a t u r e s  i n  t h e  2.2 micrometers r eg ion  m e t  wi th  
l i t t l e  apparent success ,  and they were l i k e w i s e  unsuccessfu l  f o r  
carbonate  f e a t u r e s  i n  the  2.31-2.35 micrometers range. The l a t t e r  
problem l i k e l y  was due t o  the  presence of a noisy  d e t e c t o r  a t  
2.31 micrometers and t o  t h e  g e n e r a l l y  low-albedo n a t u r e  of t h e  
carbonate  rocks i n  the  Drums Mountains. Due p r imar i ly  t o  h igher  
s ignal- to-noise  i n  the  A spec t rometer ,  good r e s u l t s  were achieved i n  
d i s p l a y i n g  i r o n  oxide d i s t r i b u t i o n  using approximations of TM band 
r a t i o  3/1. 

Resul t s  of  s t u d i e s  t o  relate AVIRIS image s p e c t r a  t o  ground and 
l a b o r a t o r y  spectral  ineasurements using SPAM sof tware  m e t  wi th  vary ing  
success .  Matching techniques implemented wi th in  SPAM and used f o r  
d a t a  c a l i b r a t i o n  i n  t h i s  approach included:  ( 1 )  f l a t  f i e l d  
c o r r e c t i o n s ,  ( 2 )  r e g r e s s i o n  ( "empir ica l  l i n e " ) ,  and ( 3 )  "equal energy" 
nonnal iza t ion  (Cone1 and o t h e r s ,  1987). The f l a t  f i e l d  c o r r e c t i o n  
used the  hard-pan t a r g e t  f o r  r e fe rence ,  whereas t h e  empi r i ca l  l i n e  
method used a l l  t h r e e  Pavant But te  c a l i b r a t i o n  t a r g e t s  as p o i n t s  on a 
ground r e f l e c t a n c e  versus  image d i g i t a l  counts  r eg res s ion  l i n e .  The 
t h i r d  method does n o t  r e q u i r e  use of an independent c a l i b r a t i o n  s i t e ,  
but  r a t h e r  involves  normal iza t ion  of primary s i te  t a r g e t  a lbedos t o  
determine empir ical  "air-to-ground" r e l a t i o n s h i p s .  

Several  f a c t o r s  must be considered when ana lyz ing  d a t a  c a l i b r a t e d  
by these  techniques.  F i r s t ,  the  poor s ignal- to-noise  c h a r a c t e r i s t i c s  
of t h e  D Spectrometer d i c t a t e d  use of s p e c t r a l  f i l t e r i n g .  
i l l u s t r a t e s  t h e  use of t h e  SPAM func t ion  FILTER wi th  and without  
weighted averaging. Note t h e  s p e c t r a l  s h i f t s  which can occur  as a 
r e s u l t  of t h i s  opera t ion .  Second, t h e  r e fe rence  areas i n  t h e  Pavant 
Bu t t e  scenes a r e  300 t o  600 meters lower i n  e l e v a t i o n  than  t h e  t a r g e t  
areas i n  the Drum Mountains, which poss ib ly  a f f e c t e d  t h e  r e s u l t s  from 
t h e  f i r s t  two nethods due t o  d i f f e r e n t  atmospheric pa th lengths .  
Thi rd ,  AVIRIS d a t a  were t runca ted  t o  8 b i t s  f o r  SPAM process ing ,  
a l though t h i s  probably had no impact on t h e  degraded d a t a  from 

Figure 6 
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Fig. 6. T e s t  p l o t s  of an asymmetrical spectral  f e a t u r e  and subsequent 
r e s u l t s  of t h e  SPM4 func t ion  FILTER. TEST 1 i s  t h e  r a w  d a t a ;  
TEST 2 i s  t h e  r e s u l t  from the box f i l t e r ;  TEST 3 i s  t h e  
r e s u l t  from t h e  weighted f i l t e r .  F i l t e r  s i z e  i s  3 i n  both 
cases. 

s p e c t r o n e t e r  D. F i n a l l y  t h e  empir ica l  l i n e  technique d iscussed  above 
w a s  implemented i n  SPAM using seve ra l  i n t e rmed ia t e  byte  v a r i a b l e s  t h a t  
in t roduced  a s u b s t a n t i a l  quan t i za t ion  e r r o r  i n t o  t h e  process.  

A f t e r  t he  d a t a  were c a l i b r a t e d ,  t a r g e t s  i n  the  Drum Mountains 
were used t o  assess t h e  ins t rument ' s  a b i l i t y  t o  provide d a t a  t h a t  would 
r e s o l v e  both hydroxyl-bearing and carbonate minera l  absorp t ion  
f e a t u r e s .  The a l t e r e d  i n t r u s i v e  w a s  used as t h e  primary hydroxyl- 
bear ing  t a r g e t  f o r  ana lys i s .  

A l l  t h r e e  c a l i b r a t i o n  techniques produced image spectra that  
r e so lved  t h e  major ground-measured hydroxyl f e a t u r e s ,  a l though t h e  
width and depth of t h e  f e a t u r e s  varied between t h e  d i f f e r e n t  
techniques  ( f i g .  7) .  The e m p i r i c a l  l i n e  method d i d  not  perform as 
w e l l  as t h e  o t h e r  methods, probably due t o  t h e  quan t i za t ion  e r r o r  and 
e l e v a t i o n  d i f f e r e n c e s .  I n  g e n e r a l ,  absorp t ion  f e a t u r e s  i n  t h e  AVIRIS 
s p e c t r a  appeared t o  be s h i f t e d  about 10 nm toward s h o r t e r  wavelengths 
compared t o  both IRIS and PIDAS spectra .  Once aga in ,  due t o  poor 
s igna l - to-noise  c h a r a c t e r i s t i c s ,  d i f f e r e n t  carbonate  f e a t u r e s  i n  t h e  
2.31-2.35 micrometer r eg ion  could not be reso lved .  
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Fig.  7. AVIRIS s p e c t r a l  curves f o r  a l t e r e d  i n t r u s i v e .  AVIKIS 
d a t a  were r ad iomet r i ca l ly  cor rec ted  without  spectral  
resampling; bad d a t a  channels  were rep laced;  and d a t a  
were s p e c t r a l l y  smoothed i n  SPAM using a 3-point 
weighted f i l t e r .  ADVN i s  a p l o t  of AVIRIS D N ' s ;  EEN 
i s  der ived from equal  energy normalizat ion;  FFC w a s  
e x t r a c t e d  a f t e r  f l a t - f i e l d  co r rec t ion ;  and ELM i s  a 
pre l iminary  r e s u l t  from A V I R I S  d a t a  c a l i b r a t e d  using 
t h e  empir ica l  l i n e  method. 

SUMMARY AND CONCLUSIONS 

These s t u d i e s  accomplished some, bu t  not  a l l ,  of t h e i r  o r i g i n a l  
ob jec t ives .  The rad iometr ic  c h a r a c t e r i s t i c s  of AVIRIS d a t a  acquired 
over t h e  Drum Nountains and Pavant But te  s i tes  have been documented, 
and procedures used t o  c o r r e c t  de t r imen ta l  a r t i f a c t s  i n  the  d a t a  have 
been described. However, o b j e c t i v e s  r e l a t e d  t o  geometric 
c h a r a c t e r i s t i c s  of AVIRIS are y e t  t o  be addressed. 

I n  genera l ,  d a t a  acquired by the  A and C spec t rometers  were of 
s u f f i c i e n t l y  good q u a l i t y  t o  i d e n t i f y  iron-oxide-bearing rocks. 
However, poor signal-to-noise c h a r a c t e r i s t i c s  i n  spectrometer  D 
l i m i t e d  the a b i l i t y  t o  d i sc r imina te  and i d e n t i f y  hydroxyl-bearing 
rocks  and minerals  and precluded d i f f e r e n t i a t i o n  of carbonate  
mine ra l s ,  p a r t i c u l a r l y  i n  images of AVIRIS da ta .  
f e a t u r e s  of hydroxyl-bearing minerals  were reso lved  i n  s p e c t r a  of r a w ,  

Major absorp t ion  



normalized, and ground-cal ibrated AVIRIS da ta .  Conclusive e v a l u a t i o n s  
of  AVIRIS d a t a  c a p a b i l i t i e s  f o r  l i t h o l o g i c  d i s c r i m i n a t i o n  and minera l  
i d e n t i f i c a t i o n  were no t  poss ib l e  from t h e  d a t a  set acquired.  Such 
e v a l u a t i o n s  should be p o s s i b l e  following r ecen t  improvements i n  t h e  
s ignal- to-noise  c h a r a c t e r i s t i c s  of spectrometer D and o t h e r  r e p a i r s  
made t o  t h e  AVIRIS system, and they w i l l  be made i f  a second d a t a  set 
is acquired over t h e  s tudy  sites. 
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APPLICATION OF IMAGING SPECTROMETER DATA TO THE KINGS-KAWEAH 
OPIIIOLITE MELANGE 

JOHN F. MUSTARD and CARLE M.  PIETERS, Department of Geological Sciences, Box 
1846, Brown University, Providence, RI 02912 

Abstract 
'The Kings-Kaweah ophiolite melange in east-central California is thought to be an ob- 

ducted oceanic fracture zone and provides the rare opportunity to examine in detail thc com- 
plex nature of this type of terrain. It is anticipated that the distribution and abundance of 
components in the melange can be used to determine the relative importance of geologic 
processes responsible for the formation of fracture zone crust. Laboratory reflectance spectra 
of field samples indicate that the melange components have distinct, diagnostic absorptions at 
visible to near-infrared wavelengths. The spatial and spectral resolution of AVIRIS is ideally 
suited for addressing important scientific questions concerning the Kings-Kaweah ophiolite 
melange and fracture zones in general. 

Introduction 
The development of imaging spectrometers as accurate and reliable tools for the examina- 

tion of geologic terrain (Goetz et al, 1986) has opened up a whole new range of scientific 
problems that can be addressed. The application of imaging spectrometer data is advanced 
even further by the development of powerful analytical tools which can reduce the enormous 
volume of data obtained by such instruments to basic information about the wrface (i.e 
Kruse, 1988; Mustard and Pieters, 1987; Adams et al, 1986). However, not all  geologic 
problems are amenable to this type of analysis and careful merging of scientific goals, the 
specific geology and nature of the terrain, and capabilitites of the instrument are necessary in  
order to exploit the unique perspectives provided by imaging spectrometer data. 

The Kings-Kaweah ophiolite melange poses scientific questions which are best addressed 
with imaging spectrometer data. The overall composition and nature of deformation in this 
ophiolitic terrain led Saleeby (1978, 1979) to conclude that i t  is an obducted oceanic fracture 
zone. There are few well documented fracture zone assemblages exposed sub-aerially and the 
Kings-Kaweah ophiolite melange is particularly interesting because of the range of fracture 
zone processes exposed. It provides a rare opportunity to examine the net result or the deror- 
malion of oceanic crust to form fracture zone crust. Fundamental questions remain regarding 
the development of the melange matrix and the relative importance of various processes 
thought to be active in fracture zones. We propose to map the distribution and abundance of 
important mineral components in the matrix of the melange with imaging spectrometer data 
and relate regional geochemical variations to the tectonic development of fracture /one crust. 

Background 
Fracture zones, which are common and well recognized features in oceanic crust, are 

typically hundreds to thousands of kilometers long and 5-50 kilometers in width. 'I'hc crust 
within the boundaries of a fracture zone is commonly refered to as fracture zone crust. In 
regions where oceanic crust is being formed at a rapid rate (i.e the East Pacific Rise) fracture 
zone crust comprises about 10-15% of the ocean floor while in areas of extremely slow 
spreading (i.e. Southwest Indian Ridge) fracture zone crust may reach 50% of the ocean floor 
(Abott, 1987). Although some basic characteristics of fracture zone crust have been deduced 
from geophysical investigations and examination of material dredged from fracture zones (Fox 
and Gallo, 1984; Forsythe and Wilson, 1984) the exact nature of the processes responsible For 
its forination as well as the details of the interactions between active processes in fracture 
zones are still not well understood, 
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Figure 1. General terminology and spatial relationships of components as- 
sociated with fracture zones (from Kastens, 1987).  
f 

In general a fracture zone consists of two primary segments (Fig. 1 ) ;  the transform 
domain which occurs in the region between offset spreading centers and the non-transform or 
aseismic extension which can extend for many hundreds of kilometers beyond the ridge-trans- 
form intersections. Deformation processes within these domains are variable, complex, and 
polyphase. The  active processes can be summarized as consisting of strike-slip and dip-slip 
faulting, hydrothermal alteration and metamorphism, ridge crest magmatism, diapiric intru- 
sion of serpentinized ultramafics, and sedimentation. These processes are active with variahle 
intensity throughout both segments of a fracture zone, but generally have localized 7ones of 
maximum intensity (i .e.  the principal region of strike-slip deformation occurs in the trans- 
form domain while ridge crest magmatism is localized at the ridge-transform intersection 
(Karson and Dewey, 1978) .  The principal driving forces are spreading at the ridge crests and 
the offset thermal decay histories of the oceanic segments on either side of the fracture zone. 

Serpentinization and protrusion of ultramafic mantle material is thought to he a corninon, 
and perhaps dominant process in fracture zones (MacDonald and Fyfe, 1985). The serpen- 
tinization of mantle rocks is facilitated by the highly fractured crust in fracture Tones, 
availability of abundant water, and the discontinuity of thermal profiles across the fracture 
zone which can drive vigorous hydrothermal cells. Under these conditions serpentinite hodies 
are very mobile. Diapiric emplacement of serpentine is facilitated by the density contrast he- 
tween the serpentine bodies and the surrounding country rock as well as the weak shear 
strength of serpentine. A consequence of these processes is that abundant fine-grained 
sheared serpentined is created which is then available to form the matrix. Tn addition, verti- 
cal mixing of ophiolitic components is enhanced by diapiric activity (Saleeby, 1984). 

The  net result of these processes is that the standard three layer straiigraphy of oceanic 
crust is disrupted and blocks and fragments of typical ophiolite crust are distributed i n  a fine- 
grained mobile matrix creating fracture zone crust. Although the matrix is predoniinantly ser- 
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pentine, contributions from the mafic components and the effects of the mechanical a n d  
geochemical processes operating in fracture zones can alter the overal bulk chemistry. ‘l’here- 
fore, the distribution and abundance of mineral components within the melange matrix con- 
tains important information for understanding these complex geologic zones. Most of the pre- 
vious work on sub-aerially exposed fracture zones have focused on the structural relationqhips 
between components and chemical analysis of the protoliths (Saleeby, 1977; Karson a n d  
Dewey, 1978).  Analysis of regional geochemical variations in the matrix has not been 
pursued becaused of the diffuculty in obtaining unbiased samples for analysis (due to [he ex- 
treme, small-scale heterogeneity of the matrix components). However a tool such as AVlRlS  
is ideally suited for examining the nature of regional geochemical variations in this type of  ter- 
rain. The  pixel size (20 m) averages the small scale heterogeneity and allows large scale 
processes to be recognized. Also, characteristic minerals in the melange have diagnostic fea- 
tures throughout the AVIRIS wavelength range. 

General Geology and Spectroscopic Character 
The Kings-Kaweah ophiolite melange is located in the eastern foothills of the Sierra 

Nevada near Fresno, California (Fig. 1 ) .  In constrast to the classical interpretation that 
ophiolite-melange associations are indicative of a convergent margin emplacement ( i .  e .  
Coleman, 1971), the primary tectonic mixing and melange development for the Kings- 

Figure 2 .  Location map for the Kings-Kaweah ophiolite melange showing the 

distribution of tectonic slabs and blocks. Also shown is the melange unit map 
of the Kaweah serpentinite melange (from Saleeby, 1979).  
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Kaweah ophiolite melange occured on the ocean floor in a fracture zone environment 
(Saleeby, 1977). This interpretation is based on the observations that no continental or arc 
rocks and sediments are found in the melange, no  minerals typical of subduction eniplace- 
ment are found, continental margin rocks are deposited unconformably over the melange, and 
the range and nature of the polyphase deformation is most consistent with. an oceanic fracture 
zone. The  Kings-Kaweah ophiolite belt was emplaced against the truncated margin of North 
America in Triassic to Middle Jurassic time and was contact metamorphosed to the 
hornbiende-hornieis facies during the iiitrusiori of the Sierra Nevada piutoiis beiween 12 5 aiid 
102 my ago (Saleeby, 1977).  

The  Kings-Kaweah ophiolite melange is composed of two primary segments (Fig. 1 ) :  the 
Kings River ophiolite in the northern part of the belt and the Kaweah serpentinite melange in 
the southern part of the belt. The  Kings River ophiolite contains large slabs of hasalt, 
peridotite, and gabbro seperated by thin zones of serpentine melange. In contrast the Kaweah 
serpentinite melange contains no  tectonic slabs and the serpentine matrix is very well 
developed (Saleeby, 1978; 1979). We have chosen to focus on the Kaweah serpentinite 
melange because the fracture zone assemblage is more highly developed and therefore the 
cilmplex interactions between the processes responsible for :he overall charactcr of fracture 
zone crust should be better represented. 

The  Kaweah serpentinite melange consists of coherent to semi-coherent blocks dis- 
tributed in a pervasively deformed matrix. The blocks range in size from millimeter sized par- 
ticles to fragments tens to hundreds of meters in length. The  blocks consist of harzhurgite, 
peridotite, serpentinized ultramafics, gabbro, basalt, silica-carbonate rocks, and chert. 'I'hey 
commonly show a tectonic fabric which parallels the schistosity of the matrix and the general 
southeast-northwest trend of the belt (Saleeby, 1979).  Bidirectional reflectance spectra of a 
few representative handsamples collected from the field are shown in Fig. 3a. All spectra 
were measured from naturally weathered surfaces. Fez' and Fe3' absorptions dominate in the 
visible and near-infrared portions of the spectra while overtones and combination overtones 
of fundamental OH- absorptions are primarily responsible for the narrow features i n  the in- 
frared portions of the spectra. 

The  matrix primarily consists of schistose serpentine, ophicalcite, and silica-carbonate 
rocks, although talc and tremolite are locally abundant. Variations in matrix composition 
reflect shifts in the bulk chemistry (i .e.  the presence of talc over serpentine represents a 
siliceous shift in the bulk chemistry) (Saleeby, 1979).  This variation is of fundamental itn- 
portance for addressing questions relaled to the character and developement of fracture zone 
crust. Some examples of reflectance spectra from exposed matrix surfaces are shown i n  Fig. 
3b. Like Ihe spectra shown for the block lithologies, the visible to near-infrared portion or the 
spectra are dominated by Fez' and Fe3' absorptions while the infrared portions of the speclra 
are dominated by absorptions related to OH-. 

I t  will be nccewry  lo 
remove the spectral signatures of the grasses using an appropriate mixing model (Mllslard and  
Pieters, 1987; Adams et al, 1986) while the soils may provide clues as to the nalure of 
geochemical variation within the subsurface. We have collected an extensive series or grass 
and soil samples and some examples of reflectance spectra from these are shown i n  Fig. 3c. 
Field spectra of rocks, soils, and grasses have also been acquired with PIDAS ( G o c ' l ~ ,  1987) 
to characterize the actual ground reflectance of these surface types as well as potential calihra- 
tion targets. A PIDAS spectrum of typical grass cover is shown in Fig 3d. This typc of  d a t a  is 
an essenlial link between laboratory and remotely acquired reflectance data. 

Much of the field area has a variable cover of soils and grass. 
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Figure 3. RELAB reflectance spectra of some components in the Kaweah serpentinite melangc. A )  
Some typical block lithology spectra where (a) is a serpentinized peridotite, (b) is a gabbro, and ( c )  i s  
a pillow basalt. R )  Examples of matrix lithology spectra where (a) is predominantly talc bearing, (11) 
has both talc and tremolite, (c) is from a serpentine rich region, and (d) is an ophicalcite. C )  Ex- 
amples of grass and soil spectra where (a) is dry, brown grass, (b) is partially decayed grass, ( c )  i s  a 
talc rich soil, and (d) is a soil containing Fe-oxide. D) Field spectrum of a grassy area.  The spectra of 

the components grass, decayed grass, soil, and shade are all contribute to this average spectrum 
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Imaging Spectrometer Analysis 
Imaging spectrometer data were acquired over the field site on  September 14,  1987 with  

AVIRIS. Although the principal science target was not covered by the AVIRIS overflight, 
some secondary targets were imaged as well as a calibration target. Examination of these data 
indicate that the spatial resolution of the instrument is very good for addressing the scientific 
goals outlined above. However, the complexity of the field site and nature of the extraneous 
ground cover (grasses) requires that the instrument p e r f o r m  at optimum p r e c i s i o n  a n d  ac- 
curacy. Due to the low signal to noise during this flight, and other problems outlined hy 
others in this volume, i t  is not possible to address our scientific goals with these data. 

daniental scientific questions concerning the formation and development of oceanic fracture 
zones and the general behavior of oceanic crust during intense disruption. An imaging 
spectrometer such as AVIRIS permitts the mapping of the distribution and abundance of diag- 
nostic minerals in the highly deformed and complex matrix, and this information, which is 
not readily obtained by other methods and techniques, allows one to begin to unravel the 
complexity of such terrain. We look forward to analyzing high quality AVIRIS data over !he 
principal science target in the near future. 
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ABSTRACT 

Spec t r a l  data ga thered  by the A V I R I S  from wetlands 
i n  t h e  Suisun Bay area of C a l i f o r n i a  on 13 October 1987 
were analyzed. Spectra r ep resen t ing  s t a n d s  of  numerous 
vege ta t ion  t y p e s  ( i n c l u d i n g  Sesuvium verrucosum, Sc i rpus  
a c u t u s  and Sc i rpus  c a l i f o r n i c u s ,  Xanthium strumarium, 
Cynadon dac ty lon ,  and D i s t i c h l i s  spicata)  and s o i l  were 
i so l a t ed .  Despi te  some d e f e c t s  i n  the  d a t a ,  i t  was 
poss ib l e  t o  d e t e c t  vege ta t ion  f e a t u r e s  such  a s  
d i f f e r e n c e s  i n  the  l o c a t i o n  of t he  ch lorophyl l  r e d  
absorpt ion maximum. Also,  d i f f e r e n c e s  i n  cover t y p e  
s p e c t r a  were ev ident  i n  o t h e r  spectral  reg ions .  I t  was 
no t  poss ib le  t o  determine i f  t he  observed features 
represent  n o i s e ,  v a r i a b i l i t y  i n  canopy a r c h i t e c t u r e ,  o r  
chemical c o n s t i t u e n t s  of  leaves. 

INTRODUCTION 

Gross e t  a l .  (1987) analyzed 0.8-1.6pm ( 1 1  September 1986) AIS-2 
d a t a  of Suisun Bay, C A ,  wet lands vege ta t ion  and could not  i d e n t i f y  any 
narrow-waveband d i f f e r e n c e s  between vege ta t ion  types ,  a l though there were 
broad-band d i f f e r e n c e s  i n  b r igh tness .  The o b j e c t i v e  of t h i s  s tudy is t o  
compare A V I R I S  s p e c t r a  of va r ious  wetland vege ta t ion  t y p e s  from the same 
a r e a  t o  determine how they d i f f e r  and how these f e a t u r e s  re la te  t o  o t h e r  
land cover t y p e s  such as s o i l .  Ul t imate ly ,  we hope t o  use imaging 
spectrometry t o  d i s t i n g u i s h  vege ta t ion  by s p e c i e s  ( o r  t y p e )  and t o  measure 
k e y  chemical c o n s t i t u e n t s ,  such as ch lo rophy l l ,  c e l l u l o s e ,  l i g n i n ,  and 
n i t rogen .  

DATA A C Q U I S I T I O N  AND ANALYSIS 

One f l i g h t l i n e  of A V I R I S  data was acqui red  over  wetland p o r t i o n s  of 
Gr i zz ly  I s l and  and Jo ice  I s l a n d  i n  Suisun Marsh (F igu re  1 )  on 13 October 
1987. 
(17% overlap) .  
wetlands that  are managed t o  opt imize  waterfowl hab i t a t ,  such tha t  t i d a l  
f looding  and s a l i n i t y  are c o n t r o l l e d ,  t h u s  caus ing  vege ta t ion  d i s t r i b u t i o n  
and condi t ion t o  d i f f e r  between ponds. A t  the  time of  data a c q u i s i t i o n ,  
lack of r a i n f a l l  had r e s u l t e d  i n  senescence of  most of t h e  vege ta t ion .  
I n  comparison w i t h  s i t e  cond i t ions  a t  t he  time of  AIS-2 data a c q u i s i t i o n ,  
more vege ta t ion  was i n  a senescent  cond i t ion ,  and more areas had been 
r e c e n t l y  f looded ( s t a r t i n g  i n  September). 

The f l i g h t l i n e  was about  10.5km wide, composed of 614 20m p i x e l s  
The area wi th in  the f l i g h t l i n e  is dominated by leveed 
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Figure  1 .  Location of Suisun Marsh 
(area w i t h i n  t h i c k  s o l i d  l i n e )  

The data were rad iomet r i ca l ly  co r rec t ed  and l i n e  drop-outs were 
removed by averaging a t  J P L .  Data were analyzed us ing  t h e  A V I R I S  vers ion  
of  SPAM (Spec t r a l  Analysis  Manager) sof tware  a t  JPL .  Informat ion  on land 
cover types /uses  and vege ta t ion  d i a t r i b u t i o n  was provided by low a l t i t u d e  
a i r c r a f t  photography. and high a l t i t u d e  photographs flown a t  the time of 
AIS-2 data a c q u i s i t i o n .  Because the  dominant species of vege ta t ion  are  
pe renn ia l s  and o f t e n  grow i n  monotypic s t a n d s ,  vege ta t ion  d i s t r i b u t i o n  
does not  change s u b s t a n t i a l l y  over a one year per iod.  

RESULTS 

Data q u a l i t y  was gene ra l ly  bet ter  than that  of AIS-1 and AIS-2 data. 
Data defects wi th  eas i ly  d e t e c t a b l e  e f f e c t s  included numerous l i n e  drop- 
o u t s ,  sudden changes i n  apparent  scene b r igh tness ,  low s i g n a l / n o i s e  r a t i o  
i n  Spectrometer D ,  and f i x e d  p a t t e r n  no i se  ( p a r t i c u l a r l y  ev iden t  i n  
Spectrometers  A and B ) .  I n  add i t ion ,  some h o r i z o n t a l  s t r i p i n g  was evident  
(i.e.,  ad jacen t  rows d i f f e r e d  i n  b r i g h t n e s s ) .  F igure  2 shows band 68, or 
1.06pm ( fo l lowing  r ad iomet r i c  r e c t i f i c a t i o n ) .  Water and f looded areas 
appear d a r k ,  and dense vege ta t ion  appears  b r i g h t .  The f i x e d  p a t t e r n  no i se  
is evident  a t  the  top  o f  t h e  f i g u r e  as wavy bands o r i e n t e d  d iagonal ly .  A 
sudden change i n  apparent  scene b r igh tness  is ev iden t  near  t h e  bottom’of 
t he  image. 

To derive s p e c t r a  of  var ious  cover t y p e s  i n  the  image, t he  mean 
spectrum of 1x1 t o  5x5 p i x e l  samples (N=4-10) o f  d i s t i n c t  vege ta t ion  types  
or  s o i l  was computed and considered t o  r ep resen t  the  s p e c t r a l  response of 
t h e  cover  type.  D i s t i n c t  cover types i d e n t i f i e d  included green Sesuvium 
verrucosum ( p u r s l a n e ) ,  senesc ing  Xanthium strumarium (cock lebur ) ,  senescing 
Cynadon dac ty lon  (bermudagrass),  senesc ing  D i s t i c h l i s  s p i c a t a  ( s a l t g r a s s ) ,  
( s a l t g r a s s ) , s e n e s c i n g  Sc i rpus  acutus  and S. c a l i f o r n i c u s  ( t u l e s ) ,  a 
senesc ing  mixture  of t h e  above vegetation-types p l u s  a few o t h e r s ,  senescent  
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Figure 2. Band 68 (1.06um) after r ad iomet r i c  r e c t i f i c a t i o n .  

mowed tules, senescent  unmowed t u l e s  and Typha ( c a t t a i l s ) ,  a f looded  area 
of senescing Sc i rpus  paludosus ( a l k a l i  b u l r u s h ) ,  a s p a r s e l y  vege ta t ed  
area, two s o i l  areas, and water. These s p e c t r a  were s t o r e d  i n  a l i b r a r y .  
To better d i s t i n g u i s h  vege ta t ion  spectral  f e a t u r e s  from atmospheric  
f e a t u r e s ,  a l l  vege ta t ion  spectra and one of  the s o i l  s p e c t r a  were 
mul t ip l i ed  by 50 and then d iv ided  by t h e  o t h e r  s o i l  spectrum us ing  the 
FUNCTION program ( t h e  s p e c t r a l  response of  the  s o i l  was assumed t o  
approximate that  of a f l a t  f i e l d ) .  

Spec t ra  were d isp layed  i n  both normal iza t ion  modes (area and 
ampli tude) .  Spec t r a  were compared w i t h i n  f i v e  groups of wavebands 
separa ted  by atmospheric absorp t ion  features: 0.45-0.90pm, 0.98-1.11pm, 
1.15-1.35pm, 1.49-1.72pm, and 1.97-2.35pm. Because of the poor s i g n a l /  
no i se  r a t i o  f o r  Spectrometer D,.and p o s s i b l e  10s.s of  f e a t u r e s  f o r  those 
wavebands r e s u l t i n g  from data compression ( t o  achieve  a range of 0 t o  255 
D N ) ,  we chose not  t o  ana lyze  the  r eg ion  between 1.97 and 2 . 3 5 ~ .  

As expected,  t h e  vege ta t ion  s p e c t r a  were d i s t i n c t  from the s o i l  
spectrum by having h igher  r e f l e c t a n c e  i n  t he  near - inf ra red  r e l a t i v e  t o  
the v i s i b l e  region.  I n  a d d i t i o n ,  there were some o t h e r  d i f f e r e n c e s  between 
vegeta t ion  and s o i l  s p e c t r a  ( f o r  example, vege ta t ion  had abso rp t ion  
f e a t u r e s  a t  0.80, 0.82, 0.84pm, a s t e e p e r  s l o p e  between 1.01pm and 1.02pm, 
a r e f l ec t ance .peak  a t  1.18pm r e l a t i v e  t o  s o i l ,  and abso rp t ion  f e a t u r e s  a t  
1.31pm, 1.51pm, 1.55pm, and 1.62pm). 
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Green vege ta t ion  exhib i ted  an abso rp t ion  maximum a t  0 . 6 8 ~ ~ 1 ,  whereas 
the abso rp t ion  maximum occurred a t  0.67pm f o r  senesc ing  vegeta t ion .  
Comparison of vege ta t ion  spec t ra  w i t h  each o t h e r  revea led  several o the r  
wavelengths a t  which there was cons iderable  v a r i a b i l i t y  i n  e i ther  s l o p e  
o r  amplitude of s i g n a l .  These included 0.76-0.77pm, 0.80-0.84pm, 1.04- 
1.09pm, 1.29-1.33p1, 1.50-1.52pm, and 1.57-1.65pm. The Xanthium spectrum 
d i f f e red  t h e  most from t h e  other  s p e c t r a .  Its no tab le  features included 
absorption maxima a t  0.87, 
showed increased  r e f l e c t a n c e ,  smaller peaks a t  1.29 and 1.56pm than the  
o t h e r  spectra, and t h e  lack of an abso rp t ion  f e a t u r e  a t  1.62pm tha t  was 

s p e c t r a  are ev iden t  i n  F igure  3. 

1 - 3 2 ,  ..&*e 7 .5!clm, ..L--- -LL- 
W I I W C  U L I I ~ . ~  vege ta t ion  spectra 

..."-ll-...L ~ I C D C I I ~ ,  iii other vegetation ~ p ~ t i - - a .  The I"eatui-es of vair.ioiis vegetation 
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F igure  3, Spec t ra  of four  vege ta t ion  t y p e s ,  shown between 1.49-1.72pm. ...... = Cynadon, - = Xanthium, - - - - = Sesuvium, and 
- - - = mixture of wetland vege ta t ion  types.  

Numerous unsupervised c l a s s i f i c a t i o n s  of t he  image were performed 
us ing  t h e  CLUSTER a lgor i thm for  va r ious  p o r t i o n s  of t h e  spectral  r eg ion  
sampled by t h e  AVIRIS. Results were gene ra l ly  no t  s a t i s f a c t o r y .  Most 
images were " sa l t  and pepperII-like i n  appearance. Manual and automatic  
merging of  classes d i d  not  result i n  s u b s t a n t i a l  improvement. 

when used i n  the  "areaf1 mode, a s s igns  p i x e l s  t o  classes based on user- 
specif ied s p e c t r a  (somewhat analogous t o  a superv ised  c l a s s i f i c a t i o n ) .  
The d i s t r i b u t i o n  of cover types  ass igned  by the a lgor i thm corresponded 
reasonably  well t o  the  a c t u a l  d i s t r i b u t i o n  when based s o l e l y  on s p e c t r a l  
characterist ics i n  narrow regions of  the spectrum. Tes ted  separately,  
these included 0.67-0.72pm (Figure 4 1 ,  0.74-0.88pm, 1.49-1.72~1,  1.57- 
1.61pm, and 1.58-1.64gm. I n  F i g u r e  4 ,  t he  sudden apparent  change i n  scene 
b r i g h t n e s s  is evident  i n  columns 2-6, and the f i x e d  p a t t e r n  no i se ,  i n  
column 6. 

Somewhat better r e s u l t s  were obtained us ing  M I X T U R E ,  a program that ,  
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Another program t h a t  created accurate output  was FIND. T h i s  program 
l o c a t e 3  a l l  p i x e l s  matching a user-def ined spectrum wi th in  user-suppl ied 
al lowable d e v i a t i o n s  i n  s l o p e  and ampl i tude .  The procedure can be repea ted  
f o r  s eve ra l  s p e c t r a  i n  one image. I n  c o n t r a s t  t o  M I X T U R E ,  FIND works on 
only one spectrum a t  a time ( i .e . ,  it does no t  compare a l l  spectral  classes 
w i t h  each o t h e r  and a s s i g n  p i x e l s  t o  t h e  most l i k e l y  c l a s s ) .  
accura te ly  loca t ed  a l l  Sesuvium and o t h e r  l u s h  green p i x e l s ~ b a s e d  on t h e  
0.67-0.72pm s p e c t r a l  va lues .  When s p e c t r a  from several cover t y p e s  were 
suppl ied ,  reasonably  a c c u r a t e  r e s u l t s  f o r  t h i s  spectral  r eg ion  were 
obtained,  af ter  some manipulat ion of a l lowable  spectral  dev ia t ions .  
Likewise, r e s u l t s  were s a t i s f a c t o r y  when s p e c t r a  from four  s p e c t r a l  r e g i o n s  
(0.67-0.68, 0.74-0.76, 1.50-1.52, and 1.56-1.58pm) o f  s i x  cover types  
were used as input .  Other s p e c t r a l  r eg ions  were no t  tested.  

FIND 

Figure 4. Resu l t s  of  MIXTURE a n a l y s i s ,  us ing  f o u r  s p e c t r a  
( senescent  vege ta t ion  [column 23, f looded  senesc ing  

S. - paludosus [column 31, g r e e n  S. verrucosum [column 4 1 ,  
and sparse senescent  vegeFat ion [column 51 1. 

Column 1 is t h e  raw image (0.67um), and column 6 is t h e  r e s i d u a l ,  
or p i x e l s  whose s p e c t r a  do no t  match any of the  fou r  s p e c t r a .  

I n  t h i s  case, t h e  r e s i d u a l  p i x e l s  correspond t o  Water. 

DISCUSSION 

Our results sugges t  tha t ,  d e s p i t e  cons ide rab le  no i se  i n  the data, 
the  s p e c t r a l  r e s o l u t i o n  is s u f f i c i e n t  t o  detect  d i f f e r e n c e s  i n  the p o s i t i o n  
of chlorophyl l  abso rp t ion  maxima. 

which the ampli tude and s l o p e  of the  s p e c t r a l  response of v a r i o u s  
vege ta t ion  t y p e s  are s u f f i c i e n t l y  d i f f e r e n t  t o  enab le  them t o  be 

Also, there may be narrow s p e c t r a l  r eg ions  between 0.4-1.72pm f o r  
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d i s t ingu i shed .  These inc lude  the 0.76-0.77, 0.80-0.84, 1.04-1.09, 
1.29-1.33, 1.50-1.52, and 1.57-1.65pm areas. Recent a t t e n t i o n  has been 
focused on the  a b i l i t y  t o  remotely sense  canopy chemical c o n s t i t u e n t s  
based on their  abso rp t ion  fea tures .  Pe te rson  e t  a l .  (19881, Norris e t  a l .  
(19761, and Burd ick  e t  a l .  (1981) r e p o r t  s i g n i f i c a n t  c o r r e l a t i o n s  between 
the  concen t r a t ion  of chemical c o n s t i t u e n t s  and r e f l e c t a n c e  a t  va r ious  
wavelengths,  p r i n c i p a l l y  between 1.55-1.75pm and between 1.95-2.35~~1.  The 

from s tudy  t o  s tudy  and t o  depend on whether the raw spectra, first 
d e r i v a t i v e ,  second d e r i v a t i v e ,  or some o t h e r  t r ans fo rma t ion  is being used. 

i n  s p e c t r a  may re f lec t  v a r i a t i o n s  i n  canopy a r c h i t e c t u r e  ( i n c l u d i n g  the 
in f luence  of s o i l ) ,  t he  concent ra t ion  of major chemical c o n s t i t u e n t s ,  o r  
some combination of these  f ac to r s .  We d i d  no t  have the r e sources  t o  
chemically analyze vege ta t ion  samples, so we can only specu la t e  about  the  
s i g n i f i c a n c e  of these s p e c t r a l  f ea tu re s .  Because of t h e  data q u a l i t y  
problems mentioned above and our d i v i s i o n  of  vege ta t ion  s p e c t r a  by a so i l  
spectrum, i t  i e  l i k e l y  t h a t  some apparent  s p e c t r a l  f e a t u r e s  were n o t  real. 
However, we t r ied t o  minimize t h i s  p o s s i b i d i t y  by sampling, f o r  each 
spectrum, a l a r g e  number of  p i x e l s  scattered throughout t h e  image. 

measurements of t he  vege ta t ion  on the  ground, and measuring t h e  
concen t r a t ion  of chemical c o n s t i t u e n t s  i n  t h e  vege ta t ion  t o  understand 
the f e a t u r e s  i n  the s p e c t r a  sensed by the A V I R I S .  I n i t i a l  s t u d i e s  could 
focus  on determining what c o n s t i t u e n t s  i n f luence  r e f l e c t a n c e  a t  0.76- 
0.77pm, 0.80-0.84pm, 1.04-1.09prn, 1.29-1.33pm, 1.50-1.52pm, and 1.57- 
1.65pm. 

s p e c i f i c  wa.felerIgt~l,3 .ds-***l e-- A & - - & # - -  LL-- . G L u A  L~~ ~ C ~ C G L A L I ~  I , I I ~ S ~ S  c o n s t i t u e n t s  seem t o  vary  

n.,- r.r\-..ie i n r l i A - e i n -  ek.. --_..-..-- 
1 = . = . u A t , ~  A i i u r u a b A r i e  ~ I I C  PI  G ~ O I I G C  UL SG~W species-dependent differences 

Future  research e f f o r t s  should be directed towards ob ta in ing  s p e c t r a l  
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AN ASSESSMENT OF AVIRIS DATA FOR HYDROTHERMAL ALTERATION 
MAPPING IN THE GOLDFIELD MINING DISTRICT, NEVADA 

VERONIQUE CARRERE and MICHAEL J. ABRAMS, Jet Propulsion 
Laboratory, California Institute of Technology, Pasadena, 
CA 91109 

ABSTRACT 

Airborne Visible and Infrared Imaging Spectrometer 
(AVIRIS) data were acquired over the Goldfield Mining 
District, Nevada, in September 1987. Goldfield is one of 
the group of large epithermal precious metal deposits in 
Tertiary volcanic rocks, associated with silicic 
volcanism and caldera formation. Hydrothermal alteration 
consists of silicification along fractures, advanced 
argillic and argillic zones further away from veins and 
more widespread propylitic zones. Alteration minerals 
include alunite, kaolinite, adularia and opal, 
montmorillonite and chlorite. An evaluation of AVIRIS 
data quality &peeGr4-- aceuracy , signal to noise 
gsr-farmance, signal variations, . . . )  was performed. Faults 
in the data, related to engineering problems and a 
different behavidr of the instrument while on-board the 
U 2 ,  were encountered. Consequently, a decision was made 
to use raw data and correct them only for dark current 
variations and detector read-out-delays. New software 
was written to that effect. Atmospheric correction was 
performed using the 'flat fieldk correction technique. 
Analysis of the data was then performed to extract 
spectral information, mainly concentrating on the 2-2.45 
micron window, as the alteration minerals of interest 
have their distinctive spectral reflectance features in 
this region. Principally kaolinite and alunite spectra 
were clearly obtained. Mapping of the different minerals 
and alteration zones was attempted using ratios and 
clustering techniques. Poor signal-to-noise performance 
of the instrument a"(, the- lack of appropriate software 
prevented t ts from producing an alteration map of the 
area. Spectra extracted locally from the AVIRIS data were 
checked in the field by collecting representative samples 
of the outcrops. IA all, cases, lab PIDAS (Portable 
ktstmt Display and Analysis Spectrometer) and Beckman 
W 5 2 4 0  measurements verified the identifications obtained 
*om AVIRIS data. Despite the rather poor quality of the 
data and the lack of appropriate software, this test 
demonstrates - -- the potential of high resolution imaging 
sp-ectrometers for alteration mapping and identification 
of mineralogy. 



I. INTRODUCTION 

This paper describes some preliminary results arising from the 
analysis and interpretation of data from the September 1987 Airborne 
Visible and Infrared Imaging Spectrometer (AVIRIS) flight over 
Goldfield Mining District, Nevada. 

AVIRIS acquires simultaneously 224 channels (distributed over 4 
spectrometers) of data in the 0 . 4  to 2.45 micron regicrn, with an 
average spectral resolution of about 10 nm. Operating from NASA's 
U2 at an altitude of 20 km, the IFOV is 2 0 m  with a swath width of 

~~ -. T h i s  is tk*e first inatr.aent of it3 l-:-A e ,..I..*..:- ULIU LO U u ~ ~ ~ ~ I  complete 
high spectral resolution reflectance data with a wide swath width. 

The Goldfield Mining district was selected as a test area because 
it is one of a group of large epithermal precious-metal deposits in 
Tertiary volcanic rocks found in the western part of the Great Basin. 
The area covered by the AVIRIS flight includes the eastern part of 
the Goldfield Hills (Figure 1). Study of the data focused on the 
main alteration area. Formations represented in the test-area are 
mainly Miocene in age. They are composed of pyroclastic tuffs and 
welded ash flow tuffs of early Miocene age (about 22-20.5 M.Y old, 
Ashley and Silbermann, 1976; Cornwall, 1972), ranging in composition 
from dacitic to quartz latitic and rhyolitic. Lava flows and 
intusives of similar composition and some andesites and basalts are 
also common. 

The oldest most widespread and most voluminous of these units is 
the Milltown Andesite, which consists of trachyandesite and 
rhyodacite tuffs and flows with minor basalts and quartz latite. A 
K-Ar age of 21.5 M.Y makes the formation Miocene in age (Silbermann 
and MacKee, 1972). 
A porphyritic rhyodacite (unnamed dacite of Ransome, 1909) intrudes 

and overlies the Milltown Andesite, forming a group of flow dome 
complexes. These rocks are particularly prominent in the test area. 
The sequence includes localized units of quartz latite, andesite and 
basalt. 

The Milltown Andesite and porphyritic rhyodacite are overlain by 
the Tuff of Chispa Hills (unnamed dacite vitrophyre of Ransome, 1909) 
and the Chispa andesite, a trachyandesite flow, on the south side of 
the area, and by the andesite-rhyodacite breccia on the eastern side. 
The andesite-rhyodacite breccia is a locally very coarse breccia 
sheet, composed of debris from the Milltown Andesite and porphyritic 
rhyodacite. 

The Spreadhead Member of the Thirsty Canyon Tuff flanks the 
Goldfield Hills on the south side of the area. It consists of a 
sequence of rhyolitic to pantelleritic ash flow and minor ash-fall 
tuffs that were erupted from the Blackcap Mountain caldera area. The 
Thirsty Canyon Tuff and associated lavas are Pliocene in age (Noble 
and others, 1964). 

Three major structural events happened in this area. Ashley 
(1972) suggested that the oldest tertiary structure in the district 
is a ring fracture. Faulting occurred during the period of early 
Miocene volcanism. m e  faulting and mineralization were probably 
both produced by a pluton that intruded the area to shallow levels 
but did not reach the surface. 

1 3  l*." 

The test-area is mainly affected by 
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late Tertiary faults (Basin and Range faults), mostly northerly trend 
and NW trending post-Siebert faults. 

Hydrothermal alteration and ore deposition at Goldfield occured 
within the episode of andesitic-dacitic volcanism beginning with the 
Milltown Andesite and ending with the Chispa Andesite. Although the 
Milltown Andesite, porphyritic rhyodacite, andesite-rhyodacite 
breccia and Tuff of Chispa Hills are hydrothermally altered, the 

Direct dating of hydrothermal minerals (alunite and sericite) yield 
an age range of 21-20 MY for the hydrothermal alteration (Ashley and 
Silherzacc, 1976). Alteration zexes ( T & l e  1) ir;elude silicified 
zones along fractures, many alunite-bearing, surrounded by advanced 
argillic, argillic and more widespread propylitic zones (Harvey and 
Vitaliana, 1964; Ashley and Albers, 1975; Ashley, 1974). Some 
montmorillonite-bearing argillic areas also occur. 

Chispa Andesite is not. 

Table 1 

ALTERATION TYPE 

Silicified 
Advanced Argillic 
Ar g i 11 ic 
Montmori1.-bearing 
Argil 1 ic 
Propylitic 

ABBREVIATIONS: 

MAJOR MINERALS 

Q+Al+K+Pp+D+Km 
Q+Al+Pp+K+D+Op+Km 
Q+K+Km+mixed layers 
M+K+Q+mixed layers+Ca+Chl 

Ep+Chl+Ab+Ca+minor K-mica and Pyrite 

Ab Albite K Kaolinite 
A1 Alunite Km K-mica 
Ca Calcite M Montmorillonite 
Chl Chlorite Op Opal 
D Diaspore Pp Pyrophyllite 
Ep Epidote Q Quartz 

The basic objective of this study was to determine the efficiency 
of AVIRIS data for hydrothermal alteration mapping. An evaluation 
of the intrinsic properties of the instrument during its September 
14th overflight of Goldfield was also performed. 
After being corrected for dark current variations, detector read- 

out delays and atmospheric effects, various techniques were applied 
to identify minerals using spectral information, and map alteration 
zones using mineral assemblage and distribution. Since most of the 
minerals involved in the alteration process present features in the 
near-infrared, the study focused on the 2.0-2.45 micron region (see 
table 2). 
Results were checked by collecting samples in the field and getting 

lab PIDAS (Portable Instant Display and Analysis Spectrometer) and 
Beckman W5240 spectra. Mainly kaolinite and alunite were identified 
but the quality of the data and the lack of appropriate software 
prevented us from mapping alteration zones. 
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Table 2 

MINERAL ABSORPTION FEATURES (microns) 

Alunite 
Calcite 
Chlorite 
Kaolinite 
K-mica 
Montmorillonite 
Pyrophyllite 

1.77; 
2.34 
2.26; 
2.16; 
2.205 
2.2 
2.166 

2.17; 2.20; 2.317 

2.355 
2.21 
2.3; 2.4 

2.314 

11. DATA QUALITY 

Some problems, related to AVIRIS data acquisition have been 
brought to our attention while evaluating our data set. 

1. Drift in the offset 

The most serious is that the instrument offset, particularly in 
spectrometer D, is subject to long term drift. This results in a 
lower or higher than optimum offset and, in the worst case, data 
clipping. It shows up in the data as detector elements having 
apparent outputs of zero (Figure 2). 
-the poor quality of the potentiometers used in the pre-amplifier 
circuits to adjust offset magnitude (Vane , personal communication) ; 
-changes in temperature; it has been noticed that small changes 
in the detector temperature could give rise to offset signals equal 
to the predicted full scale image signal (Steinkraus and Hickok, 
1987). This can be explained by the fact that the spectrometer 
heater configuration designed to athermalize the spectrometers and 
thereby maintain alignment of the optical elements was not adequate 
for the U2 flight environment (Vane, personal communication); 
-nonsystematic vibration introducing fluctuation in instrument 
output level. 

This drift was related to: 

2. Offset in brightness 

An offset in brightness occurs in the middle of the scene. This 
is also the result of a vibrationally induced change in the 
potentiometer setting in a pre-amplifier circuit which caused a 
step change in the offset applied to the data during onboard 
processing. 

3 .  Noise characterization 

Several types of noise are present in the data. First, an 
estimation of the signal-to-noise performances of the instrument 
for this data set was done. Two methods were used. The first one 
(Figure 3) consists in calculating the'mean spectral response of an 
homogeneous area and its standard deviation (Cone1 et al., 1987). 



ORIGIPML BASE 13 
OF POOR QUALITY 

The mean value of the average response is considered to be the signal 
and the noise estimate is provided by the standard deviation. The 
ratio mean/standard deviation gives a first estimation of the signal- 
to-noise response for each wavelength. The only homogeneous area big 
enough to be used in the scene was the Chispa Andesite which happens 
to be dark. But using a 9x9 area increases the signal-to-noise and 
partly compensates for this problem. According to this method, the 
sigrial-to-noise in the various spectrometers is {Flgcre 4 ) :  

A 30/1 
IV/ I 

D 8/1 

In , ,  

c 10/1 

Figure 2. Different steps used to pre-process the AVIRIS data 
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A second way to estimate the quantity of noise in the data coming 
from the instrument itself and allowing us to get rid of any 
inhomogeneity in the data is to look at the standard deviation of 
the dark current (Figure 5). By dividing the signal coming from one 
single pixel by the standard deviation of the average dark current, 
we get another estimation of the signal-to-noise. This has been done 
for a bright sample and a dark sample to give an idea of the range. 

The results are (Figure 6): 

A 30:l to 70:l 
B 1O:l to 30:l 
C 1O:l to 25:l 
D 8:l to 18:l 

Both methods give consistent results. The second one presents the 
advantage of characterizing the instrument itself and should be more 
accurate. 

A quick comparison (Table 3) with the performances published 
before the flight season shows that, even in the best case (bright 
sample), the noise level increased drastically. 

The image data also contain periodic noise and, at least, three 
distinct spatially recognizable patterns are present. The most 
prominent of these has a period of about 10.3 lines per cycle (0.097 
line-1) normal to the banding, which trends at an angle of about 18 
degrees to the scan direction. A second band set has a period of 
12.8 lines per cycle (0.78 line-1) at an angle of about 65 degrees; 
the third periodic variation is manifested within the second set with 
a period of one line per cycle (1 line-1) along the flight direction. 

Table 3 

SPECTROMETER 1st METHOD 2nd METHOD LAB (pre-flight) 

151: 1 
B 10: 1 10: 1-30: 1 140: 1 
C 10: 1 10 : 1 - 25 : 1 70: 1 
D 8:l 6 : 1-18 : 1 30:l 

A 30: 1 30: 1-70: 1 
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Figure 7 .  Estimation of the Effective Spectral Resolution 

The precision oscillator has been identified as one possible part 
of the problem of increase of the level of random noise by a factor 
of two in spectrometer D. Mechanical vibrations of the circuit 
boards and their components seem to be responsible for the rise of 
fixed pattern noise in spectrometer D. 

After termination of the flight season, inspection revealed that 
the optical fibers connecting spectrometer A and B to the foreoptics 
had come loose from their mountings. This can explain the loss of 
50% signal caused by the resulting defocusing. 

4. Estimation of effective inflight spectral resolution 

A quick estimation of the inflight spectral resolution was 
performed. By spectral resolution, we mean the detection of 
separate radiance minima associated with neighboring absorption 
bands. We chose to compare the AVIRIS raw spectrum of the same 
homogeneous area and the model for the atmospheric transmittance 
provided by LOWTRAN 7. Figure 7 shows a perfect match between the 
atmospheric absorption bands displayed by AVIRIS and those from 
LOWTRAN. This means that the sampling interval is correct and that 
sharp features can be resolved by AVIRIS. For example, the pair of 
C 0 2  bands at 2050nm (in spectrometer D) are clearly resolved. A 
more detailed study of these characteristics can be found in Green 
and Vane (1988). It shows that the spectral resolution (or sampling 
interval) is of about lOnm in spectrometers C and D and about 20 nm 
in spectrometers A and B. 



5 .  

1. 

2. 

3 .  

Summary 

Data characteristics can be summarized as follows: 

As a consequence of a drift in the offset, several detector 
elements have an apparent response of zero, particularly in 
spectrometer D. 

The signal-to-noise performances are by far lower than those 
announced before the flight season, mainly because of 
engineering problems and a different behaviour of the instrument 
while on board the U2. 

The spectral resolution seems to be as good as expected. 

111. DATA CORRECTION 

Trying to map alteration using mineral spectral absorption 
features generally implies using calibrated data and radiance to be 
able to compare them easily with lab or field spectral measurements. 
The standard procedure used at JPL to calibrate AVIRIS data (see, 
Reimer, 1988) includes: 

- conversion to radiance using a calibration file obtained on 

- detector read-out delays correction (spatial resampling), 
- spectral resampling using interpolation, ending up with 210 

- dark current subtraction, 

lab (see, Chrien, 1988), 

bands and a sampling interval of 9.8nm. 

Considering the problems presented previously, it did not seem 
appropriate: 
1. to transform the data into radiance using a calibration file 

that does not reflect the state of the instrument on board the 
U2. As the calibration file is a multiplicative factor, it will 
disappear anyway when correcting the data for atmospheric 
effects using flat field correction or normalization technique. 

2. to proceed with a spectral resampling which would include 
detector elements showing an apparent output of zero and spread 
those wrong values. 

So the procedure was modified to perform only dark current 
subtraction and detector read-out delays correction. The "clipped" 
detectors were replaced by the average value of the previous and next 
element. The overlap between spectrometers was removed and two bands 
were dropped in spectrometer B (as no specific absorption features 
for interesting minerals occur in that portion of the spectrum) to 
end up with the 210 bands. No spectral resampling was performed as 
the sampling intervals for each spectrometer are close enough (9.56 
to lorn) (see Figure 3 ) .  

The offset in brightness was corrected by subtracting the dark 
current separately from each part. 
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Retrieval of ground reflectance 

Easy to apply methods of compensating for the atmosphere, not 
requiring radiometric calibrated data, are available. The most 
common one is the "flat spectral field reduction". This correction 
procedure involves formation of ratio of the radiance from an unknown 
target to the radiance of a standard target whose spectral 
reflectance is known or independant of wavelength. 

To implement the flat - f ield procedure, we used the Chispa 
Andesite as the reference as it is the only spectrally flat formation 
available in the scene. It is dark, homogeneous and unaltered. A 
9x9 area was used to compensate for the waste of signal-to-noise due 
to the use of a dark area. The entire scene was divided by this 
average spectrum. 

The only inconvenience of this method is that it does not 
compensate for path radiance, which can be a problem in the visible, 
resulting in shift in wavelength for some features. LOWTRAN model 
can be used to make an approximate correction (Cone1 et al., 1987), 
but as we were focussing on the 2 . 0 - 2 . 4 5  portion of the spectrum, we 
decided not to do it. 

The normalization technique was also used, that is to say 
dividing the entire scene by the average spectrum of the entire 
flight line. This procedure did not give results as good as the 
flat-field correction technique, presumably because of too-important 
spectral variations and elevation changes in the scene. 

IV. DATA ANALYSIS 

1. Local analysis 

Spectra were first extracted locally to check if, despite the 
low signal-to-noise, minerals could be identified and discriminated. 
Areas were picked refering to an AVIRIS color composite of the 
test-site (Figure 8) and geologic maps. 
Several spectra, corresponding to an average of 9 to 15 samples 

(Figures 9 and l o ) ,  mainly showing kaolinite and alunite absorption 
features, were obtained using VICAR and CSIRO software. It seemed 
at that point that minerals involved in hydrothermal alteration, as 
they generally display deep absorption bands, could be identified. 

2 .  Hydrothermal alteration mapping 

The next step was to determine the spatial distribution of those 
minerals to end up with a map of the alteration zones. Different 
techniques were used: ratios, SPAM software, clustering. 

a. Ratios 

We first tried the classic method of ratioing, using the 
absorption features observed in the spectra extracted locally 
from the AVIRIS data themselves and theoretical values for the 
specific minerals we were looking for. Several combinations were 



FIGURE 8. AVIRIS f a l s e - c o l o r  composite of t h e  t es t  area ( r e f e r  t o  
s l i d e  No. 5) .  Red: b200 (2.21 pm); Green: b130 (1.56 p m ) ;  
Blue: b50 (0 .8pm)  (The bands are only c o r r e c t e d  f o r  da rk  
c u r r e n t  v a r i a t i o n s  and d e t e c t o r  read-out de l ays ) .  

145 



2 
0 

43u 

425 

z n 

- I 1 1 

425 

400 

375 

350 

325 

300 

275 

250 

225 

200 

175 

1 m  

125 

100 

75 

50 

25 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1 I 1 I I 
- 

1 I 1 

I I I I I I I I I I I 
300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500 

WAVELENGTH IN NANOMETERS 

Figure 9: Example of spectrum extracted after flat-field 
correction (I) 
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Figure 10: Example of spectrum extracted after flat-field 
correction (11) 
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tried. Results appeared noisy but showed color variations (Figure 
11). The meaning of those different colors was checked by going back 
to the flat field corrected data and extracting the spectra 
corresponding to those areas. No clear relationship was found 
between specific colors and types of spectrum that could allow 
identification and mapping of minerals. This confirmed that the 
signal-to-noise performances of the instrument were not high enough 
to allow discrimination using this simple technique. 

We tried to estimate roughly what were the chances to obtain a 
good ratio for kaolinite (Figure 12). The uncertainty on the 
continuum is given by: 

Ac = dnoise = 6/63 = 9.5% 
C 

The uncertainty on the feature is given by: 

Af = Anoise = 6/58 - 10.3% 
C 

So, the uncertainty on the ratio is given by: 

AR = ./ (Ac)~ + (Af)2 = 14.06 

According to this formula, there are 67% chances for the ratio to be 
in a range of f 14.06%. 

b. SPAM (Spectral Analysis Manager) 

Knowing there was some information available at least locally, we 
tried to use a partly modified version of SPAM. We focused on the 
2.0-2.35 portion of the spectrum and a 100x100 subarea as SPAM could 
not handle a complete AVIRIS data set at that time. 

The spectra locally extracted during the first step were checked 
by comparing them to the spectra from the SPAM library. A good 
match was found in most of the cases (Figure 1 3 ) .  

We then tried to use the program "Cluster" to have an idea of 
which classes were present in the image and to what mineral or 
combination of minerals they could be related. It happened that this 
program was not working at that time so we tried next the program 
"Find", using our knowledge of the minerals that should be present in 
the area. It was impossible to get consistent results from this 
program. A decision was made to wait until the entire package has 
been checked and fixed. 
As our goal was to get a map of the area, we tried to modify a 

clustering program already existing in TAE/VICAR2 so it can 
handle AVIRIS data. 

C. Clustering 

The program ffCLUSAN'l was modified to handle BIL data and 64 
bands. This clustering algorithm uses the "simulated annealing" 
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Figure 11: Example of color composite combining different ratios 
(refer to slide No. 6). Red: Kaolinite (b179/b172); 
Green: Jarosite (b5/b20); Blue: Alunite (b134/b131) 
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Figure 12: Estimation of ratioing efficiency-c: continuum; f: feature 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

A 

B 

Figure 13: Comparison of AVIRIS s p e c t r a  and l i b r a r y  
s p e c t r a  using SPAM, A: Example of K a o l i n i t e  
( r e f e r  t o  s l i d e  No. 7 ) ;  B: Example of 
Aluni te  ( r e f e r  t o  s l i d e  No. 8). 
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optimization technique to find the best cluster partition. The 
program has to be run several times until it converges. 

It was first applied to flat field corrected data, 34 bands from 
2.0 to 2.34. The classes obtained were seen to be separated 
according to brightness (Figure 14). For example class 3 is composed 
of samples having a low DN value in every band. Class 3 and 4 or 2 
and 5 would be considered the same by a spectroanalyst. 

Several other tries were attempted using data preprocessed to 
enhance absorption features: ratios, combination of ratios, 
residuals, normalized data, etc. 

No improvement appeared, meaning that the algorithm is not 
appropriate for "pattern recognition" of absorption features. 

V. FIELD CHECKING 

Spectra obtained locally were checked by collecting representative 
samples in the field. Each sample was analysed in lab using: 

PIDAS under artificial vertical illumination; 
the Beckman W5240; 

obvious samples. 
- XRD technique to get a precise mineralogic composition of non- 

A representative spectrum for each outcrop was obtained by 
averaging the spectra of its samples; it was then compared to the 
AVIRIS spectrum of the same region. Some problems can be noticed 
on PIDAS spectra. They are mainly related to grating position and 
the fact that the samples were not covering the entire field of 
view of the instrument. Some of the black velvet background is 
included, causing the jump between the visible and the NIR for 
example. 

In most cases, a good correlation was found as shown on Figure 15. 
Analysis of mixed area was attempted using Beckman and XRD 
information. One simple example is shown on Figure 16 where mainly 
Alunite, Kaolinite and iron oxides are combined. A more detailed 
study will be published later. 

VI. CONCLUSIONS 

In conclusion, we can say that despite the engineering problems, 
some spectral information is present in this data set. Field 
checking showed a good correlation between spectra obtained on lab 
from samples and AVIRIS spectra. 

NO mapping of hydrothermal alteration could be done despite 
significant efforts mainly because of signal-to-noise performances 
not good enough and the lack 

An increase in signal-to-noise performances of the instrument, 
specially in spectrometer D and modification of the SPAM software 
should allow mapping of alteration areas. This test demonstrates 
however the potential of high resolution imaging spectrometers for 
alteration mapping and identification of mineralogy. 

of appropriate software at that time. 
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ABSTRACT 

Airborne vi si ble/i nf rared imaging spectrometer (AVIRIS) 
data of the Mountain Pass, California carbonatite complex 

brc\'r have been examined to evaluate the AVIRIS instrument per- 
formance and to explore alternative methods of data calibra- 
tion. 
data indicated that the A, B, and C spectrometers generally 
met the original instrument design objectives, the S/N per- 
formance of the D spectrometer was below expectations. 
Signal to noise values of 20 to 1 or lower were typical of 
the D spectrometer and several detectors in the D spectrom- 
eter array were shown to have poor electronic stability. 
The AVIRIS data also exhibited periodic noise, and were occa- 
sionally subject to abrupt dark current offsets. Despite 
these limitations, a number of mineral absorption bands, 
including CO , A1-OH, and unusual rare earth element bands, 
were observe a for mine areas near the main carbonatite body. 
To discern these bands, two different calibration procedures 
were applied to remove atmospheric and solar components from 
the remote sensing data. The two procedures, referred to as 
the qsingle spectrum" and the *flat field" calibration methods 
gave distinctly different results. In principle, the single 
spectrum method should be more accurate; however, additional 
fieldwork is needed to rigorously determine the degree of 
calibration success. 

Although signal to noise estimates derived from the 

INTRODUCTION 

This report summarizes the initial evaluation of Airborne Visible/ 
Infrared Imaging Spectrometer (AVIRIS) data acquired in 1987 over the 
Mountain Pass, California alkalic igneous rock-carbonatite complex (Fig. 
1). A detailed discussion of the Mountain Pass area geologic setting 
and a description of the carbonatite complex itself may be found in 
Olson et al., 1954. 
high rare earth element (REE) concentrations, and samples of the main 
carbonatite body have been shown to exhibit numerous REE absorption 
features in the 0.4 to 2.5 um wavelength range (Fig. 2; Rowan et al., 
1986). Because of the REE and other mineral absorption features, the 
complex provides an especially useful test area for assessing AVIRIS's 
spectral measurement capabilities. 
but not obtained, for two additional carbonatite complexes, Iron Hill, 
Colorado, and Oka, Quebec, which contain lower rare earth concentrations 
and represent d i f f erent exposure and weat her i ng conditions . Emphasi s i n 
this evaluation is placed on characterizing the AVIRIS instrument 
behavior during the Mountain Pass overflight, and on describing various 
spectral observations and data calibration techniques. 

The carbonatite complex is noted for its extremely 

AVIRIS data have also been requested, 
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DATA ACQUISITION 

Three flightlines of AVIRIS data (Fig. 1) were acquired by the NASA 
ER-2 aircraft under clear sky conditions at approximately 11:OO A.M., 
July 28, 1987. Digital tapes of the raw data and the radiometrically 
corrected, spectrally resampled data with related calibration files were 
received from the Jet Propulsion Laboratory (JPL) during November, 
1987. 
for flight line 2, which covered five areas selected as ground calibra- 
tion targets. The targets included: (1) an asphalt parking area 
approximately 1 km southwest of Mountain Pass, (2 & 3) an area of allu- 
vium and a playground at the Mountain Pass school, (4) the Ivanpah playa 
located 20 km east of Mountain Pass, and (5) a plowed field near Valley 
Wells station located 15 km west of Mountain Pass (fig. 1). 
Portable Instant Display and Analysis Spectrometer (PIDAS) and the U.S. 
Geological Survey's IRIS spectrometer manufactured by Geophysical Envi- 
ronmental Research, Inc.,* were used to record in situ reflectance 
spectra for each o f  the calibration targets during the overflight. In 
addition, spectra for 27 field samples were remeasured in the laboratory 
using a Beckman UV 5240 spectrophotometer equipped with an integrating 
sphere. The AVIRIS image data were analyzed using the JPL Spectral 
Analysis Manager software package in conjunction with other image 
enhancement and statistical software programs developed at the U.S. 
Geological Survey. 

All o f  the data analysis discussed in this report was conducted 

The JPL 

RESULTS 

Signal to Noise Analyses 

Signal to noise estimates for the line 2 radiometrically corrected 
and spectrally resampled data were made by selecting a target area o f  35 
pixels within the Ivanpah playa, which provided a relatively bright 
target that was known from field and laboratory measurements to be very 
uniform spectrally. The average playa reflectance from 0.7 to 2.4 pm i s  
40 percent .f 6 percent. At shorter wavelengths the playa reflectance 
diminishes sharply due to iron oxide absorption. Using the block of 35 
pixels, the mean digital number (DN) and the standard deviation were 
calculated for each of the 210 spectral channels. The mean DN divided 
by the standard deviation, a value known as the coefficient of varia- 
tion, provides an empirical measure of signal to noise. 
coefficients of variation versus channel number for 84 representative 
AVIRIS channels. 

also analyzed statistically to help characterize the in-flight instru- 
ment behavior. 
signal chain electronics from the complicating influences of atmospheric 
and ground target variations. Coefficients of variation were determined 
by summing 100 dark current values for each of the 224 detectors. 
analysis showed that the detectors in all four AVIRIS spectrometers 
generally exhibited similar dark current behavior, with three excep- 
tions. 

Figure 3 plots 

The dark current (DC) data recorded after each image scanline were 

Such an approach isolates the detectors and the related 

This 

Three detectors in the D spectrometer array (raw channel nos. 

* Brand names are for descriptive purposes only and do not represent an 
endorsement by the U.S. Geological Survey. 
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173, 181, and 210) gave anomalous coe f f i c i en ts  of v a r i a t i o n  t h a t  were 
much lower than those ca lcu la ted  for o ther  channels. Two o f  these 
channels (181 and 210) were known from previous repo r t s  t o  i nvo l ve  bad 
de tec tor  elements. However, channel 173 was no t  p rev ious ly  i d e n t i f i e d  
as having degraded performance. 

o f  t he  Mountain Pass and Ivanpah image segments was done by forward 
t ransforming 64 bands f o r  each segment (32 apiece from the  B and D 
spectrometers), averaging the 32 transformed bands from each spec- 
trometer, and then tak ing  the logar i thm o f  each average t o  i d e n t i f y  
no ise  peaks (Gonzalez and Wintz, 1979). The analys is  i d e n t i f i e d  two 
pr imary types o f  pe r iod i c  noise common t o  both the B and D spectrom- 
eters .  The f i r s t  type e x h i b i t s  strong hor izon ta l  frequency dependence, 
bu t  on l y  weak v e r t i c a l  frequency dependence (Table l a ) .  
i n  t h i s  no ise group are re la ted  harmonically, character ized by a funda- 
mental per iod  o f  28.4 p ixe ls /cyc le  and missing even-numbered terms. 
This  no ise sequence i s  manifest as the "herringbone' p a t t e r n  seen i n  
some A V I R I S  imagery. Although the  Mountain Pass and Ivanpah images 
genera l l y  had s i m i l a r  noise charac ter is t i cs ,  \he Ivanpah v e r t i c a l  f r e -  
quencies were somewhat sh i f t ed  from those observed fo r  the Mountain pass 
image (Table l a ) .  The second type o f  noise i s  l o c a l i z e d  h o r i z o n t a l l y  
bu t  has no apparent v e r t i c a l  dependence (Table l b ) .  The h ighest  f r e -  
quency members o f  t h i s  noise c lass are responsible f o r  an "odd-even" 
i n t e n s i t y  modulation observed i n  some image data. 
i n t e n s i f i e s  and fades w i t h i n  each l i n e  o f  data, apparent ly due t o  con- 
s t r u c t i v e  and des t ruc t i ve  in ter ference o f  these frequencies w i t h  each 
o the r  and w i t h  the sampling frequency. 

To character ize pe r iod i c  noise i n  the A V I R I S  data, Four ie r  ana lys is  

The frequencies 

This  modulation 

C a l i b r a t i o n  o f  A V I R I S  Data 

Despite the  noise l i m i t a t i o n s  described above, the A V I R I S  data d i d  
permi t  the  de tec t ion  o f  a v a r i e t y  of spect ra l  absorpt ion features,  
i nc lud ing  REE absorpt ion bands, as w e l l  as bands caused by carbonate- 
and hydroxyl-bear ing minerals. To make these observations, i t  was f i r s t  
necessary t o  remove atmospheric and so la r  i r rad iance e f f e c t s  from the  
A V I R I S  data. Three methods t o  remove these e f fec ts  were evaluated: (1) 
the  f l a t  f i e l d  method, (2) the s ing le spectrum method, and (3) the  
emp i r i ca l  l i n e  method. This repo r t  focuses on a comparison between the  
f l a t  f i e l d  and s ing le  spectrum methods. 
discussed i n  a companion paper by Vane and Green elsewhere i n  t h i s  
volume. 

The f l a t  f i e l d  method o f  c a l i b r a t i o n  has been widely  app l ied  i n  
s tud ies  i nvo l v ing  imaging spectrometer data. I n  t h i s  technique a small 
area w i t h i n  an image i s  used t o  normalize the  e n t i r e  image, i.e. the 
spectrum f o r  the  small area i s  div ided i n t o  the spectrum f o r  every o ther  
p i x e l  i n  the scene. The method assumes t h a t  the small area conta ins no 
absorbing minerals o r  vegetation, i n  which case the shape o f  i t s  
remotely sensed spectrum i s  e n t i r e l y  determined by atmospheric transmis- 
sion, sca t te r ing ,  and so la r  i r radiance. I f  t h i s  assumption i s  t rue ,  
then the  normal izat ion procedure w i l l  remove the atmospheric transmis- 
sion, and so la r  i r rad iance components from the  image data. 

Unfortunately,  few areas on the ear th  are s p e c t r a l l y  feature less,  
and the  e f f e c t  of having a weak spectral  fea ture  i n  the normal iza t ion  
area i s  t o  remove an equiva lent  feature throughout the image, thereby 
changing the  i n t e n s i t y  and/or d i s t o r t i n g  o ther  spec t ra l  bands o f  

The empir ica l  l i n e  method i s  
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i n t e re s t  (Clark and King, 1987). The single spectrum method of 
cal ibrat ion eliminates this major drawback of the f l a t  f i e l d  
technique. The method requires a single spectrally we1 1-characterized 
ground target,  si tuated a t  about the average scene elevation. The 
spectrum for t h i s  ground target  is  divided by the radiometrically 
corrected, b u t  otherwise uncalibrated, image DN's for  the same area. 
The resulting quotients for  each wavelength channel provide a s e t  of 
scalars  for  calibrating the image data. 

In th i s  s tudy,  the f l a t  f ield and the s ingle  spectrum methods were 
compared by using an area of alluvium as the ca l ibra t ion  target for  both 
procedures. an average 
IRIS spectrum for alluvium, shown i n  magenta, ( 2 )  the uncalibrated image 
spectrum for the a l l u v i u m  ca l ibra t ion  t a rge t ,  shown i n  red, and (3)  the 
residual curve formed by d i v i d i n g  ( 1 )  into (21, shown i n  cyan. The 
subtle differences between curves ( 2 )  and ( 3 )  i n  the slide represent the 
differences between the f l a t  f ie ld  and the s ingle  spectrum ca l ibra t ion  
methods using the a1 1 uvium cal ibrat ion ta rge t .  
t i o n  curve differences appear a t  f i r s t  t o  be minor, they produce sub- 
s t an t i a l  differences i n  the appearance of f inal  image spectra.  Two 
pairs  of spectra t h a t  depict  such cal ibrat ion-related differences a re  
shown i n  s l ide 11. The upper two spectra represent a 4 by 4 pixel area 
w i t h i n  a u n i t  of mica-rich metamorphic rock; the lower two spectra were 
extracted from a 4 by 4 pixel area i n  a sedimentary carbonate u n i t .  The 
t o p  spectrum i n  each pair  was cal ibrated us ing  the f l a t  f i e ld  curve, the 
bottom spectrum using the s ingle  spectrum residual curve ( r e fe r  back t o  
s l i d e  10).  
feature  i n  the upper two spectra.  
small re la t ive  displacement of the 2.3 pm carbonate absorption 
features.  
gives the most accurate spectral  representation, this cal ibrat ion 
exercise does serve t o  emphasize the need for  well -constrained 
cal ibrat ion assumptions. 
DISCUSSION A N D  CONCLUSIONS 

S l i d e  no. 10 depicts three curves including (1 

A1 though these cal ibra- 

Notice the diss imilar  shapes of the 2.2 pm absorption 
In the lower two spectra notice the 

Al though i t  i s  n o t  presently known which curve i n  each pair  

Signal t o  noise estimates reported i n  this i n i t i a l  s tudy of the 
Mountain Pass, California AVIRIS data generally agree w i t h  the pre- 
f 1 i g h t  season estimates determined a t  JPL (Greg Vane memorandum dated 
5/31/88). However, the anomalous behavior of the detector corresponding 
t o  raw channel 173 i n  the spectrometer D detector array apparently was 
not previously recognized. A l t h o u g h  th i s  detector i s  currently pOSi- 
tioned a t  1.947 pm, i .e. w i t h i n  an atmospheric water band, the detector 
behavior m i g h t  present a problem i f  the array i s  swapped into a d i f fe r -  
ent spectrometer. 
others would involve trading detector arrays between spectrometers C and 
D i n  order t o  relocate the bad detectors corresponding t o  raw channels 
181 and 210. 
detector w i t h i n  the water band a t  1.36 um and, therefore,  should not 
r a i se  any data quality concerns. 

the s ingle  spectrum cal ibrat ion method shows considerable promise as  an 
improvement over the f l a t  f i e ld  procedure. 
the need t o  bet ter  characterize the f ie ld  cal ibrat ion ta rge ts  and t o  
define t e s t  areas for  verifying the cal ibrat ion resu l t s .  Additional 
work is  also needed t o  devise techniques for  removing additive 

One such possibi l i ty  tha t  has been suggested by 

T h i s  swap would place the questionable channel 173 

O u r  preliminary s tudy  of data calibration procedures indicates t ha t  

Remaining problems include 
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calibration terms, such as those related to detector to detector 
offsets, and atmospheric path irradiance variations with wavelength (R. 
Green, personal communication). 
removed as an initial step in the single spectrum calibration method, 
i.e., prior to applying the calibration scale factors. The difficulty 
lies in determining the proper shape of the scattering curve to subtract 
from the image data. Although atmospheric path irradiance due to Raleigh 
scattering is a relatively simple function for AVIRIS scenes, irradiance 
cont r ibut lons  from aeresels and dust are likely to be more complex. 
the coming field season we plan to obtain additional field spectra of 
rock and soil units of the Mountain Pass study area. 
spectra we w i l l  develcp techniques fa- the removal o f  a d d i t i v e  terms 
from AVIRIS data, and continue to test the single spectrum calibration 
method. 

In principle, additive terms can be 

I n  

Using these 

Mountain Pass 

Horizontal norm. Vertical norm. 
freq. (cycles/sample) freq. (cycles/line) 

-035 .433 
-105 .297 
.175 .164 
-246 .017 
.316 .125 
.332 .209 
.402 .299 

REFERENCES 

Clark, R. N., and King, T. V .  V. 1987. Causes of spurious features In spectral reflectance 
Proceedings o f  the Third Airborne Imaging Spectrometer Data Analysis Workshop, data: 

June 2-4 ,  1987. Jet Propulsion laboratory Publlcatlon 87-30. 

Ivanpah 

Vertical norm. 
freq. (cycles/line) 

-437 
-316 
.213 
.074 
-062 
.271 
.293 

Gonzalez, R .  C., and Wintz. P. 
Reading, Mass. 

1979. Diqital Image Processing. Addison-Wesley Pub. Co., 

Heinrich, E. W. 1980. The Geology of  Carbonatites: Robert E .  Krfeger Pub. Co., Huntington. New 
York. 585 p. 

Olson. J. C.. Shawe. 0. R.. Pray, L. C., and Sharp, W. N. 1954. Rare-earth mineral deposits of 
the Mountain Pass Olstrict, San Bernardino County. California: 
Professional Paper 261. DC, 75 p. 

Rowan, Lawrence C., Kingston, Marguerite J.. and Crowley. James K. 
of carbonatltes and related alkalic igneous rocks: 
American localities: 

U.S. Geological Survey 

1986. Spectral reflectance 
Selected samples from four North 

Economic Geology, Vol. 81, p. 857-871. 

Table l b .  AVIRIS periodic noises 
having horizontal frequency 
dependence only. 

' Horizontal norm. 
freq. (cycleslsample) 

.009 (cont.) 

.017 .289 

.027 -451 
-045 -471 
.084 -486 
.201 -494 
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I I !  
35"4 

Figure 1. 
California, study area showing 
locations of the AVIRIS 
f 1 ight 1 i nes. 

Map of Mountain Pass, 

35"15 

Figure 2. Reflectance spectra 
of sovite (0, E ,  F, G) and 
rauhaugite (C) rock samples from 
the Sulphide Queen mine and 
adjacent areas at the Mountain 
Pass carbonatite complex. Also 
shown for comparison purposes 
are spectra for reagent grade 
Nd203 (B) and Srn2O3 (A )  stan- 
dards. "Sovi te" and 
"rauhaugi te" are rock names 
applied to calcitic and dolo- 
mitic carbonatite materials, 
respectively (Heinrich, 1980). 
Figure adapted from Rowan 
et al., 1986. 
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Figure 3. [Above] Signal to noise estimates for resampled AVIRIS data 
determined by the coefficient of variation method. 
area of the Ivanpah playa (35 pixels) was used to determine 
the coefficient values for each channel. Refer to text for 
detai 1 s. 

A uniform 

Slide 10 Single spectrum residual compared with original atmospheric 
curve for alluvium calibration target. 
pocket at end of volume. Refer to text for discussion 

corrected data. 
volume. 

Slide located in 

Slide 11 Comparison between flat field corrected and single spectrum 

Refer to text for discussion. 
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DETERMINATION OF IN-FLIGHT AVIRIS SPECTRAL, RADIOMETRIC, 
SPATIAL AND SIGNAL-TO-NOISE CHARACTERISTICS USING 
ATMOSPHERIC AND SURFACE MEASUREMENTS FROM THE VICINITY OF 

CALI FORNlA 
THE RARE-EARTH-BEARING CARBONATITE AT MOUNTAIN PASS, 

ROBERT 0. GREEN, GREGG VANE and JAMES E. CONEL, Jet Propulsion 
Laboratory, 4800 Oak Grove Drive, Pasadena, CA 91 109 

ABSTRACT 

An assessment of the Airborne Visiblehfrared Imaging 
Spectrometer (AVIRIS) performance was made for a 
flight over Mountain Pass, California, July 30, 1987. The 
flight data were reduced to reflectance using an 
empirical algorithm which compensates for solar, 
atmospheric and instrument factors. AVlRlS data in 
conjunction with surface and atmospheric measurements 
acquired concurrently were used to develop an improved 
spectral calibration. We also periormed an accurate in- 
flight radiometric calibratiok ‘using the LOWTRAN 7 
radiative transfer code together with measured surface 
reflectance and atmospheric optical depths. A direct 
comparison with coincident Thematic Mapper imagery of 
Mountain Pass was used to demonstrate the high spatial 
resolution and good geometric performance of AVIRIS. 
The in-flight instrument noise was independently 
determined with two methods which showed good 
agreement. A signal-to-noise ratio was calculated using 
data from a uniform playa. This ratio was scaled to the 
AVlRlS reference radiance model, which provided a basis 
for comparison with laboratory and other in-flight 
signal-to-noise determinations. 

1 .O INTRODUCTION 

The performance characteristics of AVlRlS in the laboratory 
environment have been measured through a series of calibrations 
over the past year of instrument development (Vane et al., 1987, 
1988). The objectives of this experiment were to develop and apply 
methods for assessing the in-flight spectral, radiometric, spatial 
and signal-to-noise performance of the instrument and to provide an 
in-flight spectral and radiometric calibration. 
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AVlRlS data were acquired over the Mountain Pass region on 
the 30th of July, 1987, 10:15 AM PST, under clear sky conditions. 
Concurrent surface reflectance measurements were collected at the 
playa, asphalt and graded soil targets. These areas were selected 
for surface homogeneity, for contrast in albedo and for aerial extent 

spectrum of the mineral bastnaesite, which occurs at Mountain Pass 
(Olson et ai., 19543 was independently measi;red with a laboratory 
spectrometer. Bastnaesite contains narrow spectral absorption 
features in the visible and near infrared which are suitable for 
assessing AVI RIS spectral performance. Atmospheric optical depth 
measu remen ts were acquired contemporaneously with the over- 
flight. The coverage of the flight data and the location of the 
surface targets are shown in Figure 1. Thematic Mapper (TM) 
satellite data were obtained with coverage encompassing the 

significantly greater than an AVlRlS resolution element. A 

I 

Figure 1. Location of AVIRIS flight data over the Clark Mountains on July 30th, 1987 at 
10:15 AM PST. The positions of the playa, bastnaesite, asphalt and graded soil target 
areas are indicated. 

With these data the in-flight performance of AVlRlS was 
determined. Additionally, a spectral and radiometrical calibration 
was generated for these imaging spectrometer data. We describe in 
the paper the data used, the methods of analysis, and results 
obtained. 
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2.0 DATA USED IN THE STUDY 

Figure 2. AVlRlS spectra of the playa, bastnaesite, asphalt and graded soil targets with 
compensated dark current and detector readout delay. These data represent averages of 
100, 4, 12 and 12 pixels respectively. 

~ 

2.1 AVlRlS Image Data. 

AVlRlS data of 2048 image lines by 614 cross-track samples 
and 224 spectral channels were acquired on an east to west flight 
line from the lvanpah Playa across Clark Mountain to Shadow Valley. 
The data were corrected through subtraction of the end-of-line dark 
current and spatial resampling to correct for detector readout delay 
(Vane et al, 1987). These corrections generated data that were 
proportional to total radiance and spatially registered between 
spectral channels. Corrected AVlRlS spectra from the playa, the 
bastnaesite locality, the asphalt and the graded soil targets are 
plotted in Figure 2. The playa data were taken from a 200 by 200 
meter homogeneous area of lvanpah Playa and represent an average 
of 100 AVlRlS spatial elements. The bastnaesite spectrum was 
extracted from 4 contiguous resolution elements. The asphalt target 
is a large recently surfaced parking lot from which 12 spatial 
elements were extracted and averaged. The soil target was derived 
from an average of 12 resolution elements selected from a large 
area of recently graded soil. 
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2.2 Surface Reflectance Data. 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

- ASPHALT - 

- PLAYA - 

The Portable Instantaneous Display and Analysis Spectrometer 
(PIDAS) (Goetz, 1987) was used to acquire in situ surface 
reflectance spectra for the playa, asphalt and graded soil targets. 
The eight second spectral acquisition time of the instrument 
allowed the collection of 102, 93 and 35 spectra for the playa, 
asphalt and soil targets respectively in the period between 1O:OO AM 
and noon. These data have a spectral sampling interval of better 
than 5 nm in the :vauelength region from 450 to 2450 m, and were 
reduced to reflectance using spectra of a pressed halon reference 
target. For comparisons and calculations using these reflectance 
spectra and the AVlRlS data, the PIDAS spectra were convolved with 
the AVlRlS channel response functions. The resulting reflectance 
spectra, reduced to AVlRlS spectral resolution, are plotted in Figure 
3. Standard deviations of 1, 1 and 2 percent reflectance were 
calculated for the playa, asphalt and soil respectively, confirming 
the nearly homogeneous surface reflectance of these targets. A 
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Figure 3. PIDAS reflectance spectra of the asphalt, playa and graded soil target acquired 
contemporaneously with the AVlRlS flight data. The data are averages of 102, 93 and 35 
spectra and have been convolved with the AVlRlS channel spectral response functions. 
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laboratory reflectance spectrum of the mineral bastnaesite, 
acquired independently with a Beckman UV5240 spectrometer, is 
plotted in Figure 4. 
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Figure 4. A reflectance spectrum of the mineral bastnaesite acquired with a Beckman 
UV5240 laboratory spectroradiometer showing the narrow absorption features in the 
visible and near infrared region of the spectrum caused by trivalent rare earth elements 
(Adams, 1965) 

2.3 Atmospheric Measurements. 

Solar illumination measurements were acquired with a 
Reagan-type radiometer (Shaw et al, 1973) from 7:32 am to 11:55 
am at ten minute intervals from an elevated site at the asphalt 
target on the day of the overflight. Atmospheric optical depths were 
determined from standard Langley plots, as described in Herman et 
al, (1978). The optical depths for the ten wavelength positions with 
10 nm filter bandwidths are given in Table 1. 



Table 1. Oaca l  depth mewrements at Mowtain Pass. C& 

Center Calculated 
Wavelenath (nm) Optical Dept h 

370 
400 
440 
520 
61 0 
670 
780 
870 
940 
1003 

0.551 
0.41 7 
0.305 
0.1 97 
0;154 
0.1 05 
0.069 
0.056 
0.398 
0.047 

3.0 DATA REDUCTION 

3.1 Empirical Line Reflectance Recovery. 

The empirical line algorithm, described for example in Conel et 
al, (1 987), recovers surface reflectance from instrument response 
data. The method compensates for multiplicative components of 
solar illumination, atmospheric attenuation and instrument 
response. Additionally, the additive factors of atmospheric path 
radiance and instrument dark current are removed. 

The algorithm requires two targets of contrasting albedo and 
equivalent spectral resolution for which both surface reflectance 
and AVlRlS instrument response are known. Two first order linear 
equations are developed of the form 

DN = A * R + B 

where DN is the instrument response, R is the surface reflectance, A 
accounts for the solar, atmospheric and instrument multiplicative 
factors and B for the instrument and atmospheric additive 
components. These equations are solved for A and B for each AVlRlS 
spectral channel. The resulting equation 

R = ( D N - B ) / A  

is formed with the determined multiplicative and additive factors, 
which transform instrument DN to reflectance for the entire imaging 
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spectrometer data set. Primary assumptions of the algorithm are a 
constant instrument performance and a uniform atmosphere over the 
region to which it is applied. 

The algorithm was implemented with the reflectance spectra 
measured with PIDAS at the asphalt and graded soil targets and the 
corresponding instrument response (Figures 2 and 3). An empirical 
line spectrum derived from AVlRlS data over the bastnaesite target 
after the application of the algorithm resolves the narrow 
neodynium absorption features between 700 and 940 nm (Figure 5). 
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Figure 5. Spectra derived from AVlRlS data using the empirical line reflectance 
retrieval algorithm. The three strong neodynium absorption features between 700 and 
900 nm are well resolved. Other features in the spectrum are discussed in the text. 

The anomalous reflectance peaks at 940 and 1125 nm are due 
to the difference in atmospheric water vapor content between the 
bastnaesite and empirical line targets. This demonstrates that the 
assumption of uniform atmosphere is not true in regions of 
atmospheric water absorption. We (Conel, et al, 1988a) have 
subsequently mapped the variations in atmospheric water vapor with 
elevation using the AVlRlS channel responses in the 940 and 1125 
nm water bands. The offsets in the reflectance curves at 
approximately 700 and 1280 nm are due to changes in the response 
functions of spectrometers A and B over the course of the flight line 
(Vane et al., 1988). The gaps at about 1400 and 1900 nm are due to 
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the strong atmospheric water bands, and the gap at about 2000 nm is 
due to a noisy detector element in spectrometer D. These features 
can be seen in most of the full spectrum plots in this paper. 

3.2 LOWTRAN 7 Radiance Model. 

In situ measurements of surface reflectance and atmospheric 
optical depth were used in conjunction with the radiative transfer 
code LOWTRAN 7 (Kneizys et al, 1988) to calculate the total 
radiance at AVlRlS for the Mountain Pass overflight. The 
atmospheric path and surface reflected as well as the total radiance 
for the lvanpah Playa target are plotted in Figure 6. An extensive 
discussion of this methodology for modeling radiance with radiative 
transfer codes and surface and atmospheric measurements is given 
in Conel et al, (1988b). The high resolution atmospheric gas 
absorptions provide features suitable for assessment of the in- 
flight spectral performance, while modeled total radiance allows 
evaluation of the radiometric calibration. 

- 
REFLECTED 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 
WAVELENGTH (nm) 

Figure 6. A LOWTRAN 7 model radiance for lvanpah Playa constrained by the conditions 
of the AVlRlS overflight. The atmospheric path, surface reflected and total radiances are 
plotted. The path radiance is a significant contributor, ranging from 80 to 10 percent of 
the total from 400 to 1300 nm. 
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4.0 ANALYSES AND RESULTS 

4.1 Spectral Performance and calibration. 

In-flight spectral performance was assessed using the 
neodymium absorption features between 700 and 940 nm and various 
atmospheric gaseous absorption features that occur throughout the 
spectral region of AVIRIS. 

To provide a common basis for comparison the laboratory 
bastnaesite spectrum was convolved with the preflight season 
channel wavelength positions and spectral response functions. 
Figure 7 shows the Gaussian approximation for the spectral response 
function for AVlRlS channel 98 with the wavelength position 
determined as the wavelength of maximum amplitude and spectral 
response characterized as the full width at half maximum amplitude 
(FWHM). 
Gaussian function is consistent with the 

The correspondence of AVlRlS ! spectral response to a 
instrument design and 

0.5 -- 

0.0 -- 
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Figure 7. A typical normalized AVIRIS spectral response function for channel 98, 
spectrometer C, compared to a Gaussian representation which closely approximates the 
measured function. 



laboratory determination (Macenka and Chrisp 1987, and Vane et al, 
1988). In Table 2 the pre-season spectral calibration is presented 
(Vane et al, 1987) such that the spectral position of an AVlRlS 
detector is determined by the product of the detector number and the 
sampling interval summed with the starting wavelength position of 
the spectrometer. Both the convolved laboratory measured 
bastnaesite spectrum and the AVlRlS empirical line spectrum are 
plotted in Figure 8 for the wavelength region between 7GO and 940 
nm. A spectral shift of several nanometers of the AVlRlS spectrum 

Table 3. Preseason I a r a t o r v  spectral calibration 

Sampling Starting Detect0 r Response 
SDectrometer Int. (nm) Pos. (nm) Number Width (nm) 

A 9.858 396.5 0 - 31 9.7 
B 9.579 678.2 0 - 63 9.7 
C 9.849 1241.7 0 - 63 9.0 
D 9.859 1828.8 0 - 63 11.6 
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Figure 8. An empirical line derived bastnaesite spectrum compared to a Beckman 
spectrum of bastnaesite showing a shift of AVlRlS in-flight spectral position to shorter 
wavelengths. 
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to longer wavelengths is observed. This indicates the spectral 
channel positions for spectrometer B are shifted to shorter 
wavelengths for these flight data as compared to the laboratory 
measured bastnaesite spectrum. 

To utilize the atmospheric absorption features in an 
independent assessment of in-flight spectral performance, the 
LOWTRAN 7 total radiance was convolved with the preflight season 
AVlRlS channel spectral positions and response functions and 
compared with the AVlRlS in-flight radiance over lvanpah Playa. 
Figure 9 shows the results for each of the four AVlRlS 
spectrometers. Spectrometer B exhibits a shift in spectral 
alignment to longer wavelengths, which is consistent with the 
determination derived from the bastnaesite spectrum. Spectrometer 
D likewise shows a shift to shorter wavelengths, while 
spectrometers A and C show good agreement between in-flight and 
laboratory spectral alignment. The predicted total radiance at 
AVlRlS allows evaluation of the in-flight spectral response. For 
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Figure 9. A comparison of AVlRlS radiance to LOWTRAN 7 modeled radiance for 
spectrometers A through D. Spectrometer B exhibits a broadened spectral response 
function and a shift to shorter wavelengths relative to the predicted LOWTRAN 7. 
Spectrometer D has also shifted several nanometers to shorter wavelengths, while 
spectrometers A and C show good agreement with the LOWTRAN 7 model. 
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spectrometer B , the atmospheric oxygen feature at 760 nm is more 
completely resolved in the LOWTRAN 7 modeled data than the in- 
flight data indicating a broadening of spectral response at the time 
of flight data acquisition. This broadening of the spectral response 
function is evident in the water bands at 735, 840, 940 and 1125 nm 
as well. 

Using the LO'WTRAN 7 modei, an aigorithm was developed to 
optimize for the Gaussian function which best describes the in- 
f!ight AV!R!S channe! wave!engt.h pnsitinn and spectral response 
function. This algorithm minimizes the mean squared radiance 
difference between the AVI RIS retrieved radiance and modeled 
radiance while varying the response width and position of the 
Gaussian function convolved with the LOWTRAN 7 model. The 
algorithm was applied to sharp atmospheric absorption features 
where a change in position and response strongly affects the 
returned radiance. The spectral characteristics for spectrometer A 
were determined using the the water absorption band near 675 nm. 
The absorptions between 700 and 850 nm were used to fit the 
spectral characteristics for spectrometer B, while the carbon 
dioxide doublets centered at 1600 and 2050 nm were used for 
spectrometers C and D respectively. An example of the results for 
this minimizing algorithm for spectrometer C is given in Figure 10a 
and b. The spectral position is optimized for 1 nm to shorter 
wavelengths than the pre-season calibration (Figure 1 Oa), while the 
spectral response is characterized by 1 nm less than the nominal 10 
nm FWHM response function (Figure lob). Tab!e 3 describes the 
resulting in-flight spectral calibration derived using this error 

1.06e-03 

9.80e-04 

9.00e-04 

POSITION (nm) Y RESPONSE (nm) 

Figure 10. (a) Least squared residual fit for AVIRIS in-flight spectral position as a 
function of deviation from the pre-flight season laboratory calibration. The wavelength 
position for spectrometer C is optimized with a 1 nm shift to shorter wavelengths. (b) 
Residual minimization for spectral response function as deviation from a 10 nm 
Gaussian. Spectral response is optimal for a full width at half maximum of 9 nm. 
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minimization algorithm for each of the spectrometers. The plots in 
Figure 1 1  show the result of application of the in-flight spectral 
calibration to the AVlRlS flight data in comparison with the 
radiance curves obtained from LOWTRAN 7. Compared with Figure 9, 
an improvement can been seen in terms both of correspondence of 
wavelength position and resolution of the atmospheric absorption 
features. 

Sampling Starting Detector Response 
Spectra meter Int. fnm) Pos. (nm) Number Width [nm) 

A 9.858 396.5 0 - 31 15 
B 9.579 674.2 0 - 63 17 
C 9.849 1240.7 0 - 63 9 
D 9.859 1831.8 0 - 63 10 
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Figure 11. Results of the application of the in-flight determined spectral calibration. 
The spectral positions of spectrometers B and C are significantly improved as is the 
spectral resolution of spectrometer B. 



4.2 Radiometric Performance and calibration. 

In Figure 9 some level of disagreement in all four 
spectrometers between the AVlRlS laboratory calibrated total 
radiance and the LOWTRAN 7 modeled radiance over lvanpah Playa is 
observed. A ratio of these data in Figure 12 shows the LOWTRAN 7 
modeled radiance is on the average 1.2 times that of AVlRlS in 
spectrometer A, 1.4 in B, 0.85 in C and 0.80 in D. 1 he various factors 
contributing to these discrepancies are discussed by Vane et al. 
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Figure 12. Ratio of LOWTRAN 7 modeled radiance to radiance derived by applying the 
pre-flight season radiometric calibration to AVIRIS data from lvanpah Playa. The 
deviation from a ratio of 1 indicates the amount of disagreement between the laboratory 
and in-flight radiometric response function of AVIRIS. 

Using the LOWTRAN 7 radiance model, an improved in-flight 
radiometric calibration was achieved by constructing the ratio of 
LOWTRAN 7 total radiance to AVlRlS in-flight instrument response. 
These factors for the in-flight radiometric calibration of the 
Mountain Pass data set, which transform instrument response into 
radiance, are plotted in Figure 13. This calibration provides a basis 
for analysis of these AVlRlS data requiring accurate units of total 
radiance . 
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Figure 13. Radiometric calibration factors determined for the Mountain Pass flight data. 
The coefficients provide an accurate transformation of AVIRIS instrument response in 
DN to total radiance incident at the instrument. 

4.3 Spatial Performance 

As a preliminary evaluation of spatial resolution and intra- 
image geometric quality, images of the AVlRlS and TM data were 
compared over the Mountain Pass site as shown in Figure 14 (slide 
No. 12). The AVlRlS 10-nm channels were averaged to correspond to 
the broad TM channels centered at 660, 1650 and 2200 nm; the data 
are displayed as red, green and blue respectively. The spatially 
varying geological and cultural surface features provide a basis for 
comparison of spatial resolution. AVIE!S resolves the two strands 
of Interstate 15 and the detailed geological stratigraphy to the 
south of the road which are not as clearly discernable in the TM 
image. This observed higher spatial resolution of AVlRlS is 
consistent with the designed 20 m ground instantaneous field of 
view (GIFOV) and 17 m pixel-to-pixel spacing of AVIRIS, compared 
to the 30 m GIFOV and 28.5 m pixel-to-pixel spacing of TM. The 
intra-image geometric fidelity of the AVlRlS and TM images is 
comparable. The AVlRlS image has had no geometric correction 
applied to it other than the limited on-board roll correction which is 
applied in flight (Porter and Enmark, 1987). 
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4.4 Signal-to-Noise Performance. 

An in-flight assessment of the noise performance was 
developed through calculation of the standard deviation of each 
AVlRlS channel from data acquired over a nearly homogeneous region 
of the lvanpah Playa. This analysis relates signal .variation over a 
spatially homogeneous region to in-flight instrumental noise. An 
independent assessment of noise is found through determining the 
statistical variation in the dark current measured at the end of each 
image line. Results from each of these analyses are plotted in 
Figure 15. In each spectrometer, the variation calculated in the 
instrument response over the playa is similar in magnitude to the 
variation in the end-of-line dark current, establishing the dark 
current statistics as a valid estimator of instrument noise. 
Accurate determination of noise based solely on the dark current 
demonstrates AVlRlS noise for these data is independent of the 
radiance incident at the instrument. These results are consistent 
with laboratory measurements dark current and integrating sphere 
signal levels and statistics (Chrien, 1988). 
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Figure 15. Standard deviation of AVIRIS end-of-line dark current and image data over a 
homogeneous section of lvanpah Playa. The statistical variation of the dark current 
accounts for the variation observed in the data over the playa, demonstrating dark 
current statistics to be a good estimator of instrument noise. 



Determination of in-flight noise without requiring a large 
homogeneous surface target provides an approach for calculating the 
signal-to-noise ratio for any region of interest in the AVlRlS data. 
The ratio of average instrument response, with dark current 
subtracted, to the standard deviation of the dark current provides a 
valid estimate. 

Because the signal incident at AVlRlS is determined by the 
soiar ii i u mi nation, su rface reflectance, atmospheric atien uatio n and 
atmospheric scattering, the directly calculated signal-to-noise is 
not comparable to determinations under other conditions or in the 
laboratory. This issue is resolved by scaling the actual instrument 
response to the AVlRlS reference radiance prior to calculating the 
signal-to-noise. The reference radiance is constrained by the 
conditions given in Table 4. A comparison of the AVlRlS reference 
radiance model and lvanpah Playa radiance calculated is shown in 
Figure 16. The lvanpah radiance values were calcuiated using 
LOWTRAN 7 and the PIDAS and atmospheric optical depth data as 
previously described. 

TABLE 4. 

Parameters de finina - the AVlRlS reference radiance. 

Radiative Transfer Code 
Atmospheric model 
Atmospheric aerosols 
Observer altitude 
Target altitude 
Target reflectance 
Date 
Hour 
Latitude 
Radiance used 

LOWTRAN 7 
Midlatitude summer 
Rural 23 km visibility 
0 km 
0 km 
0.50 
Summer solstice 
Solar noon 
45 degrees 
Reflected component 
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A signal-to-noise ratio was calculated by forming a ratio of 
image signal level over lvanpah Playa, after dark current 
subtraction, to image noise values derived from end-of-line dark 
current statistics. To compare the in-flight signal-to-noise ratio 
for lvanpah Playa to laboratory and other in-flight determined 
values, an AVlRlS reference radiance model was used to normalize 
the lvanpah signal levels. Both the normalized signal levels and the 
observed signal levels were then divided by the observed noise to 
produce the signal-to-noise plots shown in Figure 17. In terms of 
the reference radiance model, spectrometer A had a peak signal-to- 
noise ratio of 90 - 100 to 1, B of 60 to 1, C of 40 - 50 to 1, and D of 
about 20 to 1 on July 30, 1987. 
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Figure 16. A plot of the AVlRlS reference radiance used to scale actual radiance falling 
on the instrument for intercomparison of signal-to-noise performance between data sets 
acquired in flight or in the laboratory. 
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Figure 17. AVIRIS observed signal-to-noise performance over lvanpah Playa calculated 
by a ratio of mean signal over the playa to standard deviation of the corresponding end- 
of-line dark current, and signal-to-noise scaled to the AVlRlS reference radiance. The 
scaled signal-to-noise can be compared to any other similarly scaled AVlRlS data set to 
assess stability of the radiometric response function of the instrument. 

5.0 CONCLUSION 

Through the evaluation of the in-flight performance and 
application of in-flight spectral and radiometric calibrations to the 
AVlRlS data acquired on July 30, 1987, a number of conclusions are 
reached. (1) AVlRlS successfully resolves narrow spectral 
absorption features both on the surface and in the atmosphere. (2) 
The empirical line algorithm compensates for both additive and 
multiplicative factors and directly transforms in-flight instrument 
response to reflectance. (3) Based on both surface and atmospheric 
absorption features, a shift of several nanometers in spectral 
position relative to the pre-flight season calibration is shown in 
spectrometers B and D. (4) Comparison of the modeled atmospheric 
radiance and the calibrated AVlRlS radiance show a degradation in 
spectral response function in spectrometers A and B. (5) A least 
squares residual algorithm minimizing on the LOWTRAN 7 and the 
pre-season calibrated AVlRlS radiance for both spectral position and 
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response function generates an improved spectral calibration. (6) 
In-flight modeled radiance based on concurrent in situ surface and 
atmospheric measurements predicts higher radiance in 
spectrometers A and B, with lower radiance in C and D relative to 
the pre-flight season laboratory calibration, thus demonstrating a 
corresponding change in radiometric response functions. (7) The 
modeled radiance provides a direct approach. to in-flight radiometric 
calibration. (8) Comparison of coincident Thematic Mapper and 
AVlRlS imagery shows AVlRlS is resolving finer surface detail and 
shows good spatial geometry. (9) Variation in the end-of-line dark 
current is a valid estimate of noise in the AVlRlS data. 

Thus, assessment of the spectral, radiometric, spatial and 
signal-to-noise properties of AVlRlS can be achieved with a 
combination of in situ surface and atmospheric measurements in 
conjunction with a suitable radiative transfer code, providing a tool 
for sensor in-flight performance evaluation, and calibration. 
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Comparison of laboratory calibrations of the Airborne Visible/Infr;tred Imaging Spectrometer (AVIRIS) 
at the beginning and end of the first flight season 
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4800 Oak Grove Drive, Pasadena, California 91 109 

ABSTRACT 4 y F  DF '-.i v : r i 1 

Spectral and radiomemc calibrations of the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) were performed,in the laboratory 
in June and November, 1987, at the beginning and end of the first flight season. Wm-paper dcscribes_those calibrationsianthk changes in 
instrument characteristics that occurred during the flight season as a result of factors such as detachment of the optical f i k r s  to two of the 
four AVIRIS spectrometers, degradation in the optical alignment of the spectrometers due to thermally-induced and mechanical warpage, 
and breakage of a thermal blocking filter in one of the spectrometers. These factors caused loss of signal in three spectrometers, loss of 
spectral resolution in two spectrometers, and added uncertainty in the radiopv$v. of,AVIRIS. Results from in-flight assessment of the lab- 
oratory calibrations are presented. The paperesmludes-witha discussidfof Imp\&vz&ents made to the instrument since the end of the first 
flight season and plans for the future. Improvements include (1) a new thermal control system for stabilizing pctrometer  temperatures, 
(2) kinematic mounting of the spectrometers to the instrument rack, and (3) new epoxy for attaching the optical fibers inside their mounting 
tubes. 

%.l , c I-i -* \..J ,y 

1. INTRODUCTION 

AVIRIS is a second-generation imaging spectrometer developed at the Jet Propulsion Laboratory (JPL) for use in earth remote sensing 
studies across a broad spectrum of scientific disciplines, including botany, geology, hydrology, oceanography, and atmospheric science. * 
Design and construction of the sensor and ground data processing facility were begun in 1984 and completed in June 1987. Following a 
laboratory calibration, flight operations were begun on June 25, 1987. Data were collected for 20 investigators between June and October 
1987, after which the instrument was returned to JPL for a post-flight-season calibration and refurbishment. In this paper, we give a syn- 
opsis of the procedures used in the laboratory spectral and radiometric calibration of AVIRIS, and show results obtained from the two lab- 
oratory calibrations conducted in 1987 and from flight experiments also conducted in 1987 to assess the performance of the instrument. As 
background, a brief description of the instrument follows. Complete details of the sensor and ground data processing system can be found 
in Volume 834 of the Proceedings of the SPIE.2-8 

AVIRIS acquires images in 220 contiguous IO-nanometer (nm) spectral bands in the region between 0.40 and 2.45 micrometers (pm). 
The instantaneous field of view of AVIRIS is 1 milliradian and the field of view as defined by the scan angle is 30 degrees. This results in  
images covering a 10.5 km swath composed of picture elements (pixels) that subtend 20 m on the ground from the 20 km altitude of the 
NASA U-2 and ER-2 aircraft. AVIRIS gathers spectral images in the whisk-broom imaging mode, employing foreoptics with a mirror that 
scans in one direction, then rapidly returns to the start position for the next scan line. A diagram of the optical configuration is shown in 
Figure 1. An artist's rendition of the flight hardware is shown in Figure 2. The scan rate and detector readout timing were designed to 
provide a 17 percent spatial oversampling at sea level in both the cross-rack and along-track dimensions in order to assure complete spatial 
coverage over mountainous terrain. This results in the acquisition of 614 pixels in each scan line. Geometric rectification removes the 
oversampling, resulting in an image 550 pixels across. Twelve scans are completed per second. During the fly-back portion of each scan 
cycle, a shutter closes the foreoptics from the rest of the optical system, and a single measurement of the detector dark current for each of 
the detector elements is recorded. 

The foreoptics are connected to four spectrometers with optical fibers (see Figure 1). Spectrometer A contains a 32-element line array 
of silicon detectors, and spectrometers B, C, and D each employ @-element line arrays of indium antimonide detectors. While a total of 
224 spectral bands are actually acquired, the readout architecture of the detector arrays renders the first band of each array unusable; there 
are thus 220 usable raw spectral bands. The effective spectral ranges of spectrometers A, B, C, and D are 0.40 to 0.7 1,0.68 to 1.28, 1.24 
to 1.86, and 1.83 to 2.45 pm, respectively, as aligned for the 1987 flight season. There is an overlap of 3 to 4 spectral bands in coverage 
of the spectrum between the 4 spectrometers. During radiometric calibration the spectral region covered by the 220 raw spectral bands can, 
at the request of the investigator, be resampled to remove overlap between spectrometers and equalize the spectral sampling interval across 
the entire 0.40 to 2.45 p n  region. This resampling results in 210 spectral bands over the 0.40 to 2.45 pm region. 

Each spectrometer additionally receives input via a second optical fiber from an onboard radiometric and spectral calibration source con- 
sisting of a tungsten lamp, a four-position filter wheel containing two neutral density filters, a didymium oxide filter and an opaque posi- 
tion.2 The neutral density filters provide broad-spectral-band energy at two intensity levels to monitor radiometric stability. The didymium 
oxide filter provides several spectral absorption features in each of the spectral regions of the four AVlRIS Spectrometers to monitor wave- 
length calibration. The opaque position is used in conjunction with the shutter in  the foreoptics to provide a measurement of dark current 
from each detector. In each of the 4 filter positions, a full scan line of data (614 readouts of the detectors) is acquired. 

In the following section of the paper we describe the procedures used in the laboratory to perform spectral and radiometric calibrations 
of AVIRIS. A summary of the calibration accuracies achieved in the pre-flight-season lab calibration is also given. Following that is a 
comparison of the pre- and post-flight-season calibrations and an in-flight assessment of instrument performance. Instrument factors that 
caused a degradation in performance over the course of the flight season are also discussed. We conclude with a discussion of improve- 
ments that have been made to AVIRIS over the past winter and spring, and plans for the future. 

2. LABORATORY CALIBRATION OF AVIRIS 

AVIRIS calibration is broken into two major parts, spectral and radiometric. Each requires its own support equipment and procedures, 
and each has associated with it an error budget that defines the accuracies achieved. The following discussion is a summary of a more 
detailed discussion found in Reference 9. 

SPlE Vol. 924 pp. 168-178 Recent Advances in Sensors, Radiometry, and Data Processing for Remote Sensing (1988) 

186 



SCENE 
RADIATION 

FOREOPTICS 

B 

W \ \" SPECTROMETERS 

10 cm - GRATING 

Figure 1.  Schematic diagram of the AVIRIS optical configuration. The scanning foreoptics on the right are connected to the four spectro- 
meters on the left with optical fibers.26 

2.1. Spectral calibration 

The three goals that must be met in the spectral calibration of an imaging spectrometer are: ( 1 )  Mapping of the center wavelength of 
light falling on each detector element, (2) determination of the wavelength bandwidth falling on each detector element, and (3) determina- 
tion of the spectral sampling interval of each spectrometer. The purpose of the spectral calibration of AVIRIS is to determine the 
normalized instrument response function. This function is closely approximated by a Gaussian curve that is completely characterized by 
the wavelength of maximum response and by the spectral width at half peak height (the so-called full width at half maximum, FWHM). 
The distance between the maxima of the response functions of adjacent detectors is the spectral sampling interval. The optical setup for 
performing the spectral calibration is shown schematically in Figure 3. A Jarrell-Ash model 82-487 monochromator and tungsten lamp are 
used in the calibration. The monochromator is calibrated with a mercury pen lamp using multiple orders of the emission line at 546.1 nm. 
Three different gratings are used alternately in the monochromator to cover the full spectral range of AVIRIS. The monochromator is cali- 
brated each time a grating change is made. By choosing the widths of the entrance and exit slits of the monochromator, the bandwidth of 
the exiting light can be tailored as required; typically, a bandwidth of 1 nm is used. The output signal level from a given AVlRlS detector 
element is recorded as the wavelength output of the monochromator is scanned in steps of 1 nm. This is plotted against the input wave- 
length as determined from the monochromator calibration, to produce a spectral response curve as shown in Figure 4. Analysis of the 
spectral response consists of fitting a Gaussian curve to the normalized signal using as the fit parameters the wavelength of maximum 
response and the FWHM spectral bandwidth. This procedure. is followed for several detector elements per spectrometer. A linear fit is 
applied to the wavelengths of maximum response as a function of detector element number to determine the center wavelength positions of 
the other detector elements in a given spectrometer for which spectral response curves are not acquired. From the center wavelength 
positions of the 224 detector elements, the spectral sampling interval is determined. This is also the slope of the line fit to the wavelengths 
of the maximum response for each spectrometer. The results from the pre-flight-season spectral calibration of AVIRIS are summarized in 
Table 1. 

2.2. Radiometric ca libration 

The goals of radiomemc calibration are to establish and apply a set of calibration multipliers which: (1)  Convert AVIRIS output digital 
numbers (DNs) to radiance (pW/cm*-sr-nm) accurate to at least 10 percent absolute, and (2) to correct for non-uniformity in the response 
of the AVIRIS detector elements to at least 0.5 percent. Achieving these goals requires four major steps: (1) Calibration of a spectro- 
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Figure 2. Artist‘s drawing of the AVIRIS flight hardware showing Figure 3. Laboratory setup used in performing the spectral calibration 
the physical layout of the major subsystems. The various electronics of ~ v 1 ~ 1 S . 9  
subassemblies are omitted for clarity.26 
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Table 1. AVIRIS 1987 Pre-Flight-Season Spectral Calibration9 

SPECTROMETER 
A B C D  PARAMETER (IN UNITS OF NM) 

AVERAGE BANDWIDTH (FWHM) 9 7  9 7  9 0  1 1 6  

SPECTRAL SAMPLING INTERVAL 100 958 986 985 

STD DEV OF LINEARITY MEASUREMENT 0 7 1  0 6 0  058 184 

MONOCHROMATOR CALIBRATION UNCERTAINTY 0 5 0 5 0 5 1 0 

AVlRlS SPECTRAL CALIBRATION ACCURACY 0 9 0 8 0 8 2 1 

1230 1240 1250 1260 

WAVELENGTH (NM) 

Figure 4. A typical normalized AVIRIS spectral response function for 
channel 98, Spectrometer C. 

radiometer against a National Bureau of Standards (NBS) traceable lamp, (2) calibration of an integrating sphere with the calibrated 
spectroradiometer, (3) acquisition of a file of AVIRIS DNs while viewing the calibrated integrating sphere, and (4) calculation of a table of 
multipliers tying the AVIRIS DN to the integrating sphere output radiance. 

The laboratory setup used in calibrating the spectroradiometer and integrating sphere is shown in Figure 5. An Optronics Laboratories 
model 746 spectroradiometer is placed on a rotating stage to view alternately a freshly prepared pressed halon target at a 45 degree angle 
normal to its surface, and a Labsphere, Inc., 40 inch diameter integrating sphere. The halon target is illuminated with a tungsten lamp cali- 
brated as a standard of irradiance by Optronics Laboratories against an NBS-calibrated lamp. The irradiance standard is powered by an 
Optronics calibrated constant-current power supply. A file of spectral radiance values for the standard lamp-halon target-spectroradiometer 
configuration in Figure 5 is calculated using the expression 

L(h) = E(h) R(h) (50 cm)2 / x (D cm)2 (1) 

where L(h) is the radiance viewed by the s ctroradiometer, E(h) is the irradiance of the calibrated lamp provided by the manufacturer, 

and the halon target in the setup in Figure 5. This file is used subsequently to convert spectroradiometer output DN to radiance when 
calibrating the Labsphere, Inc., integrating sphere. 

In an earlier paperg, there was incorrectly included a cos 45 term in the numerator of the right hand side of the above equation; this term 
was correct for an earlier calibration setup in which the halon target was 45 degrees to the calibrated lamp and normal to the spectro- 
radiometer. In the configuration shown in Figure 5 and used in calibrating the spectroradiometer for AVIRIS calibrations, the cos 45 term 
does not apply. 

R(h) is the reflectance of the halon target,] ge 50 cm is the distance at which the lamp was calibrated, and D is the distance between the lamp 
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After the spectroradiometer has been calibrated, it is rotated to a position for viewing the 16 inch output port of the integrating sphere. 
After a 30 minute warmup period, data are acquired from the integrating sphere at several output levels. The intensity of the integrating 
sphere output is controlled by changing fixed apertures located between the tungsten lamps and the interior of the sphere. The uniformity 
of output across the 16 inch output port was measured and found to be uniform to within 1% across the port for those aperture settings 
used in calibrating AVIRIS. Calibration of successive integrating sphere output levels is alternated with repeated calibration of the spectre 
radiometer. The radiance output of the integrating sphere has been measured to be constant to within 1.1% over a typical calibration 
period. 

To calibrate AVIRIS, the integrating sphere is positioned SO that the plane of the output port of the sphere is 12 inches beneath the 
AVIRIS foreoptics. The same baffles are used in this setup as shown in Figure 5. The U-2 hatch window, a 16-inch-diameter, l-inch- 
thick piece of water-free quartz, is positioned above the integrating sphere output port at the same distance from the AVIRIS foreoptics as 
in the aircraft. Twenty consecutive sets of data are recorded by AVIRIS from two integrating sphere output levels chosen to provide 

sphere at 12 output intensities; thus, a single output level in combination with the zero point on the radiance versus DN plot is adequate for 
constructing the calibration file. In practice, the highest output level (AAAA, in the integrating sphere nomenclature) and the zero p i n t  on 
the radiance/DN curve are used to calibrate the first half of !he spctral range of spectrometer PI, while 3 lcwer output !eve! (EEEE) and the 
zero point are used for tine remainder of the AViRiS spectrai range. 

The calibration file used to convert AVIRIS DN values into radiance values is a set of multipliers consisting of 32-bit real numbers 
genera:ed f ran  tl+e laboratory calibration data. These data coiisist of two components: radiance measurements of the two integrating 
sphere intensity levels taken with the spectroradiometer, and data taken with AVIRIS while viewing the integrating sphere at the same two 
intensity levels. The first step in generating the calibration file is subtraction of the dark current from the AVIRIS data. The next step is to 
associate the 614 cross-track mean DN values of every spectral band with the corresponding radiance value for that spectral band, 
computed by resampling the spectroradiometer measurements to match the spectral spacing of the AVIRIS detector elements. The final set 
of multipliers, M(s,b), is computed as follows: 

(2) 

where s is the cross-track sample number, b is the spectral band number, L(b) is the radiance of the integrating sphere, and DN(s,b) is the 
signal level recorded by AVIRIS. This set of 224 x 614 multipliers is saved as the calibration file and used in the radiometric calibration of 
all subsequent AVIRIS data. 

adqua:e kght !c,& Zcross ;+e fill AVIRIS spectra! icgiofi. Lifiiiiiiiy ~ f i e ~ p ~ i i s e  of A'v'IiZiS was corifirmed by viewing the integrating 

M(s,b) = L(b) / DN(s,b) 

The radiometric calibration of AVIRIS flight data converts 10-bit DN values to 32-bit real-number radiance values in units of kW/cm2- 
nm-sr and linearly scales the values to 16-bit integers. In the process, dark current subtraction, detector equalization, resampling to ac- 
count for detector readout delays, and, optionally, reconstruction of the full spectrum accounting for spectral band overlap and varying 
spectral spacings between spectrometers are performed. One dark current value for each detector element is recorded at the end of each 
scan line. Dark current subtraction is done using a sliding mean of 101 dark current values such that the dark current correction for a given 
scan line is the mean of the dark current recorded at the end of that scan line and the dark current values recorded at the ends of the 50 scan 
lines before and after that scan line. The next step is detector response compensation, which corrects for the non-uniformity of responses 
of the 224 detector elements. Using the multipliers stored in the calibration file, DN values are converted to 32-bit radiance values. 
Application of the multipliers at this point also removes the cross-track response asymmetry caused by foreoptics vignetting. Resampling 
to correct for detector readout delays is performed next. These delays occur because the detector elements in the line arrays are read 
sequentially. This results in the last element of an array acquiring a signal from a spot on the ground approximately one pixel further 
across the scan than that acquired by the first element. Linear interpolation is performed between successive pixels within a scan line. 
Following this, the full spectrum is reconstructed. Resampling is performed in the spectral direction to correct for spectral band overlap 
between spectrometers and to create a spectrum with uniform spacing of spectral band center wavelengths. The first detector element in 
each spectrometer is bypassed during the interpolation for reasons discussed earlier. (The spectral resampling in this step in radiomemc 
correction processing was performed routinely on all data processed from the first flight season; it is now being offered as an option for the 
benefit of those investigators wishing un-resampled data.) The spectral resampling step produces 210 spectral bands from 0.4OOO to 
2.4482 p m  with 9.8 nm spectral sampling. Finally, the 32-bit real-number radiance values are converted to 16-bit integers by multiplying 
each radiance value by a factor of 100 and rounding to the nearest integer value. 

The error budget for the AVIRIS pre-flight-season laboratory radiomemc calibration is summarized in Table 2. Details of the error 
analysis are given in Reference 9. Briefly, the integrating sphere calibration accuracy was determined through a propagation-of-errors 
analysis11 of measured and estimated uncertainties associated with the calibration of the spectroradiometer and integrating sphere; the 
thermally induced drift in AVIRIS signal output was measured in the lab through repeated calibrations over time; the vibrationally induced 
output drifts were determined from the same data; the polarization sensitivity represents the worst case scenario of 100% polarization, 
which does not occur on the earth's surface, and was measured using visible and infrared polarizing filters; the radiometric effect of un- 
certainty in the spectral calibration of AVIRIS was calculated using data from Table 1; and spectral and spatial stray light were measured 
using the calibrated monochromator and collimator as shown in Figure 3. The total AVIRIS radiometric calibration accuracy was calcu- 
lated by taking the square root of the sum of the squares of the values of all these factors. In the laboratory environment at the start of the 
flight season, the achieved accuracy of 7.3% exceeded the requirement of 10% absolute radiometry. 

3, COMPARISON OF CALIBRATION OVER TIME 

During the course of the 1987 flight season, assessment of AVIRIS performance in flight was conducted by the AVIRIS project and by 
several investigators selected and funded by NASA. Results of these investigations are reported in Reference 12. We will summarize here 
the work done by the AVIRIS project on in-flight performance analysis and the post-flight-season laboratory calibration. 
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Figure 5. Laboratory setup used in calibrating the AVIRIS 
spectroradiometer and integrating sphere. All components 
except the integrating sphere are bolted to an optical bench? 

Table 2. AVIRIS 1987 he-Flight-Season Radiomemc 
Calibration Error Budget9 

PARAMETER MAGNITUDE (%) 

INTEGRATING SPHERE CALIBRATION ACCURACY 3 1  

AVlRlS THERMALLY INDUCED OUTPUT DRIFT 2 4  

AVlRlS VIBRATIONALLY INDUCED OUTPUT DRIFT 
LOW FREQUENCY 2 0  
HIGH FREQUENCY 0 7  

POLARIZATION SENSITIVITY 5 0  

RADIOMETRIC EFFECT OF SPECTRAL CALIBRATION 
UNCERTAINTY 0 5  

SPECTRAL STRAY LIGHT 2 0  

SPATIAL STRAY LIGHT 2 0  

AVlRlS RADIOMETRIC CALIBRATION ACCURACY 7.3 

3.1. Spectral oerformance over the first flight season 

In-flight assessment of the spectral calibration using data acquired at the start of flight operations in June, 1987, confirmed the labora- 
tory calibration summarized above. An example of a full AVIRIS spectrum is shown in Figure 6, which is an average of a 10 by 10 pixel 
area in the center of Stonewall Playa, Nevada, near the Cuprite Mining District. The playa is a large, uniform surface with only minor 
spectral structure due to the presence of small amounts of clay, water and Fe+3. The spectral features are thus primarily those of the sun 
and the atmosphere. The locations and apparent widths of the major atmospheric absorption features were used to assess AVIRIS spectral 
performance. The spectral wavelength positions of the features were determined using the JPL-developed analysis software SPAM 
(Spectral Anal sis Manager).13 The first wavelength number is from the AVIRIS data as determined using SPAM; in parentheses are the 

AVIRIS and LOWTRAN 6 wavelength positions agree to within 5 nm or better. The widths of the atmospheric absorption features are 
approximately those that would be expected for an atmospheric spectrum sampled at a 10 nm spectral bandwidth (see following discussion 
and figures). Thus the in-flight spectral performance of AVIRIS in this early data set agrees well with the laboratory performance. 

LOWTRAN 6 7 positions " for the features and the atmospheric constituent(s) responsible for the absorption. The figure shows that the 
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Figure 6. Full spectrum of a 5 by 5 pixel area in the center of Stonewall Playa, Nevada. The data have been radiometrically corrected. 
The wavelength positions of several atmospheric absorption features are indicated. The first number is the wavelength position derived 
from the AVIRIS data. In parentheses are the wavelength position of that feature from LOWTRAN 6, and the atmospheric constituent(s) 
responsible for it (adapted from Reference 26). 
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During the flight season, the optical fibers canying the signal from the foreoptics became detached at Spectrometers A and B. A post- 
flight-season inspection showed that insufficient epoxy had penetrated into the ends of the hypodermic needles holding the fibers at the 
focus of the spectrometers; mechanical stress from repeated cooling and warming of the instrument during flight operations probably 
caused the fibers to pull loose and move out of focus. The effects of the defocus are shown in Figure 7, comparing the spectral response 
functions for each spectrometer measured in the pre- and post-flight-season laboratory calibrations. The FWHM in the post-flight-season 
calibration for Spectrometers A and B are greater than those of the pre-flight-season calibration, while those of Spectrometers C and D re- 
mained unchanged. Their fibers did not detach. Also, the wavelength position of maximum response has shifted by more than 1 nni, 
which is the measurement threshold in the laboratory, in 3 of the spectrometers. The detached fibers in spectrometers A and B probably 
explain the wavelength shift in those spectrometers, while warpage of Spectrometer D induced by distortion of the instrument rack proba- 
bly explains the change in wavelength position of that spectrometer. Table 3 summarizes the laboratory pre- and post-flight-season cali- 
bration results for spectral bandwidth and wavelength position. 
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Figure 7. Normalized spectral response functions measured from 4 channels, one from each of the 4 AVIRIS spectrometers, in the 1987 
pre- and post-flight-season laboratory calibrations. (a) Spectrometer A, channel 16, (b) Spectrometer B, channel 67, (c) Spectrometer C, 
channel 128, and (d) Spectrometer D, channel 187. 

Table 3. AVIRIS 1987 h e -  and Post-Flight-Season Spectral Response Characteristics 

SPECTROMETER FWHM (nm) h OF MAXIMUM RESPONSE (nm) 
(CHANNEL) PRE-SEASON POST-SEASON PRE-SEASON POST-SEASON 

A (16) 1 0  > 17 5 4 5  539 

(67) 10 14 1004 1002 

c (128) 

0 (187) 

9 9 

11 11 

1547 1548 

2086 2089 

A quantitative assessment of the in-flight spectral FWHM and wavelength positions from later in  the flight season is shown in Figure 8, 
comparing atmospheric spectra acquired with Spectrometers B, C and D over Ivanpah Playa, California, on July 30, 1987, with 
LOWTRAN 6 spectra at full resolution (AA < 1 nm) and resampled at the indicated bandwidths. Resampling was done usin a Gaussian 
function with the indicated half-maximum spectral bandwidths. The figure shows that by July 30, 1987, Spectrometer B ha8 become de- 
focussed. A shift in spectral alignment of as much as 10 nm is also suggested. Spectrometers C and D show performance equivalent to 
that expected for the bandwidths measured in the lab. The spectral alignment of Spectrometer C agrees well with the laboratory calibration 
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Figure 8. Cornparision of AVIRIS atmospheric spectral features over Ivanpah Playa, CA, with LOWTRAN 6 at full resolution, and 
LOWTRAN 6 resampled at 10,20, and 30 nm spectral bandwidths. The cuwes are offset to facilitate comparison between them. (a) 
Spectrometer B, (b) Spectrometer C, and (c) Spectrometer C. 



in these data, while a shift in wavelength of as much as 5 nm in Spectrometer D is suggested. Although the bandwidths and wavelength 
positions derived from comparison of in-flight data with the LOWTRAN 6 model do not agree precisely with either the pre- or post-flight- 
season laboratory spectral calibrations, it should be remembered that (1) the instrument response was changing during the flight season, 
and (2) derivation of spectral performance from assessment of atmospheric absorption features is not as precise as laboratory determina- 
tions. 

In-flight assessment of the bandwidth and spectral alignment of Spectrometer A is difficult because of the lack of sharp atmospheric ab- 
sorption features over its region of spectral coverage. An experiment is planned for 1988 using mineral absorption features in this spectral 
region associated with the carbonatite mine located at Mtn. Pass, California. The Mtn. Pass carbonatite is rich in rare earth elements such 
as neodydium that contribute several sharp absorption features to the visible portion of its reflectance spectrum. 

3.2. Radiometric Performance over the first flight season 

Detachment of the optical fibers at Spectrometers A and B affected radiometric performance by causing a loss of signal at the detectors. 
SPVPE! ether ifis~in?ent fxtors n!se d e p d d  the abso!nte radiorneq, d'P.V!P,!S. %e t h e r ~ ~ d h  ~z&x& wxpage to the spxiiGmeiei 
bodies was discussed earlier and found to cause instability in output signal levels of from 2.4% to 7.7% in the laboratory environment? In 
the much colder aircraft environment, larger instab es were noted but cannot be quantified due to instabilities in the onboard calibrator in 
the flight environment. Further, the insmiment rack to which the spectrometers are mounted was deformed during the flight season, 
causing a distortion in the spectrometer bodies that resulted in a loss of optical alignment. This caused an additional loss of signal. 
Finally, in the post-flight season inspection of AVIRIS, it was discovered that the thermal blocking filter in Spectrometer B had broken 
during the flight season. 

wavelength cutoffs of approximately 0.6 and 2.7 pm, respectiveiy, and a therfnal-blocking filter which is opaque to energy beyond 2.0 
pm. This dual filter approach was chosen for Spectrometer B because it was not possible to manufacture a bandpass filter with cutoff 
wavelengths to match its spectral range. Such filters were obtainable for the other 3 spectrometers; hence they each employ a single filter. 
The short-wavelength cutoff of the bandpass filter assures that no higher order diffracted electromagnetic radiation will be present over the 
spectral region of interest, while the long-wavelength cutoff of the filter blocks the thermal radiation to which AVIRIS is sensitive. The 
filters are mounted directly over the detectors on the dewar cold fingers to assure that they are at 77 K to block the thermal background 
radiation and to minimize their own thermal emissions. The chief source of thermal background radiation in AVIRIS is the spectrometer 
body itself, which subtends a large portion of the total field of view of the detectors. The spectrometer bodies are thermally controlled to 
about 300 K and radiate very little energy short of 2.7 pm. Moreover, at a given temperature, the same thermal energy falls on the detector 
whether it is in the image or dark current readout mode. Hence, subtraction of the detector dark current value which is recorded at the end 
of each AVIRIS scan will correct for the small thermal background contribution to the signal. However, if the spectrometer body tempera- 
ture varies between the time of the detector dark current and image acquisition, dark current subtraction does not adequately compensate for 
the thermal background contribution to the image signal. The original thermal control system for the AVIRIS spectrometers was designed 
to maintain their temperatures between 296 and 300 K. Our calculations show that a 4 K change in the spectrometer body temperature 
between the times of the detector readout of the image and dark current, an improbably large change over 1/12 of a second for the massive 
spectrometer body, would cause an added uncertainty in instrument radiometry of about 2%. if wavelengths as great as 2.7 pm were 
allowed to fall on the AVIRIS detectors. It was decided to employ an additional blocking filter in spectrometer B to minimize the thermal 
contributions short of 2.7 pm. A filter cut from a crystal of KH2P04 (KDP) was recommended because of its high transmission over the 
operating region of spectrometer B and its cutoff wavelength of 2.0 pm. However, it has been subsequently learned that KDP undergoes a 
solid-state phase transition at about 130 K,15 and the mechanical stress which results from using it at 77 K in the AVIRIS dewar was the 
cause of the filter breakage. Some of the cracks in the filter were over the detector array, allowing additional light to fall on the detectors. 
We also observed during subsequent failure testing of a KDP filter that the phase transition caused a noticeable variation in the transmis 
sion properties across the filter which varied each of several times the filter was thermally cycled. After the filter cracked, each piece varied 
in transmission and each piece came to a different state with each successive thermal cycle. We conclude that KDP is not a suitable filter 
material for use at temperatures below 130 K. We discuss the solution for Spectrometer B in the next section of the paper. 

The changes in AVIRIS radiometry resulting from all these effects are shown in Figure 9, where the percentage change between pre- 
and post-flight-season radiometric calibration multipliers are shown. The multipliers convert DN to radiance through the relation given in 
Equation 2. If the instrument response were the same at the time of both calibrations, the percent change between the two sets of multi- 
pliers would be 0. This is indeed the case for Spectrometer C (spectral channels 97 through l a ) ,  which alone of the 4 spectrometers 
appears not to have suffered degradation during the flight season. For Spectrometer A (channels 1 through 32), the post-flight-season 
calibration multipliers are from 90% to 180% greater than the pre-flight-season multipliers, indicating a correspondingly lower signal 
output from the spectrometer for the same radiance input. The Spectrometer B multipliers (channels 33 through 96) are larger for the 
second calibration by about 100% to 120%, but in addition, there is variation in the percent change in the multipliers across the spectral 
region of Spectrometer B. This is almost certainly due to solid phase transition-induced variations in transmission and light leakage 
through the broken KDP filter. Spectrometer D multipliers (channels 161 through 224) are about 20% higher uniformly across its entire 
spectral region, except for spikes at channels 170, 181, and 210, which are noisy detectors. Although the optical fiber did not detach in 
this spectrometer, its base was warped by distortion of the instrument rack to which it is mounted, shifting part of the signal off the 
detectors. A slight shift in wavelength calibration was noted earlier. 

of the laboratory calibration of AVIRIS.16 Extinction measurements of the amosphere were taken by observing the sun from the test site 
at 5 to 15 minute intervals from sunrise until solar noon, the time of the AVIRIS overflight, using solar radiometers. Total precipitable at- 
mospheric water was measured with a spectral h grometer. The ratio of direct to diffuse radiation incident at the surface was determined 

with the overflight using the JPL Portable Instantaneous Display and Analysis Spectrometer (PIDAS),18 and the University of Arizona 
Barnes Modular Multispectral 8-channel Radiometer (MMR)19 and Exotech Model 100-AX radiometer.20 Five different atmospheric 

Spectrometer B, which covers the 0.68 to 1.28 pm spectral region, is equipped with two filters4, a bandpass filter with short- and long- 

On September 14, 1987, a field radiometric calibration experiment was performed at Rogers Dry Lake, California, to assess the validity 

using a hand-held ratioing radiometer (HHRR).l 4; On the surface of the dry lake bed, reflectance measurements were made simultaneously 
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Figure 9. Percent change in the AVIRIS radiometric calibration multipliers, pre- and post- 
flight-season. Percent change = (Mpost - Mpre)/Mpre x 100. 

models, LOWTRAN 6,14 LOWTRAN 7?1 Herman-Browning,22 Diner-Martonchik?3 and the 5s code of Tanre et 
employed. The latter four account for multiple scattering. The measured surface reflectance and atmospheric optical depth were used to 
particularize the models for flight conditions, and the radiance from the dry lake bed at the instrument was calculated. Good agreement 
over most of the wavelength region of AVIRIS was found between the 5 models. Figure 10 shows the comparison between the Herman- 
Browning, Diner-Martonchik, and LOWTRAN 7 generated results, and the AVIRIS-predicted radiance for both the pre- and the post- 
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Figure 10. Comparison of three code-generated sets of radiance for Rogers Dry Lake, CA, with the AVIRIS-generated radiance using 
the pre- and post-flight-season radiometric calibration multipliers.16 
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flight-season calibration multipliers. There is very good agreement between the code-generated and AVIRIS-predicted values over the 
range of Spectrometer C for both the pre- and post-flight-season calibrations. The discrepancies over the other spectral regions of AVIRIS 
indicate that instrument response at the time of the overflight was not adequately characterized by either the pre- or post-flight-season 
calibrations, a reflection of the dynamic nature of instrument performance during the flight season. For a thorough discussion of the field 
calibration experiment and the results obtained, see Conel et a1.16 

The conclusions from this work are: (1) The validity of the laboratory calibration methodology appears to be confirmed through the 
agreement achieved over the wavelength range of Spectrometer C between the atmospheric model-generated and the AVIRIS-generated 
radiance values, but (2) the dynamic nature of the response of the other 3 spectrometers over the course of the 1987 flight season renders 
the AVIRIS-generated radiance values accurate to no better than 25% to 65% over those spectral regions, depending on the spectrometer 
and the flight date. 

4. IMPROVEMENTS TO AVIRIS AFTER THE FIRST FLIGHT SEASON 

A!! d;he k n e m  f2c:~i;s :ha: 2&eise!y affected h V ! P , ! S  spectra! and rx! isme~c perfi-ance dixing :he F x t  fiigh: seamn havc bccn 
resolved as a result of engineering upgrades to the instrument over the past several months. The thermal instability of the spectrometers 
has been resolved by replacing the thermal control system with a much more sophisticated approach.25 The system used during the first 
flight season emp!syed :hree heater strips on each spectrometer b a d  that were commanded to turn on when :he spectrometer barrel 
reached about 296 K and to turn off when the temperature reached 300 K. The new system consists of 24 small heater strips placed evenly 
over the entire spectrometer body, including the grating and collimator mirror housings and the dewar nose piece. The heaters are on con- 
stantly when the temperatures of the spectrometers are at or less than 300 K (room temperature in the calibration laboratory is kept at about 
293 K to assure that the heaters are on during spectrometer alignment and focus and during instrument calibration). The output level of the 
heaters is controlled by a new circuit designed to keep the spectrometer bodies isothermal and at about 300 K plus or minus 0.1 K. The 
stabilized temperature varies among spectrometers but all are controlled at that temperature to within 0.1 K. Each spectrometer was tested 
in a cold chamber where it was thermally cycled from room temperature (293 K) to flight temperature (273 K) and back to room tempera- 
ture. Spectrometer body temperatures were monitored at several places on the structure and a constant optical signal was put into the 
detectors. Detector output was found to be constant to within 2% over the entire thermal cycle and the spectrometer bodies were found to 
be isothermal and stable to within the desired tolerance. 

To alleviate the effects on the spectrometers of warpage of the instrument rack, the spectrometers have been mounted kinematically on 
vibration isolators. Spectrometers A, B, and C are on three-point mounts, while Spectrometer D is on a four-point mount because of 
mechanical packaging constraints. It is expected that this new mounting approach will also provide additional isolation from the instrument 
and aircraft vibrational environment, and will greatly reduce the heat flow from the spectrometer bodies to the instrument rack, which will 
aid the effort to keep their temperatures stable. 

The tight control on the spectrometer body temperatures achieved with the new heater and controller configuration has made it possible 
to remove the thermal blocking filter (i.e., the KDP filter) from Spectrometer B. Analysis has shown that if the temperature of the spectro- 
meter body were to vary by as much as 0.1 K between the times of dark current and image acquisition, which is the worst case, the result- 
ing degradation in radiomemc precision would be less than 0.1%. Thus the bandpass filter provides adequate blockage of thermal 
background. 

The optical fiber detachment problem has been resolved by using a new epoxy which is less viscous, allowing thorough capillary pene- 
tration into the fiber holder. It also has greater holding strength than the epoxy previously used. To verify the improved capillary penetra- 
tion of the new epoxy, several test fibers were cemented into stainless steel hypodermic needles identical to those used in the AVIRIS 
spectrometers. After the epoxy had cured, the needles were sectioned in increments of 1 mm. It was found on all the test fibers that the 
epoxy had penetrated to about 6 mm, which is the desired distance. A new flight fiber package and backup for the foreoptics and the on- 
board calibrator were made using the new epoxy. 

Confirmation of the effectiveness of these changes to the flight hardware is still required. Pre- and post-flight-season laboratory cali- 
brations will be performed on AVIRIS in September and November, 1988, and field radiometric calibration experiments will be conducted 
in conjunction with the laboratory calibrations. In-flight performance of AVIRIS will also be continuously monitored during the 1988 
flight season. Results of our studies of these data will form the basis of a future report on AVIRIS in-flight performance. 
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ABSTRACT 

A reflectance-based method was used to provide an analysis of the in-flight 
radiometric performance of AVIRIS. Field spectral reflectance measurements of the 
surface and extinction measurements of the atmosphere using solar radiation were 
used as input to atmospheric radiative transfer calculations. Five separate codes 
were used in the analysis. Four include multiple scattering, and the computed radi- 
ances from these for flight conditions were in good agreement. Code-generated 
radiances were compared with AVIRIS-predicted radiances based on two laboratory 
calibrations (pre- and post-season of flight) for a uniform highly reflecting 
natural dry lake target. For one spectrometer (C), the pre- and post-season cali- 
bration factors were found to give identical results, and to be in agreement with 
the atmospheric models that include multiple scattering. This positive result 
validates the field and laboratory calibration technique. Results for the other 
spectrometers (A, B and D) uere widely at variance with the models no matter which 
calibration factors were used. Potential causes of these discrepancies are 
discussed. 

1. INTRODUCTION 

We present here an updated analysis of the in-flight radiometric performance 
of the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)” . AVIRIS is a 
scanning imager (400 - 2450 nm) that employs four spectrometers connected to common 
foreoptics by optical fibers. The spectrometers employ linear detector arrays and 
are labeled A (400-710 nm with 32 detectors), B (680-1280 nm, 64 detectors), C 
(1240-1860 nm, 64 detectors), and D (1830-2450 nm, 64 detectors). A test flight was 
carried out in mid-September 1987, over a field site at Rogers Dry Lake, California 
(Edwards Air Force Base) with the following objectives: (1) develop radiometric and 
spectral calibrations for the instrument; ( 2 )  determine in-flight signal/noise 
characteristics; ( 3 )  compare various methods of reducing the data to ground 
reflectance. Ta support these studies, the following field measurements were made 
simultaneously with the overflight: (1) atmospheric optical depth using solar 
radiometers; (2 )  total precipitable water (in cm) with a spectral hygrometer; ( 3 )  
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the ratio of direct to dizfuse radiation incident at the surface using a hand-held 
ratioing radiometer (HHRR ) .  Spectral reflectance factor measurements were made of 
the bright playa 5urface using the Portable Instantaneous Display and Analysis 6 

Spectrometer (PIDAS ) ,  a Barnes Modular Multispectral 8-Channel Radiometer (MMR ' ) 
and an Exotech Model 100-AX radiometer6. 

6 To meet the first objective we used a surface reflectance-based method and 
compared the solar radiance at the instrument ref1;cted from the playa target as 
determined from a laboratory calibration of AVIRIS , with the radiance predicted 
from that target according to an atmospheric model. Previously we used the LOWTRAN 
6 code' for these comparisons, recognizing by so doing that we could only account 
for a single order of scattering in the predicted radiance. In the present work, we 
employed the LOWTRAN 7 codeg, which provides a description of multiple scattering 
(with Rayleigh and aerosol contributions) together with gaseous absorption, we also 
used multiplle scattering codes developed by Herman and Browning , and Diner and 
Martonchik . The latter two codes also account for multiple scattering and 
absorption effects , but rely on user inputs to quantify these at each wavelength. 
No spectral gaseous absorption databases are included within the codes themselves. 

10 

In addition to incorporation of improved scattering codes in the analysis, 
we compared the results of pre- and post-flight season laboratory calibrations of 
the instrument using the Rogers Lake data. Apart from sound procedure, the 
relevance of this comparison stems from the post-1987 flight season discovery of 
the detachment of optical fibers connecting the foreoptics to spectrometers A and B. 
The point in time of this occurrence during flight operations during the summer of 
1987 is not known. But these comparisons, together with a reanalysis of the 
laboratory radiometric calibration procedure itself, has helped to sort out 
explanations for the substantially reduced radiometric performance of AVIRIS 
previously reported' . 

7 

We also present comparisons of independent atmospheric optical depth and 
surface reflectance measurements by the Jet Propulsion Laboratory (JPL), University 
of Arizona (TJA) , and United States Department of Agriculture (I'SDA) groups. The 
field data obtained agree closely and serve to reduce or eliminate the possibility 
that discrepancies between the AVIRIS calibrations were due to errors in the field 
measurements. 

2 .  TEST SITE AND FIELD MEASUREMENTS 

2.1 Site, flight and image data 

Rogers Dry Lake (Lat. 34' 55"; Long. 117' 50'W) is a playa located 104 
km north of Los Angeles, California,, at an elevation of 692 rn above sea level. The 
surface consists of silty mudstone which, from X-ray diffraction analysis, contains 
quartz, plagi-oclase feldspar, kaolinite, (abundant) analcime, and calcite. The 
visible and infrared reflectance is however dominated by the presence of hydrated 
iron oxides that are not detectible in the X-ray diffraction data. During the 
summer and fall months, the playa is dry and the surface is patterned with narrow 
dessication cracks. Intermittent streams have dissected the eastern half exposing 
a series of vari.colored brown and tan strata beneath the surface layer. Such 
erosion has lead to broad patchiness in the exposed surface. Nevertheless, large 
areas of relatively uniform surface properties remain; these constitute the standard 
targets employed in our studies. 
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AVIRIS overflew the test site on September 14, 1987, around 10:20 AM Pacific 
Standard Time (18:20 hr UT) at an altitude of 20 km above terrain. AVIRFS has a 
one-milliradian instantaneous field-of-view and a 30-degree scan angle , which 
determines a 20 m pixel size and 10.5 km swath width of the ground. The test flight 
took place under cloud-free, but hazy atmosphere conditions. The calculated 
visibility was 26 km. 

The image data contain periodic noise, and at least three spatially distinct 
patterns are present. The most prominent of these has a period of about 10.3 lines 
per cycle (0.097 line-') normal to the banding which trends at an angle of about 18' 
to the scan direction. A second band set has a period 12.8 lines per cycle (0.78 
line-') at an angie of abouc 65 degrees; the third periodic variation is manifested 
within the second set with a period of one line per cycle (1 line-') along the 
flight direction. A complete analysis of the noise characteristics of the data will 
be presented elsewhere. 

2.2  Spectral reflectance measurements 

Coincident with the time of aircraft overflight, we measured the spectral 
reflectance of the playa target with PIDAS and with the broadband MMR and Exotech 
filter radiometers. PIDAS covers the spectral range 425-2500 nm with sampling 
intervals of 0.88 nm between 450 and 900 nm, and 4.7 nm between 900 and 2500 nm. 
The MMR has filters matched to Thematic Mapper (TM) band widths with central 
wavelengths of 486, 571, 661, 838, 1677, 2223 nm, and an additional band centered at 
1254 nm. 

The field sampling strategyB employed by the UA and USDA groups has been 
described in detail by Slater et al. A rectangle - 4 x 16 pixels in size (20 m per 
pixel) - was marked on the surface, its length being parallel to the flight line. 
Cross patterns of 16 measurements were made within each pixel, and averages and the 
scatter in each were computed individually and for the total 1024 measurements. The 
field reference was a BaS04 panel, These reflectance factor measurements were 
traceable to the National Bureau of Standards diffuse ffflectance standard by 
calibration with respect to a pressed halon surface . With PIDAS, four 
measurements were made at the center of each pixel and combined to secure an average 
froin 256 measurements, In practice, about 50 measurements were lost, and the 
averages were computed from 200 spectra. The f i e i d  tefiectance standard was a 
portable pressed halon surface prepared to NBS specifications. 

Figure 1 shows that there is good agreement between the determinations of 
the spectral reflectance of the playa target measured by PIDAS and by the MMR. The 
PIDAS reflectance data depict mean values 51 standard deviation of the observations. 
The scatter results from at least two sources, real variations in the surface 
reflectance, and a variation in the number of shadowed cracks present in the 
spectrometer field-of-view from place to place. The gap in reflectance between 1800 
and 1900 run arises from saturation of the atmospheric water band over that interval. 
The jagged spectrum seen beyond 1700 nm results from noise (since corrected) 
introduced by the second of two amplifiers covering the infrared spectral region. 
The higher value at 2220 nm returned by the MMR is more nearly correct judging by 
the general concordance between these values and the hemispherical directional 
reflectance of a surface sample determined with laboratory ratioing spectro- 
radiometers . 
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Figure 1 Surface reflectance of playa calibration target on September 14, 1987. 
Soli'd line is spectral reflectance given by PIDAS +1 standard devia- 
tion, .representing an average of 200 spectra. Triangles are reflect- 
ance determined over TM bandpasses with MMR, representing averages of 
about 1500 measurements. 
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2.3 Measurement of optical depth 

Measrirements of incident solar illumination at ten wavelengths (370, 400, 
4 4 0 ,  5 2 0 ,  6!$, 670,  7 8 0 ,  8 7 0 ,  940 and 1010 nm) were made with two Reagan-type solar 
radiometers. These observations were carried out between approximately 7:OO AM and 
1 2 : 3 0  PM Pacific Standard Time. Optical depths were derived independently from 
slopes of conventional Langley plots of the solar IR radiance versus the secant of 
the solar zenith angle. The data for the two Reagan instruments are shown in Figure 
2 and compared tRere to optical depths obtained from the transmittance functions of 
the standard mid-latitude summer (mls) LOWTRAN 6 model. 

3 .  LABORATORY ILADIOMETRIC CALIBRATION OF AVIRIS 

3.1 Definitions and procedure 

The laboratory radiometric calibration of AVIRIS was described in detail by 
Vane et al. The purpose of this calibrations was to obtain a set of functional 
relationships (one for each of 2 2 4  detectors) between radiance incident at the 

DR (digital response) the representation of instrument output, the relationship is 

2 

instrument, and instrumental output. If L is the radiance (in pWcm - 2  nm - 1  sr-') and 

L = DR/G (1) 
1 1 4  where G represents a "gain" factor (G- = inverse responsivity ) .  In writing 
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Figure 2 A comparison of optical depths measured by JPL ( 0 )  and University of 
Arizona ( A ) ,  September 14, 1987, Rogers Dry Lake. Optical depths at TM 
wavelengths (M) are calculated from the ( A >  data points. 

Eqn.(l), it was assumed that detector dark responses were accounted for, i . e . ,  zero 
instrument output for zero.radiance input. 

The procedure for instrument calibration involved four steps: 1) radio- 
metric calibration of a spectroradiometer against a standard lamp, traceable to a 
National Bureau of Standards lamp; 2) production of light transfer curves (radiance 
vs. wavelength) for the AVIRIS radiance calibration source (40-inch diameter BaS04- 
coated integrating sphere) using a calibrated spectroradiometer; 3)  acquisition of 
AVIRIS DR output files as a function of integrating sphere radiance; and 4 )  
generation of lookup tables of AVIRIS response vs. radiance for each detector at 
each wavelength. In practice, a linear relationship (Eqn. 1) was assumed and the 
lookup file generated from a single integrating sphere determination, thus 
determining a value of G. The radiometric calibration converted 10-bit DR values to 
32-bit floating point radiance values. 

We briefly recapitulate here the laboratory method used in (1) above because 
the equation employed by Vane et al. for calculation of spectral radiance seen by 
the standard spectroradiometer is incorrect. For its calibration the 

2 
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spectroradiometer views a standard halon panel at an angle of 45'. The panel is 
illuminated at normal incidence by a standard irradiance source at a calibration 
distance DCAL above its surface. The irradiance E(CAL) at the standard panel is 

2 (2) E(CAL) E(STD) (DSTD/DCAL) 

where E(STD) is the irradiance of the standard lamp provided by the manufacturer 
measured at the calibration distance DSTD. Assuming Lambertian diffuse reflectance 
from the halon panel with reflectance p ,  the radiance L(CAL) uniformly outward from 
the panel is 

(3 )  L(CAL) - pE(CAL)/r. 

Combining Eqns. ( 2 )  and ( 3 )  gives the radiance of the spectroradiometer in terms of 
theoirradiance of the standard lamp. This result is greater than that of Vane et 
a l ,  The radiance of the integrating sphere LIS 
is then determined in terms of the radiance emergent from the halon and the standard 
lamp irradiance from the relation, 

by a factor of l/cos(45'), or f i .  

LI s I (4) 

where QiSR(IS) and @sR(CAL) are respectively the radiant fluxes observed by the 
spectroradiometer from the integrating sphere and from the calibratioh source. A 
and nSR are the area of the entrance aperture of the spectroradiometer and its sol?% 
angular field-of-view. The etendue Ag"sR is of course common to the spectro- 
radiometer for both the integrating sp ere path and standard source path, but is 
included to emphasize that the determination is made from the total radiant flux 
received in each path. 

The absolute accuracy of the radiometric calibration was calculated to be 
about +7% across the spectral interval 1800-2450 run, where the response of AVIRIS 
was observed to be most stable. Over the interval 400 to 1800 rim, additional 
uncertainties of a few percent are introduced because of thermal distortions 
(discussed belos;). 

2 

3.2 Pre- and post-season instrument status and determination of G 

The initial laboratory calibration of AVIRIS was carried out in early June, 
1987, before the 1987 flight season. During this calibration, it was discovered 
that the output signal level from the four spectrometers varied with time in the 
presence of a stable input radiance. The instability was traced to thermally 
induced distortions from on-off cycling of heaters within the spectrometer barrels. 
The distortions produced a reduction in signal level without change in wavelength 
distribution of the energy. The magnitudes of these variations in signal output 
were: spectrometer A ,  3 . 5 % ;  spectrometer B, 7.7%; spectrometer C ,  4.2%; 
spectrometer D, 2.4%. During subsequent engineering test flights, variations of 
twice these magnitudes were observed that also correlated with on-off cycling of the 
spectrometer heaters, and with distortion of the spectrometer base and instrument 
rack in-flight. 

After termination of the flight season (October, 1987), inspection revealed 
that the optical fibers connecting spectrometers A and B to the foreoptics had come 
loose from their mountings. Additionally, a longer wavelength blocking filter had 
fractured. The exact timing of the mishaps is not known. 
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A second post-flight season laboratory calibration of AVIRIS was carried out 
in October, 1987. In Figure 3 ,  we compared the responsivities G (=- DR/L) obtained 
from the pre- and post-season AVIRIS calibrations. The largest changes were seen to 
have occurred in spectrometers A and B with the post-season numbers smaller by 
factors varying between 0.36 and 0.91, compared to pre-season. Spectrometer C 
proved to be stable. The gain factor for spectrometer D decreased by a factor of 
about 0.8. 

I c 

- PRE-SEASON 

y 100- 
I 
3: eo- 
3 g 8 0 -  

- 
- 
- 
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0 14 28 42 68 70 84 98 112 128 140 154 188 182 198 210 224 
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Figure 3 Comparison of the pre- and post-season responsivities (gain factors G )  
for AVIRIS determined from the laboratory calibrations. 

4.  COMPARISON BETWEEN AVIRIS- AND MODEL-GENERATED SOLAR RADIANCES 

An important test of the validity of the laboratory radiometric calibration 
for flight conditions is the calculation of solar radiance at the instrument 
reflected from a target of known reflectance, when account has been taken of the 
atmosphere, as compared to the radiance predicted from the instrument response. In 
this section, we present: (1) the responses implied by the two AVIRIS laboratory 
calibrations; (2) the results of atmospheric modelling using the measured surface 
reflectances and atmospheric optical depths; and ( 3 )  a comparison of these various 
resultr . 
4.1 Radiances predicted from AVIRIS using pre- and post-season 

calibrations 

In Figure 4 are presented the spectral radiances produced for the playa 
target from the pre- and post-season laboratory radiometric calibrations. For each 
the k1 standard deviation lines refer to scatter introduced because of natural 
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Figure 4 Spectral radiances predicted for the Rogers Day Lake target from AVIRIS 
from the pre- and post-season radiometric calibrations. 

variations in reflectance over the 64 pixels used in the sample and to instrumental 
noise. As implied by the changes in responsivity shown in Figure 3 ,  the post-season 
calculated radiance for this target was greater over the spectral regions covered by 
spectrometers A, B and D, and essentially unchanged in the region of C. 

4 . 2  Radiances predicted by atmospheric models 

We have employed four atmospheric radiative transfer (RT) codes in these 
studies. The results from each are compared below: 

(1) LOWTRAN 6 8  calculates atmospheric transmittance and radiance for a given 
atmospheric path. The code includes molecular absorption and single scattering from 
aerosols and molecules. The spectral resolution of 20 cm-' is sufficiently greater 
than the spectral sampling interval of AVIRIS (10 nm) to provide a very useful basis 
for wavelength calibration and effective spectral response for the instrument under 
flight conditions. The standard mid-latitude summer model was employed, and the 
geographic and solar conditions were the same as for other codes used, as given in 
Table 1. 

Single scattering was accounted for using the following equation, 

( 5 )  - 
Ltotal - Lscattered -I- Lreflected 

where Lscattered is the radiance from single scattering in the atmosphere above any 
ground elevation, and Lreflected is the ground-reflected direct radiance reaching 
the sensor. Two problems exist with the single scattering option in LOWTRAN 6. 
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First, only a single target reflectance is accepted at all wavelengths in the 
unmodified code. We modified the program to allow for ground reflectance that 
varied with wavelength as given by PIDAS. Second, the program does not compute 
ground reflected radiance unless the target is at sea level. To circumvent this 
difficulty, the downward and upward transmitted parts from the target elevation were 
computed separately, and multiplied by the surface reflectance. The equation is 

P 

where Eo = exoatmospheric solar irradiance, 
Tdn 
is the reflectance of the (horizontal) surface returned by PIDAS. 

p, - cosine of the solar zenith angle, 
and RpIDAS 

(2) The principal improvement provided by the LOWTRAN 7' code, from our 
standpoint, is the inclusion of multiple scattering, although it has not yet proved 
possible to modify the program to account for ground reflectance at any elevation 
except sea level. This code has been changed to account for variable surface 
reflectance as given by PIDAS. 

- transmittance of upward path, TUP = transmittance of downward path, 

(3 )  The UA RT code by Herman and Browning" has been used extensively in the in- 
flight calibration of Landsat providing internally consistent results to within 
2.5%". The code uses MLe theory to computs aerosol scattering functions for a 
specified size distribution, and the Gauss-Seidel iterative technique to solve the 
equation of radiative transfer. The aerosol phase function is sampled at discrete 
angular intervals. 

(4) The 5s code of Tanr; et was modified at the University of Arizona to 
allow user specification of terrain elevation and sensor altitude, including other 
changes. The 5 s  code makes extensive use of analytical expressions and preselected 
atmospheric models, resulting in a very short execution time. The code has proven 
to be significantly more accurate than models with fast or moderate execution times 
(Royer, et a1.17). 

11 
(5)  The JPL code also computes aerosol scattering functions from Mie theory 

and employs the Gauss-Seidel method, but traces spatial Fourier components of the 
radiation field, and represents the aerosol phase function as a 24-term Legendre 
series. The JPL code is believed, in theory, to have the same degree of certainty as 
the UA code, but has only recently been tested against field data. 

The results of calculations for these five models are given in Figure 5 .  
Vertical bars on the JPL model points represent approximately the variation in 
calculated radiance from the variation in surface reflectance as determined with 
PIDAS (Figure 1). The spectral ratiance generated by LOWTRAN 6 and 7 were for the 
standard mid-latitude summer model . The spectral radiance generated by the JPL, UA 
and 5s codes were for the geographic, solar and atmospheric conditions summarized in 
Table 1. Note that the LOWTRAN 7 result refers to an atmospheric path from Sun-to- 
sea level to an altitude of 20 km. Removing the lower 690 m of atmosphere, 
corresponding to the actual elevation of Rogers Lake, can be expected to increase 
the computed radiance somewhat, because of decreased attenuation, but to decrease 
the scattered component because of the reduction in scattering volume. The net 
result might be expected to resemble more closely the Herman-Browning radiance, 
since this code accounts for molecular absorption through the 5s code, at the 
proper elevation. The LOWTRAN 6 result, which represents the sum of directly 
transmitted radiation reflected by the ground and singly scattered radiation in the 
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Figure 5 Coinparison of radiances generated by atmospheric RT models: (1) 
LOWTRAN 6, single scattering; (2) LOWTRAN 7, multiple scattering; (3) 
UA code; ( 4 )  5s code; and (5) J P L  code. 

TABLE 1 

MODEL CONDITIONS EMPLOYED WITH UA, 5s AND JPL RT CODES 
FOR ROGERS DRY LAKE, CALIFORNIA SEPTEMBER 14,1987 

JUNGE SIZE DISTRIBUTION: 3.46 
AEROSOL SIZE RANGE: 0.02 - 5.02 p m  
REFRACTIVE INDEX: 1.54 - 0.01i 

SOLAR ZENITH ANGLE: 37.3 
SOLAR AZIMUTH ANGLE: 142.9 
SOLAR DISTANCE,AU: 1.0058 
LATITUDE: 340 59.7' PRESSURE: 920.4 mb 
LONGITUDE: 1170 52.4' TEMPERATURE: 2lOC 
ELEVATION: 694 m 2276' 
AIRCRAFT ALT.: 20 km 65620' 
TIME OF OVERPASS: 1821 UT 
CALCULATED VISIBILITY: 26 km 

H20 CONTENT: 0.729 g/cm2/km 
INTEGRATED PATH HzO: 1.76 g/cm2 
OZONE CONTENT: 0376 em-atm 
NADIR VIEWING ANGLE: <50 

THEMATIC MAPPER BAN0 

CENTRAL WAVELENGTH (nrn) 
OPTICAL DEPTH 

AEROSOL 
RAY LEIGH 

GAS TRANSMITTANCE, (5S)b 
SURFACE REFLECTANCE 
SOLAR IRRAD., Wm-2pm-1 

RADIANCE, Wm-2pm-1 S,-1 
NORMALIZED CODE  RAD.^^ 

UAl0  

JPL1l 
5316 

PERCENT DIFFERENCE 

1 2 

486.3 570.6 

0.299 0.237 
0.148 0.077 
0.988 0.920 

~ 0.253 0.335 
1883.84 179995 

3 4 

660.7 Po ' 
0.191 0.135 
0.042 0.016 
0.962 0.964 
0395 0.430 

1533.35 1011.00 

5 7 

1 050a 1250a 1677.0 2223.0 

0.0958 0.0706 0.049 0.032 
0.0065 0.0032 0.0010 0.0003 
0.999 0.9965 0.990 0.979 
0.416 0.426 0.446 0.409 

658.19 464.49 221.13 71.26 
46797 SI7985 .09622 .lo76 0.1046 0.1082 I 1  20 .1029 

I 
126.3 135.6 140.6 101.6 66.9 48.6 24.2 7.1 
128.7 139.3 144.1 103.0 67.2 48.7 24.3 7.2 
128.0 143.7 147.5 1002 68.69 49.86 24.2 1.0 

100 x (JPL - UA)/JPL 1.4 5.6 4.7 -1.4 2.6 2.5 0 .o - 1.4 I 
100 x (JPL - 5S)/JPL - .52 3.8 2.3 -2.8 2.2 2.3 -0.3 -2.9 
100 x (55 - UA)/UA 1.9 2.7 2.5 1.4 0.4 0.2 0.4 1.4 

a MONOCHROMATIC VALUES 
b CALCULATED FROM A RT CODE OF TAURE e t  al.16 USE0 HERE FOR DETERMINING GASEDUSTRANSMITTANCES 
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atmosphere is about 35-40% lower at shorter wavelengths than the results from the 
other codes. The reasons are twofold, LOUTRAN 6 ignores the diffuse irradiance of 
the sky on the target and the upward atmospheric path radiance. The distincticn 
between the results for LOWTRAN 6 and LOGlTRAN 7 essentially disappears ;IC 
wavelengths greater than about 1300 nm. 

The J P L ,  UA,  and 5s models have been exercised at the TM band wavelengths 
only. The numerical differences in output for these three models are summarized in 
Table 1. In general the differences are greatest in the region of strongest 
scattering and may arise in the method of describing the phase function. In par- 
ticular, for the Herman-Browning and JPL codes, the differences disappear for the 
case of a purely Rayleigh atmosphere (J. Martonchik, personal comm.). Close agrce- 
ment is also found between the continuum LOWTRAN 7 radiance and the model-computed 
radiance in the TM bands. A better overall fit between these envelopes could be 
achieved with Two additional points at 
1050 and 1250 nm have been added to realize this in part. 

with closer spacing of the computed points. 

4 . 3  Comparison of AVIRIS-generated and model-generated radiances 

The AVIRIS-generated radiance for the playa target using the pre- and post- 
season gain factors is compared to the three model-generated spectral radiance 
3istrLbutio;is in Figure 6 .  To be definite in ;he comp.zrisoLi, we will ;ega:d thl: UA,  
5S, and JPL codes as more accurately describing the radiance to be expected in TM 
bands 1-4 (spectrometers A and B) from a perfectly functioning and perfectly 
calibrated instrumeht because, as we have mentioned, the LOWTRAN 7 simulation does 
not account properly for the actual elevation of the site. In bands 5 and 7 
(spectrometers C and D), atmospheric scattering is diminished as shown in Figure 5, 
and we can regard comparison with the LOWTPAN 7 model in a better light. The 

I I I I 1 I I I I I 1 

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 
WAVELENGTH, nm 

Figure 6 Comparison of RT code results with radiance for the playa targetl a s  
determined from AVIRIS according to the pre- and post-season r a d i o -  
metric calibrations. 
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differences between observed and the JPL-  and UA-modelled radiances at TM band 
wavelengths, where these code radiances were unambiguously determined, are given in 
Table 2 .  

TABLE 2 

Comparison (in %) of observed and modelled radiances at wavelengths 
of TM bands. (+) or ( - )  values designate observed radiance greater or 
less than % of the model radiance. (A) indicates TM band falls within 

region of spectrometer A, etc. 

Pre-season 
Band JPL UA 

~~ ~ 

Post-season 
JPL UA 

+47 +52 
+5 8 +6 7 
+40 +47 
+13 +12 
--15 -- 15 
-+30 -+30 

The comparison with LOWTRAN 7 is given in Figure 7 .  Here, for spectrometer 
C ,  the agreement between AVIRIS-derived and model radiance in the continuum region 
is within (-)5%, for both pre- and post-season calibrations. For spectrometer D, 
the pre-season result is about 2 5 %  higher and the post-season 50-75% higher than the 
model. The result for spectrometer C is encouraging and leads us to believe in the 
general correctness of the laboratory and model comparisons attempted here, despite 
unfavorable comparisons in the other spectrometers. 
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Figure 7 Percentage difference 100 (LOWTFWN-AVIRIS)/LOWTRAN for the playa target 
and pre- and post-season calibrations. Code used is LOWTRAN 7 .  
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The region 450-1050 nm, covering a l l  of the A and part of the B region is 
presented scale-expanded in Figure 8 and compared to the LOWTRAN 7 result which 
provides the spectral continuity required to interpret (in detail) the AVIRIS 
spectrum. Possibly excepting the concave upward portion of the observed AVIRIS 
spectrum between 450-550 nm, which may represent the Fe+3 band seen in the playa 
reflectance (Figure l), the additional features present were introduced by the 
instrument or are noise. Compare this result with that reported by Vane" (his 
Figure 6 )  at Stonewall Playa, Nevada, in which similar features are present. Note 
also the prominent discontinuity near 700 nm introduced between the spectral regions 
of A and B by the post-season calibration. 
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Comparison of LOWTRAN 7 and AVIRIS-predicted radiances for the spectral 
region 450-1050 nm. The degraded L O W T W  spectrum calculated from Eqn 
(7) using FWHM AA - 9.58 nm in Eqn (8). Post-season calibration. 

5 .  EFFECTIVE IN-FLIGHT SPECTRAL RESOLUTION 

We can use the AVIRIS spectra of Figures 6 and 8 to provide estimates of the 
effective in-flight spectral "resolution", and by inference the spectral sampling 
interval. By spectral resolution, we mean the detection of separate radiance minima 
associated with neighboring absorption bands, arising, in this case, in the 
atmosphere. The spectral sampling interval is obtained qualitatively by dividing 
the wavelength interval covered by each spectrometer by the number of detectors 
covering the interval. 
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An improved evaluation of the spectral sampling properties of AVIRIS can be 
obtained by examining the spectral response function. For each detector located 
provisionally at wavelength Xi, the signal s(Xi) generated by the incident spectrum 
L(X) is 

W 

s(Xi) = f(Xi - X)L(X)dX 
0 

(7) 

where f(Xi - X )  is the spectral response or spread function of the system at Xi from 
the radiance at wavelength A .  In practice, this is evaluated by restricting L(X) to 
a narrow band of wavelengths AX at successive wavelengths 1’ to secure approximately 

The spectral response curves for a number of AVIRIS detectors have been determined 
by Vane et al. using AX E. 1 nm. The function 2 

f(x) = exp(-h2x2) ( 9 )  

proves to be a good representation for the normalized response s(X - X)/L(X)AX 
(Figure 9). The central wavelength of the channel is taken to be the maximum of 
f(x), thus fixing X i ,  and the full width AXi at half maximum height (FWHM) as the 
effective channel spectra width of sampling interval. This gives h - 1.665/AXi. 
The spectral sampling intervals for AVIRIS for all spectrometers have been 
determined by Vane et a l .  as follows: spectrometer A, 10.0 nm, spectrometer B, 9.58 
nm, spectrometer C, 9.86 nm; spectrometer D, 9.85 nm. 
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Figure 9 Comparison of laboratory-measured spectral response with approximation 
of the singl$-;hannel normalized spectral response by the function 
f(x) = exp[-h x ) (smooth curve). 
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In principle, the resolution is determined from the sampling interval and 
Nyquist's sampling theorem. then the 
sampling interval As - 1 / 2 6 A s .  Thus, for 6 A s  = 10 nm, As = 20 nm; that is, narrow 
bands in adjacent channels will produce a single minimum in radiance and are not 
distinguished unless separated by 220 nm. 

If the frequency of sampling is 1 / 6 A s  nm-l, 

We now use these results to examine the implied resolution throughout the 
spectrum. From Figure 6 ,  at 2050 nm (spectrometer D), the pair of GO2 bands are 
separated by 50 nm, and are clearly resolved, thus establishing a resolution <50 nm 
for that spectrometer. At 1600 nm (spectrometer C), the atmospheric C 0 2  bands there 
are separated by 30 nm and are also resolved. 

An improved description of the in-flight spectral resolution is possible 
taking account of the functional form of the spectral response curves, Eqn (9). For 
AVIRIS, a single detector sees a signal that is represented by Eqn ( 7 ) ,  which can be 
used with Eqn (9) to calculate a degraded full-resolution LOWTRAN 7 equal to that of 
AVIRIS. By comparing the degraded LOWTRAN spectrum to the observed AVIRIS spectrum 
and using h as a variable parameter the effective AVIRIS spectral resolution can be 
deduced. This comparison is shown in Figure 8 using FWHM = 10 nm (h - 0.1665)! 
which represents the expected AVIRIS spectrum if the instrument were actually 
sampling at the laboratory-determined estimated sampling interval. A better match 
(Figure 10) is provided by doubling the width of the Figure 9 spectral response 
curve so that the full sampling width at half-maximum is 20 run. This is in accord 
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Figure 10 Comparison of the observed AVIRIS spectrum and LOWTRAN 7 spectrum 
degraded using FWHM AA - 20 nm in Eqn ( 8 ) .  Post-season calibration. 
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with the post-season spectral calibration of AVIRIS, which revealed that, because of 
the detachment of optical fibers in spectrometers A and B and the resulting de- 
focussing, the spectral FWHM of these two spectrometers was 18-20 nm compared to 9 -  
10 nm in the pre-season calibration. Spectrometers C and D were found to have 
remained unchanged. 

6 .  SUMMARY 

Data from an AVIRIS overflight of a field test site at Rogers Dry Lake, 
California have been analyzed to characterize the in-flight radiometric and spectral 
performance of the instrument. The combined field data sets of the UA, USDA and JPL 
groups, consisting of spectral reflectance observations of the playa and optical 
depth measurements of the atmosphere, are presented. Results of the measurement 
programs agreed closely (a few percent for reflectance, 1% for optical depth 
determinations). Results of two laboratory radiometric calibrations of AVIRIS, pre- 
and post-season are presented. Significant differences in gain factors were found 
between the two calibrations, varying from reductions of as much as a factor of 2 . 8  
in performance (spectrometer A) to essential stability (spectrometer C). Employing 
a reflectance-based method, we compared the AVIRIS-generated response to five 
separate atmospheric RT models. Reasonable and encouraging agreement was found 
between the irstrwnent-produced radiance using the post-season calibration data, and 
the three multiple scattering RT models employed, particularly for spectrometer C. 
A scenario that may explain much of the variable behavior of the other spectrometer 
is as follows: (1) instrument was calibrated pre-season; (2) optical fibers 
detached during flight season prior to September 14 calibration flight; ( 3 )  
instrument was re-calibrated post-season with fibers detached but not necessarily in 
positions occupied during the September 14 calibration flight. While the fiber 
detachment problem may partly account for the variable performance of AVIRIS 
relative to that expected, a complete story must include the effects of in-flight 
thermal and. mechanical distortion, since the flight environment is drastically 
different from that of the laboratory. There seems to be no way of separating these 
effects for the past data sets because AVIRIS has since been refurbished. We must 
therefore rely on future test flights to explore such questions. 
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AGENDA 

AVIRIS PERFORMANCE EVALUATION WORKSHOP 

JUNE 6, 7, 8, 1988 

JPL BUILDING 167 CONFERENCE ROOM 

MONDAY, JUNE 6, 1988 

8:OO Shuttle Bus Leaves Pasadena Holiday Inn for JPL 

8:30 Check-In at JPL Visitor Control Center 

9:OO JPL Welcome, Building 167 Conference Room: 
Assistant Laboratory Director, Office of Space Science and 
Instruments 

Charles Elachi, 

9: 15 NASA Headquarters Welcome: Diane Wickland, Manager, 
Terrestrial Ecosystems Program, Earth Science Division, NASA 

9:30 Workshop Overview and AVIRIS Project Status: Gregg Vane, 
AVIRIS Experiment Scientist and Manager 

1O:OO Break 

1 0: 3 0 AVIRIS Instrument Status: Wallace Porter, AVIRIS 
Instrument Engineer 

1 1 :00 AVIRIS Laboratory Calibration Status: Thomas Chrien, 
AVIRIS Optics and Calibration Engineer 

1 1 : 3 0 AVIRIS Ground Data Processing: 
Ground Data Processing System Manager 

John Reimer, AVIRIS 

12:oo LUNCH 

1:oO Spectral Analysis Manager (SPAM) Software Status: 
Mazer and Greg Cooper, SPAM Development Group 

Alan 

1:30 U-2 Operations: Gary Shelton and Ron Williams, NASA Ames 
High Altitude Branch 
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2:OO AVIRIS field radiometric and spectral calibration and 
studies of the atmosphere and surface by model and 
observational methods: James Conel, Robert Green, Carol 
Bruegge, Jack Margolis, Ron Alley, Gregg Vane, Veronique 
Carerre, Philip Slater, and Ray Jackson 

2:30 BREAK 

3:OO Radiometric performance of AVIRIS: Assessment for an arid 
region geologic target: Hugh Kieffer and Kevin Mullens 

3:30 Calibration of AVIRIS images to reflectance: J.B. Adams, M.O. 
Smith, A.R. Gillespie, D. Sabol, and D.A. Roberts 

4:OO A quick-look assessment of AVIRIS radiometic quality over 
water: James Mueller 

4:30 DISCUSSION 

5:OO ADJOURN 

5:15 Shuttle Bus Departs JPL for Pasadena Holiday Inn 

6:OO RECEPTION at the Pasadena Holiday Inn (Piazza Room) 

TUESDAY, JUNE 7, 1988 

8:OO Shuttie Bus Leaves Pasadena Holiday inn for JPL 

8:30 Zones of information in the AVIRIS spectra: 
Jennifer Dungan 

Paul Curran and 

9:OO Assessment of AVIRIS data for characterizing a northern 
forest: John Ranson 

9:30 Evaluation of ozone injury in Ponderosa pine forests using 
AVIRIS: Brian Curtiss, Susan Ustin and Scott Martens 

1 O : O O  BREAK 
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10:30 Calibration and evaluation of AVIRIS data: Roger Clark 

1 1 :00 Automated extraction of absorption features from Airborne 
Visible/Infrared Imaging Spectrometer (AVIRIS) and Geo- 
physical Environmental Research Imaging Spectrometer 
(GERIS) data: Fred A. Kruse and Wendy M. Calvin 

1 1 : 30 Preliminary analysis of Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) data for mineralogical mapping at 
sites in Nevada and Colorado: Fred A. Kruse and Dan L. 
Tar  ani k 

12:oo LUNCH 

1:00 Assessment of AVIRIS data from vegetated sites in the Owens 
Valley, California: Barry Rock and Chris Elvidge 

1:30 Examination of the spectral features of vegetation in 1987 
AVIRIS data: Chris Elvidge 

2:OO AVIRIS data quality for coniferous canopy chemistry: Nancy 
Swanberg 

2:30 BREAK 

3:OO Evaluation of AVIRIS data for stratigraphic analysis of the 
Wind River/Bighorn Basin area, Wyoming: 
Veronique Carerre and Earnest Paylor 

Harold Lang, 

3:30 AVIRIS data characteristics and their effects on spectral dis- 
crimination of rocks exposed in the Drum Mountains, Utah: 
Results of a preliminary study: 
Dave Meyer 

Brian Bailey, John Dwyer, and 

4:OO King/Kaweah ophiolite melange: A first look: John F. Mustard 
and Carle M. Pieters 

4:30 DISCUSSION 

5:OO ADJOURN 

5:15 Shuttle Bus Leaves JPL for Pasadena Holiday Inn 
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WEDNESDAY, JUNE 8,1988 

8:OO 

8:30 

9:oo 

9:30 

1o:oo 

10:30 

11 :oo 

11:30 

1 :oo 

2:30 

3:OO 

5:OO 

Shuttle Bus Leaves Pasadena Holiday Inn for JPL , 

Characterizatjon of rice field habitat quality using AVIRIS 
data: 
washino and Paul D. Sebesta 

Byron W. Wood, Kenneth J. Weinstock, Robert K. 

Anaiysis nf AWEUS spectra of California wetlands: 
Gross, V. Klemas and S. Ustin 

M. F. 

An assessment of AVIRIS spectra acquired over the Goldfield 
Mining District, Nevada: 
Carerre 

Michael Abrams and Veronique 

BREAK 

Assessment of AVIRIS inflight performance over the Mtn. 
Pass Carbonatite, California: 
Dave Meyer 

Larry Rowan, Jim Crowley and 

Assessment of AVIRIS inflight performance over the Mtn. 
Pass Carbonatite, California: Gregg Vane and Robert Green 

LUNCH 

Workshop Summary, Recommendations from the 
Performance Evaluation Investigators to NASA Headquarters 
and the AVIRIS Project at JPL 

BREAK 

SPAM Demonstration, Laboratory Tours (to be arranged) 

Shuttle Bus Leaves JPL for Pasadena Holiday Inn (earlier 
departure to be arranged if requested by workshop 
attendees) 
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AVIRIS WORKSHOP ATTENDEE LIST 

JOHN ADAMS 
DEPT. GEOLOGICAL SCI. AJ-20 
UNIVERSITY OF WASHINGTON 
SEATTLE, WA 98195 

STEVEN ADAMS 
JPL 
M / S  168-552 

PAUL ANUTA 
HUGHES AIRCRAFT COMPANY 
P.O. BOX 902 MSE52/D220 
EL SEGUNDO, CA 90245 

GHASSEM ASRAR 
NASA HEADQUARTERS 
CODE EEL 
WASHINGTON, D.C. 20546 

G. BRYAN BAILEY 
U.S. GEOLOGICAL SURVEY 
EROS DATA CENTER 
SIOUX FALLS, SD 57198 

LEE BALICK 
EG C G ENERGY MEASUREMENTS 
MS H-02 
P.O. BOX 1912 
LAS VEGAS, NV 89125 

C. BANNINGER 
INST. FOR IMAGE PROCESSING 
AND COMPUTER GRAPHICS 
WASTIANGASSE 6 
GRAZ, AUTRIA A-8010 

LISA BARGE 
JPL 
M / S  168-522 

SAMUEL BARR 
U.S. ARMY ENG. TOPO. LABS 
ATTN: SL-TE 
FORT BELVOIR, VA 22060-5546 

M.J. BARTHOLOMEW 
JPL 
M/S 183-501 



DENNIS BEAVER 
BATTELLE PACIFIC NW LABS 
P.O. BOX 999 
RICHLAND, WA 99352 

JOHN L. BERRY 
SHELL DEVELOPMENT CO 
BRC-GEOPHYSICIST 
P.O. BOX 481 
HOUSTON, TX 77001 

PAMELA BLAKE 
SETS, INC. 
1110 UNIVERSITY AVENUE #506 
HONOLULU, HI 96822 

JOE BOARDMAN 
CIRES/CSES 
CAMPUS BOX 449 
BOULDER, CO 80309 

J. BODECHTEL 
JRC - EUROPEAN COMMUNITIES 
ISPRA (VA) ITALY 
ISPRA ESTABLISHMENT 
ISPRA (VA) ITALY J21020 

STEPHEN BRIGGS 
BRITISH NATIONAL SPACE CENTER 
R16 BUILDING 
RAE 
FARNBOROUGH, HANTS, UK 
GU14 6TD 

GEORGE CAMPBELL 
BOEING AEROSPACE 
P.O. BOX 3999 M/S 84-19 
SEATTLE, WA 98124-2499 

STEVE CARPENTER 
JPL 
M/S 168-427 

VERONIQUE CARRERE 
JPL 
M/S 183-501 

ROGER N. CLARK 
U.S. GEOLOGICAL SURVEY 
M/S 964, BOX 25046 
FEDERAL CENTER 
DENVER, CO 80225 
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JOE CONLEY 
JET PROPULSION LABORATORY 
M/S 264-654 
PASADENA, CA 91109 

MIKE CRAWFORD 
ARC0 OIL & GAS COMPANY 
2300 W. PLANO PKWY 
PLANO, TX 75075 

ROBERT CRIPPEN 
JPL 
M/S 300-233 

JIM CROWLEY 
U.S. GEOLOGICAL SURVEY 
NATIONAL CENTER MS 927 
RESTON, VA 22092 

PAUL CURRAN 
NASA, AMES RESEARCH CENTER 
M/S 242-4 
MOFFETT FIELD, CA 94035 

BRIAN CURT IS S 
CSCS/CIROS 
UNIVERSITY OF CO 
CAMPUS BOX 449 
BOULDER, CO 80303 

JEFF DOZIER 
JPL 
M/S 264-654 

NICK DRAKE 
DEPT. GEOGRAPHY 
UNIVERSITY OF READING 
WHITERNIGHTS 
READING, ENGLAND 

JENNIFER DUNGAN 
NASA AMES RESEARCH CENTER 
M/S 242-4 
MOFFETT FIELD, CA 94035 

JOHN DWYER 
EROS DATA CENTER 
SIOUX FALLS, SD 57198 

CHRIS ELVIDGE 
DESERT RESEARCH INSTITUTE 
P.O. BOX 60220 
RENO, NV 89506--0220 
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WAI-CHI FANG 
JPL 
M/S 300-329 

WILLIAM FARRAND 
LUNAR 61 PLANETARY LAB 
UNIVERSITY OF SBIZONA 
TUCSON, AZ 85721 
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MACKAY SCHOOL OF MINES 
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RENO, NV 89506 

HARLON FOOTE 
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JAMES FREW 
COMPUTER SYSTEMS LAB 
UNIVERSITY OF CALIFORNIA 
SANTA BARBARA, CA 93016 

ALEXANDER GOETZ 
CSES CAMPUS BOX 449 
UNIVERSITY OF COLORADO 
BOULDER, CO 80309 

ROBERT GREEN 
JPL 
M / S  183-501 

MIKE GROSS 
MARINE STUDIES 
UNIVERSITY OF DELAWARE 
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FRED B. HENDERSON I11 
C/O GEOSAT COMMITTEE 
601 ELM STREET ROOM 438C 
NORMAN, OK 73019 

MARK HERRING 
JPL 
M / S  11-116 
PASADENA, CA 91109 

JOHN HOM 
6330 ALVARADO CT, #208 
SAN DIEGO STATE UNIVERSITY 
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GORDON HOOVER 
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M / S  183-501 

RAY HUNT 
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AMY HUTSINPILLER 
MACKAY SCHOOL OF MINES 
DEPARTMENT OF GEOLOGY 
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Slide No. 

1 

2 

3 

4 

5 

6 

7, 8 

9 

Senior 
Caption Author 

Characteristics of AVIRIS Vane 

(a) Three-color composite image of the Mountain Pass Cone 1 
site using 10 nm channels from AVIRIS, 1537 nm 
(red), 1051 nm (green), 672 nm (blue). The point 
labeled A locates station where optical depth 
was determined; point B, a playa target used for 
inflight calibration of the instrument. (b) gen- 
eralized topographic map of the site, (c) map of 
the distribution of precipitable water in cm (color 
scale at right) determined using the 940 nm atmos- 
pheric water band, and the radiance ratio L(940)/ 
L(870). Stippled region CD marks location of sharp 
change in mapped water abundance that may represent 
edge of water vapor boundary layer tapered against 
the topography. 

A false-color-infrared composite of the Cripple 
Creek scene. The reflectance at 0.88 m is red, 
the reflectance at 0.68 m is green, and the 
reflectance at 0.54 m is blue. 

A Color-Composite-Band-Depth Image (CCBDI): the 
band depth for the 0.94- m goethite band depth is 
assigned to red, the 0.68- m lodgepole pine band 
depth is assigned to green, and the 2.20- m 
kaolinite band depth is assigned to blue. A band 
depth of zero is black. The purplish area to the 
upper left of center is Globe Hill, a region of 
hydrothermal alteration. 

AVIRIS false-color composite of the test area. 
Red: b200 (2.21 m); Green: b130 (1.56 m); 
Blue: b50 (0.8 m) . (The bands are only 
corrected for dark current variations and 
detector read-out delays.) 

Example of color composite combining different 
ratios. Red: Kaolinite (b179/b172); Green: 
Jarosite (b5/b20); Blue: Alunite (b134/b131). 

Comparison of AVIRIS spectra and library spectra 
using SPAM. A: Example of Kaolinite (slide 
No. 7); B: Example of Alunite (slide No. 8) .  

A: Classified image obtained using the 
clustering program CLUSAN; B: Examples of 
classes as determined by CLUSAN. 

Clark 

Clark 

Carrere 

Carrere 

Carrere 

Carrere 
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Slide No. Cap t ion 

10 Single spectrum residual compared with original 
atmospheric curve for alluvium calibration 
target. 

11 Comparison between flat field corrected and 
single spectrum corrected data. 

12 Comparison of AVIRIS and Thematic Mapper images 
of Mountain Pass, CA, at equivalent spectral 
wavelengths and bandwidths. AVIRIS more 
completely resolves the two strands of Inter- 
state 15 as well as the fine stratigraphic units 
and drainage patterns found at the test site. 
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