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ABSTRACT 

The third and final Airborne Imaging Spectrometer (AIS) Data 
Analysis Workshop was held at the Jet Propulsion Laboratory on June 
2, 3, and 4, 1987 .  It was attended by 106 people from 9 countries. 
Papers were presented by 20 investigators; summaries of 1 7  of these 
papers are published in these Workshop Proceedings. After a 
morning devoted to a status overview of the JPL imaging 
spectrometer program the first day of the Workshop, the remaining 
time was spent discussing AIS calibration, performance, information 
extraction techniques, and the application of high spectral 
resolution imagery to problems in geology and botany. Partly as a 
result of improvements to the sensor and additional time spent in 
analyzing data since the last Workshop, this Workshop produced the 
most convincing evidence of the power of imaging spectroscopy 
presented to date. Nevertheless, much work yet remains to be done 
to pave the way for routine application of this new tool to the 
full suite of earth science problems addressable with high spectral 
resolution remote sensing. Considerable enthusiasm was expressed 
for the new sensors now becoming available to replace AIS, the 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) and the 
Portable Instant Display and Analysis Spectrometer (PIDAS). 
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FOREWORD 

In the text and figure captions of some of the papers in the Proceedings, 
reference is made to color slides in a pocket at the end of the Proceedings. 
These 35 millimeter slides are sometimes color versions of the referenced 
black and white figures within the Proceedings. A limited number of copies 
were printed with the color slides included. 
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INTRODUCTION TO THE PROCEEDINGS OF THE T H I R D  AIRBORNE I M A G I N G  
SPECTROMETER ( A I S )  DATA ANALYSIS WORKSHOP 

GREGG VANE, Je t  Propulsion Laboratory, C a l i f o r n i a  I n s t i t u t e  of 
Technology, Pasadena, Cal i forn ia  

The t h i r d  and f i n a l  Airborne Imaging Spectrometer ( A I S )  Data 
Analysis Workshop was h e l d  a t  t h e  J e t  Propulsion Laboratory i n  
Pasadena, Ca l i fo rn ia ,  June 2 ,  3, and 4 ,  1 9 8 7 .  The Workshop was 
at tended by 1 0 6  people from 9 countr ies  and was t h e  capstone of an 
in tens ive  e f f o r t  begun i n  1983 t h a t  has r e su l t ed  i n  t h e  s u c c e s s f u l  
establishment of a fundamentally new and powerful approach t o  ea r th  
remote sensing c a l l e d  imaging spectroscopy. I n  1983, t h e  f i r s t  
known sensor t o  image t h e  e a r t h  i n  many narrow contiguous s p e c t r a l  
bands i n  t h e  short-wavelength in f r a red  began operat ions aboard the  
NASA Ames C-130 research a i r c r a f t .  A I S  was b u i l t  o r i g i n a l l y  a s  an 
engineering tes t  bed f o r  two-dimensional i n f r a red  de tec to r  a r rays  
opera t ing  i n  t h e  0 .8  t o  2.5 micrometer (pm) region.  Early t e s t  
f l i g h t s  over n a t u r a l  vege ta t ion  along t h e  Santa Clara  River i n  
southern Ca l i fo rn ia  and over t h e  hydrothermally a l t e r e d  Cupri te  
Mining Distr ic t  i n  Nevada confirmed t h a t  t h e  capab i l i t y  t o  acquire 
a complete reflectance spectrum for each pixel in the image pro- 
vides the earth scientist with a powerful new class of data for 
i den t i fy ing  and assessing the  c h a r a c t e r i s t i c s  of surface mater ia l s .  
Acquis i t ion of da t a  was immediately expanded t o  encompass a much 
wider range of sur face  cover types and e a r t h  science d i s c i p l i n e s .  
Throughout t h e  succeeding years s ince  t h e  f i r s t  image was acquired 
with A I S ,  some 7000 f l i g h t  l i n e  miles of da ta  have been acquired 
th roughou t  t h e  U S ,  A u s t r a l i a  and Europe f o r  over 50 s c i e n t i s t s .  
Three sets of Workshop proceedings have been published, w e l l  over a 
dozen papers have appeared. i n  t h e  peer-reviewed l i t e r a t u r e ,  and a 
s p e c i a l  i s s u e  of Remote Sens ing  of Envirnoment dedica ted  t o  
research  conducted with A I S  da ta  w i l l  be published i n  February, 
1988. Considerable improvements were made i n  t h e  sensor over t h i s  
per iod a s  w e l l ,  with a major upgrade t o  t h e  o r i g i n a l  instrument i n  
t h e  w i n t e r  of 1985/86 t o  incorporate a l a r g e r  a rea  de t ec to r  a r r ay .  
Most of t h e  papers i n  t h i s  set of proceedings summarize research 
conducted with da ta  from t h e  improved A I S - 2 .  

The Airborne Imaging Spectrometer was re t i red  i n  1 9 8 7  a s  an 
instrument f o r  e a r t h  remote sensing, although it  i s  s t i l l  being 
used f o r  engineering s tud ie s  r e l a t e d  t o  de t ec to r  and sensor design 
and performance. A I S  has been replaced by a much more capable 
sensor  c a l l e d  t h e  Airborne Vi s ib l e / In f r a red  Imaging Spectrometer 
( A V I R I S )  t h a t  covers t h e  e n t i r e  spectrum from 0 . 4  t o  2 . 4 5  pm a t  
high s p e c t r a l  and s p a t i a l  r e so lu t ion  over an 11 kilometer swath. 
I n  a d d i t i o n ,  a new f i e l d  instrument has been b u i l t  c a l l e d  t h e  
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Por tab le  I n s t a n t  Display and Analysis Spectrometer ( P I D A S )  , t o  
p rov ide  h igh  s p e c t r a l  r e s o l u t i o n  ground t r u t h  f o r  use i n  
con junc t ion  w i t h  A V I R I S  imagery. F i n a l l y ,  t h e  p i o n e e r i n g  
s c i e n t i f i c  work done w i t h  AIS h a s  led NASA t o  d i r e c t  J P L  t o  bui ld  
an observatory-class  imaging spectrometer f o r  t h e  polar -orb i t ing  
Earth Observing System (Eos) t o  be launched i n  t h e  mid-1990s. 

The 1 7  papers published i n  t hese  proceedings a t t e s t  t o  t h e  
power of t h e  new t o o l  of imaging spectroscopy. That so much has 
been accomplished i n  so short  a time i s  a t r i b u t e  t o  those who have 
worked so  bravely and d i l i g e n t l y  w i t h  such a fundamentally new 
c l a s s  of da ta  which up t o  t h e  da te  of t he  Third A I S  Workshop was 
a v a i l a b l e  only from an instrument t h a t  was designed t o  be an 
engineering t e s t  bed. A b r i e f  summary of each of t h e  papers i n  
t h e s e  proceedings  fo l lows  on t h e  remaining pages of t h i s  
in t roduct ion .  For a more complete overview of t h e  accomplishments 
of t he  A I S  Program, see Vane and Goetz (1985,  1986 ,  1 9 8 7 1 ,  Goetz e t  
a l .  (19851,  and Vane ( 1 9 8 6 ) .  

SENSORS, SENSOR PERFORMANCE, CALIBRATION AND INFORMATION EXTRACTION 

The papers presented a t  t he  Third A I S  Workshop f a l l  general ly  
i n t o  t h r e e  broad ca t egor i e s :  (1) Those r e l a t e d  t o  t h e  sensor, i t s  
c a l i b r a t i o n  and performance, and t echn iques  f o r  e x t r a c t i n g  
information; ( 2 )  those r e l a t e d  t o  botanical  research conducted w i t h  
A I S ;  and (3) those  r e p o r t i n g  on geologica l  research  w i t h  A I S .  
During t h e  f i r s t  morning of t h e  Workshop, an overview of t h e  
imaging spectrometer program a t  J P L  was presented, including s t a t u s  
summaries on t h e  Eos instrument H I R I S  (High Resolution Imaging 
Spectrometer) and A V I R I S ,  and A l e x  Goetz presented a t a l k  on t h e  
new Por tab le  Ins t an t  Display and Analysis Spectrometer ( P I D A S ) ,  a 
summary of which i s  included i n  t h e s e  proceedings.  P I D A S  i s  a 
f i e l d  i n s t r u m e n t  weighing 67 pounds which i n  2 seconds acquires  an 
872-point spectrum from 0 . 4  t o  2 . 5  p m .  The e n t i r e  instrument i s  
a t t a c h e d  t o  a backpack and has been c a r r i e d  t o  many remote 
loca t ions  where it i s  operated on i n t e r n a l  b a t t e r i e s .  Through the  
use of bubble memory cards,  over 700 spec t ra  can be acquired before 
downloading t o  a Toshiba T l l O O  P l u s  personal computer i s  required 
f o r  f u r t h e r  da ta  acqu i s i t i on .  A hand-held d isp lay  u n i t  allows the  
user  t o  d i s p l a y  t h e  cu r ren t  spectrum o r  any o t h e r s  i n  memory, 
including a l i b r a r y  of 1 2 8  permanently s to red  l i b r a r y  spec t ra  f o r  
comparison and i n t e r p r e t a t i o n  i n  t he  f i e l d .  P I D A S  was b u i l t  a t  J P L  
f o r  Cal tech under funding from t h e  W .  M .  Keck  Foundation and 
Caltech. J P L  has proposed t o  NASA f o r  funds t o  acquire  P I D A S  from 
Caltech and b u i l d  a second instrument,  both t o  be operated under 
t h e  A V I R I S  P ro jec t  i n  support of NASA-sponsored research i n  t h e  
e a r t h  sciences.  

Cone1 e t  a l .  reported on t h e  use of A I S - 2  and P I D A S  f o r  t he  
recovery  of ground r e f l e c t a n c e  a t  t h e  Rogers D r y  Lake i n  
C a l i f o r n i a .  An experiment was conducted i n  October, 1 9 8 6 ,  t o  
examine A I S  radiometry i n  f l i g h t  compared t o  i n  t h e  l ab .  Results 
of t h e  study i n d i c a t e  t h a t  t h e  i n - f l i g h t  radiance measurement of 
t h e  Rogers Dry  Lake i s  about 30 percent higher than t h a t  obtained 
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using t h e  laboratory ca l ib ra t ion ,  t h e  s p e c t r a l  sampling i n t e r v a l  i s  
2 0  t o  30 n m  i n  f l i g h t ,  and t h e  instrument-atmosphere-surface 
signal- to-noise  r a t i o  l i e s  between 4 0  and 1 1 0 ,  depending on how 
scene averages a r e  taken .  T h i s  i s  30 percent lower than i n  t h e  
l a b o r a t o r y  and i s  due probably t o  a tmospheric  and s u r f a c e  
v a r i a t i o n s .  I n  t h e  s tudy,  var ious  methods were explored f o r  
reducing t h e  d a t a  t o  ground r e f l e c t a n c e .  I t  was found t h a t  t h e  
so-called log-residual  method was l e a s t  e f f e c t i v e ,  due probably t o  
t h e  g r e a t  homogeneity of t h e  su r face ,  while t h e  empir ica l  l i n e  
method returned sur face  r e f l ec t ance  values t h a t  were w i t h i n  a few 
percent of t h e  ac tua l  observed values .  

Feldman discussed t h e  use of p r inc ipa l  component ana lys i s  f o r  
ex t r ac t ing  geological ly  useful  information from A I S - 1  data  from the  
hydrothermally a l t e r e d  Hot Creek Range i n  Nevada. Using a 
technique involving t h r e e  separa te  PC analyses ,  she was ab le  t o  
achieve a good mineralogical  separa t ion  i n  t h e  Hot Creek Range. 
T h e  f i r s t  ana lys i s  used the  f i r s t  1 6  of 32 A I S  bands i n  t he  2 0 4 8  t o  
2337 pm range a s  input ,  t h e  second used 7 intermediate  bands, and 
t h e  t h i r d  used t h e  l a s t  1 6  bands from the  32 f l a t - f i e ld -co r rec t ed  
bands over  t h i s  s p e c t r a l  r e g i o n .  While t h i s  approach i s  
computationally in tens ive ,  it employs algorithms e x i s t i n g  on most 
image processing s y s t e m s .  

Her i c  e t  a l .  have a t tempted  t o  use  A I S - 1  imagery i n  
conjunction w i t h  NSOOl and Large Format Camera ( L F C )  co lor  I R  and 
black and white imagery t o  perform improved land cover and land use 
c l a s s i f i c a t i o n  of Cairns,  Queensland, A u s t r a l i a .  Challenges i n  
i n t e g r a t i n g  t h e  images from a l l  t h r e e  sensors  l i m i t e d  t h e  f u l l  
u t i l i t y  of t h e  da ta  s e t s  i n  performing an in tegra ted  study, but t he  
c l a s s i f i c a t i o n  of t h e  LFC images was enhanced by tak ing  advantage 
of t h e  s p e c t r a l  con ten t  of t h e  A I S  imagery. The o v e r a l l  
c l a s s i f i c a t i o n  accuracy was determined t o  be 8 9  percent .  

I n  another repor t  on A I S  ca l ib ra t ion ,  S m i t h  e t  a l .  discussed a 
method f o r  c a l i b r a t i n g  images t o  r e f l e c t a n c e  i n  a way which 
t ransforms t h e  image i n t o  a measure t h a t  i s  independent of t h e  
s o l a r  r a d i a n t  f l u x .  The t r a n s f o r m a t i o n  a l s o  m a k e s  t h e  i m a g e  
spec t ra  d i r e c t l y  comparable t o  spectra  from the  laboratory and from 
f i e l d  spec t rometers .  Applying t h e  approach developed t o  A I S - 2  
imagery over t h e  Tucson Mountains, Arizona, t h e  authors  show t h a t  
f i r s t ,  t h e  response of A I S - 2  i s  nearly l i n e a r ,  second, t he  s p e c t r a l  
variance i n  t h e  data  i s  caused pr imar i ly  by sub-pixel mixtures of 
s p e c t r a l l y  d i s t i n c t  mater ia l s  and shade, and t h i r d ,  t h e  sub-pixel 
mixtures can be t r e a t e d  a s  l i n e a r  m i x t u r e s  of pure s p e c t r a l  end 
members which a r e  r e l a t i v e l y  few i n  number. The approach employed 
t h u s  makes it poss ib l e  t o  separa te  sur face  e f f e c t s  from those of 
t h e  instrument, t h e  atmosphere and t h e  s o l a r  spectrum. 

Clark and King d i scussed  causes  of spu r ious  f e a t u r e s  i n  
s p e c t r a l  r e f l e c t a n c e  d a t a  t h a t  can l e a d  t h e  unsuspec t ing  
i n v e s t i g a t o r  t o  draw i n c o r r e c t  conc lus ions  from t h e  d a t a .  
Wavelength i n s t a b i l i t y  from one scan l i n e  t o  t h e  next i s  one 
obvious cause of such spur ious  f e a t u r e s ,  but s e v e r a l  of t h e  
techniques being employed i n  t he  ana lys i s  of imaging spectrometer 
da ta  can a l s o  introduce a r t i f a c t s .  Continuum removal by r a t i o i n g  
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an averaged spectrum from t h e  scene t o  each p i x e l  i n  t h e  scene can 
produce band s h i f t s  and/or changes i n  band width o r  shape. Band 
p o s i t i o n s  can a l s o  be s h i f t e d  i f  continuum removal i s  done by 
subt rac t ion  r a t h e r  than d iv i s ion .  I n  a companion paper, Clark e t  
a l .  descr ibe an algorithm f o r  automated ana lys i s  of t h e  continuum 
and f e a t u r e s  i n  s p e c t r a .  The continuum algorithm i s  based on a 
"segmented upper h u l l "  method i n  which an upper h u l l  i s  performed 
on segments of t h e  spectrum defined by l o c a l  maxima and minima. 
The segments making a complete spectrum a r e  then combined. T h i s  
approach al lows t h e  continuum t o  be both convex and concave, 
adapting t o  t h e  shape of t h e  spectrum under s t u d y .  The algorithm 
adapts t o  t h e  w i d t h s  of absorpt ion f e a t u r e s  so t h a t  a l l  f ea tu re s  
a re  found, including doublets,  t r i p l e t s ,  e t c .  Clark e t  a l .  report  
t h a t  t h e  algorithm i s  reasonably f a s t  on a minicomputer, making it  
appl icable  t o  t h e  ana lys i s  of data  from imaging spectrometers. 

APPLICATION OF A I S  IMAGERY TO BOTANICAL RESEARCH 

Five of t h e  8 papers on bo tan ica l  research presented a t  t h e  
Third A I S  Workshop a r e  summarized here i n  these  proceedings. The 
f i r s t ,  by  Swanberg and Matson, dea ls  w i t h  t h e  u s e  of A I S - 2  data  t o  
s t u d y  induced v a r i a t i o n s  i n  coni fe rous  canopy chemistry.  W e t  
chemistry a n a l y s i s  was used t o  confirm t h a t  t reatments  appl ied t o  
an even-aged f o r e s t  of Douglas f i r  t r e e s  near  M t .  Taylor,  N e w  
Mexico, were e f f e c t i v e  i n  providing a range of f o l i a r  n i t rogen  
concentrat ions.  A t  t h e  time of t h e  Workshop, work was j u s t  ge t t i ng  
u n d e r  way i n  performing a c o r r e l a t i o n  study of t h e  A I S  and wet 
chemistry d a t a .  Prepara t ion  of t h e  A I S  d a t a  f o r  t h e  a n a l y s i s  
i n c l u d e d  t h e  removal of image l i n e s  dropped during t h e  o r i g i n a l  
decommutation of t h e  A I S  data ,  appl ica t ion  of a notch f i l t e r  t o  t h e  
Four ie r  t ransform of t h e  image t o  remove v e r t i c a l  s t r i p i n g ,  and 
resampling t o  cor rec t  t h e  aspect r a t i o  of t h e  imagery. Work yet t o  
be done includes t h e  examination of f i r s t  and second d i f fe rence  A I S  
s p e c t r a  from study p l o t s  a t  s p e c t r a l  channels known t o  contain 
information about a given f o l i a r  cons t i t uen t ,  and explora t ion  of 
mul t ip l e  s tepwise l i n e a r  r eg res s ion  techniques f o r  determining 
s p e c t r a l  bands co r re l a t ed  t o  f o l i a r  chemical composition. 

The next paper i n  t h e  proceedings i s  a progress  r epor t  by 
Banninger on t h e  A I S - 2  experiment conducted i n  Austr ia  i n  1 9 8 6 .  
Data were c o l l e c t e d  over 8 s i t e s  i n  conjunction w i t h  s t u d i e s  i n  
f o r e s t  damage assessment, geobotany, a lp ine  vegetation mapping, and 
land-use c l a s s i f i c a t i o n .  I n  t h e  geobotanical  study, prel iminary 
s p e c t r a l  r e f l e c t a n c e  curves showed an increase  i n  r e f l ec t ance  f o r  
metal-stressed spruce t r e e s  compared w i t h  non-stressed t r e e s .  

Gross e t  a l .  reported on t h e i r  research w i t h  A I S - 2  da ta  from 
t h e  wetlands of San Francisco and S u i s u n  Bays, Ca l i fo rn ia .  Using 
broad-band d i f fe rences  i n  br ightness ,  it was poss ib le  t o  accurately 
d e l i n e a t e  t h e  major cover types  which included s tands  of green 
S a l i c o r n i a  v i r g i n i c a  , green S e s u v i u m  v e r r o c o s u m ,  senesc ing  
D i s t i c h l i s  s p i c a t a ,  a mixture of senescing S c i r p u s  a c u t u s  and 
S c i r p u s  c a l i f o r n i c u s ,  senescing S c i r p u s  p a l u d o s u s ,  senescent  
S c i r p u s  p a l u d o s u s ,  mowed senescent S c i r p u s  p a l u d o s u s ,  and s o i l .  No 
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d i f f e r e n c e s  among narrow-band spec t r a l  r e f l e c t a n c e  of t h e  c o v e r  
t y p e s  w a s  a p p a r e n t  i n  t h e  r e g i o n  be tween  0 . 8  a n d  1 . 6  pm. I n  
p e r f o r m i n g  t h e  a n a l y s i s  o f  t h e  d i s t r i b u t i o n  of t h e  cover t y p e s  
u s i n g  broad-band d i f f e r e n c e s  i n  r e f l e c t a n c e ,  a p r o c e d u r e  w a s  u sed  
t h a t  assumed an  add i t ive  l i n e a r  m i x t u r e  of s u r f a c e  s p e c t r a .  

P r i c e  a n d  Westman have  u s e d  AIS-2 data  f rom c o a s t a l  s c r u b  
v e g e t a t i o n  i n  t h e  S a n t a  Monica Mountains ,  C a l i f o r n i a ,  t o  d e t e r m i n e  
w h e t h e r  n a r r o w  s p e c t r a l  f e a t u r e s  m i g h t  be u s e d  t o  assess  
c o n c e n t r a t i o n s  of c e r t a i n  canopy c h e m i c a l  c o n s t i t u e n t s .  They 
a p p l i e d  a F o u r i e r  n o t c h  f i l t e r  t o  t h e  data,  which were t h e n  ra t ioed  
a g a i n s t  a f l a t  f i e l d  spec t rum c o n s t r u c t e d  from t h e  r e f l e c t a n c e  o f  
t h e  n e a r b y  I n t e r s t a t e  5 f reeway n o r t h  of G r i f f i t h  P a r k .  P o r t i o n s  
o f  t h e  r e s u l t i n g  spectra resemble s p e c t r a  f o r  p l a n t  c e l l u l o s e  and  
s tarch i n  t h a t  bo th  show reduced  r e f l e c t a n c e  a t  2100 a n d  2270 nm; 
these are  r e g i o n s  o f  a b s o r p t i o n  of e n e r g y  by o r g a n i c  bonds found i n  
s t a r ch  a n d  c e l l u l o s e .  F u r t h e r  s t u d y  o v e r  l a r g e r  f i e l d s  of 
v e g e t a t i o n  w i l l  be r e q u i r e d  t o  d e t e r m i n e  w h e t h e r  t h e  observed 
r e l a t i o n s h i p  w i l l  be s u f f i c i e n t  t o  recover c o n c e n t r a t i o n s  o f  t h e s e  
c h e m i c a l s  r e m o t e l y  from AIS o r  AVIRIS s p e c t r a .  

R iggs  a n d  Running reported on a n  AIS-2 e x p e r i m e n t  d e s i g n e d  t o  
look  f o r  spectral  d i f f e r e n c e s  over water stressed c o n i f e r  s t a n d s .  
The e x p e r i m e n t  w a s  c o n d u c t e d  i n  Germany where t w o  p a i r e d  s t a n d s ,  
one  o f  Norway s p r u c e  n e a r  Munich, t h e  o t h e r  o f  w h i t e  p i n e  n e a r  
F r a n k f u r t ,  were stressed by g i r d l i n g  t h e  t r u n k s  o f  h a l f  t h e  trees 
13 d a y s  b e f o r e  t h e  AIS-2 o v e r f l i g h t  i n  mid-July,  1986, a n d  l e a v i n g  
t h e  others a l o n e .  Water stress was e v a l u a t e d  d u r i n g  t h e  o v e r f l i g h t  
u s i n g  s h o o t  water p o t e n t i a l  a n d  r e l a t i v e  water  c o n t e n t  
measu remen t s .  P r e l i m i n a r y  a n a l y s i s  of t h e  AIS data  u s i n g  SPAM 
y i e l d e d  s m a l l ,  i n c o n s i s t e n t  d i f f e r e n c e s  i n  spec t ra l  r e f l e c t a n c e  
be tween t h e  stressed a n d  n a t u r a l  c a n o p i e s  i n  t h e  spectral  r e g i o n  
be tween 0 . 9 7  a n d  1 . 3  pm. T h e  r e f l e c t a n c e  o f  t h e  stressed w h i t e  
p i n e s  w a s  s l i g h t l y  lower t h a n  t h a t  o f  t h e  n a t u r a l  t rees,  w h i l e  t h e  
r e f l e c t a n c e  o f  t h e  stressed Norway s p r u c e  w a s  greater t h a n  t h a t  o f  
t h e  c o n t r o l  canopy i n  t h e  morning, b u t  lower i n  t h e  a f t e r n o o n .  A 
l o w e r  r e f l ec t ance  r e l a t i v e  t o  t h e  u n s t r e s s e d  t r e e s  i s  n o t  
c o n s i s t e n t  w i t h  t h e  c u r r e n t l y  accepted h y p o t h e s i s  t h a t  n e a r  
i n f r a r e d  r e f l e c t a n c e  i n c r e a s e s  w i t h  leaf w a t e r  s t ress .  F u r t h e r  
work i s  u n d e r  way w i t h  NSOOl a n d  T h e r m a l  I n f r a r e d  Mapping 
S p e c t r o m e t e r  (TIMS)  data a c q u i r e d  a t  t h e  same t i m e  as t h e  A I S  da ta .  

GEOLOGICAL RESEARCH WITH A I S  IMAGERY 

The f i n a l  5 p a p e r s  of t h e  T h i r d  A I S  Workshop P r o c e e d i n g s  deal 
w i t h  g e o l o g i c a l  r e s e a r c h  conduc ted  w i t h  AIS-1 a n d  -2.  The f i r s t ,  
by  Mustard  a n d  Pieters ,  i s  a summary o f  a workshop paper and  papers 
i n  press i n  t h e  Journal of Geophysical Research and Remote Sensing 
of Environment re lated t o  a s t u d y  of t h e  Moses Rock diatreme i n  
Utah.  Using AIS-1 data col lected o v e r  Moses Rock i n  1984 and  1985, 
Mustard  a n d  P ie te rs  have  s u c c e s s f u l l y  mapped t h e  d i s t r i b u t i o n  and  
abundance o f  t h e  s e r p e n t i n i z e d  u l t r a m a f i c  microbreccia c o n t a i n e d  i n  
t h e  Moses Rock diatreme, and  have u s e d  t h i s  i n f o r m a t i o n  t o  u n r a v e l  
t h e  d e t a i l s  o f  t h e  e r u p t i o n  which formed t h e  d i k e .  The approach  t o  
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t h e i r  research began w i t h  a c a r e f u l  c a l i b r a t i o n  of t h e  A I S  data  
done by dividing t h e  raw A I S  imagery by a spectrum from an i n t e r n a l  
standard a rea ,  then multiplying t h e  r e s u l t i n g  r e l a t i v e  re f lec tance  
d a t a  by t h e  abso lu te  b i d i r e c t i o n a l  r e f l e c t a n c e  of a c a r e f u l l y  
s e l e c t e d  sample from t h e  standard a rea  which was measured i n  the  
labora tory .  From t h e  ca l ib ra t ed  data ,  it was poss ib le  t o  i d e n t i f y  
t h e  minerals  s e rpen t ine ,  gypsum, and i l l i t e ,  a s  wel l  a s  d e s e r t  
v a r n i s h ,  v a r i o u s  sands tones ,  and t h e  l i t h o l o g i e s  of t h e  
serpent inized ul t ramafic  microbreccia. S i x  end members were chosen 
t o  represent  t h e  dominant l i t h o l o g i e s  on t h e  sur face  a t  t h e  Moses 
Rock d i k e .  Spectra  of t hese  end members were then used i n  an 
in t ima te  mixture model t o  deconvolve t h e  A I S  da ta  i n t o  sur face  
abundance f o r  each component. F i e ld  observations confirmed these  
r e s u l t s .  F i n a l l y ,  t h e  d i s t r i b u t i o n  and abundance of t h e  
serpent inized ul t ramafic  microbreccia i n  t he  matrix of t h e  diatreme 
were s t u d i e d  t o  r e v e a l  t h e  s t y l e s  of d i s p e r s i o n  t h a t  were 
responsible f o r  i t s  occurrence throughout the  Moses Rock d ike .  

The paper by Lyon descr ibes  h i s  on-going work i n  t h e  Singatse 
Range of Nevada w i t h  A I S - 2 .  Several  s t eps  i n  data  pre-processing 
a r e  descr ibed t o  br ing t h e  da ta  t o  an i n t e r p r e t a b l e  l e v e l .  These 
included a p p l i c a t i o n  of a 3 by 3 f i l t e r  t o  remove dark p i x e l s  
r e s u l t i n g  from tape  recorder  problems during da ta  decommutation, 
removal of v e r t i c a l  s t r i p i n g  by a column-by-column histogram 
matching procedure,  and f i n a l l y ,  c a l c u l a t i o n  of a log- res idua l  
spectrum showing depa r tu re  of a 2 by 2 p i x e l  a r e a  from t h e  
s p a t i a l l y -  and spec t ra l ly-averaged  scene .  F i e l d  s p e c t r a  were 
gathered w i t h  a Col l ins  v i s i b l e / i n f r a r e d  i n t e l l i g e n t  spectrometer 
( V I R I S )  f o r  comparison with the  A I S  spec t r a .  Lyon found t h e  V I R I S  
and A I S  spec t r a  matched a s  long a s  t h e  p i x e l  imaged w i t h  A I S  was 
s u f f i c i e n t l y  well exposed. He was a l s o  ab le  t o  loca te  a la rge  open 
p i t  a rea  of gypsum, an a rea  w i t h  known s e r e c i t e ,  and occasionally,  
a reas  w i t h  outcropping dolomitic limestone from the  A I S  imagery. A 
f u r t h e r  va l ida t ion  of t h e  s p e c i f i c  log-residual  approach employed 
i n  t h e  study was t h e  noted absence of any 0 - H  absorption fea tures  
over an a rea  known t o  be f r e e  of 0-H bearing minerals.  

Mackin e t  a l .  have been using A I S - 1  da ta  t o  study an a rea  of 
ep i the rma l  a l t e r a t i o n  i n  t h e  Seventy Mile Range i n  nor thern  
Queens land ,  A u s t r a l i a .  The a r e a  c o n t a i n s  u n d i f f e r e n t i a t e d  
sequences of a c i d i c  t o  in te rmedia te  volcanics  and i n t r u s i v e s ,  
meta-sediments, and a s e r i e s  of p a r t i a l l y  l a t e r i t i z e d  sedimentary 
rocks .  Using both t h e  log  r e s i d u a l  and t h e  i n t e r n a l  average 
r e l a t i v e  r e f l e c t a n c e  techniques t o  enhance t h e  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  t h e  known mineralogy d id  not y i e l d  s i g n i f i c a n t  r e s u l t s  
because of t h e  vege ta t ion  cover i n  t h e  a r e a .  However, t h e  
appl ica t ion  of a hybrid approach based on t h e  r e l a t i v e  re f lec tance  
d i f fe rences  between vegetated and non-vegetated sur faces  a t  1 . 2  and 
2 . 1  pm d i d  enhance t h e  f e a t u r e s  be l ieved  t o  be a s soc ia t ed  w i t h  
c lays  and ep ido te .  B y  using SPAM software i n t e r a c t i v e l y ,  i t  was 
poss ib l e  t o  i d e n t i f y  t h e  c l ay  k a o l i n i t e  d e s p i t e  t h e  presence of 
s p e c t r a l  e f f e c t s  caused by vegetation and second order overlap.  

Brickey e t  a l .  reported on t h e i r  work with A I S - 1  data  over t he  
Ruby Mountains, Montana, u s i n g  absorption-band-depth images t o  

6 



study an a rea  of amphibolite-grade metamorphic rocks t h a t  have a 
moderate rangeland vegetation cover. Rock exposures a r e  few a t  t h e  
s i t e ,  but exposed s o i l  accounts f o r  about 2 0  t o  30 percent of t he  
sur face .  A spectral-channel-averaging, low-pass s p a t i a l  f i l t e r i n g  
process was appl ied  t o  t h e  A I S  da ta  t o  produce band-depth images 
f o r  d i a g n o s t i c  s o i l / r o c k  absorpt ion bands. Se t s  of t h r e e  such 
images were combined t o  produce color-composite band-depth images. 
T h e  r e s u l t i n g  images from t h i s  r e l a t i v e l y  simple approach, which 
does no t  r e q u i r e  e x t e n s i v e  c a l i b r a t i o n ,  were e f f e c t i v e  f o r  
r evea l ing  a number of s p e c t r a l l y  d i s t i n c t i v e  rocks and s o i l s ,  
including s o i l s  having high t a l c  concentrat ions.  The authors note 
t h a t  such r e s u l t s  i nd ica t e  considerable promise f o r  mapping mineral 
va r i a t ions  i n  s o i l ,  even w i t h  moderate vegetation cover. 

K r u s e  has completed a s t u d y  of seven A I S  f l i g h t  l i n e s  acquired 
i n  1984, 1985, and 1986 over t h e  Northern Grapevine Mountains 
between C a l i f o r n i a  and Nevada, i n  an a r e a  of hydrothermal 
a l t e r a t i o n .  H e  reduced t h e  A I S  images t o  r e f l ec t ance  r e l a t i v e  t o  
an average spectrum, t h e n  u s e d  an automated procedure t o  produce a 
color  coded image showing absorption band information. Analysis of 
t h i s  image was supplemented by e x t r a c t i n g  s p e c t r a  from t h e  A I S  
images t o  determine t h e  d e t a i l e d  mineralogy of t h e  Grapevine 
Mountains. Two a l t e r a t i o n  t y p e s  were mapped based on t h e  
mineralogy i d e n t i f i e d  using the  A I S  da t a .  The primary a l t e r a t i o n  
type i s  qua r t z - se rec i t e -py r i t e  a l t e r a t i o n  occurr ing i n  northwest 
t rending zones i n  quartz monzonite porphyry. The second a l t e r a t i o n  
type occurs a s  a zone of a r g i l l i c  a l t e r a t i o n  a s soc ia t ed  w i t h  a 
g r a n i t i c  i n t r u s i o n .  The mineralogy assoc ia ted  w i t h  each of these 
a l t e r a t i o n  types i s  discussed and examples of AIS-derived spec t ra  
a r e  shown. The A I S  a l t e r a t i o n  map produced by  t h e  s t u d y  was f i e l d  
checked and shows good correspondence w i t h  t he  f i e l d  mapping. 
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ABSTRACT 

A f i e l d  spectrometer  covering t h e  range 
0.4-2.5 p m  has  been developed t h a t  a c q u i r e s  
spec t r a  i n  2 seconds a t  872 p o i n t s  w i t h i n  t h e  
spectrum. The Por t ab le  I n s t a n t  Display and 
Ana lys i s  Spec t rometer  ( P I D A S )  can a c q u i r e  
s p e c t r a  every 8 seconds and s t o r e s  up t o  288 
spec t r a  i n  bubble memory. A hand-held d i sp lay  
u n i t  al lows f o r  d i sp lay  of t h e  c u r r e n t  spectrum 
a c q u i r e d  and supe r imposed ,  one of  1 2 8  
permanently s t o r e d  l i b r a r y  s p e c t r a .  P I D A S  
represents  a major advance i n  t h e  technology of 
f i e l d  s p e c t r a l  d a t a  a c q u i s i t i o n  and f o r  t h e  
f i r s t  t i m e  makes p o s s i b l e  t h e  a c q u i s i t i o n  of 
enough s p e c t r a  t o  c h a r a c t e r i z e  t h e  mean and 
i n t r a c l a s s  var iance w i t h i n  a Landsat MSS o r  TM 
p i x e l .  

INTRODUCTION 

The need and t h e  idea f o r  t h e  Por tab le  I n s t a n t  Display 
and Analysis Spectrometer ( P I D A S )  developed beginning a t  t h e  
t i m e  of completion of t h e  f i r s t  Por tab le  F i e l d  Reflectance 
Spectrometer (PFRS) (Goetz et al., 1975) .  One of t h e  major 
goals  i n  i n  situ spec t romet r ic  measurements t h a t  has eluded 
u s  u n t i l  now i s  t h e  a b i l i t y  t o  de f ine  t h e  average s p e c t r a l  
r e f l e c t a n c e  c h a r a c t e r i s t i c s  wi th in  one Landsat MSS o r  TM 
p i x e l  and t o  de f ine  t h e  i n t r a c l a s s  var iance w i t h i n  a p i x e l .  
Another major goal  i s  t o  be ab le  t o  make i n  situ s p e c t r a l  
measurements w i t h  a r e so lu t ion  comparable t o  o r  higher  than 
t h e  new c l a s s  of imaging spectrometers such  a s  t h e  Airborne 
Imaging Spectrometer ( A I S )  and t h e  Airborne V i s i b l e  and 
I n f r a r e d  Imaging Spectrometer ( A V I R I S )  . Most l a b o r a t o r y  
instruments do not have adequate s p e c t r a l  r e so lu t ion  beyond 
2 . 0  p m  (Inouye et al., 1987) .  A f i e l d  spectrometer  w i t h  
s u f f i c i e n t  r e s o l u t i o n  i s  a v a i l a b l e  commercial ly  (GER 
Corporation) b u t  t h e  3- t o  4 -minu te  scan time required f o r  a 
s i n g l e  spectrum i s  not i d e a l .  P I D A S  achieves t h e s e  long 
awaited goals  w i t h  t h e  addi t ion  of near-real-t ime d isp lay  of 
s p e c t r a l  r e f l ec t ance .  
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S u p p o r t  f o r  t h e  c o n s t r u c t i o n  o f  PIDAS w a s  o b t a i n e d  f r o m  
t h e  W .  M .  Keck Founda t ion  w i t h  g r a n t s  i n  1983 and  1984.  T h e  
i n s t r u m e n t  w a s  f i e l d  tested i n  J u l y  1 9 8 6 .  

RE QU I REMEN T S 

T h e  main r e q u i r e m e n t  a r i s i n g  f rom p r e v i o u s  e x p e r i e n c e  
w i t h  f i e l d  i n s t r u m e n t s  w a s  f o r  a l i g h t w e i g h t ,  r u g g e d  
s p e c t r o m e t e r  c o v e r i n g  t h e  0 . 4 - 2 . 5  pm r e g i o n  a t  h i g h  
r e s o l u t i o n ,  able  t o  a c q u i r e  and  s to re  complete spectra i n  
severa l  s e c o n d s ,  a n d  d i s p l a y  t h e  r e s u l t s  f o r  i m m e d i a t e  
v i e w i n g .  I n  a d d i t i o n ,  t h e r e  w a s  a need  t o  d i s p l a y  a se t  o f  
s t o r e d  s p e c t r a  f o r  c o m p a r i s o n  w i t h  t h e  f i e l d - a c q u i r e d  
s p e c t r a .  The d i s p l a y  a n d  t h e  a b i l i t y  t o  c a l l  u p  s to red  
s p e c t r a  comprise t h e  l l a n a l y s i s l l  a s p e c t  o f  t h e  i n s t r u m e n t .  
The d i s p l a y  c a p a b i l i t y  i s  a major a d v a n c e  i n  f i e l d  
measurements  b e c a u s e  many o f  t h e  spectral  charac te r i s t ics  of 
s u r f a c e  materials are found i n  t h e  spectral  r e g i o n  beyond t h e  
s e n s i t i v i t y  o f  t h e  human e y e .  P r o p e r  sample l o c a t i o n  a n d  
i d e n t i f i c a t i o n  i s  made p o s s i b l e  by a n e a r  real-time d i s p l a y .  

DESIGN 

I n  order  t o  m e e t  t h e  r e q u i r e m e n t s  d i s c u s s e d  above, it 
w a s  n e c e s s a r y  t o  develop a s p e c t r o m e t e r  w i t h  f e a t u r e s  n o t  
a v a i l a b l e  i n  e x i s t i n g  i n s t r u m e n t s .  I n  p a r t i c u l a r ,  t h e  
i m p l e m e n t a t i o n  r e q u i r e d  t h e  u s e  o f  v e r y  f a s t ,  l i g h t w e i g h t  
r u g g e d  spectrometers a n d  a n  o p t i c a l  h e a d  c o n n e c t e d  t o  t h e  
spectrometers w i t h  o p t i c a l  f i b e r s .  Table 1 l i s t s  t h e  new 
f e a t u r e s  r e q u i r e d  f o r  t h e  d e s i g n .  

Table 1. Des ign  f e a t u r e s  

Hand-held l i q u i d  c r y s t a l  d i s p l a y  
Silica and "exotic" fluoride fibers 
Fast (f/1.2) s o l i d  s i l i c a  s p e c t r o m e t e r s  
S t o r e d  l i b r a r y  o f  spectra 
Spectral  r e s o l u t i o n  g r e a t e r  t h a n  m o s t  l a b o r a t o r y  

2-second data a c q u i s i t i o n  t i m e  
i n s t r u m e n t s  

F i g u r e  1 shows t h e  PIDAS i n  o p e r a t i o n ;  F i g u r e  2 shows 
t h e  major f e a t u r e s  o f  t h e  i n s t r u m e n t .  The r e q u i r e m e n t  f o r  
h i g h  spectral  r e s o l u t i o n  c o u l d  o n l y  be m e t  b y  u s i n g  g r a t i n g  
spectrometers. A great  s a v i n g  i n  w e i g h t  a n d  volume c o u l d  
h a v e  b e e n  a c h i e v e d  b y  u s i n g  c i r c u l a r  var iable  f i l t e r s ,  as 
u s e d  i n  t h e  PFRS, b u t  t h e s e  f i l t e r s  have  a l i m i t a t i o n  i n  
spectral  pe r fo rmance ,  p a r t i c u l a r l y  i n  t h e  v i s i b l e  p o r t i o n  o f  
t h e  s p e c t r u m .  The  A X / X  v a l u e s  i n  t h e  v i s i b l e  a r e  
a p p r o x i m a t e l y  0 .04  and  0 .015  i n  t h e  s h o r t  wavelength  i n f r a r e d  
(SWIR). A t  2 .2  pm t h i s  t r a n s l a t e s  i n t o  a r e s o l u t i o n  of 
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approximately 33 n m  o r  a r e s o l u t i o n  60% poorer  than  t h a t  
a v a i l a b l e  from AVIRIS. The s p e c t r a l  r e so lu t ion  of PIDAS i n  
t h e  SWIR i s  def ined by  t h e  4 . 8  n m  sampling i n t e r v a l  and i s  
approximately 10 nm. The sampling i n t e r v a l  i n  t h e  v i s i b l e  
port ion of t h e  spectrum i s  0.88 n m .  

A major design goal  was t o  make t h e  o p t i c a l  head a s  
l ightweight  a s  poss ib l e  which meant t h a t  t h e  spectrometers  
had t o  be separa ted  from t h e  fo re -op t i c s .  Therefore,  t h e  
o p t i c a l  head c o n s i s t s  s o l e l y  of t h e  fore-opt ics ,  a s h u t t e r  
and a chopper, and t h e  incoming energy i s  t ransmi t ted  t o  t h e  
spectrometers by  means of o p t i c a l  f i b e r s .  Figure 3 shows a 
block diagram of t h e  spectrometer  system. The o p t i c a l  
components cons i s t ing  of t h r e e  spectrometers with de t ec to r s ,  
t h e  a m p l i f i e r s ,  and g r a t i n g  d r i v e s  a r e  conta ined  i n  a 
pressure vesse l  shown i n  Figure 4 .  The spectrometer covering 
t h e  VNIR port ion of t he  spectrum cons i s t s  of a camera lens ,  a 
f ixed  g ra t ing  and a 512-element s i l i c o n  de tec tor  a r r ay .  T h i s  
spectrometer  covers  t h e  region 0.425-0.922 p m .  The VNIR 
spectrometer assembly i s  shown i n  Figure 5 .  

The spectrometers f o r  t h e  SWIR por t ion  of t h e  spectrum 
ranging from 0.86 t o  2 . 5  pm posed a more d i f f i c u l t  problem. 
Lead s u l f i d e  d e t e c t o r s  provided the  bes t  compromise between 
s e n s i t i v i t y  and ease  of cool ing .  A disadvantage of l ead  
s u l f i d e  d e t e c t o r s  i s  t h a t  it i s  not  p o s s i b l e  t o  o b t a i n  
mul t ip lexed  a r r a y s  of d e t e c t o r s .  T h i s  means t h a t  each 
de tec to r  r equ i r e s  i t s  own preamplif ier  and analog c i r c u i t r y .  
Unlike t h e  v i s i b l e  spectrometer which contained no moving 
p a r t s ,  it was necessary t o  s t e p  t h e  g r a t i n g  i n  each of t h e  
SWIR spec t rometers  through four  p o s i t i o n s  i n  2 seconds.  
Using 45-element d e t e c t o r  a r r ays  i n  each spectrometer,  360 
channels spaced approximately 4 . 7  nm apa r t  were obtained i n  
t h e  0.86-2.5 pm region.  A very compact Spectrometer design 
was developed employing a s o l i d  block of water-free s i l i c a  
inco rpora t ing  all t h e  o p t i c a l  surfaces i n  one u n i t .  By t h i s  
means, t h e  only alignment required was t o  focus and a l i g n  t h e  
de t ec to r s  and t h e  o p t i c a l  f i b e r s .  T h i s  solid-Schmidt design 
made poss ib l e  a f a s t ,  f / 1 . 2  spectrometer i n  order  t o  acquire  
t h e  maximum s igna l - to-noise  r a t i o .  The f a s t  spectrometer 
design i n  t u r n  placed a requirement f o r  a high numerical 
a p e r t u r e  ( 0 . 5 )  f o r  t h e  o p t i c a l  f i b e r s .  A f u r t h e r  
complication a rose  from t h e  f a c t  t h a t  s i l i c a  o p t i c a l  f i b e r s  
a r e  not  completely water - f ree  and, t h e r e f o r e ,  e x h i b i t e d  
absorption f ea tu res  a t  1 . 4 ,  1 . 9  and 2 . 2  pm. Fluoride o p t i c a l  
f i b e r s  a r e  u s e d  t o  couple t h e  f o r e - o p t i c s  t o  t h e  SWIR 
spec t rometers .  The solid-Schmidt spectrometer  o p t i c s  a r e  
shown i n  Figure 6, and t h e  g ra t ing  d r ive  assembly i n  Figure 
7 .  Figure 8 shows t h e  spectrometer enclosure viewed from t h e  
s i d e  of t h e  SWIR d e t e c t o r s  and t h e  90-channel analog PC 
boards. 

The e l e c t r o n i c s  and da ta  handling a r e  designed around a 
CMOS 8-b i t  processor with s torage i n  bubble memory. The 
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Fig. 3. PIDAS block diagram. 

Fig. 4. PIDAS with cover re- 
moved showing the pres- 
surized container hous- 
ing the spectrometers, 
the hand-held display 
unit and the fore-optics 
head. 

Fig. 5. VNIR spectrometer 
assembly. 

12 



ORIGTNAT P-KGE IS 
S)E POOR QUALITY: 

F ig .  6 .  So l id  Schmidt SWIR F i g .  7 .  SWIR g r a t i n g  d r i v e  
s p e c t r o m e t e r  op t ics .  assembly .  

F i g .  8 .  P r e s s u r e  vessel w i t h  t h e  hous ing  removed 
showing t h e  d e t e c t o r  p r e a m p l i f i e r  b o a r d s .  

processor h a n d l e s  a l l  t h e  i n p u t / o u t p u t  func t ions  and provides 
t h e  data  a c q u i s i t i o n  sequence ,  d i s p l a y  and  memory access. 
The hand-he ld  t e r m i n a l  c o n s i s t s  of a key pad and  a 128- x 
256-element  l i q u i d  c r y s t a l  d i s p l a y .  Software s t o r e d  on a 
prom al lows t h e  d i s p l a y  of e n g i n e e r i n g  data  and  i n d i v i d u a l  
spectra a t  v a r i o u s  m a g n i f i c a t i o n s .  Data f r o m  a 1 2 8 - s p e c t r a  
b u b b l e  memory l i b r a r y  can  be super imposed  upon t h e  c u r r e n t  
data  a c q u i r e d  o r  s t o r e d  i n  t h e  288 spectra da t a  b u b b l e  
memory. The software f e a t u r e s  i n c l u d e  t h e  a b i l i t y  t o  expand 
t h e  scale by  u s e  of g a i n  and  o f f s e t  f u n c t i o n s  s o  t h a t  t h e  
f u l l  8 - b i t  r e s o l u t i o n  can be  d i s p l a y e d .  

PIDAS i s  a s i n g l e  c h a n n e l  i n s t r u m e n t ,  and,  t h e r e f o r e ,  
s p e c t r a  of s t a n d a r d s  and  samples are collected s e p a r a t e l y .  
I n  normal  o p e r a t i o n ,  a spec t rum o f  a s t a n d a r d  i s  collected 
and  encoded  t o  1 2  b i t s .  The most s i g n i f i c a n t  8 b i t s  a re  
s t o r e d  as a r e f e r e n c e  f o r  a l l  subsequent  sample s p e c t r a  u n t i l  
a new s t a n d a r d  s p e c t r u m  i s  a c q u i r e d .  When t h e  sample 
spec t rum i s  a c q u i r e d ,  t h e  i n s t r u m e n t  a u t o m a t i c a l l y  creates a 
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r a t i o  of sample t o  s tandard before  s t o r i n g  t h e  spectrum i n  
bubble memory. The advantage of t h i s  method i s  t h a t  no gain 
changes a r e  r e q u i r e d  and s t o r a g e  i s  op t imized .  The 
d i sadvan tage  i s  t h a t ,  p a r t i c u l a r l y  f o r  dark samples,  
d i g i t i z a t i o n  e r r o r  becomes a major f a c t o r  and l i m i t s  t h e  
a b i l i t y  t o  increase  t h e  s ignal- to-noise  r a t i o  by averaging 
sample s p e c t r a .  A summary of t h e  major i n s t rumen t  
c h a r a c t e r i s t i c s  i s  given i n  Table 2 .  

Table 2 .  P I D A S  c h a r a c t e r i s t i c s  

Portable ,  backpack, self-contained, approx. 67 pounds 
Spec t ra l  range - 0 . 4 5  t o  2 .5  p n  
Sampling i n t e r v a l  

Visible  - 0.88 nm ( 5 1 2  channels) 0 . 4 2 5 - 0 . 9 2 2  pm 
Inf rared  - 4 . 7  nm (360 channels) 0 . 8 5 6 - 2 . 4 9 0  pm 

Fore-optics - f / 1 . 2 ,  6 degree c i r c u l a r  FOV 
Spectrometers 

V I S  - Nikon opt ics ,  f /2 .8 ,  512 S i .  
IR-2  - s o l i d  Schmidt, f /1 .2 ,  45 PbS. 

Processor-low power 280 type, 1 6 K  RAM, 8 K  ROM 
D a t a  Memory - bubble, 288 spectra ,  1 2 8  spec t ra  

Hand-held terminal-display 128 x 256 element LCD 

Data acqu i s i t i on  t i m e :  2 s ec . ,  repeat i n t e r v a l :  8 sec .  

sample l i b r a r y  

keypad-custom numeric and command e n t r y  

Data s tored  i n  t h e  bubble memories a r e  downloaded onto a 
floppy d i s c  ac ross  an RS 232 i n t e r f a c e  t o  a P C .  Ba t te ry  
power c o n s i s t s  of t e n  N i C d  D cel ls .  One charge w i l l  r u n  t h e  
instrument f o r  approximately two and a ha l f  hours, s u f f i c i e n t  
t i m e  t o  c o l l e c t  a f u l l  memory load of 288 s p e c t r a .  The 
bubble memories a s  well a s  t h e  b a t t e r i e s  a r e  exchangeable i n  
t h e  f i e l d .  

The i n i t i a l  t a r g e t  instrument weight was 4 2  pounds. The 
present  weight i s  67 pounds; however, it i s  a n t i c i p a t e d  t h a t  
i n  subsequent vers ions of t h e  instrument t h e  weight w i l l  be 
reduced s i g n i f i c a n t l y .  

TEST RESULTS 

I n  t h e  l a s t  year ,  P I D A S  has acqu i r ed  thousands of 
s p e c t r a  f o r  a p p l i c a t i o n s  i n  mineralogy, b o t a n i c a l  s t r e s s ,  
A V I R I S  c a l i b r a t i o n ,  BRDF measurements of snow and i c e  and 
non-destructive t e s t i n g  of a r t i f a c t s  i n  t h e  National Museum 
of Guatemala. Transportation and f i e l d  use have not brought 
about any major instrument f a i l u r e s ,  and it  can be assumed 
t h a t  it w i l l  continue t o  be r e l i a b l e  i n  t he  f i e l d .  

The s igna l - to-noise  c h a r a c t e r i s t i c s  of t h e  instrument 
a r e  shown i n  Figure 9 .  These da ta  were acquired a t  Rogers 
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Dry Lake d u r i n g  a n  AVIRIS c a l i b r a t i o n  t e s t .  The l o w  s i g n a l -  
t o - n o i s e  r a t i o  a t  1 . 4  a n d  1 . 9  pm i s  assoc ia ted  w i t h  t h e  
a t m o s p h e r i c  water a b s o r p t i o n  f e a t u r e s .  The e f f e c t s  o f  o t h e r  
m i n o r  water a n d  C 0 2  b a n d s  a re  a l s o  v i s i b l e .  The r a p i d  
v a r i a t i o n  i n  t h e  s i g n a l - t o - n o i s e  v a l u e s  i s  c a u s e d  b y  t h e  
v a r i a t i o n  i n  detector c h a r a c t e r i s t i c s  w i t h i n  t h e  45-element  
a r r a y s .  

PIDAS measurements  i n  t h e  f i e l d  have  been  compared w i t h  
l a b o r a t o r y  s p e c t r a  r e f l e c t a n c e  c u r v e s  o f  t h e  same s a m p l e s .  
F i g u r e  1 0  shows s u c h  a c o m p a r i s o n  f o r  a l u n i t e .  The 
combina t ion -ove r tone  a b s o r p t i o n  f e a t u r e  i n  a l u n i t e  a t  2 .22  p 
has a t r u e  a b s o r p t i o n  band i n  t h e  PIDAS da ta  ( u p p e r  c u r v e )  
b u t  shows o n l y  as a s h o u l d e r  i n  t h e  l a b o r a t o r y  da ta .  The 
Beckman 5240  s p e c t r a l  r e s o l u t i o n  i n  t h i s  r e g i o n  i s  
a p p r o x i m a t e l y  2 5  nm ( I n o u y e  et a l ,  1 9 8 7 ) .  The P I D A S  
r e s o l u t i o n  of a p p r o x i m a t e l y  1 0  nm i s  s u f f i c i e n t  t o  r e p r o d u c e  
e s s e n t i a l l y  a l l  t h e  spectral  f e a t u r e s  of s o l i d s  i n  t h e  0 .4-  
2 . 5  p m  r e g i o n  a n d  h a s  a b o u t  t w i c e  t h e  r e s o l u t i o n  of t h e  
c u r r e n t  a n d  p roposed  imaging spectrometer s y s t e m s .  
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Fig. 1 0 .  Reflectance spec t ra  of a l u n i t e  taken by PIDAS 
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superior  reso lu t ion  of P I D A S  i s  shown f o r  t h e  
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AIS-2 RADIOMETRY AND A COMPARISON OF METHODS FOR THE RECOVERY OF 
GROUND REFLECTANCE 

James E. Conel, Robert 0.  Green, Gregg Vane, Carol J. Bruegge, and Ronald E. 
Alley, Jet Propulsion Laboratory, California Institute of Technology, USA; 
Brian J. Curtiss, University of Colorado, Boulder, USA. 

ABSTRACT 

A field experiment and its results involving AIS-2 data for Rogers 
Lake, CA are described. The radiometry and spectral calibration of the 
instrument are critically examined in light of laboratory andefield 
measurements. Three methods of compensating for the atmosphere in the 
search for ground reflectance are compared. We find, preliminarily, that 
the laboratory-determined responsivities are 30 to 50% less than expected 
for conditions of the flight for both short- and long-wavelength 
observations. The spectral sampling interval is 20 to 30 nm. The combined 
system-atmosphere-surface signal-to-noise ratio, as indexed by the mean 
response divided by the standard deviation for selected areas, lies between 
40 and 110, depending upon how scene averages are taken, and is 30% less for 
flight conditions than for the laboratory. Atmospheric and surface 
variations may contribute to this difference. It is not possible to isolate 
instrument performance from the present data. As for methods of data 
reduction, the so-called scene average or log-residual method fails to 
recover any feature present in the surface reflectance, probably because of 
the extreme homogeneity of the scene. The empirical line method returns 
predicted surface reflectances that are systematically high but within a few 
percent of actual observed values using either calibrated or uncalibrated 
data. LOWTRAN-6, acting as an approximate theoretical model of the 
atmosphere for these exercises, predicts reflectance values 30 to 50% below 
the measured ones, based on the lower than expected radiances under solar 
illumination given by the instrument. This emphasizes the importance of 
accurate radiometric calibration in the study of surface or atmospheric 
properties. 

INTRODUCTION 

On October 14, 1986 the second version of the Airborne Imaging 
Spectrometer (AIS-2) with a 64- x 64-element HgCdTe array detector was flown 
over Rogers Lake, CA (Edwards Air Force Base) to (1) develop in-flight 
radiometric and spectral calibrations for the instrument and (2 )  compare the 
following three methods of compensation for the atmosphere in the recovery 
of ground reflectance: 
empirical calibration line method, and a radiative transfer model. 
support the radiative transfer modeling (the results of which are presented 
elsewhere [Conel, et al., 1987a]), ground measurements were made of 
atmospheric optical depth, the ratio of diffuse to direct incident light at 
the surface, and total precipitable water (cm-2). Bidirectional spectral 
reflectance measurements of a bright lake bed and dark asphalt runway were 
made with a Portable Instant Display and Analysis Spectrometer (PIDAS) to 

a scene-averaging (log-residual) technique, an 
To 
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define empirical calibration lines of surface reflectance versus AIS 
response for the scenes generated during the overflight. 
reflectance measurements of a concrete tarmac at North Base were taken as an 
unknown target against which results for the various methods of atmospheric 
compensation could be compared. 

Field spectral 

The primary focus of this paper is to describe the reduction of the AIS 
data to spectral radiance utilizing the detector responsivity equations 
developed by a laboratory calibration of the instrument with a BaSOq-coated 
integrating sphere. From these data and from the spectral response to the 
standard ground targets, we develop estimates of the signal-to-noise ratio 
for laboratory and flight conditions. The effective in-flight instrumental 
spectral sampling interval is estimated by using atmospheric COP absorp- 
tion lines generated from LOWTRAN simulations. Some preliminary analyses of 
the atmospheric compensation problem are also described. 

The AIS-2 instrument is described by Vane (1986). 
paper are observations made over two separate spectral intervals, 809-2143 nm 
and 1184-2523 nm, colloquially referred to as "tree" and "rock" mode 
observations, respectively. 

Discussed in this 

FIELD MEASUREMENTS 

Site Description and Flight Data 

Rogers Lake (Lat. 34*55'N; Long. 117"50'W) is a dry playa located in 
Kern County, CA at an approximate elevation of 2270 feet (692 m) and 
contained within the Air Force Flight Test Center of Edwards Air Force 
Base. The flat, largely uniformly bright playa surface (Figure 1) is 
crossed by dark asphalt runways and is surrounded by terrain of low relief 
consisting of isolated rocky knobs and alluvial fans. The adjacent alluvial 
surfaces are covered with sparse desert scrub vegetation. 

During the fall 1986 experiment, we acquired two lines of imaging 
spectral data, one in the rock mode (1184-2523 nm) and the other in the tree 
mode (809-2142 nm) at a flight altitude of 24,000 feet along roughly north 
to south tracks over the playa with vegetated terrain to the north. 

Reflectance of Standard and Unknown Targets 

Simultaneous with the overflight of AIS-2, spectral reflectance field 
observations were taken of three target areas within the AIS-2 field of view 
(Figure 1) using PIDAS. 
approximately 1 nm from 400 to 800 nm and 4 nm from 800 to 2500 nm (Goetz, 
1987). The field spectra given in Figure 2 are averages from 30 to 60 
sites. The field reflectance standard is BaS04. 
uniformly high-reflectance playa surface and the low- and intermediate- 
reflectance runways. The runways of intermediate reflectance are used as an 
unknown in some of the atmospheric compensation studies described below. 
The standard deviation of all observations is everywhere less than a few 
percent and is greatest at longer wavelengths of observation, beyond about 
2100 nm. Field observations were possible across the 1400-nm water 

PIDAS has a spectral sampling interval of 

The targets are a 
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Figure 1. 
at Rogers Lake, California 

Locations of the October 14, 1986 AIS-2 calibration experiment 
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Figure 2. Spectral bidirectional reflectance of the standard and unknown 
targets as determined with PIDAS with respect to BaS04. 
averages (+ lo where shown) of 60 spectra for the playa and runway and 
of 30 spectra for the unknown target. 

Curves are 

absorption feature, but the reflectance data have been .deleted between 1800 
and 1900 nm because of strong atmospheric interference. In addition, simple 
linear interpolations have been used to fill in gaps in these curves between 
800 and 900 nm arising at the transition between spectrometers. 

Measurements of Optical Depth 

Measurements of incident solar illumination in the Thematic Mapper (TM) 
bandpasses were made with a standard Eppley Laboratories normal incidence 
pyrheliometer (NIPS) between 7:OO A.M. and 12:40 P.M. solar time on 
October 14. The data were cast in the form of conventional Langley plots of 
relative incident solar radiance versus air mass (l/cos [zenith angle]) and 
the optical depths for all filter bandpasses were determined from least 
square determinations of the slope. The results of these determinations are 
given in Table 1. 

RADIOMETRIC CHARACTERISTICS FROM LABORATORY CALIBRATION 

The purpose of the laboratory radiometric calibration of AIS-2 has been 
to establish the instrument's responsivity for each detector in each 
spectral sampling interval over a range of input radiances appropriate to 
the observation of natural targets. For the full 64 x 64 array, these 
calibrations lead-to the compilation of 8192 curves for both grating 
positions in each sampling mode. 
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Table 1. Optical Depths Determined in the TM Bandpasses 
for the October 14 Experiment at Rogers Lake 

Wavelength, nm Optical Depth 

485 
560 
660 
830 
1650 
2200 

0.195 2 0.001 
0.144 2 0.001 
0.080 0.002 
0.038 2 0.001 
0.019 2 0.002 
0.042 2 0.003 

The AIS-2 radiometric calibration employs a 40-inch integrating sphere 
coated with Bas04 whose spectral radiance is determined using an Optronics 
Laboratory Spectroradiometer. The spectroradiometer itself is calibrated 
against a standard illumination source that is National Bureau of Standards 
(NBS) traceable. The integrating sphere and spectroradiometer calibration 
procedures have recently been described by Tucker (1987). Aperture wheels 
placed between the externally mounted tungsten lamp sources and entrance 
ports of the integrating sphere control the radiance entering the sphere. 
The spectral radiance distribution of the integrating sphere measured as a 
function of channel and aperture wheel setting ([l], [2], ... ) is shown in 
Figure 3 for the 1200- to 2500-nm spectral interval. The prominent 
absorption bands near channels 24 and 72 represent water present in the 
sphere coating. Some absorption from atmospheric path water may also be 
present. The major bands lie at somewhat shorter wavelengths, principally 
near channels 20 and 64, a difference that will serve to distinguish them 
from bands arising in the adsorbed or chemically bound component. 

The response of AIS-2 to the assumed flat-field illumination, presented 
by the exit aperture of the integrating sphere and averaged over 500 lines 
of observations, is shown in Figure 4(a) for the greatest source illumina- 
tion used in the calibration. 
of wavelength in blocks of 64, each block representing the spatial variation 
across a row. 
each row represents 64 detector elements in one wavelength channel) show 
lower response than neighboring detectors. This is due to vignetting in the 
fore-optics. In addition to these,strong edge effects, which may extend in 
a reduced amount further into the array, other periodicities as well as an 
overall gradient in response are apparent across each row. 
these various effects is, at this writing, unknown. The variation in mean 
detector response over all 128 bands is shown at a compact scale in 
Figure 4(b). The prominent water absorption features contributed by the 
integrating sphere appear near detector locations 1536 (channel 24) and 4600 
(channel 72). A small discontinuity between grating positions is found at 
location 4096. The standard deviation of the set of 500 repetitive 
observations is not uniform with column number or channel. This variation 
is shown in Figure 4(c). 

The data are presented sequentially in terms 

The beginning and ending detectors of each row (i.e., where 

The origin of 
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Figure 3. Spectral radiance of the integrating sphere (May, 1987) for 
the spectral interval 1185-2500 nm (l'roclc" spectral mode). 
absorption features near channels 24 and 72 are due to adsorbed or 
chemically bound water. 

Prominent 

From the data of Figure 4(b), the response of any column of the 
detector array to illumination by the integrating sphere may be worked out. 
An example is shown in Figure 5 for column 3 (channel 31,  with the spectrum 
corresponding to channel numbers 3 ,  67,  131, and so forth, of Figures 4(a) 
and (b). The major minima at channel numbers 24 and 72 again reflect water 
absorptions originating in the coating of the integrating sphere. An abrupt 
sawtooth variation occurs between grating positions. The finer jagged 
variations shown in Figure 5 are random variations in detector response, 
examples of which are depicted in Figures 4(a) and (b). 

The responsivity equations represent relationships between the response 
of the imaging spectrometer and the input radiance. 
emerge by combining the plots of Figures 3 and 5 into a single diagram and 
by including the presence of an ND 0.9 filter in the optical train of AIS 
during its calibration. 

These relationships 

Examples are shown in Figure 6 .  

WAVELENGTH ASSIGNMENTS OF CHANNELS 

To establish a correspondence between the channel number of the imaging 
spectrometer and the wavelength, we used the positions of atmospheric C02 
and water vapor absorption lines of a model LOWTRAN-6 spectrum to fix in 
wavelength all identical, resolvable absorption bands in the AIS data. The 
wavelengths of 8 to 10 additional atmospheric bands from the LOWTRAN spectra 
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Figure 5. 
determined from the data of Figure 4. 
responses between channels 64 and 65. 

An example of detector response for the column 3 array, 
Note the discontinuity in 

not detected in the observations were identified by channel numbers, and the 
complete sets of wavelengths and channel numbers were regressed against one 
another. The resulting equations relating wavelength to channel number N are 

X(nm) = 799 + 10.54 N 

for 809 5 X 5 2143 nm with r2 = 1.0000 and 

X(nm) = 1174 + 10.54 N 

for 1184 5 X 5 2523 nm with r2 = 0.9999. N L 128. 
The wavelengths provided from these equations for the beginning and ending 
of each measurement interval are in accord with positions measured with a 
standard monochromator in the laboratory to within 6 nm or better except for 
the long wavelength limit provided by the first equation above. The pre- 
dicted wavelength is 2143 nm, and the measured is 2132 nm. Since this is 
very close to one channel, it seems probable that the single equation pro- 
vided does not represent precisely the channel assignments for both grating 
positions, assuming the same slope requires an adjustment of the constant in 
the first equation to 788 nm for 65 5 N 5 128. However, this adjustment has 
been ignored in practice (see below). 

For both equations, 1 
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Figure 6 .  Response curves for detectors of column 3 in the array 

ESTIMATION OF AN EFFECTIVE IN-FLIGHT SPECTRAL SAMPLING INTERVAL 

Based on the wavelength calibration equations given in the previous 
section, the limiting spectral sampling interval is very close to 10.5 nm 
for both tree and rock mode observation intervals. To provide a measure of 
the in-flight effective sampling interval, we compared raw AIS spectra of 
the bright playa surface stated in terms of half-word DN with irradiance at 
the instrument as provided by LOWTRAN-6, and calculated at a spectral 
resolution of 10 cm-l or about 2 nm. Apart from major absorptions related 
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to atmospheric water near 1400 and 1900 nm, the only additional bands of 
atmospheric origin resolved or unresolved in the AIS spectra arise from 
C02. We compare in Figure 7 the observed AIS playa spectrum with five 
L O W "  simulations, one at full resolution, and the others degraded using 
square filters of spectral width 20, 30, 40, and 100 nm. 
C02 absorptions near channel 40 (specifically 1572 and 1603 nm) are 
resolved at 20 but not at 30 nm, and thus the spectral sampling interval is 
probably between 20 and 30 nm. 
features near 2000 nm are just resolved, and any vestige of these is 
entirely removed at 100 nm. 
highly variable but generally reduced or missing C02 absorptions and the 
smaller than anticipated and distorted water band absorption features in 
AIS-1 data, as reported by Cone1 et al. [1987bl and as resulting from a 
significantly degraded spectral sampling interval in those data, on the 
order of 50 nm or perhaps greater.) 

The prominent 

At a filter width of 40 nm the pair of C02 

(These simple considerations may explain the 

On the expectation that the apparent signal-to-noise ratio could be 
improved by averaging large numbers of pixels, thereby suppressing the noise 
component of any spectral degradation present, we produced AIS spectra 
composed of averages of 1, 25, and 100 pixels over the playa. No improve- 
ment in the effective separation of either the 1600-nm or the 2000-nm set of 
C02 bands was achieved by these averaging procedures. 

I I 1 I I I I I 1 I I I I I I v) 
F 

3000 
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I 
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Figure 7. 
comparison with observed AIS-2 spectrum for a target simulating a bright 
playa surface. 
and 30 nm. 

Examples of degradation of LOWTRAN spectra with square filters and 

AIS-2 has an equivalent spectral sampling interval between 20 
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REDUCTION OF FLIGHT DATA TO RADIANCE AND COMPARISONS WITH EXPECTED SOLAR 
RADIANCE AT TEE INSTRUMENT 

An important test of the validity of the laboratory determined 
responsivities (e.g., the curves of Figure 6) for flight conditions, and in 
addition the data reduction procedures, is the calculation of radiance at 
the instrument for a ground target of known reflectance. These results can 
be compared with radiances expected for a detailed atmospheric model. A 
simple method is to calculate the radiance expected at the instrument in a 
region of high atmospheric transparency (e.g., near 1200 or 1700 nm) and 
compare it to the radiance predicted from the responsivities at these 
wavelengths. The radiance L(X) is approximately equal to poFo(X)R(X) 
where nFo(X) is the seasonally adjusted solar irradiance at X, po is 
the cosine of the solar zenith angle, and R(X) is the surface spectral 
reflectance. This procedure was followed by Cone1 et al. (1987a, 1987b) for 
the AIS-1 radiometric calibration study. The more elaborate calculation, 
taking into account atmospheric attenuation and scattering, involves 
computing the expected radiance at the aircraft from a realistic atmospheric 
model throughout the entire spectrum. This is the procedure adopted here, 
where for the sake of expediency we employ the standard midlatitude winter 
model of LOW”-6 in the comparisons. However, the LOWTRAN model is only 
approximate, in particular accounting for only a single order of scattering 
at shorter wavelengths. The comparisons are therefore approximate although 
we scale results for the standard model at longer wavelengths ( >  830 nm) 
using our field-determined optical depths. 

In Figure 8 we present the spectral radiance from the standard bright 
playa target expected according to (1) the LOWTRAN-6 simulation utilizing 
the field measured reflectance in Figure 2 and (2) AIS-2 utilizing the 
laboratory determined responsivities, examples of which have been given in 
Figure 6. 
are shown. According to these determinations, the predicted AIS responses 
are lower than the LOWTRAN simulations by 30 to 50% for the longer 
wavelength data (rock mode) and by 30 to 40% for the short wavelength data 
(tree mode). To assess the appropriateness of the midlatitude winter model 
L O W l ”  simulation for this comparison, we give the optical depths measured 
on October 14 and the optical depths derived from the LOWTRAN atmospheric 
transmittances averaged over the TM bands in Figure 9. The LOWTRAN optical 
depths are larger at all wavelengths, but of particular significance are the 
differences at 1650 nm and 2215 nm because aerosol and Rayleigh scattering 
are negligible at these wavelengths and would not contribute significantly 
to the LOWTRAN-derived numbers no matter how scattering is accounted for in 
the L O W  model. We estimate the adjustments required in the 
UIWTRAN-derived radiance curves from the relationship 

Data from both instrument configurations (rock and tree modes) 

L(A1S conditions) = L(L0WTRAN conditions) 

where L(A1S conditions) is the radiance for the optical depth appropriate to 
the AIS observing date, L(L0WTRAN conditions) is the radiance from the 
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radiance compared to LOWTRAN simulations of the radiance expected at the 
instrument for the measured surface reflectance. The standard mid- 
latitude model for October 14, 1986 is used. 

Examples of the reduction of raw AIS-2 half-word spectra to 

29 



1 .o 

0.5 

0.4 

0.3 

0.2 

I 

w 
k 
n 
2 0.1 
u 0.09 
F 0.08 
8 0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 I 1  1 1 1 1  I 

400 1000 2000 

, ! , I (  , 
A LOWTRAN-6, OCTOBER 14,1986 

(MIDLATITUDE WINTER) 
0 OBSERVED, OCTOBER 14,1986 

Rayleigh scattering, T~YLEIGH, is 
3uuo from a formula by Hansen and Travis 

\.RAY LEIGH 

Figure 9. Comparison of optical depth 
measured for the site on October 14, 1986 
with LOWTRAN optical depths at the same 
wavelengths. The optical depth f o r  

WAVELENGTH. nm (1974). 

standard LOWTRAN model, and Tdn and Tup are the atmospheric trans- 
mittance for the downward and upward paths, respectively. Specifically, 

where j = either up or down, and pdn = cos (42.6 deg) for the downward 
leg and vu For the two long-wavelength 
TM bands tRe ratio L(AIS)/L(LOWTRAN) is given in Table 2. Note that Tup 
(AIS) is calculated assuming the same proportional reduction in optical 
depth between up and down paths as LOWTRAN. 
calculated from LOWTRAN relevant to the time of AIS observations need to be 
increased; the discrepancies between the model and observations accordingly 
widen somewhat. 

= unity for the upward portion. 

As expected, radiances 

SECOND ORDER MIXING AND STRAY LIGHT CONTAMINATION 

The problem of spectral contamination from overlapping orders of 
diffraction from the grating in AIS-1 data was discussed in detail by Cone1 
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Table 2. The Ratio L(A1S conditions)/L(LOWTRAN conditions) for 
TM Bands 5 (1650 nm) and 7 (2215 nm) 

Tdn TUP L(AIS)/ 
Band 

AIS LOWTRAN AIS LOWTRAN L (LOWTRAN) 

1650 0.974 0.903 0.996 0.986 1.091 

2215 0.944 0.926 0.990 0.987 1.024 

et al. (1986, 1987b), and by Cocks et al. (1986). This problem has been 
eliminated in AIS-2 by the use of appropriate order sorting filters (see 
Airborne Imaging Spectrometer Supplement, 1986) except at wavelengths longer 
than 1600 nm in tree mode observations and beyond 2400 nm in rock mode. The 
nature of this problem is illustrated in Figure 10, where both the long- and 
short-wavelength radiometrically calibrated data for the standard bright 
playa target are displayed together. 

A residual radiance is also present within the 1400- and 1900-nm water 
absorption bands for both rock and tree mode spectra and is somewhat greater 
in the latter (Figure 8). Such residuals in bands thought to be saturated 
are a concern from the standpoint of the possible presence of stray light. 
During the time of overflight we also measured precipitable water with a 
spectral hygrometer. This instrument handily indexes the water present by 
looking at the sun and measuring the ratio of water band depth to continuum 
height with two narrow filters (880 and 935 nm). 
calibrated against numerous radiosonde observations where the distribution 

These ratios are 
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of water with height is measured (B. Gary, JPL, personal communication, 
1986). Near 11:30 A.M. solar time, the vertical column abundance was 
determined to be 0.47 m/cm-2, which for a solar zenith angle of 42 deg 
gives about 1.1 gm/cm-g for the total water present in the path. This 
value is slightly less than that assumed in the standard LOWTRAN-6 model 
(about 0.6 gm/cm-2 total in the vertical column or 1.41 gm/cm'2 over the 
path). 
measured water abundance using the formula and absorption coefficients given 
by LaRocca (1978, Eq. 5.53 and Table 5-4). At 1400 nm the transmittance was 
calculated to be 3%, whereas the measured value is close to 12%; at 1900 nm 
the transmittance is 2%, and the measured value roughly 15%. 
approximate determinations suggest the possible presence of stray light in 
the instrument. 

The expected atmospheric transmittance was estimated for the 

These 

REMOVAL OF UNEQUAL DETECTOR RESPONSE IN IMAGERY 

Once the laboratory-determined responsivities (or instrumental light 
transfer curves) are available, it is not difficult to reduce the raw image 
data to radiance, thereby eliminating the effects of variable detector 
response. 
illustrated in Figure 11 for channels 48 through 64, where a considerable 
reduction in vertical striping with calibration and a consequent enhancement 
in surface detail can be seen. 

The effect of this transformation on the image data is 

ESTIMATION OF SIGNAL-TO-NOISE RATIO 

The playa surface presents a large, uniform target with a spectrum that 
varies more or less slowly with wavelength. 
of these features to make estimates of the system signal-to-noise ratio 
using the radiometrically corrected imaging spectrometer data. 
radiometrically adjusted data can be expected to yield somewhat better 
values than the raw spectra because the random variations in detector 
responsivity, examples of which are shown in Figure 4(a), have been 
reduced. This is evident by comparing the radiometrically calibrated and 
uncalibrated images in Figure 11. We take as estimates of the signal the 
mean value of the radiance averaged over row, column, or area, all for a 
single wavelength. The noise estimate is provided by the standard deviation 
of the observations. The mean (p), standard deviation ( u ) ,  and the 
ratio (p/u) are plotted in Figure 12 for various cases involving row, 
column, and areal averages, all beginning in column 17 of the detector array 
and for Channel 40 (1592 nm). Figure 12(a) gives the laboratory result 
derived from flat-field illumination with the integrating sphere and 
isolates the variation in the quantities plotted for a single detector. 
this artificial illumination the value of p/u is about 180. 
average for flight conditions is shown in Figure 12(b). 
signal-to-noise ratio is seen to be reduced about 30% for flight conditions, 
but the significance of this apparent reduction needs discussion. 

We attempted to take advantage 

The 

For 
A similar 

The estimated 

In addition to a possible reduction in performance of the system under 
flight conditions, there are sources of variation inherent in the standard 
target over the area sampled and variations in the atmospheric conditions 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Figure 11. 
with accompanying radiometric calibration 
of AIS-2 data: 
and (b) after calibration. 

Removal of vertical striping 

(a) before calibration 

over paths from the instrument to these samples. 
propagation of uncertainties from such sources. 
atmospheric model of two-way transmittance T and a linear instrument 
responsivity with gain factor G connecting the output [in DN] and radiance 
at the instrument [L]. The model will be described in more detail below.) 
A straightforward calculation leads to the formula for the fractional 
standard deviation (squared) of the DN 

Let us consider the 
(We assume a nonscattering 

Here, UDN~, U R ~ ,   UT^ and uc2 are the variances of, respectively, the 
DN, surface reflectance, atmospheric transmittance, and instrumental gain 
factor. We have assumed that instrumental noise sources can be represented 
as random variations in the gain factor alone. 
estimate of UG/G under flight conditions when the other terms are 

This equation gives an 
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determined. A numerical value for the left-hand side is obtained from the 
flight data for the standard target, given in Figure 12(b). This value is 
about (l/l10)2. 
right-hand side measuring the fractional variance of R is about (1/6012. 
Adopting this number assumes the PIDAS measurements themselves are error- 
free. This is certainly questionable considering that the determination of 
the ground reflectance itself depends upon two observations (target and 
reference) that individually are functions of all the factors described in 
the model above plus possible operator variability stemming from the fact 
that the instrument is hand-held. (One of us [R.O.G.] has made a 
preliminary study of the repeatability of PIDAS measurements. For 20 
consecutive observations of a target and reference spanning a period of a 
few minutes, the scatter in the calculated reflectance is about one part in 
thirty.) With respect to fluctuations in T, no direct measurements are 
available of atmospheric variability over the paths and on a time scale 
commensurate with the frequency of data acquisition (16 lines/sec). 
our measurements of diffuse and direct incident total radiation acquired 
during the experiment to establish approximately the magnitude of the 
variability over periods on the order of a few minutes. From the analog 
records, the ratio of peak to peak variability of the diffuse light to the 
total of diffuse and direct components is 1/1700. 
direct component itself can be detected from the record. 
suggest that for the present calculations, the sky variation is negligible. 

From Figure 2, at 1592 nm, the first term on the 

We used 

No variation in the 
These observations 

Comparing the magnitudes of the various terms just given shows the 
fractional variance of the surface reflectance to be by far the largest 
term, which is inconsistent with the measured total value. 
causes of this problem may be (1) unrepresentative sampling of the surface 
at a pixel scale with PIDAS or (2 )  poor repeatability of the PIDAS 
observations themselves. Both of these questions will be the focus of 
future studies. 

Two possible 

An alternative viewpoint is to adopt the laboratory determined 
fractional variance of G (i.e., UG/G is given by l/(p/u) in 
Figure 12(a), which is about (1/180)2 and t o  ascribe the degeneration of 
the total fractional variance to the sum of uncertainties from atmospheric 
and surface sources. The combination of these two terms has a value of 
(1/110)2 - (1/180)2 or approximately (1/140)2. 
plausible that the differences observed between laboratory and flight values 
could be contributed by these sources that are totally dominated by 
variations in the target reflectance. Isolating instrument performance has 
remained elusive. 

It is certainly 

The variations observed in averages across columns, Figure 12(c) and, 
with area, Figure 12(d), are larger than those found in the row averages, 
and in general lead to the lower values of p/u of about 40. 
across-column averages are thought to contain additional sources of banding 
in addition to that arising from variations in detector response already 
compensated for. This contributes to the larger scatter, and consequently 
lower signal-to-noise ratio, estimate. 

The 
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REDUCTION OF THE RADIANCE DATA TO GROUND REFLECTANCE 

In this section we compare the results of three largely independent 
methods that may be used to compensate for atmospheric effects in imaging 
spectrometer data: (1) scene average or residual, (2 )  empirical line, and 
( 3 )  radiative transfer modeling. Similar studies comparing methods (1) and 
(2) were carried out by Roberts, et al. (1986). In principle, method (1) 
can be employed independent of any ground measurement wherever the 
atmosphere is uniform and the path radiance is zero. Methods ( 2 )  and ( 3 )  
possess the same theoretical basis. In both, the scanner response (or 
radiance) can be arranged as an essentially linear function of ground 
reflectance. The fundamental difference in these two approaches from our 
point of view is that in the empirical method (2 ) ,  the slope and intercept 
of the response curves at each wavelength are fixed by two-point ground 
observations of the reflectance, whereas in the modeling approach ( 3 ) ,  these 
constants are calculated from theory after measurements of the optical depth 
and single scattering albedo have been used. In what follows, the parameter 
of interest is assumed to be surface spectral reflectance, although in other 
applications the atmospheric properties themselves might be of equal concern. 

The strategy employed made predictions of the surface reflectance (by 
the methods mentioned) which were then compared with field-measured values. 
For this purpose, the unknown target of reflectance, whose spectrum is given 
in Figure 2, was used. 
well as the two standard targets could have been used, while for method (2 )  
only one target was available because two standards are used t o  construct 
the prediction relationships. 

Actually, for methods (1) and ( 3 )  this target as 

Residual or Scene-Averaged Method 

An intriguing method of atmospheric compensation that is based entirely 
upon manipulation of the image data themselves without intervention of 
ground measurements is the residual (log-residual if logarithmic variables 
are employed) or scene average method (Green and Craig, 1985; Solomon, 
1984). The radiance observed by an aircraft-mounted scanner system can be 
expressed as 

where the coordinates of a particular point in the image are (x,y) and where 
T and T' refer to the total optical depth of the atmosphere and the 
optical depth of observation measured from the top downward. This notation 
suppresses the dependence of the quantities L, P, T, and R on wavelength, 
and directions of solar incidence and observation. The first term in 
Eq. (1) is path radiance and represents sunlight that is directly and 
diffusely transmitted by the upper part of the atmosphere (above the depth 
of observation) and that is reflected upward by the lower part of the 
atmosphere (below the depth of observation). 
and diffusely transmitted upwelling surface radiation. 
reflectance, R(x,y), is assumed to be Lambertian. 
that the scanner response has been converted to absolute radiance units for 

The second term is directly 
The surface 

It is further assumed 
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all detector elements. 
paper. 
the path radiance P is often negligible, so that Eq. (1) simplifies to 

The required steps are discussed elsewhere in this 
For the long wavelength (rock) mode of observation (1180-2523 nm) 

For a homogeneous atmosphere, constant elevation of the terrain above sea 
level, and constant observation elevation and attitude of the aircraft, it 
would also be justified to assume T(x,y,l: - T') = <T(T - T I ) > ,  a 
constant independent of position. 
<T(T - T')> is to form averages of the radiance L (x,y) over the image 
area to get 

A simple method for estimating 

<L> = <T> <R> ( 3 )  

where <L> = (l/Area) 1s L(x,y) dxdy, etc. 
particularized for constant transmittance <T> yields 

Applying this to Eq. (2) 

which expresses the scaled reflectances R(x,y)/<R> in terms of the 
image-derived quantities. If the atmosphere is i.nhomogeneous or the terrain 
uneven, or if the aircraft altitude above sea level and attitude are not 
constant, then averages of the image-derived radiances over the scene yield 

where T(u,v,r - TI), by the mean value theorem, is some value contained 
in the set of T(x,y,r - T') but is otherwise unconstrained. 
case, applying Eq. (4) to Eq. (2) yields 

In this 

A key assumption required for the application of these methods is that the 
<R> produced by averaging is independent of wavelength. 
Solomon (1987, personal communication), this is never true for homogeneous 
scenes. 

As emphasized by 

For homogeneous terrain, R(x,y)/<R> - unity, and 
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Thus the technique yields a function that is proportional to the 
transmittance properties of the atmosphere and that tends to be independent 
of the surface for the case of homogeneous ground reflectance. 

In the following preliminary treatment we have used the raw half-word 
AIS data with the spectral analysis manager SPAM (SPAM Handbook, 1987). 
Using the uncalibrated numbers introduces additional factors related to 
detector responsivity into the analysis as follows. Assuming that dark 
current responses have been eliminated from the data, the relationship 
between radiance and instrumental response measured in DN is 

where G(x,X) is a gain factor that depends on column position in the 
detector array (x) and row position (1) only. 
part to be homogeneous so that T(x,y,z - T') is equal to a constant 
(<T>, say), then approximately 

Assuming the atmospheric 

where G(u,X) is some value of G found within the set G(x,X) but is 
otherwise not constrained. Thus, 

(7) 

(8) 

( 9 )  

We studied the scaled surface reflectance function based on this 
formula for the unknown (runway tarmac) and bright (playa) targets for the 
rock mode observations. In Figure 13 these functions are compared to a 
LOWTRAN transmittance spectrum derived from the midlatitude winter model and 
to the surface bidirectional spectral reflectance for the site as measured 
at 2-nm spectral resolution with PIDAS. (Note: The assumption of zero path 
radiance, implicit in formulating equation [ 2 ] ,  is probably not valid for 
the shorter wavelength portion of the tree mode observations, which extend 
in wavelength from 809 to 2143 nm.) For the most part, these spectra are 
dominated by the presence of atmospheric absorption bands, and it is 
difficult to isolate with confidence any feature of the surface spectrum in 
the log residual spectrum without the actual surface spectrum as a guide. 
These results may be explained by resorting to equation ( 6 )  and the 
discussion following that equation. The proposed similarity between <R> and 
R(x,y) that may have generated this result will eventually be examined by a 
calculation of <R> from the empirical line method of recovering surface 
spectral reflectance, and will be compared with locally computed values via 
the same set of calibration relationships. 

Empirical Line Method 

The empirical calibration line method is very simple to apply in 
principle. Field observations are made of surface reflectance for 
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Figure 13. Comparison of spectra for two targets produced by the 
log-residual (scene average) method, a LOWTRAN transmission 
spectrum of the atmosphere, and the measured surface reflectance 
obtained from PIDAS. 

homogeneous targets recognizable in the A I S  imagery, and the scanner 
response for these areas is obtained. 
if the data are calibrated) vs surface reflectance are prepared as the basis 

Plots of response (DN) (or radiance 
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for compensation of the atmosphere elsewhere. 
calibration lines obtained using the bright and dark targets are shown in 
Figure 14. 

Examples of two of the 

The slope and intercept values Lo and dL/dR in the relationship 

L(k) = Lo(k) + [dL(k)/dR(k)l R(k), k = 1,2, ..., 128 
are shown in Figure 15. 
the two-way atmospheric transmittance as multiplied by the solar spectral 
radiance, which it functionally resembles, while Lo, which declines with 
wavelength, is the path radiance. 

The spectral variation of dL/dR is proportional to 

The empirical method is applied to the target with unknown reflectance, 
and the result compared to the field-observed spectrum in Figure 16. 
calibrated (radiance) and uncalibrated (half-word DN) data have been 
included in the transformations. The results of these two different 
reductions are comparable. On the whole the fit is good, but the predicted 
spectra are systematically greater in reflectance by a few percent than the 
observed spectra, except'between about 2018 and 2280 nm where the departures 
reach about 5%. A small minimum in the predicted reflectances near 2017 nm 
straddles major atmospheric absorptions from C02, and may represent poor 
compensation for this species in the reductions. 

Both 

The differences between observations and predictions by the present 
method must originate in the calibration lines themselves. Two potential 
sources of concern are (1) how well the field-measured reflectances 
represent the standard targets and (2) whether spatial resolution of the 
target of unknown reflectance in the imagery is good. With respect to (l), 

100 I I I 1 I I 1 I I 

90 - 

RADIANCE, pW cm-* nrn-' sr-' 

Figure 14. 
playa and dark runway reflectance observations 

Examples of empirical calibration lines produced from bright 
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Figure 15. Values for the empirical calibration lines 

field sampling of the dark target included both asphalt surface and bright 
lines painted on it, but no precise accounting of this mixture could be 
achieved because the runway is poorly resolved and the lines are not at all 
visible. If, for example, in the field-measured average spectrum the 
abundance of painted surface were overestimated, the slope of the resulting 
calibration line would be too steep. Accordingly, reflectances predicted 
for targets elsewhere would be too great. 
relatively bright target is surrounded on three sides by dark runways. 

With respect to (21, the unknown, 
If 
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Figure 16 .  Comparison of spectra predicted for the unknown target from 
the empirical line method for both radiometrically reduced (calibrated) 
and unreduced (uncalibrated) data 

this target is poorly resolved against the dark background, the apparent AIS 
response would be too low and would again lead to discrepancies of the sign 
observed. 

Radiative Transfer Model 

The radiative transfer modeling method of reduction to ground 
reflectance can be applied in a forward iterative fashion starting with the 
observed radiances and incrementally adjusting the surface reflectance value 
until the observed and predicted radiances equal each other. In order to 
apply this method, the following need to be supplied or estimated for the 
model: values of the optical depth for the atmosphere at each wavelength, 
the single scattering albedo, precipitable water abundance, concentration of 
C02, asymmetry factors for the aerosol scatterers, and variations of these 
quantities as height above the surface and horizontal position vary. A s  a 
first approximation, the LOWTRAN simulations and their comparisons with the 
observed radiances from AIS serve as a preliminary test of the ideas 
involved. 
aerosol scattering (see Kneizys et al., 19831, so the use of it as a 
standard for comparison is less satisfactory at shorter wavelengths. 
these problems the code developed by Diner and Martonchik (1984) will 
eventually be employed. 

LOWTRAN-6 supplies only a single scattering description of 

For 

The principal source of concern here is the systematically lower value 
of the radiance returned from the laboratory calibration of AIS at each 
wavelength compared to the expected values from the LOWTRAN model. 
general way, if the laboratory calibration is taken as correct, then 

In a 
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directly adjusting the LOWTRAN model to match radiances leads to surface 
reflectances that are 30 to 50% too low compared to the field-determined 
numbers. The relationship is 

R(A1S) = [L(AIS)/L(LOWTRAN)] R(P1DAS) 

where R(A1S) is the surface reflectance implied by the AIS-observed radiance 
L(AIS), and R(P1DAS) is the surface reflectance as measured with PIDAS and 
used to produce a LOWTRAN model radiance L(L0WTRAN). 
and L(LOWTRAN), and Figure 17 is a plot of R(A1S) for the bright playa 
standard target. The appearance of uncompensated atmospheric bands in the 
predicted spectrum arises from dissimilarities between the assumed model and 
the observed spectrum in spectral resolution. 

Figure 8 shows L(A1S) 

It does not seem worthwhile to go beyond this level of analysis, until 
the major extant discrepancies between the two data sets are removed. 

SUMMARY 

We have assembled a field experiment using AIS-2 over Rogers Lake, 
California to (1) provide an assessment of the engineering performance of 
the instrument with respect to in-flight radiometric calibration, spectral 
sampling interval, and signal-to-noise ratio and (2) compare various methods 
for the reduction of the data to ground reflectance, i.e., for atmospheric 
compensation. The Rogers Lake site presents a large, high-reflectance 
surface target (playa lake), dark targets (runways), and other surfaces 
(concrete runways) that can be used interchangeably as areas of known and 
unknown surface reflectance. Surface bidirectional spectral reflkctance was 
determined with PIDAS. In addition, to support radiative transfer modeling 
and other exercises, we made observations of atmospheric optical depth, 
precipitable water abundance, and the ratio of direct to diffuse incident 
light. 

With respect to the instrument-related questions we find (1) a spectral 
sampling interval between 20 and 30 as opposed to the -10 nm expected from 
the instrument design, (2) a "signal-to-noise" ratio of 40 t o  110, and ( 3 )  
laboratory radiometric calibration radiances that are 30 to 50% lower than 
those expected. 

In comparing the methods of data reduction we find the following: 
(1) The so-called scene average or log-residual method proves powerless to 
recover any feature of the surface reflectance, perhaps because of the 
homogeneity of the scene. (2) The empirical line method returns predicted 
surface reflectances that are within a few percent of the actual observed 
values using calibrated or uncalibrated data. 
problems in detail in compensating for both water and C02 bands at various 
places in the spectrum. 
detailed attention in the atmospheric modeling. 
question has been studied preliminarily using LOWTRAN-6. 
possible problems with the representation of scattering in this code, the 

The method encounters 

This suggests that both these gasses deserve 
( 3 )  The radiative transfer 

Apart from 
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Figure 17. Surface reflectances derived from the AIS-2 data for the 
bright standard target using the LOWTRAN-6 atmospheric model: (a) rock 
mode and (b)  tree mode 

major concern for its application is the uncertain radiometry of AIS, since 
that code or any other relying on direct measurements of the radiance would 
return values of the surface reflectance lower than expected by 30 to 50% 
under solar illumination. 
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NOTE IN PROOF 

An important factor in the radiometric analysis of AIS-2 presented 
earlier is the surface spectral reflectance returned by PIDAS, namely 
R(P1DAS). This quantity impacts directly the value of the expected radiance 
returned from LOWTRAN-6, as presented in Figure 8. P. Slater, R. Jackson 
and their associates (personal communication, 1987) have analysed surface 
reflectance measurements of the playa site taken with other radiometers in 
the field and have compared these data to measurements with a laboratory 
spectrometer. They find agreement between their laboratory and field- 
determined reflectances, which are 20 to 30% lower than the reflectance 
determined with PIDAS for the same site and time of observation. This 
difference, if true, reduces the radiance given by the LOWTRAN-6 simulation 
in Figure 8 by the same factor. The discrepancy between predicted and 
observed curves is accordingly narrowed and is roughly 30% of the AIS 
response itself rather than 60 or 70%. 
differences between the observed and calculated spectra of the test area 
shown in Figure 17 is also achieved if the reflectance determinations of 
Slater et al. are used. 

A similar reduction in the 
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E F F E C T I V E  USE OF PRINCIPAL C O M P O N E N T  ANALYSIS WITH H I G H  
RESOLUTION REMOTE SENSING D A T A  TO D E L I N E A T E  H Y D R O T H E R M A L  
A L T E R A T I O N  A N D  C A R B O N A T E  ROCKS 
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SANDRA C .  FELDMAN, Mackay S c h o o l  o f  M i n e s ,  U n i v e r s i t y  o f  
Nevada -Reno ,  R e n o ,  N V  89557, USA 

A B S T R A C T  

M e t h o d s  o f  a p p l y i n g  p r i n c i p a l  c o m p o n e n t  
(PC)  a n a l y s i s  t o  h i g h  r e s o l u t i o n  r e m o t e  s e n s i n g  
i m a g e r y  were e x a m i n e d .  U s i n g  H o t  C r e e k  R a n g e ,  
Nevada  A i r b o r n e  I m a g i n g  S p e c t r o m e t e r  ( A I S )  d a t a ,  
p r i n c i p a l  c o m p o n e n t  a n a l y s i s  was f o u n d  t o  b e  
u s e f u l  f o r  r e m o v i n g  t h e  e f f e c t s  of  a l b e d o  a n d  
n o i s e  a n d  f o r  i s o l a t i n g  t h e  s i g n i f i c a n t  
i n f o r m a t i o n  on  a r g i l l i c  a l t e r a t i o n ,  z e o l i t e ,  a n d  
c a r b o n a t e  m i n e r a l s .  

a n a l y s i s  f o r  m i n e r a l o g i c a l  d i s c r i m i n a t i o n  was t o  
p e r f o r m  t h r e e  s e p a r a t e  P C  a n a l y s e s  u s i n g  a s  i n p u t  
t h e  f i r s t  1 6  A I S  b a n d s ,  7 i n t e r m e d i a t e  b a n d s ,  a n d  
t h e  l a s t  16 b a n d s  f r o m  t h e  3 2  f l a t - f i e l d -  
c o r r e c t e d  b a n d s  b e t w e e n  2048 a n d  2337 nm. Mos t  
o f  t h e  s i g n i f i c a n t  m i n e r a l o g i c a l  i n f o r m a t i o n  
r e s i d e d  i n  t h e  s e c o n d  p r i n c i p a l  c o m p o n e n t s .  PC 
c o l o r  c o m p o s i t e s  a n d  d e n s i t y  s l i c e d  i m a g e s  
p r o v i d e d  a good m i n e r a l o g i c a l  s e p a r a t i o n  when 
a p p l i e d  t o  t h e  H o t  C r e e k  A I S  d a t a  s e t .  

o f  p r i n c i p a l  c o m p o n e n t s  a n a l y s i s  i s  t h a t  i t  
e m p l o y s  a l g o r i t h m s  w h i c h  a l r e a d y  e x i s t  o n  m o s t  
i m a g e  p r o c e s s i n g  s y s t e m s .  

T h e  m o s t  e f f e c t i v e  t e c h n i q u e  f o r  u s i n g  P C  

A 1  t h o u g h  c o m p u t e r - i n t e n s i v e ,  t h e  a d v a n t a g e  

I N T R O D U C T I O N  

V e r y  e f f e c t i v e  s o f t w a r e  p a c k a g e s  a n d  a l g o r i t h m s  
h a v e  b e e n  d e v e l o p e d  s p e c i f i c a l l y  f o r  u s e  w i t h  h i g h  
r e s o l u t i o n  r e m o t e  s e n s i n g  i m a g e r y  ( G o e t z  a n d  o t h e r s ,  
1985; Mazer a n d  o t h e r s ,  i n  p r e s s ;  Lyon a n d  L a n z ,  1985). 
Some o f  t h e s e  p a c k a g e s ,  h o w e v e r ,  a r e  n o t  e a s i l y  
i m p l e m e n t e d  w i t h  many u s e r s '  e x i s t i n g  image  p r o c e s s i n g  
h a r d w a r e  c o n f i g u r a t i o n s ,  a n d  t h e  s o f t w a r e  i s  o f t e n  n o t  
c o m p a t i b l e  w i t h  o t h e r  i m a g e  p r o c e s s i n g  s o f t w a r e  p a c k a g e s  
w i t h o u t  a s i g n i f i c a n t  a m o u n t  o f  r e p r o g r a m m i n g .  T h e  
o b j e c t i v e  o f  t h i s  p a p e r  i s  t o  s u g g e s t  m e t h o d s  f o r  
a n a l y z i n g  h i g h  r e s o l u t i o n  r e m o t e  s e n s i n g  d a t a ,  
s p e c i f i c a l l y  A i r b o r n e  I m a g i n g  S p e c t r o m e t e r  ( A I S )  i m a g e r y ,  
t h a t  c a n  t a k e  a d v a n t a g e  o f  a l g o r i t h m s  w h i c h  a l r e a d y  e x i s t  
o n  m o s t  image  p r o c e s s i n g  s y s t e m s .  P r i n c i p a l  c o m p o n e n t  
(PC) a n a l y s i s  i s  o n e  s u c h  m e t h o d .  
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P r i n c i p a l  c o m p o n e n t  a n a l y s i s  h a s  b e e n  s u c c e s s f u l l y  
u s e d  w i t h  L a n d s a t  T h e m a t i c  Mapper  (TM) i m a g e r y  a n d  TM 
s i m u l a t o r  i m a g e r y  t o  d i f f e r e n t i a t e  g e o l o g i c  u n i t s  a n d  t o  
i d e n t i f y  h y d r o t h e r m a l l y  a l t e r e d  a r e a s  (Abrams a n d  o t h e r s ,  
1 9 8 3 ;  C o n e 1  a n d  A l l e y ,  1 9 8 5 ) .  The e f f e c t i v e n e s s  o f  t h i s  
m e t h o d  w i t h  A i r b o r n e  I m a g i n g  S p e c t r o m e t e r  ( A I S )  d a t a  was 
t e s t e d  d u r i n g  t h i s  i n v e s t i g a t i o n  u s i n g  3 2  o f  t h e  1 2 8  
b a n d s  f r o m  t h e  H o t  C r e e k  R a n g e ,  Nevada  AIS-1  d a t a  s e t .  
T h e s e  3 2  b a n d s  c o n t a i n  t h e  m o s t  i m p o r t a n t  m i n e r a l o g i c a l  
a b s o r p t i o n  f e a t u r e s  i n  t h e  1 2 0 0  t o  2 4 0 0  nm w a v e l e n g t h  
r a n g e .  T h e  d a t a  s e t  h a s  a 9.3 nm s p e c t r a l  s a m p l i n g  
i n t e r v a l  a n d  a 1 2  m s p a t i a l  r e s o l u t i o n .  

T h e  H o t  C r e e k  A I S  s i t e  is l o c a t e d  i n  t h e  Tybo 
m i n i n g  d i s t r i c t  a n d  c o n t a i n s  h y d r o t h e r m a l l y  a l t e r e d  a n d  
u n a l t e r e d  P a l e o z o i c  c a r b o n a t e  a n d  c l a s t i c  r o c k s ,  a n d  
T e r t i a r y  r h y o l i t i c  a s h - f l o w  t u f f s .  From f i e l d  m a p p i n g ,  
l a b o r a t o r y  w o r k ,  a n d  m e a s u r e m e n t s  on  s a m p l e s  c o l l e c t e d  
a l o n g  t h e  f l i g h t  l i n e  w i t h  a n  IRIS s p e c t r o r a d i o m e t e r ,  t h e  
a s h - f l o w  t u f f s  were f o u n d  t o  b e  a l t e r e d  t o  c l a y ,  z e o l i t e ,  
a n d  s i l i c a  m i n e r a l s  ( F e l d m a n  a n d  T a r a n i k ,  [ a ] ,  i n  p r e s s ) .  
K a o l i n i t e  a n d  c a l c i t e  a r e  w i d e s p r e a d  i n  t h e  M u s i c  Canyon 
a r e a ,  a n d  k a o l i n i t e ,  m o n t m o r i l l o n i t e ,  a n d  c l i n o p t i l o l i t e  
a r e  common i n  t h e  Red Rock Canyon a r e a .  

AIS METHODOLOGY 

T h e  3 2  s p e c t r a l  b a n d s  b e t w e e n  2 0 4 8  a n d  2 3 3 7  nm i n  
t h e  Red R o c k  Canyon  a n d  M u s i c  Canyon a r e a s ,  H o t  C r e e k  
R a n g e  A I S - 1  d a t a  s e t ,  were u s e d  t o  t e s t  t h e  e f f e c t i v e n e s s  
of  p r i n c i p a l  c o m p o n e n t  a n a l y s i s .  S p e c t r a  of  k a o l i n i t e ,  
m o n t m o r i l l o n i t e ,  c l i n o p t i l o l i t e ,  a n d  c a l c i t e  f r o m  samples  
a l o n g  t h e  A I S  f l i g h t  l i n e ,  r e c o r d e d  w i t h  a G E R  I R I S  
s p e c t r o r a d i o m e t e r ,  a r e  shown i n  F i g u r e  1. 

s e t s  vary between  40:l and 1O:l (Vane,  1 9 8 6 ;  T u c k e r  a n d  
V a n e ,  1 9 8 6 ) .  I n  o r d e r  t o  remove  s y s t e m a t i c  n o i s e ,  t o  
c o r r e c t  f o r  v a r i a t i o n s  i n  d e t e c t o r  r e s p o n s e ,  a n d  t o  
remove  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  a n d  t h e  e f f e c t s  of  
t h e  s o l a r  i r r a d i a n c e  c u r v e ,  a f l a t  f i e l d  c o r r e c t i o n  was 
a p p l i e d  t o  t h e  " r a w "  AIS d a t a  p r i o r  t o  p e r f o r m i n g  
p r i n c i p a l  c o m p o n e n t  a n a l y s e s .  The  c o r r e c t i o n  was 
p e r f o r m e d  by c h o o s i n g  a s p e c t r a l l y  f l a t  a r e a  i n  t h e  
a l l u v i u m  a n d  d i v i d i n g  t h e  b r i g h t n e s s  v a l u e  o f  e a c h  p i x e l  
i n  e a c h  b a n d  a l o n g  t h e  f l i g h t  l i n e  by t h e  a v e r a g e  v a l u e  
of  t h e  f l a t  f i e l d  i n  t h a t  b a n d .  T h e  f l a t  f i e l d  
c o r r e c t i o n  d o e s  n o t  remove  a l b e d o ,  b u t  a l t e r s  t h e  a l b e d o ,  
l e a v i n g  a r e l a t i v e  a l b e d o  c o m p o n e n t  i n  t h e  d a t a .  

AIS d a t a  was c o n s i d e r e d  s u c c e s s f u l  i f  l o c a l i t i e s  
c o n t a i n i n g  k a o l i n i t e ,  m o n t m o r i l l o n i t e ,  c l i n o p t i l o l i t e ,  
a n d  c a l c i t e ,  a s  d e t e r m i n e d  f r o m  f i e l d  m a p p i n g  a n d  
l a b o r a t o r y  a n a l y s e s ,  were s e p a r a b l e  f r o m  e a c h  o t h e r  i n  
i m a g e s  c o n s t r u c t e d  w i t h  p r i n c i p a l  c o m p o n e n t s .  B e c a u s e  o f  

S i g n a l - t o - n o i s e  r a t i o s  c a l c u l a t e d  f o r  AIS-1 d a t a  

T h e  a p p l i c a t i o n  o f  p r i n c i p a l  c o m p o n e n t  a n a l y s i s  t o  
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F i g .  1. I R I S  s p e c t r o r a d i o m e t e r  c u r v e s  f o r  samples  
c o l l e c t e d  a l o n g  t h e  AIS f l i g h t  l i n e ,  H o t  C r e e k  R a n g e ,  
N e v a d a .  

t h e  l a r g e  v o l u m e  o f  A I S  d a t a  ( 1 2 8  b a n d s  by 32 p i x e l s  by 
t h e  number  of  l i n e s  i n  t h e  d a t a  s e t )  a n d  t h e  low s i g n a l -  
t o - n o i s e  r a t i o ,  d e s i r a b l e  a n a l y s i s  m e t h o d s  a r e  t h o s e  
w h i c h  i s o l a t e  t h e  n o i s e  f r o m  t h e  s i g n i f i c a n t  d a t a ,  t h o s e  
w h i c h  t a k e  a minimum o f  c o m p u t e r  t ime,  a n d  t h o s e  w h i c h  
a r e  c o m p a t i b l e  w i t h  many u s e r s '  s y s t e m  a r c h i t e c t u r e ,  
o p e r a t i n g  s y s t e m ,  c o m p i l e r ,  a n d  p e r i p h e r a l s .  

P R I N C I P A L  COMPONENT ANALYSIS 

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  h a s  b e e n  u s e d  f o r  many 
y e a r s  t o  e n h a n c e  g e o l o g i c  f e a t u r e s  on L a n d s a t  T h e m a t i c  
M a p p e r  (TM) o r  TM s i m u l a t o r  i m a g e r y  (Abrams a n d  o t h e r s ,  
1 9 8 3 ;  C o n e 1  a n d  A l l e y ,  1 9 8 5 ) .  A p r i n c i p a l  c o m p o n e n t  
a n a l y s i s  d e c r e a s e s  t h e  d i m e n s i o n a l i t y  of  t h e  d a t a  w i t h o u t  
l o s i n g  s i g n i f i c a n t  i n f o r m a t i o n .  T h e  c o r r e l a t i o n  b e t w e e n  
v a r i a b l e s  i s  r e d u c e d  t o  p r o d u c e  a more  f u n d a m e n t a l  s e t  of  
i n d e p e n d e n t  v a r i a b l e s .  T h e  f i r s t  c o m p o n e n t  a c c o u n t s  f o r  
t h e  g r e a t e s t  a m o u n t  o f  t o t a l  v a r i a n c e ;  c o m p o n e n t s  2 a n d  
h i g h e r  c o n t a i n  s u c c e s s i v e l y  l e s s  v a r i a n c e .  I n  a r e a s  of  
low v e g e t a t i v e  c o v e r ,  s p e c t r a l  v a r i a t i o n  i n  p r i n c i p a l  
c o m p o n e n t  i m a g e s  p r o d u c e d  f r o m  TM-type i m a g e r y  h a s  o f t e n  
b e e n  c o r r e l a t e d  w i t h  c h a n g e s  i n  l i t h o l o g y .  

l i n e s  o f  A I S  d a t a  f r o m  t h e  M u s i c  Canyon  a r e a  a n d  512 
l i n e s  f r o m  t h e  R e d  Rock  Canyon  a r e a .  T h r e e  s e p a r a t e  

P r i n c i p a l  c o m p o n e n t  a n a l y s e s  were e x e c u t e d  on  512 
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# .  . 
p r i n c i p a l  c o m p o n e n t  a n a l y s e s  were p e r f o r m e d  o n  t h e  f i r s t  
16 b a n d s ,  7 i n t e r m e d i a t e  b a n d s ,  a n d  t h e  l a s t  16 b a n d s  
f r o m  e a c h  o f  t h e  two l o c a l i t i e s .  T h e  p u r p o s e  o f  
e x e c u t i n g  t h r e e  a n a l y s e s  was t o  i s o l a t e  s i g n i f i c a n t  
m i n e r a l o g i c a l  i n f o r m a t i o n  f r o m  d i f f e r e n t  p a r t s  o f  t h e  
s p e c t r u m  a n d  p l a c e  i t  i n t o  t h e  P C s  w i t h  t h e  g r e a t e s t  
a m o u n t s  o f  v a r i a n c e .  T h e  f i r s t  PC a n a l y s i s  was p e r f o r m e d  
u s i n g  t h e  f i r s t  16 b a n d s  (2048 t o  2188 nm) a s  i n p u t ,  
w h e r e  k a o l i n i t e  h a s  a n  a b s o r p t i o n  f e a t u r e .  I n  t h e  
s e c o n d ,  b a n d s  12 t h r o u g h  18 (2151 t o  2206 nm) were 
u t i l i z e d  t o  i n c l u d e  l o n g e r  w a v e l e n g t h  c l a y  a b s o r p t i o n  
f e a t u r e s .  T h e  l a s t  16 b a n d s  (2197 t o  2337 nm),  w h e r e  
c a r b o n a t e  a n d  c l i n o p t i l o l i t e  a b s o r p t i o n  f e a t u r e s  a r e  
p r e s e n t ,  were u s e d  i n  t h e  t h i r d  PC a n a l y s i s .  

From a s e r i e s  o f  e x p e r i m e n t s  u s i n g  d i f f e r e n t  AIS 
b a n d s  a s  i n p u t  t o  t h e  p r i n c i p a l  c o m p o n e n t  a n a l y s i s ,  i t  
was f o u n d  t h a t  t h e  number  o f  b a n d s  u s e d  a s  i n p u t  m u s t  b e  
b a l a n c e d  a g a i n s t  t h e  a m o u n t  o f  n o i s e  i n  t h e  d a t a  s e t  a n d  
t h e  number  o f  s i g n i f i c a n t  s p e c t r a l  f e a t u r e s  e x p e c t e d  i n  
t h a t  p o r t i o n  o f  t h e  s p e c t r u m .  T h e  i n p u t  of  f e w e r  b a n d s  
i n t o  t h e  p r i n c i p a l  c o m p o n e n t  a n a l y s i s  r e s u l t s  i n  a h i g h e r  
c o n c e n t r a t i o n  o f  n o i s e  i n  P C s  2 a n d  3, making  them l e s s  
u s e f u l .  U s i n g  a l a r g e  number  o f  b a n d s  a s  i n p u t  i n t o  t h e  
PC a n a l y s i s ,  f r o m  p o r t i o n s  o f  t h e  s p e c t r u m  w h e r e  many 
d - i f f e r e n t  a b s o r p t i o n  f e a t u r e s  a r e  l o c a t e d  ( f o r  i n s t a n c e  
c l a y  m i n e r a l s  a n d  c a l c i t e ) ,  c auses  t h e  s e g r e g a t i o n  o f  
s i g n i f i c a n t  s p e c t r a l  i n f o r m a t i o n  i n t o  h i g h e r  number ,  
n o i s y  PCs .  

p r i n c i p a l  c o m p o n e n t s  ( F i g u r e s  2a a n d  2 b )  o f  t h e  M u s i c  
Canyon  a r e a  i l l u s t r a t e  t h a t  PC 1 a c c o u n t s  f o r  t h e  
g r e a t e s t  p e r c e n t  o f  t h e  t o t a l  v a r i a n c e  (97 p e r c e n t ) .  PC 
2 c o n t a i n s  2.5 p e r c e n t  o f  t h e  t o t a l  v a r i a n c e  w h i l e  P C  3 ,  
4 ,  a n d  5 e a c h  c o n t a i n  l e s s  t h a n  0 . 5  p e r c e n t .  W h i l e  t h e r e  
i s  s i g n i f i c a n t  i n f o r m a t i o n  i n  PCs 3, 4 ,  a n d  5, much o f  
t h e  i n f o r m a t i o n  c o n t e n t  i s  m a s k e d  by n o i s e .  H o r i z o n t a l  
s t r i p i n g  a c c u m u l a t e s  i n  PC 3 a n d  4, w h i l e  random n o i s e  
c o l l e c t s  i n  h i g h e r  number  PCs. 

From a n  a n a l y s i s  o f  e i g e n v e c t o r s  f o r  b o t h  t h e  Red 
Rock  Canyon  a n d  M u s i c  Canyon  i m a g e s ,  i t  was f o u n d  t h a t  
e a c h  o f  t h e  1 6  i n p u t  b a n d s  c o n t r i b u t e s  e q u a l l y  t o  P C  1; 
PC 1 i s  a r e l a t i v e  a l b e d o  i m a g e  w h i c h  a l s o  c o n t a i n s  
i n f o r m a t i o n  o n  a s p e c t  a n d  s l o p e .  P C  2 a n d ,  t o  a l e s s e r  
e x t e n t ,  PC 3 c o n t a i n  t h e  m o s t  s i g n i f i c a n t  i n f o r m a t i o n  o n  
m i n e r a l o g y  a n d  s u r f i c i a l  c o v e r .  T h e  AIS b a n d s  w h i c h  a r e  
h i g h l y  c o r r e l a t e d  w i t h  PCs 2 a n d  3 ( T a b l e  1) a r e ,  m o s t  
o f t e n ,  t h o s e  b a n d s  l o c a t e d  a d j a c e n t  t o  s p e c t r a l  
a b s o r p t i o n  f e a t u r e s  f o r  k a o l i n i t e ,  m o n t m o r i l l o n i t e ,  
c a l c i t e ,  a n d  c l i n o p t i l o l i t e .  

A c o l o r  c o m p o s i t e  w h i c h  e f f e c t i v e l y  shows  t h e  
d i s t r i b u t i o n  o f  k a o l i n i t e  a n d  c a l c i t e  ( l i m e s t o n e )  i n  t h e  
M u s i c  Canyon  a r e a  was p r o d u c e d  u s i n g  PC 2s a n d  PC 3 s  f r o m  
t h e  t h r e e  s e p a r a t e  p r i n c i p a l  c o m p o n e n t  a n a l y s e s  ( F e l d m a n  
a n d  T a r a n i k ,  [ b ] ,  i n  p r e s s ) .  D e n s i t y  s l i c i n g  PC 2 i m a g e s  

T h e  s c a l e d  a n d  G a u s s i a n  s t r e t c h e d  i m a g e s  o f  t h e  16 
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F i g .  2 a .  P r i n c i p a l  c o m p o n e n t s  1 t h r o u g h  16 ( l e f t  t o  
r i g h t )  u s i n g  t h e  f i r s t  1 6  A I S  b a n d s  i n  t h e  f o u r t h  g r a t i n g  
p o s i t i o n  a s  i n p u t .  R e a l  v a l u e s  s c a l e d  a n d  c o n v e r t e d  t o  
b y t e  d a t a  f o r  d i s p l a y .  

F i g .  2 b .  P r i n c i p a l  c o m p o n e n t s  1 t h r o u g h  1 6  ( l e f t  t o  
r i g h t )  u s i n g  t h e  f i r s t  16 A I S  b a n d s  i n  t h e  f o u r t h  g r a t i n g  
p o s i t i o n  as i n p u t .  G a u s s i a n  s t r e t c h  a p p l i e d ,  
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T a b l e  1. AIS b a n d s  i n  t h e  f o u r t h  g r a t i n g  p o s i t i o n  
w h i c h  a r e  h i g h l y  c o r r e l a t e d  w i t h  p r i n c i p a l  
c o m p o n e n t s  2 a n d  3 

MUSIC C A N Y O N  SCENE 

A I S  band  
PC Band n o .  W a v e l e n g t h  m i d p o i n t  (nm) 

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  o n  b a n d s  1 t o  16 

2 14, 15, 16 2169, 2178, 2188 
3 10, 1 1  2132, 2141 

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  on  b a n d s  12 t o  18 

2 17, 18 2197, 2206 
3 18 2206 

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  on  b a n d s  17 t o  32 

-- -- 2 
3 30, 31, 32 2318, 2328, 2337 

R E D  R O C K  C A N Y O N  SCENE 

AIS band  
PC Band n o .  W a v e l e n g t h  m i d p o i n t  (nm)  

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  o n  b a n d s  1 t o  16 

2 14, 15, 16 2169, 2178, 2188 
3 3, 4 2067, 2076 

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  o n  b a n d s  12 t o  18 

2 17, 18 
3 18 

2197, 2206 
2206 

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  o n  b a n d s  17 t o  32 

2 31, 32 2328, 2337 
3 28, 29 2300, 2309 
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was a l s o  f o u n d  t o  b e  v e r y  e f f e c t i v e  f o r  m i n e r a l o g i c a l  
d i s c r i m i n a t i o n .  

c o m p o n e n t  i m a g e  f o r  t h e  Red Rock Canyon  a r e a .  T h e  c o l o r  
c o m p o s i t e  i m a g e  w h i c h  m o s t  s u c c e s s f u l l y  s e p a r a t e d  
k a o l i n i t e  a n d  montmorillonite-clinoptilolite a l t e r a t i o n  
z o n e s  was f o r m e d  u s i n g  PC 2 s  f r o m  t h e  t h r e e  p r i n c i p a l  
c o m p o n e n t  a n a l y s e s .  

A s i m i l a r  m e t h o d  was u s e d  t o  p r o d u c e  a p r i n c i p a l  

CONCLUSIONS 

T h e  m o s t  a p p r o p r i a t e  t e c h n i q u e  f o r  a p p l y i n g  
p r i n c i p a l  c o m p o n e n t  a n a l y s i s  t o  h i g h  s p e c t r a l  r e s o l u t i o n  
d a t a  s e t s  i s  d e p e n d e n t  o n  t h e  s i g n a l - t o - n o i s e  r a t i o  a n d  
on  t h e  w i d t h  o f  s i g n i f i c a n t  s p e c t r a l  f e a t u r e s  o f  m i n e r a l s  
w h i c h  may b e  p r e s e n t .  I n p u t  b a n d s  s h o u l d  b e  f r o m  
p o r t i o n s  o f  t h e  s p e c t r u m  w h e r e  s i g n i f i c a n t  s p e c t r a l  
f e a t u r e s  o f  m i n e r a l s  a r e  l o c a t e d .  T h i s  me thod  c u t s  down 
o n  t h e  a m o u n t  o f  c o m p u t e r  t ime n e e d e d  t o  p e r f o r m  t h e  
p r i n c i p a l  c o m p o n e n t  a n a l y s e s .  

t h e  H o t  C r e e k  A I S  d a t a  s e t ,  i n  a n  a r e a  c o n t a i n i n g  c l a y ,  
z e o l i t e ,  a n d  c a r b o n a t e  m i n e r a l s ,  i t  was f o u n d  t h a t  t h r e e  
s e p a r a t e  PC a n a l y s e s ,  u s i n g  t h e  f i r s t  1 6  AIS b a n d s ,  7 
i n t e r m e d i a t e  b a n d s ,  a n d  t h e  l a s t  1 6  b a n d s  a s  i n p u t ,  was 
t h e  m o s t  e f f i c i e n t  t e c h n i q u e .  M o s t  o f  t h e  m i n e r a l o g i c a l  
i n f o r m a t i o n  was  f o u n d  t o  b e  c o n t a i n e d  i n  PC 2s .  PC c o l o r  
c o m p o s i t e s  a n d  d e n s i t y  s l i c e d  i m a g e s ,  composed  p r i m a r i l y  
o f  PC 2 s ,  y i e l d e d  good m i n e r a l o g i c a l  s e p a r a t i o n  i n  t h e  
R e d  Rock  a n d  M u s i c  Canyon  a r e a s .  

s e p a r a t e  a r g i l l i c  a l t e r a t i o n ,  z e o l i t e ,  a n d  c a r b o n a t e  
m i n e r a l  l o c a l i t i e s  u s i n g  h i g h  r e s o l u t i o n  r e m o t e  s e n s i n g  
i m a g e r y .  PC a n a l y s i s  s e p a r a t e s  o u t  r e l a t i v e  a l b e d o  a n d  
a s p e c t  a n d  s l o p e  e f f e c t s ,  m i n e r a l o g i c a l l y  s i g n i f i c a n t  
i n f o r m a t i o n ,  a n d  n o i s e  i n  t h e  H o t  C r e e k  R a n g e  AIS d a t a  
s e t .  A l t h o u g h  p r i n c i p a l  c o m p o n e n t  a n a l y s i s  i s  c o m p u t e r -  
i n t e n s i v e ,  a l g o r i t h m s  f o r  PC a n a l y s i s  a r e  a l r e a d y  
i m p l e m e n t e d  o n  m o s t  i m a g e  p r o c e s s i n g  s y s t e m s ,  a n d  m a j o r  
r e p r o g r a m m i n g  i s  n o t  r e q u i r e d .  PC a n a l y s i s  m e t h o d s  a r e  a 
v i a b l e  o p t i o n  f o r  many u s e r s  o f  m u l t i d i m e n s i o n a l  s p e c t r a l  
d a t a .  

F o r  a signal-to-noise ratio of a b o u t  40:1, as in 

P r i n c i p a l  c o m p o n e n t  a n a l y s i s  i s  a n  e f f e c t i v e  way t o  

ACKNOWLEDGEMENTS 

T h e  a u t h o r  w o u l d  l i k e  t o  t h a n k  James V .  T a r a n i k  f o r  
r e v i e w i n g  t h e  m a n u s c r i p t  a n d  m a k i n g  h e l p f u l  comment s .  

5 4  



R E F E R E N C E S  

Abrams ,  M. J . ,  Brown,  D . ,  L e p l e y ,  L . ,  a n d  S a d o w s k i ,  R . ,  
1 9 5 3 ,  R e m o t e  s e n s i n g  f o r  p o r p h y r y  c o p p e r  d e p o s i t s  
i n  S o u t h e r n  A r i z o n a :  E c o n o m i c  G e o l o g y ,  v .  7 5 ,  p .  
591-604 .  

U t a h ,  u r a n i u m  t e s t  s i t e  r e p o r t ,  i n  T h e  J o i n t  
NASA/Geosat  T e s t  Case P r o j e c t ,  F i n a l  R e p o r t :  T u l s a ,  
O k l a h o m a ,  A m e r i c a n  A s s o c i a t i o n  o f  P e t r o l e u m  
G e o l o g i s t s .  

u s e  o f  h i g h  r e s o l u t i o n  r e m o t e  s e n s i n g  t e c h n i q u e s  t o  
d e f i n e  h y d r o t h e r m a l  a l t e r a t i o n  m i n e r a l o g y :  Tybo  
m i n i n g  d i s t r i c t ,  N e v a d a ,  i n  P r o c e e d i n g s  of t h e  B u l k  
M i n e a b l e  P r e c i o u s  f l e t a l  D e p o s i t s  Symposium: R e n o ,  
N e v a d a  G e o l o g i c a l  S o c i e t y  o f  Nevada .  

F e l d m a n ,  S .  C . ,  a n d  T a r a n i k ,  J .  V . ,  [ b ] ,  i n  p r e s s ,  
C o m p a r i s o n  o f  t e c h n i q u e s  f o r  d i s c r i m i n a t i n g  
h y d r o t h e r m a l  a l t e r a t i o n  m i n e r a l s  o n  A i r b o r n e  
I m a g i n g  S p e c t r o m e t e r  d a t a :  Remote  S e n s i n g  o f  
Env f ronmen  t. 

N . ,  1 9 8 5 ,  I m a g i n g  s p e c t r o m e t r y  f o r  e a r t h  r e m o t e  
s e n s i n g :  S c i e n c e ,  v.  2 2 8 ,  p .  1147-1153 .  

a n a l y s i s  o f  AIS 1 2 8 - c h a n n e l  i m a g e r y  u s i n g  
m i c r o c o m p u t e r s :  A p p l i c a t i o n  t o  Y e r i n g t o n ,  Nevada  
f i e l d  a r e a ,  i n  P r o c e e d i n g s  o f  t h e  A i r b o r n e  I m a g i n g  
S p e c t r o m e t e r y a t a  A n a l y s i s  Workshop ,  e d .  G .  V a n e ,  
a n d  A .  F .  H . ,  G o e t z :  P a s a d e n a ,  C a l i f o r n i a ,  J e t  
P r o p u l s i o n  L a b o r a t o r y  P u b l .  8 5 - 4 1 ,  p .  56-61.  

X a z e r ,  A .  S . ,  M a r t i n ,  M . ,  Lee ,  M . ,  a n d  S o l o m o n ,  J .  E . ,  i n  
p r e s s ,  I m a g e  p r o c e s s i n g  s o f t w a r e  f o r  i m a g i n g  
s p e c t r o m e t r y  d a t a  a n a l y s i s :  R e m o t e  S e n s i n g  o f  
E n v i r o n m e n t .  

T u c k e r ,  D . ,  a n d  Vane, G . ,  1 9 8 6 ,  R a d i o m e t r i c  c a l i b r a t i o n  
o f  t h e  A i r b o r n e  I m a g i n g  S p e c t r o m e t e r ,  
P r o c e e d i n g s  o f  t h e  S e c o n d  A i r b o r n e  I m a g i n g  
S p e c t r o m e t e r  Da ta  A n a l y s i s  W o r k s h o p ,  e d .  G .  Vane 
a n d  A .  F .  H .  G o e t z :  P a s a d e n a ,  C a l i f o r n i a ,  J e t  
P r o p u l s i o n  L a b o r a t o r y  P u b l .  8 6 - 3 5 ,  p .  1 7 - 2 0 .  

S e c o n d  A i r b o r n e  I m a g i n g  S p e c t r o m e t e r  ( A I S )  D a t a  
A n a l y s i s  W o r k s h o p ,  i n  P r o c e e d i n g s  o f  t h e  S e c o n d  
A i r b o r n e  I m a g i n g  S p e c t r o m e t e r  D a t a  A n a l y s i s  
Workshop ,  e d .  G .  Vane  a n d  A .  F .  H .  G o e t z :  P a s a d e n a ,  
C a l i f o r n i a ,  J e t  P r o p u l s i o n  L a b o r a t o r y  P u b l .  8 6 - 3 5 ,  
p .  1-16 .  

C o n e l ,  J .  E., a n d  A l l e y ,  R .  E . ,  1 9 8 5 ,  L i s b o n  V a l l e y ,  

F e l d m a n ,  S .  C . ,  a n d  T a r a n i k ,  J .  V . ,  [ a ] ,  i n  p r e s s ,  T h e  

G o e t z ,  A .  F .  H . ,  V a n e ,  G . ,  S o l o m o n ,  . J .  E., a n d  R o c k ,  B .  

L y o n ,  R .  J .  P., a n d  L a n z ,  K . ,  1 9 8 5 ,  F i e l d  u t i l i z a t i o n  a n d  

V a n e ,  G . ,  1 9 8 6 ,  I n t r o d u c t i o n  t o  t h e  P r o c e e d i n g s  o f  t h e  

5 5  
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SENSING STUDY I N V O L V I N G  THE C O N J U N C T I V E  USE OF THE AIRBORNZ T M G I N G  (.' SPECTROMETER, THE LARGE FORMAT CAMERA AND THE THEMATIC MAPPER SIMULATOR 
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MATTHEW HERLC, WILLIAM COX AND DANIEL K. GORDON, Au tomet r i c ,  
I n c o r p o r a t e d ,  F a l l s  Church, V i r g i n i a  22041, USA. 

AB STRAC T 

I n  a n  a t t e m p t  t o  improve t h e  land cove r /use  c l a s s i f i c a t i o n  accuracy 
o b t a i n a b l e  from remote ly  sensed  m u l t i s p e c t r a l  imagery, AIS-I images have been 
a n a l y z e d  i n  c o n j u n c t i o n  w i t h  mS (NSOOl), LFC c o l o r  i n f r a r e d  photography and 
b l a c k  and wh i t e  a e r i a l  photography. S p e c i f i c  p o r t i o n s  of t h e  combined d a t a  s e t  
were r e g i s t e r e d  and used f o r  c l a s s i f i c a t i o n .  Fol lowing t h i s  p r o c e d u r e ,  t h e  
r e s u l t i n g  d e r i v e d  d a t a  was t e s t e d  u s i n g  an o v e r a l l  accu racy  assessment  method. 

T h i s  s t u d y  is not  based upon the  use  of p r e c i s e  photogrammetric 2D-3D-2D 
geomet r i c  modeling t e c h n i q u e s .  I n s t e a d ,  t h e  d i s c u s s i o n  exposes r e s u l t a n t  
s p e c t r a l  f i n d i n g s  from t h e  image-to-image r e g i s t r a t i o n s .  Problems a s s o c i a t e d  
w i t h  t h e  A I S - I  - TMS i n t e g r a t i o n  are cons idered ,  and u s e f u l  a p p l i c a t i o n s  of 
t h e  imagery combinat ion are p r e s e n t e d .  

More advanced methodologies  f o r  imagery i n t e g r a t i o n  are needed i f  
m u l t i s y s t e m  d a t a  se t s  are t o  be u t i l i z e d  f u l l y .  N e v e r t h e l e s s ,  fundamental  
r e s e a r c h ,  such as d e s c r i b e d  h e r e i n ,  p r o v i d e s  a f o r m u l a t i o n  f o r  f u t u r e  E a r t h  
Obse rva t ion  S t a t i o n - r e l a t e d  multLsensor  s t u d i e s .  

INTRODUCTION 

Cons ide rab le  t e c h n i c a l  r e s e a r c h  and development have been completed 
w i t h  r ega rd  t o  t h e  d e s i g n  of remote s e n s i n g  sys t ems ,  and as more s o p h i s t i c a t e d  
imaging systems have been brought  o n - l i n e ,  t h e r e  has  been g r e a t e r  i n t e r e s t  
d i r e c t e d  towards t h e  u t i l i z a t i o n  of an e v e r  i n c r e a s i n g  amount- of d a t a .  I n  
p a r t i c u l a r ,  as a method f o r  r e a l i z i n g  t h e  f u l l  p o t e n t i a l  of r emote ly  s e n s e d  
Imagery, some r e s e a r c h  h a s  a d d r e s s e d  t h e  v a r i o u s  a s p e c t s  of combining 
complementary s e n s o r  d a t a .  I n  an e f f o r t  t o  broaden t h e  a p p l i c a b i l i t y  of 
r emote ly  sensed  d a t a ,  Airborne Imaging Spectrometer-I  (AIS-I),  Thematic Mapper 
S i m u l a t o r  (NS001 o r  TMS) and Large Format Camera (LFC) imagery have been 
ana lyzed  c o n j u n c t i v e l y  f o r  pu rposes  of l and  u s e / c o v e r  c l a s s i f i c a t i o n .  
S p e c i f i c a l l y ,  a l l  d a t a  was examined t o  a s s i s t  i n  the  c l a s s i f i c a t i o n  of C a i r n s ,  
Queensland, A u s t r a l i a .  The r e s e a r c h  o b j e c t i v e s  focused on t h e  c o m p a t i b i l i t y  of 
an LFC, AIS-I and TMS-AIS-I imagery set .  

The space-based photography was o b t a i n e d  by t h e  NASA LFC d u r i n g  t h e  Space 
T r a n s p o r t a t i o n  System Y i s s i o n  41-G,  from aboard the  S h u t t l e  Cha l l enge r  at  a n  
a l t i t u d e  of approx ima te ly  225.75 k i l o m e t e r s .  The i n d i v i d u a l  frames used f o r  
t h i s  s t u d y ,  1696-1698, were t aken  on 11 October 1984 u s i n g  Eastman Kodak SO- 
131 h i g h  d e f i n i t i o n  aerochrome c o l o r  i n f r a r e d  ( p o s i t i v e )  f i l m .  Without 
m a g n i f i c a t i o n ,  t h e  approximate scale of t he  photography was 1: 778,630 which, 
i n  t u r n ,  y i e l d e d  an e s t i m a t e d  s p a t i a l  r e s o l u t i o n  of 20 meters (Lucas,  Pea r son ,  
and Biache,  1986). 

5 6  



AIS-I imagery were c o l l e c t e d  aboard the  NASA A m e s  C-130 a i r c r a f t  on 2 2  
October 1985. The a l t i t u d e  of t h e  a i r c r a f t  d u r i n g  t h e  f l i g h t  was nominal ly  
7000 meters .  Aerial  b l ack  and white  photography was a l s o  c o l l e c t e d  by t h e  C- 
130 u s i n g  a bo re - s igh ted  35mm r e f e r e n c i n g  camera a l o n g  w i t h  imagery from t h e  
NSOOl m u l t i s p e c t r a l  scanner .  A second set of b l ack  and wh i t e  pho tographs ,  
t a k e n  on 13 August 1984 a t  450 meters (p rov ided  by Northern A i r  Surveys under 
c o n t r a c t  t o  t h e  Queensland Department of Surveying and Mapping), was a l s o  
inc luded .  Tab le  1 summarizes a l l  d a t a  a v a i l a b l e  for t h i s  l and  c l a s s i f i c a t i o n .  

Large Format Camera 
Kodak SO-131 f i l m  

Airborne Imaging Spec t romete r - I  
128 s p e c t r a l  bands 
s p e c t r a l  sampling a t  9.6 nm 

Thematic Mapper S imula to r  (NS001) 
Band 1 
Band 2 
Band 3 
Band 4 
Band 5 
Band 6 
Band 7 
Band 8 

Aerial Photography 
(from 7 k i l o m e t e r s )  

Aerial  Photography 
(from 450 m e t e r s )  

0.50 - 0.90 

1.20 - 2.40 

0.448 - 0.519 
0.529 - 0.603 
0.633 - 0.697 
0.767 - 0.910 
1.00 - 1.30 
1.57 - 1.71 

10.90 - 12.30 
2.10 - 2.38 

Black and White 
Ae r o c  hrome 

Black and White 
A e  roch t o  me 

ANALYSIS TECHNIQUES 

The b a s i s  f o r  t h i s  s t u d y  was t h e  Anderson e t  a1 (1976) l and  u s e / c o v e r  
c l a s s i f i c a t i o n  system. T h i s  t e c h n i q u e  was deemed most s u i t a b l e  s i n c e  t h e  
h i e r a r c h i c a l  d e s i g n  of t h e  Anderson sys t em is s t r u c t u r e d  t o  be d r i v e n  
p r i m a r i l y  by t h e  i n t e r p r e t a t i o n  of remote s e n s i n g  d a t a  o b t a i n e d  a t  v a r i o u s  
scales and r e s o l u t i o n s  and not d a t a  c o l l e c t e d  in s i t u  ( J e n s e n ,  1986). 

The i n i t i a l  r e s e a r c h  g o a l  was t o  i n c o r p o r a t e  t h e  AIS-I imagery t o  t h e  
maximum e x t e n t  p o s s i b l e  i n  t h e  r e s p e c t i v e  phases  of the c l a s s i f i c a t i o n .  
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Extreme amounts of  d i s t o r t i o n  i n  t h e  o r i g i n a l  AIS-I d a t a ,  however, p r o h i b i t e d  
use of t he  e n t i r e  f l i g h t - l i n e .  E f f o r t s  t o  remove t h i s  skewing problem were n o t  
employed. Hence, t h e  f i r s t  35% and t h e  l a s t  12% of t h e  imagery were n o t  
ana lyzed .  T h i s  narrowed t h e  cho ice  of s p e c i f i c  s t u d y  s i t e s  c o n s i d e r a b l y .  
T h e r e f o r e ,  t h e  s p e c i f i c  s t u d y  a r e a  began a t  Admiral ty  I s l a n d ,  con t inued  
through Smith 's  Creek, T r i n i t y  I n l e t ,  v a r i o u s  l o a d i n g  p i e r  areas,  and f i n a l l y ,  
end ing  in downtown CaFrns. 

PI:otographic a n a l y s i s  of t h e  LFC hard-copy was performed us ing  a Bausch b 
Lomb b i n o c u l a r  zoom microscope. S t e r e o  a n a l y s i s  was performed w i t h  a Zeiss 
Aerotopo s t e r e o s c o p e  as w e l l  as w i t h  t h e  Autometric-developed A n a l y t i c a l  
Photogrammetric P r o c e s s i n g  System (APPS-IV). AIS-I and TMS imagery were 
ana lyzed  u s i n g  t h e  E a r t h  Resources Data Ana lys i s  System (ERDAS) v e r s i o n  7 . 2 ,  
which was i n s t a l l e d  i n  a COMPAQ 386 micro computer. F i n a l l y ,  AIS-I d a t a  were 
a l s o  analyzed u s i n g  t h e  S p e c t r a l  Analysis  Manager (SPAM) and a Gould DeAnza 
FD5000 image p r o c e s s o r  w i th  a VAX 11/750 computer as t h e  h o s t .  

PHOTOGRAPHIC ANALYSIS RESULTS 

From a n a l y s i s  of t he  LFC photography,  a b a s i c  d e l i n e a t i o n  of l and  
u s e / c o v e r  was p o s s l b l e .  For example, t he  v a s t  abundance of h e a l t h y  we t l ands  
was p a r t i c u l a r l y  s t r i k i n g .  The d e l i n e a t i o n  of s p e c i f i c  items, however, w a s  
d i f f i c u l t  t o  a s c e r t a i n  wi th  t h e  LFC hard-copy. Most n o t a b l y ,  d e f i n i t i o n  of 
s p e c i f i c  v e g e t a t i o n  type was not a t t a i n a b l e .  Under m a g n i f i c a t i o n ,  some u rban  
l and  u s e  f u n c t i o n s  were appa ren t .  I n  p a r t i c u l a r ,  l o a d i n g  p i e r s  and a d j a c e n t  
s t r u c t u r a l  f e a t u r e s  were d i s c r i m i n a t e d .  One area of unknown cover  type  was an 
open f i e l d  j u s t  n o r t h  of t h e  dock' area. T h i s  f i e l d ,  l a r g e r  t han  two C a i r n s  
c i t y  b l o c k s ,  d i s p l a y e d  an even-toned g reen  s i g n a t u r e  over  t h e  s o u t h e r n  h a l f ,  
which t r a n s i t i o n e d  i n t o  a h i g h l y  i r r e g u l a r  gray-white t one  i n  t h e  n o r t h e r n  
h a l f .  The deep red s i g n a t u r e s  of t h e  ne ighbor ing  l u s h  marshes and f o r e s t e d  
areas were n i s s i n g  from t h e  open f i e l d .  Reasons f o r  t h i s  h i g h l y  i r r e g u l a r  s i t e  
cou ld  no t  be d e f i n e d  u s i n g  t h e  LFC imagery. 

In s u p p o r t  o f  t h e s e  i n i t i a l  f i n d i n g s ,  t h e  medium and low a l t i t u d e  
panchromatic  ae r i a l  photography was ana lyzed  i n  an a t tempt  t o  o b t a i n  a 
s t r o n g e r  i d e n t i f i c a t i o n  of  t h e  Cairns areas i n  q u e s t i o n .  By i n t e r p r e t i n g  t h e  
photography,  t h e  i n d u s t r i a l  l a y o u t  of t h e s e  s i tes  became somewhat more 
appa ren t .  Indeed,  t h e  dominant s t r u c t u r a l  f e a t u r e s  were devoted t o  t h e  l o c a l  
s u g a r  i n d u s t r y .  I n  a d d i t i o n ,  t h e  open f i e l d  appeared t o  have some g r a s s e s ,  bu t  
r easons  f o r  t h e  change i n  s i g n a t u r e  were s t i l l  undeterminable .  G e n e r a l l y ,  
i n f o r m a t i o n  r e g a r d i n g  s o i l  m o i s t u r e  and s o i l  t ype  i s  d i f f i c u l t  t o  o b t a i n  u s i n g  
a e r i a l  photography. To a d d r e s s  t h i s  problem and f u r t h e r  s u b s t a n t i a t e  t h e  
c l a s s i f i c a t i o n ,  t h e  m u l t i s p e c t r a l  imagery was accessed .  

AIRBORNE IMAGING SPECTROMETER-I ANALYSIS AND RESULTS 

Using o n l y  t h e  photography,  p r e l i m i n a r y  c l a s s i f i c a t i o n  was p o s s i b l e .  Two 
major concerns however, were no t  met wi th  t h e  hard-copy: (1) t h e  we t l and  
v e g e t a t i o n  cou ld  no t  be s p e c i e s  determined ( 2 )  t h e  v e g e t a t i o n  i n  t h e  

To s o l v e  t h e s e  problems,  a d i s c r i m i n a t e  a n a l y s i s  of t h e  AIS-I imagery w i t h  
SPAM was' employed. 

. aforementioned f i e l d  n e a r  t h e  l o a d i n g  dock could not  be a c c u r a t e l y  i d e n t i f i e d .  

., 
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The f i r s t  s t e p  i n  t h i s  p r o c e s s  invo lved  c r e a t i n g  a series of s p e c t r a l  
l i b r a r y  p l o t s  based on t h e  C a i r n s  d a t a  from areas of known composi t ion.  For 
example,  based on t h e  photography and topograph ic  maps of t h e  r e g i o n ,  c e r t a i n  
d i s t i n g u i s h a b l e  areas, such  as g r a s s  from urban p a r k s ,  s h a l l o w  water b o d i e s  
and c o n c r e t e / s t e e l  urban s t r u c t u r e s ,  were l o c a t e d  on t h e  AIS-I imagery. Based 
on t h e s e  s p e c i f i c  p i x e l s ,  b r i g h t n e s s  va lue  p l o t s  were c r e a t e d  f o r  t h e  f i r s t  80 
bands of t h e  128 band d a t a  set  and saved us ing  t h e  SPAM SAVEPLOT command. The 
second s t e p  f o r  t h i s  method invo lved  p l o t t i n g  p i x e l  b r i g h t n e s s  v a l u e s  from t h e  
p r e v i o u s l y  c h a r t e d  areas i n  q u e s t i o n .  Thus, from w i t h i n  t h e  f i e l d  area,  p i x e l  
b r i g h t n e s s  v a l u e  p l o t s  were c r e a t e d  and, u s i n g  t h e  LIBPLOT command, compared 
t o  t h e  newly c r e a t e d  l i b r a r y  p l o t s .  Based on t h e s e  and o t h e r  LIBPLOT 
comparisons,  t h e  wet land v e g e t a t i o n  i n  q u e s t i o n  w a s  determined t o  be l u s h  
we t l and  s c r u b  brush.  With r ega rd  t o  t h e  open f i e l d ,  t h e  n o r t h e r n  h a l f  was 
determined t o  be covered by an even expanse of g r a s s  w i t h  i n t e r m i t t e n t  g roups  
of herbaceous sh rubs .  The s o u t h e r n  e x t e n t  of t h e  f i e l d  appeared t o  s h a r e  a 
similar s i g n a t u r e .  The d i f f e r e n c e  i n  t o n e ,  however, w a s  determined t o  be t h e  
p re sence  of high s o i l  mo i s tu re  l e v e l s .  

REGISTERED IMAGERY (AIS-I AND TMS) ANALYSIS AND RESULTS 

The t h i r d  approach t o  a n a l y z i n g  t h e  Ca i rns  area invo lved  superimposing 
t h e  AIS-I w i th  t h e  TMS imagery and performing a s t a t i s t i c a l  a n a l y s i s  of t h e  
t e s u l t a n t  d a t a  f i l e .  S p e c i f i c a l l y ,  band e x t r a c t i o n ,  based on examples 
documented by U s t i n ,  Rock and Woodward (19861, was employed t o  remove s e l e c t e d  
bands of in te res t  from t h e  n e a r  i n f r a r e d  r eg ion  of t he  AIS-I  imagery. When 
examined v i s u a l l y  u s i n g  SPAM, bands 9, 16 and 30 were determined t o  e x h i b i t  
s i g n i f i c a n t  b r i g h t n e s s  v a r i a t i o n s  and were t h e r e f o r e  e x t r a c t e d .  Fol lowing 
t h i s ,  t h e  3-band AIS-I d a t a  s e t  and t h e  7-band (band 8 was not  i n c l u d e d )  TMS 
d a t a  were downloaded from t h e  VAX 11/750 t o  t h e  COMPAQ 386/ERDAS image 
p r o c e s s i n g  system. 

Before pe r fo rming  a s t a t i s t i c a l  c l a s s i f i c a t i o n  on t h e  AIS-I and TMS 
imagery t o g e t h e r ,  t h e  two d a t a  sets  had t o  be r e g i s t e r e d .  Th i s  image 
r e g i s t r a t i o n  p r o c e s s  involved t r a n s l a t i n g  and r o t a t i n g  t h e  imagery s o  t h a t  
o b j e c t s  were p o s i t i o n e d  c o i n c i d e n t  w i t h  respect t o  one another and 
cor re spond ing  elements of t he  same ground appeared i n  t h e  same place on t h e  
r e g i s t e r e d  imagery ( J e n s e n ,  1986). I n  t h i s  case, t h e  AIS-I imagery were 
g e o m e t r i c a l l y  s h i f t e d  t o  o v e r l a y  t h e  TMS "base map" image. It shou ld  be n o t e d ,  
however, t h a t  t h i s  p r o c e s s  was no t  based on t r a d i t i o n a l  photogrammetr ic  
t e c h n i q u e s  f o r  2D-3D-2D geomet r i c  modeling. I n s t e a d ,  t h i s  procedure s imply  
r e p r e s e n t s  a n  image-to-image r e g i s t r a t i o n .  

The image r e g i s t r a t i o n  was accomplished u s i n g  t h e  ERDAS CURSES, COORD2 
and RECTIFY programs. F i r s t ,  u s i n g  CURSES, ground c o n t r o l  p o i n t s  were t a k e n  
from both sets of imagery. Second, t h e  COORD2 program was used t o  c a l c u l a t e  
t h e  image t r a n s f o r m a t i o n  matrix and l i s t  the r e s u l t a n t  c o e f f i c i e n t s .  Root mean 
s q u a r e  e r r o r  f o r  t h i s  r o u t i n e  was set  a t  1.5. T h i r d ,  RECTIFY was a c c e s s e d  t o  
pe r fo rm t h e  a c t u a l  image r e g i s t r a t i o n .  During t h i s  p r o c e s s ,  t h e  AIS-I imagery 
were r e c t i f i e d  t o  " f i t "  t h e  TMS imagery. The b r i g h t n e s s  v a l u e s  of t h e  s h i f t e d  
AIS-I p i x e l s  were determined v i a  an i n t e r n a l  n e a r e s t  neighbor  f u n c t i o n .  Thus, 
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f o l l o w i n g  t h i s  series of r o u t i n e s ,  t h e  newly c r e a t e d  image f i l e  c o n t a i n e d  10 
bands: 7 from t h e  TMS and 3 from t h e  AIS-I. 

The c l a s s i f i c a t i o n  of t h e  RIS-AIS-I imagery was accomplished u s i n g  t h e  
ERDAS CLUSTER program. T h i s  unsupe rv i sed  c l a s s i f i c a t i o n  a l g o r i t h m  o p e r a t e d  i n  
a two-pass mode. The f i r s t  pas s  through the d a t a  set  b u i l t  t h e  c l u s t e r s  by 
c o l l e c t i n g  p o i n t s  i n  t h e  image 's  s p e c t r a l  space.  For each  c o l l e c t i o n  of 
p o i n t s ,  t h e  CLUSTER r o u t i n e  c a l c u l a t e d  t h e  accompanying c l u s t e r  mean v e c t o r s .  
The second p a s s  th rough  t h e  d a t a  set  s e p a r a t e l y  a s s i g n e d  each p i x e l  of t h e  11 
band d a t a  s e t  t o  one of the mean v e c t o r s  c r e a t e d  i n  p a s s  1. 

20 c l u s t e r s  were c r e a t e d  from t h e  imagery. With r ega rd  t o  s p e c t r a l  s p a c e ,  
axes  s k i p  f a c t o r s  ( fo r  t h e  x and y d i r e c t i o n s )  were set a t  2 .  Minimum d i s t a n c e  
between c l u s t e r s  was a l s o  e s t a b l i s h e d  a t  2. F i n a l l y ,  minimum a l l o w a b l e  c l u s t e r  
r a d i u s  was 14 and t h e  c l u s t e r  e l i m i n a t i o n  t h r e s h o l d  p e r c e n t a g e  was 1. 

Fol lowing t h e  c l a s s i f i c a t i o n  p r o c e s s ,  two-dimensional two-band p l o t s  of 
t h e  mean v e c t o r  v a l u e s  were c r e a t e d .  These s c a t t e r p l o t s  r e p r e s e n t e d  t h e  
i n t e r s e c t i o n s  of t h e  i n d i v i d u a l  mean v e c t o r s  and t h e  s p e c i f i c  l o c a t i o n  of t h e  
20 c l u s t e r  groupings.  For comparison, s c a t t e r p l o t s  from t h e  AIS-I vs TMS as 
w e l l  as from t h e  TMS vs TMS are p rov ided  i n  F i g u r e s  1 and 2. A f t e r  p l o t t i n g  
t h e s e  mean v e c t o r s ,  t h e  f i n a l  p r o c e s s  involved t r a n s l a t i n g  t h e  c l u s t e r s  i n t o  
i n f o r m a t i o n  classes. The f i n a l  l and  use / cove r  c l a s s i f i c a t i o n  or "derived" map 
was c r e a t e d  u s i n g  ERDAS geograph ic  i n f o r m a t i o n  systems color assignment  
r o u t i n e s  . 

Accuracy f o r  t h i s  c l a s s i f i c a t i o n  p r o c e s s  was e s t i m a t e d  u s i n g  a n  o v e r a l l  
accu racy  a s ses smen t  method based on a c c e p t a n c e  sampling which h a s  been 
documented by Arnoff (1982).  I n  a d d i t i o n ,  Ginevan (1979)  p r o v i d e s  a 
methodology f o r  a p p l y i n g  t h i s  procedure t o  c l a s s i f i e d  maps. Using t h i s  
t e c h n i q u e ,  92 s e p a r a t e  p i x e l s  were p l o t t e d  and l a b e l e d  from t h e  c l a s s i f i e d  
imagery. These were t h e n  c h a r t e d  on 1:100,000 Royal A u s t r a l i a n  Survey Corps 
t o p o g r a p h i c  maps. Based on t h i s  p r o c e d u r e ,  o v e r a l l  accu racy  was determined t o  
be 89%. Thus, t h e  c l a s s i f i e d  imagery i s  above t h e  lower l i m i t  of 85% set by 
Arnoff and, i n  t u r n ,  r e p r e s e n t s  a n  a c c e p t a b l e  "der ived" map. 

CONCLUSIONS 

T h i s  t h r e e - t i e r e d  approach t o  l a n d  c o v e r j u s e  c l a s s i f i c a t i o n  d i s c u s s e s  
some of t h e  b e n e f i t s  from combining complementary d a t a  sets .  Admit tedly,  t h i s  
i n v e s t i g a t i o n  was somewhat s i m p l i s t i c .  N e v e r t h e l e s s ,  imagery from t h e  TMS, LFC 
and AIS-I were used t o  o b t a i n  an a c c e p t a b l e  l e v e l  of d e r i v e d  map accuracy .  By 
u s i n g  both d i s c r i m i n a t e  and s t a t i s t i c a l  t e c h n i q u e s ,  each d a t a  set p rov ided  
unique s p e c t r a l  i n f o r m a t i o n  v a l u a b l e  t o  t h e  g o a l  of t h i s  p r e l i m i n a r y  s t u d y .  I n  
p a r t i c u l a r ,  t h e  accu racy  o b t a i n e d  from t h e  image-to-image r e g i s t r a t i o n  
p r o v i d e s  i n c e n t i v e  t o  deve lop  photogrammetr ic  models f o r  p u r p o s e s  of 
c o r r e l a t i n g  and a n a l y z i n g  m l t i s e n s o r  d a t a  sets. 
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Calibrating AIS Images Using the Surface as a Reference 

M. 0. Smith, D. A. Roberts, H. M. Shipman, J. B. Adams, S. C. Willis and A. R. Gillespie 
University of Washington 

Seattle, WA. 98195 

ABSTRACT 
We have tested a method of evaluating the initial assumptions and uncertainties 

of the physical connection between AIS image data and laboratory / field spectrometer 
data. To first order, the Tuscon AIS-2 image (flight #601) connects to laboratory 
reference spectra by an alignment to the image spectral endmembers through a 
system gain and offset for each band. 

We have chosen to calibrate images to reflectance so as to transform the image 
into a measure that is independent of the solar radiant flux. This transformation also 
makes the image spectra directly comparable to data from laboratory and field 
spectrometers. Our objective in this paper is to test a method for calibrating AIS 
images using the surface as a reference. The surface heterogeneity is defined by 
laboratory / field spectral measurements. 

We have developed an approach to calibration that maps the n-dimensional 
volume defined by image spectra into the n-dimensional volume defined by laboratory/ 
field reference spectra. The dimension of the volume is equivalent to the number of 
image bandpasses. We assume that to first order 1) the image spectra are linear 
mixtures of the laboratory or field reference spectra and 2) that there is a set of system 
gains and offsets for each band. However, it is not necessary that the image spectra 
be mixtures of the reference spectra; they could be pure endmembers themselves. 
The system gains and offsets include all contributions from the entire system (e.g., 
atmosphere, solar spectrum, instrument, lighting geometry, etc.) not solely those due to 
the instrument. 

We tested these assumptions on an AIS-2 image (flight #601) obtained in 
September 1986 of the Tucson Mountains just west of Tucson, Arizonia. The 
instrument was flown in rock mode and included the wavelength range from 1200 nm 
to 2500 nm. We used only bandpasses where the signal to noise ratio was near 100 
or better, which resulted in a reduction of the original 128 bands (rock mode) to 64 
bands. Prior to analysis the image was destriped by adjusting gains for each column 
to equalize the column means. 

Representative spectra of surface samples were measured on a Beckman DK-2A 
spectrometer. We term this set of spectra the reference endmembers, since they 
describe pure surface components (Figure 1). Other reference spectra could be 
modeled as linear mixtures of these spectra. In addition to these three spectra the 
reference endmembers also include the spectrum shade which has 0% reflectance. A 
precise definition of the endmember shade is given in Adams et al. 1986. These 
reference spectra are used to define the n-dimensional volume of all reference spectral 
measurements. 

To complement the reference endmembers, we need to determine a set of image 
endmembers such that they define the n-dimensional volume of the image. The image 
volume is defined by single pixel image endmembers that, when linearly mixed, 
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adequately fit the iqage spectral variance and yield fractions between 0 and 1. The 
spectral image endmembers do not necessarily have any physical identity. For the 64 
selected AIS-2 bands we found the linear mixtures of four image endmember spectra 
could model the fans south of the Desert Museum (Figure 2) to within 10 DN rms error. 
The rms error is computed as the difference between the measured image data and 
that predicted by a least square fit of mixtures of the four endmembers. Only random 
spatial patterns were present in the rms error image indicating the four image 
endmembers adaquately defined the image n-dimensional volume. 

The connection between the image endmembers and laboratory reference 
endmembers is made using the following equation: 

Gb DNiem,b -t Ob = Re,b 

subject to the constraint : C Fern = 1 

where DNiem,b is the digital number for each image endmember for each band, Gb 
the system gain to convert image digital numbers to total hemispherical reflectance for 
each band b, ob the offset in reflectance for each band b, Fern the fractional 
contribution of each reference spectral endmember, and Re,b the total hemispherical 
reflectance for each reference spectral endmember for each band b. The summation 
in Equation 1 is over the number of relevant spectral endmembers. The equation is 
solved iteratively first for the gains and offsets and then for the fractions Fern. 

Equation 1 formalizes our hypothesis that the primary connection between the 
imaged surface and laboratory reference spectra involves first an alignment of mixed 
pixels in the image to unmixed reference spectra, and secondly a calibration between 
image digital numbers and total hemispherical reflectance. The calibration model uses 
a simple linear equation consisting of a single gain and offset for each band. However, 
imbedded in the gains and offsets are more than the instrument calibration; in addition, 
there are effects caused by the solar spectrum, the atmosphere, and differences in 
lighting geometry between image and laboratory measurement systems. We are 
testing whether or not the entire system including the atmosphere, solar spectrum, and 
conversion of bidirectional to total hemispherical reflectance can, to first order, be 
approximated by a linear equation. 

The solution consists of finding the fractions Fern that align the mixed pixel 
endmember spectra from the image to the unmixed reference endmembers. The 
results of the alignment (Table 1) are physically realizable, Le., the image endmember 
set consists of fractions between 0 and 1 for each reference endmember spectrum, and 
each image endmember spectrum fits well to linear combinations of the reference 
spectra (rms errors are all < 0.3'10 reflectance). Table 1 now makes possible a physical 
identification of the image endmembers from the reference spectra. For example, em-1 
is predominantly equivalent to an arkose spectrum (f=0.6 arkose), but unlike the 
reference spectrum of arkose, is mixed with vegetation, shade, and rhyolite. Similarly, 
each of the other image endmembers connect predominantly to an equivalent 
reference endmember spectrum. 
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Figure 1. 
Measurements were made with a Beckman 2K-DA spectrometer. 

Total hemispherical reflectance of the field spectral endmembers. 
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Figure 2. Raw digital numbers of the image spectral endmembers. Wavelengths 
shown were those with high signal to noise ratios used in our analysis. Note abscissas 
for Figures 1 and 2 are different. 
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Table I. Results of Image Endmember Alignment to Reference Spectra 

Fraction of Reference Endmember 
arkose rhyolite bursage shade rms error 

Image 
Endmember 

em-1 
em-2 
em-3 
em-4 

0.60 0.14 0.24 0.03 0.002 
0.01 0.52 0.21 0.27 0.001 
0.36 0.02 0.42 0.19 0.002 
0.03 0.32 0.1 4 0.51 0.002 

The gains and offsets from Equation 1 characterize the total system response to a 
linear calibration. The predominant pattern in the gain curves (Figure 3) is an inverted 
response to the water bands at 1400 and 1900 nm. In addition, the C02 absorption 
bands near 2000 nm are evident. These characteristics are resolved in the gains 
because they are constant for the en-tire image. Similarly, the offsets for most bands 
(Figure 4) typically were below 1 % reflectance. However, many bands near 1200 nm 
have erratic scatter and high offsets. This type of pattern is indicative of faulty detector 
elements in the two-dimensional CCD array of the AIS-2 instrument. 

To test the appropriateness of the reference endmembers with respect to the 
image endmembers, we determined the quality of fit (correlation) between each of the 
four image and reference endmembers for each band independently (Figure 5). The 
wavelengths between 1200 nm and 1300 nm exhibit some of the variability observed 
in the offsets (Figure 5) and gains (Figure 3). This does not fit the pattern of variation 
we observe in the reference endmembers (Figure 1). We interpret the almost random 
variation in corrlelations between 1200nm and 1300nm, and the significantly lower 
correlations at 1900 nm to be typical of that caused by the instrumentation. 

In contrast, the systematic lack of fit near 2200 nm corresponds to the absorption 
feature of the arkose reference spectra (Figure 1). A plot of the image and reference 
endmembers for the 2200 nm wavelength (Figure 6) illustrates the deviation of the 
arkose from a linear calibration. We interpret this lack of fit at 2200 nm as a mismatch 
between the image and reference arkose endmember spectrum. What we have 
interpreted as an arkose for the image endmember has the general shape of the 
reference arkose spectrum, but lacks the 2200 nm absorption band. Even though the 
arkose reference spectrum does not fit the image data at 2200 nm we can use the 
other three reference endmembers to determine the gains and offsets in this 
wavelength region to maintain calibration integrity. 

To determine if areas in the image contained the 2200 nm clay absorption band 
found in the arkose reference spectrum, we examined the difference images between 
that predicted by mixtures of the calibrated image endmembers and the raw image. 
Three of the difference images corresponding to the bands of the 2200 nm clay 
absorption contained distinct spatial patterns relating to the reference arkose spectrum. 
Distinct spatial patterns in the difference images provide a means of determining if 

subtle absorption features present in the surface mineralogy can be detected over that 
of the AIS-2 instrument noise. Further resolution of the 2200 nm 
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Figure 3. System gains (Gb) obtained by solving Equation 1. 
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Figure 4. System offsets (ob) obtained by solving Equation 1. 
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Figure 5. The fit (correlation) between each of the four image and reference 
endmembers for each band is computed independently. 

Figure 6. The departure of the reference arkose spectrum from that of the unmixed 
image arkose endmember spectrum is inferred from the deviation of the arkose 
endmember from a linear calibration from the other endmembers. 
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absorption feature can be accomplished by spectrally unmixing the background 
continium spectrum from that of the arkose (Shipman and Adams 1987). 

In summary, we have found that the Tucson AIS-2 image is consistent with each 
of our initial hypotheses; 1) that the A S 2  instrument calibration is nearly linear, 2)the 
spectral variance is caused primarily by sub-pixel mixtures of spectrally distinct 
materials and shade, and 3) that sub-pixel mixtures can be treated as linear mixtures of 
pure endmembers. In addition, we have found that the image can be characterized by 
relatively few spectral endmembers using the AIS-2 high resolution spectra. The 
resulting patterns in fractions, gains, offsets, and overall fit of Equation 1 to the data 
make possible the separation of surface effects from those of the instrument, 
atmosphere, and solar spectrum. 
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DETERMINE EXPERIMENTALLY INDUCED VARIATION IN CONIFEROUS 
CANOPY CHEMISTRY k 

NANCY A. SWANBERG, TGS Technology, Inc. NASA/Ames 
Research Center, Moffett Field, California 94035; PAMELA 
A. MATSON, NASA/Ames Research Center, Moffett Field, 
California 94035 

ABSTRACT 

A study is underway to determine whether 
experimentally induced differences in forest 
canopy chemical composition can be detected 
using data from the Airborne Imaging 
Spectrometer (AIS). Treatments have been 
applied to an even-aged forest of Douglas-fir 
trees near Mt. Taylor, New Mexico. 

Work to date has stressed wet chemical 
analysis of foliage samples and correction of 
AIS data. Plot treatments have been successful 
in providing a range of foliar nitrogen 
concentrations. Much time was spent 
investigating and correcting problems with the 
raw AIS data. Initial problems with groups of 
drop out lines in the AIS data were traced to 
the tape recorder and the tape drive. Custom 
adjustment of the tape drive led to recovery of 
most missing lines. Remaining individual drop 
out lines were replaced using averages of 
adjacent lines. Application of a notch filter 
to the Fourier transform of the image in each 
band satisfactorily removed vertical striping. 
The aspect ratio was corrected by resampling the 
image in the line direction using nearest 
neighbor interpolation. Future work will 
include examination of first and second 
difference AIS spectra from study plots at bands 
known to contain information about a given 
foliar constituent and exploration of multiple 
stepwise linear regression techniques for 
determining spectral bands correlated to foliar 
chemical composition. Acquisition of AIS or 
Airborne Visible and Infrared Imaging 
Spectrometer (AVIRIS) data prior to bud break 
and during the growing season has been requested 
for 1987. 
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INTRODUCTION 

Biochemical composition of forest canopies is 
related to biogeochemical cycling in forest ecosystems. 
It has been suggested that fertile forest ecosystems 
which cycle large amounts of elements have greater 
potential for element losses to the atmospheric and 
hydrologic systems, while infertile systems with low 
nutrient turnover have low losses (Matson and Vitousek, 
submitted). One objective of this research is to 
correlate foliar biochemical ratios with nitrogen 
turnover rates and nitrous oxide evolution in forests 
with varying fertility. A second objective, which is the 
subject of this paper, is to determine whether 
experimentally induced differences in forest canopy 
nutrient and biochemical composition can be detected 
using data from the Airborne Imaging Spectrometer (AIS). 

STUDY SITE 

The study site is in a Douglas-fir forest near Mt. 
Taylor, New Mexico and was established by collaborators 
in the School of Forest Resources at Northern Arizona 
State University. Treatments include replicated control, 
fertilized, irrigated and saw dust-treated 25m x 25m 
plots. Monthly fresh foliage samples have been collected 
and are being analyzed for nitrogen, phosphorus, amino 
acids, lignin, starch, cellulose, and proteins. 
Preliminary wet chemical analysis indicates that foliage 
from fertilized plots exhibits markedly higher 
concentrations of nitrogen than those from other 
treatments. Ratios of amino acids:total nitrogen and 
concentrations of starch also differ among treatments and 
across seasons. 

Table 1.0 shows N concentration in mg/g for eight of 
the study plots. Allometric equations for Douglas-fir at 
this site are being prepared at Northern Arizona State. 
These equations should provide reliable estimates of 
foliage mass. Nitrogen concentration will be multiplied 
by the foliage mass to obtain the total nitrogen content 
for each plot. Preliminary calculations done using 
allometric equations for Douglas-fir in Washington 
indicate that the nitrogen content of the plots ranges 
between 100.8 kg/ha and 205 kg/ha. 
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Table 1.0 Foliar nitrogen concentration of one and two 
year needles 

-__-I_ -I-. ~ -I-- -___-------- -- 
SITE TREATMENT TOTAL N 

m9/9 
1---1-1 --- -- ------ ----- 

c1 CONTROL 8.52 
c2 CONTROL 9.09 
I1 IRRIGATED 8.62 
I2 I RRI GAT ED 9.52 
s1 SAWDUST 10.02 
s2 SAWDUST 10.22 
N1 NITROGEN 14.08 
N2 NITROGEN 14.54 

REMOTE SENSING 

Data collection 
--__I 

AIS-2 data at spatial resolutions of approximately 
7m and 10m were acauired with the NASA C-130 aircraft 
over the study 
were obtained 
800-1600nm and 
1600-2400nm. 
color infrared 
obtained. 

site on &September 18-19, 1986. These data 
both in Tree mode with a useable range of 
in Rock mode with a useable range of 
NS-001 Thematic Mapper simulator data, 
and natural color photography were also 

Processinvnd - Corrections 

Upon initial inspection of the data large groups of 
drop-out lines were observed. This problem was reported 
to the NASA Ames Data Management facility. They had 
their tape drive adjusted specifically to read the high 
density tape containing the data of interest and were 
eventually able to recover most of the groups of lines 
that had been missing after the initial decommutation. 
(In a subsequent mission for these investigators at 
another site, a newer one inch on-board tape recorder was 
used to record the AIS data and a newer tape drive was 
used to decommutate the data, eliminating the problem.) 

Examination of the newly decommutated data revealed 
individual drop out lines. Each pixel in these lines was 
replaced by the average of the corresponding pixels in 
the two adjacent lines. Vertical striping, striping in 
the along-track direction, was also observed. It was 
removed by applying a notch filter to the Fourier 
transform of the image in each band as described by 
Hlavka (1986). 

Even after the lines were replaced and the image was 
destriped, it was difficult to locate the study site. 
The scene appeared blurry. After consultation with the 
NASA Ames Data Management Facility and the Jet Propulsion 
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Laboratory it was discovered that the image aspect ratio 
was incorrect due to "overscanning". The AIS had imaged 
the same ground area more than once, giving it a blurry 
appearance. The amount of "overscanning" was calculated 
using the following equation(1). 

Aircraft altitude in ft. x AIS instantaneous 
field of view in radians 

number of 
times 
over- Aircraft speed in ft/sec x integration time 
scanned of the AIS sensors in sec. 

(1) - - -- -- I- ---- - - -- --- -- - -.- - - - - --- - - - -- -- 

The result of this calculation was used to determine the 
scale to which to resample the image in the line 
direction using nearest neighbor interpolation. 
Resampling corrected the aspect ratio and produced a 
sharp image from which to locate study sites. 

FUTURE WORK 

Much time was spent investigating and correcting 
problems with the raw AIS data. Now that the image is in 
a useable form, study plots will be located in the images 
and an average DN value will be extracted from a 3 x 3 
pixel window in each band for each plot. These values 
will be used to create a spectrum for each plot. First 
and second difference transformations (the first order 
approximation of the first and second derivative) will be 
performed. These spectra will be examined at bands that 
the literature and previous studies indicate contain 
information about a given leaf constituent. Multiple 
stepwise linear regression techniques as described in 
Swanberg and Peterson (1987) and Wessman et al. (1987) 
will be explored as a possible means to identify spectral 
bands that are correlated to foliar chemical content. 

AIS-2 data examined here were acquired in September. 
Since foliar chemical composition changes throughout the 
growing season, we have requested acquisition of AIS-2 or 
Airborne Visible and Infrared Imaging Spectrometer 
(AVIRIS) data before bud break as well as during the 
height of the growing season this year. We hope to 
observe spectral changes related to change in foliar 
chemical composition. 

CONCLUSIONS 

We have found that the experimental treatments 
applied to Douglas-fir forest have successfully changed 
foliar element content and biochemical concentrations. 
These treatments have provided a controlled test site 
with which we can examine AIS capabilities for 
determining canopy chemistry. Initial problems with 
AIS-2 data were with missing lines, vertical striping, 
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and the aspect ratio. These problems have been corrected 
and future work will include examination of first and 
second difference AIS spectra from study plots at bands 
known to contain information about a given foliar 
constituent and exploration of multiple stepwise linear 
regression techniques for determining spectral bands 
correlated to foliar chemical composition. Acquisition 
of AIS or AVIRIS data prior to bud break and during the 
gi-owing season has been requested for 1987. 
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OVERVIEW OF AUSTRIAN AIRBORNE IMAGING SPECTROMETER (AIS) 
PROGRAMME AND FIRST RESULTS 

C. BANNINGER, Institute for Image Processing and Computer 
Graphics, Research Centre Joanneum, Graz, Austria. 

ABSTRACT 

AIS data collected from eight test areas in 
Austria during the summer of 1986 are currently 
being evaluated for their usefulness in forest 
damage assessment, geobotany, alpine vegetation 
mapping, and land-use classification. Difficulties 
encountered in installing the SPAM spectral ana- 
lysis software for use on our image display system 
and the necessity to adapt existing in-house pro- 
grams for this task have impeded and delayed the 
analysis of the AIS data. Spectral reflectance 
curves obtained from a geobotanical test site show 
a marked increase in reflectance across most of the 
measured spectrum for metal-stressed spruce trees 
compared with non-stressed spruce trees. 

INTRODUCTION 

The deployment of the NASA C-130 research aircraft to 
Europe during the spring and summer of 1986 gave Austria the 
opportunity to acquire high spatial and spectral resolution 
data from several test areas in the eastern Alps for use in 
vegetation mapping and stress detection and urban and rural 
land-use classification. During a one week period in July, 
C-130 overflights of Austria collected airborne imaging 
spectrometer (AIS), Thematic Mapper Simulator (NSOOl), and 
Thermal Infrared Multispectral Scanner (TIMS) data from 
eight test sites situated in the Austrian provinces of 
Styria, Carinthia, and Upper Austria. Unsettled weather, 
cloud build up in the mountains, and heavy haze - common 
conditions at this time of the year in the Alps - neces- 
sitated overflights well before the preferred mid-day time 
period to minimise their effects on the data collection. 
The earlier than planned flights did, however, result in an 
increase in the amount of shadow in the data. 

TEST SITE DESCRIPTIONS 

All test sites flown as part of the Austrian AIS pro- 
gramme have as their principal objective the mapping of 
vegetation as to type, species, or condition. Five of the 
eight test sites are concerned with forest damage associated 
with air pollutants emitted by chemical, refining, pulp, and 
coal-burning plants or tree stress related to the presence 
of heavy metals in the underlying soil. The remaining three 
test sites pertain to alpine vegetation and soil mapping and 
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land-use classification of an urban-rural setting. FIGURE 1 
shows the location of the test sites and TABLE 1 gives a 
brief description of their main vegetation cover or land 
type and the nature of their research work. 

SENSOR SYSTEM CHARACTERISTICS 

TABLE 2 lists the pertinent information on the AIS-2, 
NS001, and TIMS sensor systems. AIS-2 differs principally 
from AIS-1 in comprising a 64 by 64 detector element array 
(thereby doubling the swath width obtainable with AIS-l), a 

TABLE 1 DESCRIPTION OF AUSTRIAN AIS TEST SITES ............................................................ 

Burghausen Upper Spruce (pine- Assessment of tree 
Austria larch-beech) damage related to 

forest chemical plant 
emissions. 

Ranshof en Upper Spruce (pine- Assessment of tree 
Austria larch-beech) damage related to 

forest aluminium plant 
emissions (fluorine) 

Frohnleiten Styria Spruce (pine- Geobotany - heavy 
fir-beech) and metal (Cu-Pb-Zn) 
spruce-broad- stress 
leaved (fir) 
forests 

Koralpe Carinthia Spruce (pine- Assessment of tree 
fir-larch- damage related to 
beech) forest pulp mill and coal- 

burning power plant 
emissions (S02) 

Klagenfurt Carinthia City-urban- Land use classifi- 
rural setting cation 

Hochobir Carinthia Spruce-Larch Geobotany - heavy 
(fir-beech) metal (Pb-Zn) 
forest stress 

Hochtor Carinthia High alpine Alpine vegetation 
terrain and soil mapping 
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TABLE 2 Airborne Imaging Sepctrometer (AIS), Thematic Map- 
per Simulator (NSOOl), and Thermal Infrared Multi- 
spectral Scanner (TIMS) Sensor Characteristics ............................................................ 

AIS-2 128 Interval: 10.5 m 64 x 64 detector 

ous ) Tree mode: 0.78 - 2.14 swath: 512 m* 
Rock mode: 1.19 - 2.53 pixel size: 8 m* 

(contigu- Range: 0.78 - 2.53 element array 

NSOOl 8 0.46 - 0.52 FOV: 5 km* 
(discrete) 0.53 - 0.60 IFOV: 10 m* 

0.63 - 0.70 
0.77 - 0.91 
1.13 - 1.35 
1.57 - 1.71 
2.10 - 2.38 

10.90 - 12.30 
TIMS 6 

(contigu- 
ous ) 

8.2 - 8.6 
8.6 - 9.0 
9.0 - 9.4 
9.4 - 10.2 

10.2 - 11.2 
11.2 - 12.2 

FOV: 4.6 km* 
IFOV: 10.0 m* 

* 4000 m flying height above ground level. ............................................................ 

set of blocking filters that reduces the problem of wave- 
length contamination caused by second order light, and the 
use of all 12 bits of the recorded data to increase the 
dynamic range of the detectors. The need to change the 
foreoptics of AIS-2 to accommodate the doubling of the 
sensor field of view (FOV) did result in a degradation of 
the instantaneous field of view (IFOV) and, more impor- 
tantly, an approximate 1.8 reduction in the effective versus 
the nominal spatial resolution of the pixels. 

DATA ACQUISITION 

All sensor systems appeared to function normally during 
the data acquisition flights, except for jamming problems 
related to the Nikon 35 mm camera. AIS, NS001, and TIMS 
data and colour and colour-infrared photography were col- 
lected over each test site, with AIS data obtained in both 
the tree and rock modes for the Burghausen, Ranshofen, 
Frohnleiten, and Hochobir test sites, but only in the tree 
mode for the Koralpe and Klagenfurt sites and in the rock 
mode for the Hochtor and Grossglockner sites. 
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TABLE 3 AIS Test Site Data Acquisition Information ............................................................ 
Test Site Flight Flight Time Atmos- AIS-2 Nominal Pixel 

Condi- Modes tion (metres) 
tions 

Date (Solar Time) pheric Scan Spatial Resolu- 

Ground Effec- 
tive ............................................................ 

Burghausen 16.07 12.00-12.15 Hazy Tree 6 11 
Rock 

Ranshofen 16.07 12.15-12.30 Hazy Tree 6 11 
Rock 

Frohn- 17.07 8.45-9.45 Hazy Tree 6/10 11/18 
leiten Rock 

Koralpe 17.07 10.00 Wispy Tree 10 18 
Clouds 

Klagenfurt 17.07 10.30 Hazy Tree 11 20 

Hochtor 21.07 8.30 Clear- Rock 10.5 19 
Cloudy 

Hochobir 21.07 9.00-9.30 Heavy Tree 10-11 18-20 
Clouds Rock 

Gross- 21.07 10.00 Clear- Rock 10 18 
glockner Cloudy 

Flying heights above the test sites resulted in nominal 
ground pixel sizes of between 6 and 11 metres, although the 
effective spatial resolution of the pixels is between 11 and 
20 metres, due to the degradation of the optics. 

Where possible, highways or water bodies are contained 
within each flight line to permit calibration of the 
response of each detector, using the flat-field correction 
method. 

Data from the first priority test sites (Burghausen, 
Ranshofen, and Frohnleiten) are cloud free (although with 
considerable haze), while data from the remaining test sites 
vary from being hazy to heavily contaminated by clouds. The 
occurrence of storms and late morning cloud build up in the 
Alps during the time of the Austria overflights necessitated 
data acquisition times much earlier than the preferred mid- 
day period, thereby increasing the shadow component in the 
data - especially in the mountainous regions. 
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TABLE 3 summarises the principal data acquisition 
information from the eight test sites. 

DATA ANALYSIS 

Only a limited amount of analysis has been performed on 
the AIS data from the Austrian test sites, and this has been 
mainly confined to examining the quality of the data on our 
display system and obtaining spectral reflectance curves 
from some of the test sites, using raw, uncorrected data. 
We have not been able to install the SPAM spectral analysis 
software to operate on our system, because of software-dis- 
play interface incompatibility. This means that either an 
extensive amount of program rewriting has to be done or 
existing in-house image processing programs need to be 
modified to operate on AIS data. Both approaches are a time 
consuming and costly affair, and a decision is still pending 
on the third option of purchasing an image processing system 
that is compatible with the TAE/VICAR2 (which SPAM is one 
component) software. The third option is presently the 
favoured approach, with select in-house image processing and 
analysis programs being modified to handle AIS data as an 
interim measure until a new image processing system is 
available. 

Modification of some of our in-house image processing 
programs has allowed us to produce spectral reflectance 
curves from a number of the test sites and to do a prelimi- 
nary visual analysis of the data. FIGURES 2 and 3 show the 
spectral plots from one of the Frohnleiten geobotanical test 
sites, where an almost pure Norway spruce forest is growing 
in soils containing high concentrations of copper, lead, and 
zinc. The spectral curves represent 2 by 2 pixel areas from 
stressed and non-stressed parts of the forest, and clearly 
show an increase in reflectance across most of the measured 
spectrum for the stressed compared with the non-stressed 
trees. This is in agreement with the expected response of 
stressed vegetation in the inter-water absorption region 
between approximately 1500 nm and 1800 nm, but is less in 
agreement for the near-infrared plateau region between 
800 nm and 1350 nm. Similar results are obtained using 3 by 
3 and 5 by 5 pixel windows. Differences in curve shape and 
slope can also be seen between the two spectra, but as only 
raw, noisy data have been used so far in the analysis, no 
attempt has been made to analyse these features, other than 
to note their presence for a closer examination when cor- 
rected data are available. 
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Band Number 

FIGURE 2. Non-Stressed Spruce Forest 
(Frohnleiten Test Site) 
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FIGURE 3. Stressed Spruce Forest 
(Frohnleiten Test Site) 
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ABSTRACT 

Spectral  data gathered by AIS-2 from wetlands i n  the San Francisco 
and S u i s u n  Bays, Cal i forn ia ,  on 1 1  September 1986 were analyzed. Spectra 
r e p r e s e n t i n g  s t a n d s  of green S a l i c o r n i a  v i rg in ica ,  green Sesuvium 
verrucosum, senescing D i s t i c h l i s  sp ica ta ,  a mixture of senescing Scirpus 
acutus and Scirpus ca l i forn icus ,  senescing Scirpus paludosus, senescent 
S. paludosus, mowed senescent S. paludosus, and s o i l  were i so la ted .  No 
difference among narrow-band spec t ra l  ref lectance of the cover types was 
- 
apparent between 0.8-1.6pm. There were, however, broad-band differences 
i n  brightness. These differences were s u f f i c i e n t  t o  permit a f a i r l y  
accurate decomposition of the  image i n t o  i ts  major cover type components 
using a procedure tha t  assumes an additive l inear  mixture of surface 
spectra .  

I N T R O D U C T I O N  
The primary object ive of our s t u d y  is t o  compare AIS spectra  of 

various wetland vegetation types. Ultimately, we hope t o  use imaging 
spectrometer data t o  ident i fy  vegetation types and t h e i r  s t a t u s  (e.g. 
green, senescing, s t r e s s e d ) .  Gross and Klemas ( 1  985, 1986) reported 
differences i n  the AIS-1 spec t ra l  response of Delaware wetland vegetation 
types,  enabling them t o  be distinguished. Most of the spec t ra l  d i f fe r -  
ences occurred between 1.4-1.9pm, and may have been influenced by second 
order overlap (Vane 1986). To continue these invest igat ions,  we analyzed 
AIS-2 da ta  collected over i n t e r t i d a l  w e t l a n d s  i n  t he  S u i s u n  and  San  
Francisco Bays of Cal i fornia .  The vegetation i n  the Cal i fornia  marshes 
exhibited greater  s p a t i a l  and community heterogeneity than t h a t  i n  the 
Delaware marshes. 

DATA A C Q U I S I T I O N  A N D  ANALYSIS 
Three f l i g h t l i n e s  of AIS-2 data were acquired i n  Tree Mode (0.8- 

2.2pm, w i t h  the useful region [ i . e .  no second order overlap e f f e c t s ]  
approximately 0.8-1.6pm) on 1 1  September 1986 a t  about 2 1 : O O  GMT: one 
over s a l t  marshes i n  the southern part of San Francisco Bay, and two 
covering the brackish S u i s u n  Marsh i n  S u i s u n  Bay. W i t h i n  a few days 
preceding and following t h e  date of f l i g h t ,  spectra  of various wetland 
s o i l s  and of green, senescing, and senescent (dead) wetland vegetation 
species were obtained from f i e l d  samples u s i n g  a VIRIS (Visible/Infrared 
I n t e l l i g e n t  Spectroradiometer). One t o  four samples of each cover type 
were obtained. I n  addi t ion,  accessible regions of the marsh were v i s i t e d  
by car and on f o o t ,  permitting mapping of the various cover types and 
observations of s i te  charac te r i s t ics .  Four days a f t e r  the f l i g h t ,  photo- 
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graphs of the f l i g h t l i n e  areas were taken from a low-altitude a i r c r a f t  
and used t o  ident i fy  surface cover. 

The AIS data were analyzed a t  the Space Sciences Laboratory of the 
University of Cal i fornia  (Berkeley) u s i n g  SPAM (Spectral  Analysis Manager) 
software developed by the J e t  Propulsion Laboratory. No radiometric 
cal ibrat ion had been applied t o  the data by J P L .  Observation of the raw 
data revealed subs tan t ia l  v e r t i c a l  s t r i p i n g  and geometric d i s t o r t i o n s  
resu l t ing  from a i r c r a f t  movements. Horizontal s t r i p i n g  was not evident.  
We chose t o  analyze a portion of the f l i g h t l i n e  encompassing par t s  of 
Joice and Grizzly Is lands i n  the Suisun Marsh ( F i g .  1 ) .  T h i s  area was 
selected because i t  had been extensively groundtruthed and contained the  
majority of marsh cover types. The leveed wetlands i n  the s t u d y  region 
are  managed t o  optimize waterfowl h a b i t a t ,  such tha t  t i d a l  flooding and 
s a l i n i t y  are  control led,  t h u s  causing vegetation d is t r ibu t ion  and condi- 
t ion  t o  d i f f e r  between ponds. A t  the time of AIS data co l lec t ion ,  d r y  
summer weather and lack of t i d a l  flooding had resul ted i n  the  senescence 
of much of the marsh vegetation. 

P 
To Wolnut Creek 

Fig. 1 .  Location of S u i s u n  Marsh (area w i t h i n  thick s o l i d  l i n e ) .  

The area of i n t e r e s t  was divided i n t o  two 512-line segments and one 
400-line segment for  analysis .  One of the 512-line segments was f r e e  of 
large water bodies, b u t  the other two contained s igni f icant  portions of 
l a r g e ,  v e r t i c a l l y  oriented sloughs f i l l e d  w i t h  water. Analysis of the 
raw data demonstrated t h a t  the v e r t i c a l  s t r i p i n g  was too severe t o  permit 
a meaningful extraction of information. To destr ipe the image, a program 
t h a t  computes the mean data value for  an e n t i r e  scene i n  each spec t ra l  
band and then adjusts  the column mean i n  each band t o  match the corre- 
sponding scene mean value was employed. T h i s  program assumes t h a t ,  over 
the e n t i r e  length of the image segment, the mean brightness value is the 
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same f o r  each of the  64 columns of da ta .  T h i s  t e c h n i q u e  was e f f e c t i v e  
o n l y  on t h e  segment f ree  of major v e r t i c a l  water f e a t u r e s ;  we t h u s  chose 
t o  c o n c e n t r a t e  o u r  a n a l y s i s  on t h i s  par t  of t h e  data.  Wavebands beyond 
1.58pm (bands  73-128) were avoided  t o  minimize second o r d e r  o v e r l a p  
e f fec ts .  

RESULTS 
D e s t r i p i n g  the  AIS data r e s u l t e d  i n  a s i g n i f i c a n t  improvement i n  the  

v i s u a l  a p p e a r a n c e  of the  data ( F i g s .  2 and 3)  and i n  a s u b s t a n t i a l  reduc-  
t i o n  i n  the  n o i s e  of p l o t t e d  s p e c t r a .  To d e r i v e  spectra of v a r i o u s  cover  
t y p e s  i n  t he  image, t h e  mean s p e c t r u m  of 2x2 t o  5x5 p i x e l  samples  ( n  = 
3-14) of d i s t i n c t  v e g e t a t i o n  t y p e s  or s o i l  was computed and c o n s i d e r e d  
t o  r e p r e s e n t  the  s p e c t r a l  r e s p o n s e  of t h e  cover  t y p e .  The e i g h t  d i s t i n c t  
c o v e r  t y p e s  i d e n t i f i e d  were g r e e n  S a l i c o r n i a  v i r g i n i c a  ( p i c k l e w e e d ) ,  
g r e e n  Sesuvium verrucosum ( p u r s l a n e ) ,  s e n e s c i n g  D i s t i c h l i s  s p i c a t a  (sal t -  
g r a s s  )-=cing S c i r p u s  a c u t u s  and S c i r p u s  c a l i f o r n i c u s  ( t u l e s ) ,  
s e n e s c i n g  S c i r p u s  p a l u d o s u s  (alkali bulrush) ,senescent  S. p a l u d o s u s ,  
mowed s e n e s c e n t  S. . p a l u d o s u s ,  and d r y  s o i l .  A mean speFtrum f o r  t h e  
e n t i r e  image was-then approximated  by computing the  mean s p e c t r u m  of 
seven  evenly-spaced  10x64 segments  from the  image. These n i n e  spectra 
were stored i n  a l i b r a r y .  

-~---- ~ - _ _ -  

F i g .  2. Raw AIS-2 d a t a ,  1.27-1.35pm. 
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F i g .  3. V e r t i c a l l y  d e s t r i p e d  AIS-2 da t a ,  1.27-1.35pm. 

Spectra were d i s p l a y e d  i n  b o t h  n o r m a l i z a t i o n  modes (area and ampli-  
t u d e ) .  S p e c t r a  were compared w i t h i n  f o u r  g r o u p s  of wavebands s e p a r a t e d  
by atmospheric a b s o r p t i o n  f e a t u r e s :  0.80-97pm, 0.97-1.15pm, 1.15-1.44pm, 
and  1.44-1.58pm ( T a b l e  1 ) .  F i g u r e  4 shows spectra from the  c o v e r  t y p e s  
between 1.15-1.44pm, d i s p l a y e d  i n  a m p l i t u d e  n o r m a l i z a t i o n  mode. No narrow 
s p e c t r a l  band r e f l e c t a n c e  f e a t u r e s  were e v i d e n t  w i t h i n  any waveband 
segment;  o n l y  broad-band d i f f e r e n c e s  i n  b r i g h t n e s s  were a p p a r e n t .  

The VIRIS data  were a l so  d i s p l a y e d  i n  n o r m a l i z e d  a m p l i t u d e  mode, and 
t h e  s p e c t r a  were v i s u a l l y  compared amongst t h e m s e l v e s  and w i t h  AIS 
s p e c t r a .  Similar c o v e r  t y p e s  e x h i b i t e d  g e n e r a l l y  similar VIRIS spectra. 
There were some broad-band d i f f e r e n c e s  i n  b r i g h t n e s s  between species ,  
and  may have been some narrow-band d i f f e r e n c e s .  However, t h e  number of 
rep l ica tes  (n = 1-5) was too small, t h e  f i e l d  o f  view of the  i n s t r u m e n t  
( = l c m 2 )  i n s u f f i c i e n t ,  and the  l e v e l  of n o i s e  ( r e s u l t i n g  from wind,  
v a r i a b l e  i r r a d i a n c e  c o n d i t i o n s ,  and the  i n s t r u m e n t )  t oo  h i g h ,  t o  a s c e r t a i n  
whether s u c h  narrow-band d i f f e r e n c e s  were r ea l .  

To d e t e r m i n e  whether t he  o b s e r v e d  AIS b r i g h t n e s s  d i f f e r e n c e s  were 
s u f f i c i e n t  t o  p e r m i t  d i s c r i m i n a t i o n  of  cover  t y p e s ,  w e  r a n  t he  CLUSTER 
( u n s u p e r v i s e d  c l a s s i f i c a t i o n )  program, w i t h  and w i t h o u t  t he  llmanualll 
o p t i o n ,  s e v e r a l  times u s i n g  d i f f e r e n t  n o i s e  and c l u s t e r  t h re sho lds .  
Although t h e  a l g o r i t h m  d i d  create s e v e r a l  c lasses ,  t h e i r  d i s t r i b u t i o n  

86 



d i d  n o t  c o r r e s p o n d  c l o s e l y  t o  t h a t  of  t h e  cove r  t y p e s  and appeared t o  be 
l a r g e l y  random. I n  a d d i t i o n ,  some classes were composed o f  v e r t i c a l  
s t r i p e s  r e s u l t i n g  from unequa l  d e t e c t o r  r e s p o n s e .  

T a b l e  1 .  R e l a t i v e  b r i g h t n e s s  of e i g h t  w e t l a n d  cove r  t y p e s ,  d i s p l a y e d  i n  
a m p l i t u d e  n o r m a l i z a t i o n  and area n o r m a l i z a t i o n  modes. 

Cover D i s p l a y  
Mode .80-.97pm .97-1.15um 1.15-1.44um 1 . 4 4 - 1 . 5 8 ~  

, Type 

Green  
S a l i c o r n i a  
v i r g i n i c a  

Green 
S e s u v i  um 
v e r r  ucosum 

S e n e s c i n g  
D i s t i c h l i s  
sDicata 

Sen  es c i n g  
Sc i rDus 
a c u t u s  and 
S c i r p u s  
c a l i f o r n i c u s  

Sen  es c i n g  
Sc i r  us 
p a l u d o s u s  

Sen es c e n t  
S. p a l u d o s u s  

Mowed 
S e n e s c e n t  
S. - p a l u d o s u s  

Dry S o i l  

- 

Amp. 
Area 

Amp. 
Area 

Amp. 
Area 

Amp. 
Area 

Amp. 
Area 

Amp. 
Area 

Amp. 
Area 

Amp. 
Area 

*S. v i r g i n i c a  had the  lowest r a d i a n c e  between 0.98-1.04pm, b u t  the  
h r g h e s t  r a d i a n c e  between 1.05-1.1 lpm.  R e l a t i v e  b r i g h t n e s s  between 
c o v e r  t y p e s  s h o u l d  be compared f o r  similar d i s p l a y  modes w i t h i n  a 
column. F o r  example ,  between 1.15-1.44pm i n  a m p l i t u d e  n o r m a l i z a t i o n  
mode, mowed s e n e s c e n t  S.  p a l u d o s u s  was the  b r i g h t e s t ,  S. v i r g i n i c a  
and S. ver rucosum the darkest ,  and  t h e  o ther  f i v e  spec t ra -were  i n t e r -  
medigte and similar i n  b r i g h t n e s s .  
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Fig. 4.  Mean scene spectrum and spectra  of eight cover types,  shown 
between 1.15-1.44pm i n  amplitude normalization mode. 
-0-0-0- = mowed senescent S. paludosus, -t-A-A- = S. verrucosum, 
-m-m-m- = S. v i rg in ica .  The other s i x  spectra  >re  clustered 
between the-f i rst  three spectra .  

- 

Better r e s u l t s  were achieved w i t h  M I X T U R E ,  a program t h a t ,  when used 
i n  the area mode, assigns pixels  t o  c lasses  based on user-specified 
s p e c t r a  (somewhat analogous t o  a supervised c l a s s i f i c a t i o n ) .  The 
d is t r ibu t ion  of cover types assigned by the algorithm corresponded well 
t o  the actual d i s t r ibu t ion  when spectra  of only three cover types (green 
S a l i c o r n i a ,  senescing D .  s p i c a t a ,  and mowed dead S. paludosus) were 
specif ied ( F i g .  51, as  % e l l  as when a l l  eight cover-type spectra  were 
specif ied.  The r e l a t i v e l y  fea ture less  residual image (column 5 i n  F i g .  
5 )  supports the in te rpre ta t ion  t h a t  the user-defined spectra  encompassed 
most of the spec t ra l  var ia t ion w i t h i n  the image. When used i n  plot  mode, 
MIXTURE breaks a selected segment of the scene i n t o  its surface compo- 
nents,  by percent, based on user-defined component spectra .  Use of t h i s  
program yielded good correspondence w i t h  ground data when used on areas 
composed of only two dominant cover types (green 2. virginica and 
senescent S. paludosus), b u t  poor r e s u l t s  on more complex par t s  of the 
image. T h e  two vegetation types represent some of the grea tes t  spec t ra l  
divergence of those measured and* suggest that  the spec t ra l  mix ing  was 

88 



OEGI'N'AC PAGE IS 
OF POOR QUALITX 

r e s p o n d i n g  t o  changes i n  m o i s t u r e  c o n t e n t  o r  t o  t h e  a r c h i t e c t u r e - r e l a t e d  
shadowing of t h e  c a n o p i e s .  

F i g .  5. R e s u l t s  of M I X T U R E  a n a l y s i s ,  u s i n g  three s p e c t r a  (mowed dead S. - 
p a l u d o s u s  [column 23, g r e e n  S.  v i r g i n i c a  [column 31, s e n e s c i n g  
D .  s n i c a t a  rcolumn 4 1 ) .  C o l u i n  1 is b l a n k ,  and column 5 is t h e  - r - - -  - _  - 
r e s i d u a l ,  or  p i x e l s  whose spec t ra  do n o t  match a n y  of the three 
spectra .  

DISCUSSION 
No d i s t i n g u i s h i n g  narrow-band a b s o r p t i o n  or r e f l e c t a n c e  f e a t u r e s  were 

a p p a r e n t  among t h e  s o i l  or v e g e t a t i o n  t y p e s  a t  t he  w a v e l e n g t h s  s t u d i e d .  
I n  p a r t i c u l a r ,  we examined s e n e s c e n t  v e g e t a t i o n  s p e c t r a  for  e v i d e n c e  of 
cellulose features, but could identify only t h o s e  a l so  p r e s e n t  i n  so i l  
a n d  s u c c u l e n t  g r e e n  v e g e t a t i o n  s p e c t r a .  Examinat ion of the  ground- 
g a t h e r e d  s p e c t r o r a d i o m e t r i c  measurements  collected for  t h i s  s t u d y  r e v e a l e d  
similar r e s u l t s .  The o n l y  d i f f e r e n c e s  i n  AIS s p e c t r a  were broad-band 
b r i g h t n e s s  d i f f e r e n c e s ,  i .e. d i f f e r e n c e s  i n  r a d i a n c e  of p a r t i c u l a r  c o v e r  
t y p e s  w i t h i n  broad wavebands. D e s p i t e  t h e  lack of d i s t i n c t  narrow-band 
s p e c t r a l  d i f f e r e n c e s  i n  c o v e r  t y p e s ,  i t  is e n c o u r a g i n g  t h a t  t h e  broad- 
band b r i g h t n e s s  d i f f e r e n c e s  a l o n e  were s u f f i c i e n t l y  c o n s i s t e n t  t o  p e r m i t  
d i s c r i m i n a t i o n  of v a r i o u s  v e g e t a t i o n  t y p e s .  I t  is u n f o r t u n a t e  t h a t  t h e  
da ta  a c q u i r e d  beyond 1.6pm c o u l d  n o t  be u s e d ,  s i n c e  t he re  is some e v i d e n c e  
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t h a t  d i s t i n c t  spec t ra l  signature features  may e x i s t  between 1 . 6  and 1.9pm 
(Gross and Klemas 1985, 1986; Spanner and Peterson 1986, U s t i n  e t  a l .  
1986, Wood and Beck 1986). 

Our r e s u l t s  suggest t h a t ,  for  vegetation s t u d i e s ,  more consideration 
should be given t o  analysis  techniques designed t o  maximize the extract ion 
of the information contained i n  broad-band brightness differences.  Given 
the apparent s i m i l a r i t y  i n  the shape of infrared spectra of various vege- 
ta t ion  types,  broad-band brightness differences apparently re la ted t o  
cano;iy moisture and/or a rch i tec tura l  geometry may be the most important 
fac tor  i n  vegetation s tudies  u s i n g  infrared data.  We anxiously await 
A V I R I S  data ,  which w i l l  be bet ter  cal ibrated and include information i n  
narrow-band v i s i b l e  wavelengths that  a re  expected t o  be more useful for 
vegetation analyses. 
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ABSTRACT 

i 

AIS I1 d a t a  of c o a s t a l  s a g e  s c r u b  v e g e t a t i o n  from t h e  
S a n t a  Monica Mountains were examined f o r  f i n e  s p e c t r a l  
f e a t u r e s  t h a t  might be  used t o  p r e d i c t  c o n c e n t r a t i o n s  of 
c e r t a i n  canopy chemical c o n s t i t u e n t s .  A F o u r i e r  n o t c h  
f i l t e r  was a p p l i e d  t o  t h e  AIS d a t a  and t h e  TREE and ROCK 
mode s p e c t r a  were r a t i o e d  t o  a f l a t  f i e l d .  P o r t i o n s  of  
t h e  r e s u l t i n g  s p e c t r a  r e semble  s p e c t r a  f o r  p l a n t  c e l l u l o s e  
and s t a r c h  i n  t h a t  b o t h  show reduced r e f l e c t a n c e  a t  2100 
and 2270 nm. The l a t t e r  are r e g i o n s  of  a b s o r p t i o n  of  
energy by o r g a n i c  bonds found i n  s t a r c h  and c e l l u l o s e .  
Whether t h e  r e l a t i o n s h i p  i s  s u f f i c i e n t  t o  p r e d i c t  t h e  
c o n c e n t r a t i o n  of  t h e s e  chemica l s  from AIS s p e c t r a  w i l l  
r e q u i r e  t e s t i n g  of t h e  p r e d i c t i v e  a b i l i t y  of t h e s e  
wavebands w i t h  large f i e l d  sample s i z e s .  

INTRODUCTION 

S t r o n g  i n t e r e s t  ex i s t s  i n  de t e rmin ing  t h e  c o n c e n t r a t i o n  of l e a f  
chemical compounds i n  c a n o p i e s  u s i n g  f i n e  s p e c t r a l  f e a t u r e s  of A i rbo rne  
Imaging Spectrometer  (AIS) d a t a  (Spanner et  a l .  1985; Spanner & 
P e t e r s o n  1986; Swanberg & P e t e r s o n  1987; Wessman e t  a ] .  1987; c f .  
Westman & P r i c e  1987). Our i n t e r e s t  i n  t h i s  a p p l i c a t i o n  of AIS i s  
s p u r r e d  by t h e  o b s e r v a t i o n  t h a t  p a r t i c u l a r  a i r  p o l l u t a n t s  c a n  induce  
d i s t i n c t  chemical changes i n  l e a v e s  of  some s p e c i e s ,  b o t h  i n  f u m i g a t i o n  
s t u d i e s ,  and a p p a r e n t l y  a long  f i e l d  g r a d i e n t s  i n  t h e s e  p o l l u t a n t s  
(Westman 1987) .  The a b i l i t y  t o  i d e n t l f y  s u c h  chemical changes remotely 
might t h u s  pe rmi t  b o t h  t h e  i d e n t i f i c a t i o n  of a i r  p o l l u t a n t s  as 
s t r e s s o r s ,  and t h e  s e p a r a t i o n  of i n f l u e n c e  of d i f f e r e n t  p o l l u t a n t s  i n  a 
m u l t i p o l l u t a n t  a tmosphere on t h e  s p e c i e s  of i n t e r e s t .  
b a s i s  f o r  t h e  p o s t u l a t e d  r e l a t i o n s h i p  between l e a f  c h e m i s t r y  and 
r e f l e c t a n c e  l i e s  i n  t h e  narrow a b s o r p t l o n  f e a t u r e s ,  induced by 
v i b r a t i o n a l  s t r e t c h i n g  f r e q u e n c i e s  of o r g a n i c  bonds,  t h a t  a re  embedded 
i n  t h e  r e f l e c t a n c e  spectrum. 

The p h y s i c a l  

We p r e s e n t  p r o g r e s s  i n  a n a l y z i n g  AIS d a t a  of  t h e  San ta  Monica 
Mountains of Los Angeles ,  C a l i f o r n i a .  T h i s  c o a s t a l  r ange  e x p e r i e n c e s  
i n p u t s  of  p o l l u t a n t s  from urban s o u r c e s ,  p a r t i c u l a r l y  a t  t h e  e a s t e r n  
end. I n  combinat ion w i t h  dayt ime o f f s h o r e  winds,  t h e s e  c o n d i t i o n s  
create  a predominant d i u r n a l  west-east  g r a d i e n t  of d e c r e a s i n g  p o l l u t a n t  
exposure ,  p a r t i c u l a r l y  i n  photochemical o x i d a n t s  (Westman 1987). Our , 

s t u d y  o b j e c t i v e s  i n c l u d e  t h e  d e r i v a t i o n  of s p e c t r a l  r e f l e c t a n c e  c u r v e s  
i n  t h e  800-2400 nm range  from s e l e c t e d  s i tes  of c o a s t a l  s a g e  sh rub land  
a r r a y e d  a l o n g  t h e  p o l l u t i o n  g r a d i e n t  f o r  comparJ.son w i t h  canopy chemical 
d a t a  o b t a i n e d  from f i e l d  sampling. 
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THE STUDY AREA AND POLLUTANT EFFECTS 

Coastal  sage  scrub  i s  a drought-deciduous, s easona l ly  leaf-dimorphic 
shrubland type  t h a t  occupies  approximately 25% of t h e  Santa Monica 
Mountains a r e a ,  mostly a t  lower e l e v a t i o n s  i n  t h e  western po r t ion  of t h e  
range. 
Mountains has  been mapped us ing  Thematic Mapper Simulator da t a  by P r i c e  
and Westman (1987). The vege ta t ion  inc ludes  occas iona l  i n d i v i d u a l s  of 
evergreen h a b i t ,  such a s  t h e  l a u r e l  sumac, Rhus l au r ina .  The l a t t e r  
o f t e n  occurs  as l a r g e  clumps of 5-8 m diameter  w i th in  t h e  shrubland. 

The l o c a t i o n  of t h e  vege ta t ion  type  i n  t h e  Santa Monica 

Ten s p e c i e s  of coas t a l  sage  scrub  were exposed f o r  t e n  weeks t o  t h r e e  
l e v e l s  each of ozone (0.1,  0.2, 0.4 ppm) and s u l f u r  d ioxide  (0.05, 0.2, 
0.5 ppm) a lone  and i n  combinations,  and a f i l t e r e d - a i r  c o n t r o l ,  i n  
fumigat ion chambers a t  t h e  Statewide A i r  P o l l u t i o n  Research Center a t  
t h e  Univers i ty  of C a l i f o r n i a ,  Riversf.de (Westman e t  a l .  1985). The 
l eaves  remaining a t t ached  t o  t h e  fumlgated p l a n t s  (5  p l a n t s  i n  each of 
two r e p l i c a t e s  p e r  t r ea tmen t )  were analyzed for p lan t  pigments 
( ch lo rophy l l s  a ,b;  t o t a l  ca ro teno ids ) ,  s t r u c t u r a l  components ( c e l l u l o s e ,  
f i b e r ,  l i g n i n )  and elemental  conten t  i n  f i v e  of t h e  specfes  (Artemisia  
c a l i f o r n i c a ,  Rhus l a u r i n a ,  Eriogonum cinereum, S a l v i a  m e l l i f e r a ,  Ence l ia  
c a l i f o r n i c a ) .  Ozone t rea tment  caused s i g n i f i c a n t  i n c r e a s e s  i n  l ea f  
n i t rogen ,  potassium and l ead ,  and weaker t r e n d s  toward i n c r e a s e  i n  
s t r u c t u r a l  components and ch lorophyl l .  Su l fu r  d ioxide  t reatment  induced 
s i g n i f i c a n t  r i s e s  i n  t o t a l  s u l f u r .  Combinations of t h e  two p o l l u t a n t s  
caused a rise i n  s u l f u r  and d e c l i n e  i n  caroten0f.d.s (Westman 1987). I n  
t h e  f i e l d ,  t h e s e  sample s p e c i e s  showed chemical changes from west t o  
e a s t  t h a t  would be expected from t h e  known r i se  i n  ozone l e v e l s  toward 
t h e  e a s t :  a r i s e  i n  n i t rogen  and ch lo rophy l l ,  and t o  a lesser ex ten t  i n  
s t r u c t u r a l  compounds (Westman 1987). These chemical changes may a r i s e  
from acce le ra t ed  l e a f  drop, and t h e  consequent enrichment of t h e  canopy 
i n  young, though s t u n t e d ,  leaves  (Westman 1987). This  and o the r  
hypotheses a r e  c u r r e n t l y  being tes ted wi th  add i t iona l  f i e l d  da ta .  

METHODS 

AIS-2 d a t a  were c o l l e c t e d  over 15 s tudy s i t e s  i n  t h e  Santa Monica 
Mountains on September 15, 1986 by t h e  NASA A m e s  C-130 a i r c r a f t .  
(800-2100 nm) and ROCK (1100-2400 nm) mode d a t a  were obtained f o r  a33 
s i t e s .  

TREE 

The raw imagery contained i n t e r m i t t e n t  s t r i p i n g ,  dropped l i n e s ,  noisy 
d a t a  l i n e s ,  and blank image columns. Gain d i f f e r e n c e s  between image 
columns occurred due t o  vary ing  responses  between de tec to r s .  
ga in  changes a l s o  occurred wi th in  an image column due t o  changes i n  
d e t e c t o r  response over t i m e .  
and h o r i z o n t a l  s t r i p i n g  i n  t h e  imagery, r e spec t ive ly .  Loss of c e r t a i n  
l i n e s  on some f l i g h t l i n e s  occurred during t h e  process  of  decommutating the  
high-densi ty  t a p e  t o  computer-compatible tape.  Several  image columns 
(column numbers 1164,1985,1986) were ze ro  f o r  a l l  p i x e l s  i n  t h e  f l i g h t  
l i n e s .  Also t h e  f i r s t  column i n  each band contained noise .  

Pe r iod ic  

These e f f e c t s  were expressed as v e r t i c a l  . 

S t r i p i n g  i n  t h e  imagery was e l imina ted  by r ep lac ing  noisy image l i n e s  
t h a t  occurred i n t e r m i t t e n t l y  i n  Bands 1-32 wi th  an average of 
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neighboring l i n e s ,  and then applying a Four ie r  notch f i l t e r  t o  t h e  
imagery as descr ibed  by Hlavka (1986). This  method f o r  d e s t r l p i n g  t h e  
d a t a  i s  supe r io r  t o  a column by column f l a t - f i e l d  d i v h i o n  i n  t h a t  
ho r i zon ta l  s t r i p i n g  i s  removed and t h e  o r i g i n a l  i n t e n s i t y  (DN) va lues  
are preserved. 

A s e c t i o n  of freeway ( I n t e r s t a t e  5 )  near  G r i f f i t h  Park,  a t  t h e  e a s t e r n  
end of t h e  Santa  Monica Mountains, was used t o  ob ta in  f l a t  f i e l d  s p e c t r a  
i n  TREE and ROCK mode. The s p e c t r a  r ep resen t  an average of t h r e e  rows 
f o r  a l l  64 columns of p i x e l s  . Wavelength c a l i b r a t i o n  was performed 
us ing  suppl ied  va lues  ( J e t  Propuls ion Laboratory 1986) f o r  a l l  128 bands 
i n  ROCK mode, and f o r  bands 65-128 i n  TREE mode. Bands 1-64 of TREE 
mode were c a l i b r a t e d  us ing  t h e  935 nm atmospheric absorp t ion  band 
(Chahine 1983). 

AIS d a t a  were c o l l e c t e d  over a r e a s  of Rhus l a u r i n a  of d i f f e r e n t  
d e n s i t i e s  i n  t h e  La J o l l a  Canyon reg ion  of t h e  western Santa  Monica 
Mountains. Two weeks l a t e r ,  f i e l d  measurements were taken of Rhus 
l a u r i n a  shrubs  us ing  t h e  Barr inger  REFSPEC IIA, an i n t e g r a t i n g  sphere  
r a t i o i n g  spectroradiometer .  The instrument  was suspended 0.5 m above 
t h e  canopy so  t h a t  t h e  measured t a r g e t  contained severa l  l eaves  i n  t h e  
uppermost l a y e r  of canopy. The l a t t e r  d a t a  were r a t i o e d  t o  r e f l e c t a n c e  
from a barium s u l f a t e  p l a t e  observed under t h e  same condi t ions .  

To compare AIS spectra of vege ta t ion  t o  p l a n t  chemical c o n s t i t u e n t s ,  
w e  d i g i t i z e d  s p e c t r a l  r e f l e c t a n c e  curves f o r  s t a r c h  (from co rn ) ,  l i q u i d  
water ( t h e  d i f f e r e n c e  between water-soaked f i l t e r  paper and dry  f i l t e r  
paper;  i n  Hruschka and Nor r i s  1982), and c e l l u l o s e  ( i n  Norr i s  and Barnes 
1976). We converted d a t a  from log  (1/R) t o  R ,  where R i s  r e f l e c t a n c e  of 
d r i e d ,  ground e x t r a c t  as measured by a Cary Model 14 monochromator 
a g a i n s t  a ceramic s tandard.  
d e s t r i p e d  AIS s p e c t r a  r a t i o e d  t o  f l a t  f i e l d  spec t r a .  

These curves were then  ove r l a id  upon 

RESULTS 

Vegetation f l a t - f i e l d  spectra 

The f l a t  f i e l d  (freeway) s p e c t r a  are shown i n  Figure 1. The shapes of 
t h e  TREE and ROCK mode peaks between 1150 and 1350 nm a r e  not  very 
similar.  
f i l t e r  a t  1100 nm used f o r  ROCK mode d a t a  a c q u i s i t i o n .  
a l s o  d i f f e r  beyond 1600 nm, where second o rde r  e f f e c t s  a l t e r  t h e  TREE 
mode response (Vane 1986). These d i f f e r e n c e s  a r e  obvious i n  TREE mode as 
a peak i n  t h e  1600-1800 nm region  and a f l a t t e n i n g  of t h e  two carbon 
dioxl.de abso rp t ion  f e a t u r e s  i n  t h e  2000-2100 nm reg ion  (Weisnet & Matson 
1983). 

This  d i s p a r i t y  probably r e s u l t s  from e f f e c t s  of t h e  blocking 
The two s p e c t r a  

F igure  2 compares f l a t - f i e l d  co r rec t ed ,  d e s t r i p e d  AIS s p e c t r a  of Rhus 
l a u r i n a  t o  s i m i l a r l y  r a t i o e d  r e f l e c t a n c e  curves  of t h e  same s p e c i e s  
obtained wi th  t h e  f i e l d  spec t roradiometer  ( a f t e r  d e l e t i n g  d a t a  i n  t h e  
atmospheric water absorp t ion  bands from t h e  f i g u r e ) .  The high n o i s e  i n  
t h e  f ie ld-der ived  s p e c t r a  makes d e t a i l e d  comparison d i f f i c u l t ,  bu t  some 
broad s i m i l a r i t i e s  i n  f e a t u r e s  appear t o  occur i n  t h e  900-1300 nm and 
1500-1750 nm reg ions ;  second-order e f f e c t s  presumably exp la in  t h e  peak 
i n  TREE mode i n  a water  absorp t ion  reg ion  near  1800 nm. 
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Fig.  1. F l a t  f i e l d  s p e c t r a  of AIS-2 d a t a .  
t h e  e a s t  end of t h e  San ta  Monl.ca Mountains was t h e  a r e a  used. 

A sect3.on of I n t e r s t a t e  5 a t  

0 0 

G l  

ROCK mode 

J 

I n t a c t  Rhus laurina 
B a r r i n g e r  r e f l e c t a n c e  (BaSOh) x 2 

Fig .  2. AIS s p e c t r a  ove r  an a r e a  of dense  Rhus l a u r i n a  a t  La J o l l a  - 
Canyon. The d a t a  were d e s t r i p e d  and r a t i o e d  t o  a f l a t  f i e l d .  Lower 
c u r v e  i s  r e f l e c t a n c e  of Rhus l a u r i n a  from t h e  same l o c a t i o n  using a 
f i e l d  s p e c t r o r a d i o m e t e r .  
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Fig. 3. AIS s p e c t r a  f o r  t h r e e  a r e a s  dominated by Rhus l a u r i n a  of 

Note f i n e  s p e c t r a l  v a r i a t i o n  
d l f f e r e n t  d e n s i t i e s .  
p i x e l s ,  and r a t i o e d  t o  a f l a t  f i e l d .  
between t h e  t h r e e  c u r v e s  ( a r rows) .  

AIS d a t a  are  d e s t r i p e d ,  averaged ove r  3 X 3 

F i g u r e  3 shows ROCK mode s p e c t r a  e x t r a c t e d  ove r  c o a s t a l  s a g e  s c r u b  of 
d i f f e r i n g  Rhus canopy c l o s u r e .  Each h a s  been r a t i o e d  t o  f l a t - f i e l d  
s p e c t r a .  
a re  l i k e l y  r e l a t e d  t o  a l b e d o  ( a f f e c t e d  by sun  and view a n g l e s ) ,  and 
p o s s i b l y  t o  l e a f  a r e a  index.  D i f f e r e n c e s  i n  f i n e  s p e c t r a l  f e a t u r e s  
( a r r o w s )  may a r i s e  from vege ta t ion - induced  s p e c t r a l  f e a t u r e s  Independent  
of  i l l u m i n a t i o n  ang le .  
t e c h n i q u e s  t o  s u p p r e s s  t h e  e f f e c t s  of v a r y i n g  s c e n e  j . l l umina t ion  
(Rober t s  e t  a ] .  1986). 

The l a r g e  d i f f e r e n c e s  i n  l e v e l s  of r e f l e c t a n c e  between s p e c t r a  

F u r t h e r  a n a l y s i s  i s  planned u s i n g  l o g  r e s i d u a l  

Comparison - t o  chemical s p e c t r a  

Figure 4 A  compares t h e  Rhus laur ina-dominated  spec t r a  of F ig .  2 to 
r e f l e c t a n c e  c u r v e s  for p u r e  c e l l u l o s e ,  s t a r c h  and l i q u i d  wa te r  i n  f i l t e r  
pape r .  
wavelengths  (1450 and 1940 nm, r e p o r t e d  by Curc io  and P e t t y  1951) 
compared t o  a tmospheric  w a t e r  a b s o r p t h n  maxima (1395, 1870 nm; Chahine 
1983). These f e a t u r e s  can  be  seen  i n  F i g u r e  4A, and f o r  p l a n t s  i n  F i g u r e  
4B. The l a t t e r  shows r e f l e c t a n c e  s p e c t r a  from a canopy of i n t a c t  
s e e d l i n g s  of P i n u s  j e f f r e y i ,  measured w i t h  a C o l l i n s  VIRIS 
s p e c t r o r a d i o m e t e r  under a r t i f j . c j . a l  13 3 uminat lon (Westman and P r i c e  
1987). 

L iqu id  w a t e r  h a s  a b s o r p t i o n  peaks d i s p l a c e d  55-70 nm t o  longe r  

The c e l l u l o s e ,  s t a r c h ,  and w a t e r  c u r v e s  a33 show broad s p e c t r a l  
f e a t u r e s  i n  Fig.  4A. The 1540 nm f i r s t  o v e r t o n e  of an O-H s t r e t c h i n g  
f r equency ,  and a C-H f i r s t  o v e r t o n e  a t  1780 nm (bonds i n  s t a r c h  and 
c e l l u l o s e ,  and i n  t h e  f i r s t  case, w a t e r )  occu r  i n  r e g i o n s  h e a v i l y  
j .nfluenced by water a b s o r p t i o n .  The AIS s p e c t r a  cannot  t h e r e f o r e  be  
used w i t h  c o n f i d e n c e  t o  d e t e c t  f i n e  s p e c t r a l  f e a t u r e s  i n  t h e s e  r e g i o n s  
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Fig. 4. A)  D e s t r i p e d  AIS d a t a  of  - Rhus laur ina-dominated areas,  r a t i o e d  
t o  f l a t  f i e l d .  Curves below are l a b o r a t o r y - d e r i v e d  r e f l e c t a n c e  c u r v e s  
f o r  d r i e d ,  ground ex t rac ts  of s t a r c h  and c e l l u l o s e ,  and l i q u i d  w a t e r  i n  
soaked f i l t e r  paper  ( adap ted  from N o r r i s  and Barnes 1976; Hruschka and 
N o r r i s  1982). B )  R e f l e c t a n c e  of  P i n u s  j e f f r e y i  s e e d l i n g s  with C o l l i n s '  
V I R I S  s p e c t r o r a d i o m e t e r .  Upper and lower c u r v e s  a r e  s t a n d a r d  e r r o r s .  
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because of t h e  low s i g n a l / n o i s e  r a t i o  r e s u l t i n g  from abso rp t ion  of much 
of t h e  r a d i a t i o n  by atmospheric water.  
combinations a t  2100 nm, and O-H stretch/C-C s t r e t c h  combinations a t  
2270 nm (occurr ing  i n  s t a r c h  and c e l l u l o s e )  can be seen a s  absorp t ion  
f e a t u r e s  i n  t h e  pure c e l l u l o s e  and s t a r c h  curves  i n  a reg ion  where water 
absorp t ion  i s  l e s s .  These f e a t u r e s  a t  2100 and 2270 nm i n  t h e  c e l l u l o s e  
and s t a r c h  curves may or may not  be r e spons ib l e  f o r  t h e  d e c l i n e s  i n  
r e f l e c t a n c e  i n  t h e s e  r eg ions  i n  t h e  AIS curve  (ROCK mode). 
p l a n t  curve (Fig,  4B) shows a d i p  i n  t h e  2270 nm region ,  but  no t  t h e  
2100 nm region.  
2500 nm i s  beyond t h e  range of t h e  AIS. 

The O=H bend/C-0 s t r e t c h  

The green 

The f u r t h e r  d i p  i n  t h e  s t a r c h  and c e l l u l o s e  curves  a t  

It  does no t  appear poss ib l e ,  based on v i s u a l  i n spec t ion ,  t o  determine 
whether t h e  s p e c t r a l  f e a t u r e s  i n  t h e  AIS curve a r e  caused by abso rp t ion  
p r o p e r t i e s  of t h e  major p l an t  chemical c o n s t i t u e n t s ,  given present  
understanding. An understanding of t h e  r e l a t i v e  con t r ibu t ions  of o the r  
f e a t u r e s ,  i nc lud ing  o t h e r  chemical c o n s t i t u e n t s ,  and o the r  components of 
t h e  scene,  would be necessary  f o r  such a d e t e r m i n i s t i c  approach. 

DISCUSSION 

Each s p e c t r a l  reg ion  i s  inf luenced by many f a c t o r s ,  but  t h e  
combination of s p e c t r a l  f e a t u r e s  of any one chemical c o n s t i t u e n t  a r e  
unique. I n  p r i n c i p a l ,  t h e r e f o r e ,  r e f l e c t a n c e  a t  a combination of 
c h a r a c t e r i s t i c  wavelengths could enable  p r e d i c t i o n  of chemical 
concent ra t ions ,  With t h e  high l e v e l  of i n t e r c o r r e l a t i o n  t h a t  e x i s t s  
between chemical c o n s t i t u e n t s  i n  a l e a f ,  and f a c t o r s  such as albedo or 
water conten t  t h a t  a f f e c t  l a r g e  po r t ions  of a canopy r e f l e c t a n c e  
spectrum, f u r t h e r  i n t e r c o r r e l a t i o n s  between po r t ions  of t h e  spectrum a r e  
introduced,  For t h i s  reason,  t h e  po ten t i a l  range of wavelengths wi th  
high p r e d i c t i v e  power f o r  a chemical c o n s t i t u e n t  may be somewhat broader 
than implied by narrow s t r e t c h i n g  f requencies  alone. Wessman e t  a l .  
(1987) and Swanberg and Peterson (1987) r e p o r t  i n i t i a l  r e s u l t s  i n  
p r e d i c t i n g  l e a f  canopy chemistry from AIS s p e c t r a  us ing  s t e p w i s e  
r e g r e s s i o n  t o  select  wavelengths f o r  p red ic t ion .  

Research in t h e  use of AIS s p e c t r a  t o  p r e d i c t  canopy chemistry i s  i n  
an exp lo ra to ry  s tage .  The s p e c t r a  i n  Fig. 4 suggest t h a t  2270 nm, and 
poss ib ly  2100 nm, may be useful  wavelengths t o  t e s t  i n  p r e d i c t i v e  models 
for t h e  complex of glucose-based s t r u c t u r a l  compounds such as s t a r c h ,  
suga r s  and c e l l u l o s e  i n  p l a n t  canopies.  Such d e t e r m i n i s t i c  approaches,  
as well a s  m u l t i v a r i a t e  s t a t i s t i ca l  approaches y e t  u n t r i e d ,  remain f o r  
f u t u r e  t e s t i n g .  

ACKNOWLEDGEMENTS 

Research was supported by NASA E a r t h  Sciences Div is ion  under g r a n t  
677-21-35-08 and L i f e  Sciences Div is ion  under g ran t  199-30-72-05. 
Research w a s  conducted whi le  one o f  u s  (W.E.W.) held  a Nat iona l  Research 
Council r e sea rch  a s s o c i a t e s h i p  a t  NASA Ames Research Center.  

97 



REFERENCES 

Chahine,  M.T. 1983. I n t e r a c t i o n  mechanisms w i t h i n  t h e  atmosphere.  1.n 
Manual of Remote Sens ing ,  2nd edn., ed. 
of Photogrammetry, Fa1 1 s Church, VA), pp. 

R. Colwell .  (American S o c i e t y  
165-201. 

Curc io ,  J.A. and P e t t y ,  C.C. 1951. The n e a r  i n f r a r e d  a b s o r p t i o n  spectrum 
of l i q u i d  water .  J. O p t i c a l  SOC. A m e r .  41: 302-305. 

Hlavka, C. 1986. D e s t r i p i n g  AIS d a t a  u s i n g  F o u r i e r  f i l t e r i n g  
t e c h n i q u e s .  I n  Proc.  2nd AIS Data A n a l y s i s  Workshop, ed. G. Vane and 
A.F.H. Goetz. (Pasadena,  C A :  NASA and J e t  P r o p u l s i o n  Labora to ry ) .  JPL 
Pub]. 86-35. Pp. 74-79. 

Hruschka, W.R. and N o r r i s ,  K.H. 1982. Leas t - squa res  c u r v e  f i t t i n g  of  
n e a r  i n f r a r e d  s p e c t r a  p r e d i c t s  p r o t e i n  and m o i s t u r e  c o n t e n t  of  ground 
wheat. Applied Spec t roscopy  36: 261-265. 

Jet  P r o p u l s i o n  Laboratory.  1986. Supplement t o  t h e  S c i e n c e  
I n v e s t i g a t o r ' s  Guide t o  A I S  D a t a .  (Pasadena,  CA: C a l i f .  I n s t .  
Techno1 ogy).  

N o r r i s ,  K.H. and Barnes,  R.F. 1976. I n f r a r e d  r e f l e c t a n c e  a n a l y s i s  of 
n u t r i t i v e  v a l u e  of f e e d s t u f f s .  Proc.  1st I n t l .  Symp. Feed 
Composf.tion, Animal N u t r i e n t  Requirements and Computer izat ion of 
Diets. Utah S t a t e  Univ., Logan, Utah. 

P r i c e ,  C.V. and Westman, W.E. 1987. V e g e t a t i o n  mapping and stress 
d e t e c t i o n  i n  t h e  S a n t a  Monica Mountains,  C a l i f o r n i a .  Proc.  IGARSS '87 
Symp., Ann Arbor ,  M I .  I n s t .  Electr ical  and E l e c t r o n i c  Eng inee r s  87 
CH2434-9. Pp. 1195-1200. 

R o b e r t s ,  D.A., Yamaguchi, Y. and Lyon, R.J.P. 1986. Comparison of  
v a r i o u s  t e c h n i q u e s  f o r  c a l i b r a t i o n  of  AIS d a t a .  
A n a l y s i s  Workshop, ed. 
and Jet  P r o p u l s i o n  L a b o r a t o r y ) .  JPL Publ.  86-35., Pp. 21-30. 

I n  Proc.  2nd AIS Data 
G. Vane and A.F.H. Goetz. (Pasadena,  CA: NASA 

Spanner ,  M.A., P e t e r s o n ,  D.L., Acevedo, W. and Matson, P. 1985. High 
r e s o l u t i o n  s p e c t r o m e t r y  of l e a f  and canopy c h e m i s t r y  f o r  
biogeochemical  c y c l i n g .  I n  Proc.  AIS Data A n a l y s i s  Workshop, ed. G. 
Vane and A.F.H. Goetz. (Pasadena,  CA: NASA and J e t  P r o p u l s i o n  
Labora to ry ) .  JPL Publ.  85-41. Pp. 92-99. 

Spanner ,  M.A. and P e t e r s o n ,  D.L. 1986. A n a l y s i s  of  AIS d a t a  of t h e  
Bonanaza Creek Experimental  f o r e s t ,  Alaska.  I n  Proc.  2nd AIS Data 
A n a l y s i s  Workshop, ed. G. Vane and A.F.H. Goetz. (Pasadena,  CA: NASA 
and J e t  P r o p u l s i o n  Labora to ry ) .  JPL Pub]. 86-35. Pp. 144-152. 

Swanberg, N.A. and P e t e r s o n ,  D.L. 1987. Using t h e  A i r b o r n e  Imaging 
Spectrometer  t o  de t e rmine  n i t r o g e n  c o n t e n t  i n  c o n i f e r o u s  f o r e s t  

98 



' 0  

canopies. Proc. IGARSS '87 Symp., Ann Arbor. MI. Inst. Electrical and 
Electronic Engineers 87 CH2434-9. P. 981. 

Vane, G. 1986. Introduction. In Proc. 2nd AIS Data Analysis Workshop, 
ed. G. Vane and A.F.H. Goetz. (Pasadena, CA: NASA and Jet Propulsion 
Laboratory). JPL Publ. 86-35. Pp. 1-16. 

Weisnet, D.R. and Matson, M. 1983. Remote sensing of weather and 
climate. In Manual of Remote Sensing, 2nd edn., ed. R. Colwell. 
(American Society ofThotogrammetry, Falls Church, VA), pp. 
1305-1369. 

Wessmann, C.A., Aber, J.D. and Peterson, D.L. 1987. Estimating key 
forest ecosystem parameters through remote sensing. Proc. IGARSS '87 
Symp., Ann Arbor, MI. Inst. Electrical and Electronics Engineers 87 
CH2434-9. Pp. 1189-1193. 

Westman, W.E. 1987. Detecting early signs of regional air pollution 
injury to coastal sage scrub. In G.M. Woodwell, ed. Biotic 
Impoverishment: Changes -- in the Structure - and Function of Natural 
Communties under Chronic Qisturbance. Cambridge Univ. Yress, 
Cambridge, England. In press. 

Westman, W.E., Preston, K.P. and Weeks, L.B. 1985. Sulfur dioxide 
effects on the growth of native plants. In Sulfur Dioxide - and 
Vegetation -- Physiology, Ecology, - and Policy Issues, ed. W.E. 
Winner, H.ATMooney & R.A. Goldstein. Stanford Univ. Press, Stanford, 
CA. PP. 264-280. 

Westman, W.E. and Price, C.V. 1987. Remote detection of air pollution 
stress to vegetation: laboratory-level studies. Proc. IGARSS '87 
Symp., Ann Arbor. MI. Inst. Electrical and Electronic Engineers 87 
CH2434-9. Pp. 451-456. 

99 



I MEASURING NEAR INFRARED SPECTRAL REFLECTANCE CHANGES FROM WATER 
. ,J ,  STRESSED CONIFER STANDS WITH AIS-2 

, 

GEORGE RIGGS, School of Forestry, University of Montana, Missoula, MT 
59812 USA; STEVEN W. RUNNING, School of Forestry, University of 
Montana, Missoula, MT 59812 USA 

I ABSTRACT 

AIS-2 data was acquired over two paired conifer 
stands in West Germany for the purpose of detecting 
differences in spectral reflectance between stressed and 
natural canopies. Water stress was induced in a stand of 
Norway spruce near Munich and white pine near Frankfurt 
by severing the sapwood near the ground. Water stress 
during the AIS flights was evaluated through shoot water 
potential and relative water content, measurements. 
Preliminary analysis with raw AIS-2 data using SPAM 
indicates that there were small, inconsistent differences 
in absolute spectral reflectance in the near infrared .97- 
1.3um between the stressed and natural canopies. 

INTRODUCTION 

Recent theory and laboratory results have suggested that an 
increase in near infrared leaf reflectance occurs as leaf water 
content decreases with increasing plant water stress (Ripple 1986). 
Additionally, some theories have related leaf water stress to canopy 
air pollution damage (Rock et al. 1986). This study was designed to 
test the ability of the AIS-2 to discriminate an induced water stress 
in two pairs of conifer stands as part of a larger project in West 
Germany studying remote sensing of air pollution damage to the Black 
Forest. The paired plot study design was produced by inducing stress 
on half of the study plot leaving the remaining half as control. This 
experimental design allowed a rigorous comparison of reflectance 
differences with variables such as tree species and age, canopy 
illumination, sun-angle, sensor angle and atmospheric effects all 
equal, hence eliminating them from the comparative analysis. 

BACKGROUND WATER RELATIONS 

Ecologically significant measures of the water status of 
vegetation are leaf water potential and relative water content (RWC). 
Leaf water potential is a measure of the energy status of water in 
plant tissue and RWC is a measure of water content in the leaf tissues 
relative to that occuring at saturation water content. Water stress 
in plants is measured as a decrease in leaf water potential from 0 
bars and as a decrease in RWC from 100%. Leaf water potential is 
easily measured on a conifer shoot with a pressure chamber apparatus 
in the field (e.g. Ritchie and Hinckley, 1975), expressed as a 
pressure (-bars). RWC is calculated as (fresh wt-dry wt)/(saturation 
wt-dry wt) and expressed as a percentage. 
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I .  
METHODS & STUDY SITES 

t 

Water stress can be rapidly induced, in one hour to one day 
depending on tree size, by severing the stem sapwood through which 
water flows from the roots to the canopy. Complete severing of the 
sapwood causes a rapid increase in the level of leaf water stress 
which is then maintained until the death of the tree 30 or more days 
later (Brix and Mitchell, 1985; Running, 1980). 

The study was located at two sites in West Germany with the aid of 
our German colleagues who located and made available the forest 
stands, arranged for the cutting of the trees and assisted in the 
collection of field data. A 5Ox50m plot of trees was stressed by 
either girdling of the sapwood or complete severing of the trunk. 

One stand was of Norway spruce located near Munich and the other 
was a plantation of white pine in the Frankfurt Forest. The Norway 
spruce were approximately 30m in height and about 60cm in diameter, 
with a closed canopy and 5-10 cm ring of sapwood. Girdling was done 
with chainsaws on 2 July with the AIS flight occurring 13 days later 
on 15 July. 

The Frankfurt Forest site was prepared with a much greater 
physical effort. The white pine stand was a high density plantation 
approximately 7m in height, and 15-20cm in diameter, most of which was 
sapwood. For this reason the trees were completely severed by cutting 
the trunk about lm above ground and strapping trunks upright with 
steel banding to the stumps. Severing of the 2400 trees was begun 2 
July and was completed 7 July. AIS flights were 15 and 21 days after 
severing of the Frankfurt plot. 

Shoot water potentials were collected during or the day after 
AIS-2 overflights to measure the difference in stress between cut 
trees and adjacent uncut trees (Table 1). Shoot water potentials were 
related to relative water content so that an estimate of RWC near the 
time of AIS flight could be made (Fig. 1). 

Table 1. Water stress measurments taken at the time of AIS 
flights. Shoot water potentials are averages of 5-7 
measurements, and RWC the average from 5 samples. 

Munich 

Girdled trees 
Control trees 

Frankfurt 

Severed trees 
Control trees 

--------- 

13 
13 

16 
16 

-21.0 
-9.1 

-19.5 
-13.3 

86 
91 

79 
89 
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Fig. 1. Relationship between shoot water potential and RWC for 
severed ( 0 )  and control (0) white pines on the Frankfurt 
site. Measurements from 5 samples of each treatment 
collected the day after AIS-2 flight. 

AIS DATA ANALYSIS 

AIS data was collected in "tree mode" 0.8-2.2um with an 
approximate ground pixel size of 6.5m. In ''tree mode" the usable 
range of AIS data ends at approximately 1.6um due to second order 
light contamination. Analyisis of AIS data was begun using the 
Spectral Analysis Manager (SPAM) at JPL. Quality of AIS data was very 
good and the raw data, without normalizations or atmospheric 
corrections, was used. 

SPAM was used to plot average spectral curves for stressed and 
control trees, constructed from 5 to 7 pixels selected from a plot. 

RESULTS AND DISCUSSION 

Spectral plots of the white pine at Frankfurt taken 21 days after 
severing show a slightly higher reflectance from the control trees 
compared to the severed trees in the 0.97-1.3um region, contradicting 
expected patterns (Fig. 2). When a log residual normalization to 
remove common atmospheric effects was done, spectral separation was 
improved across the spectrum. Spectral plots of the Norway spruce, 
Munich site, were obtained from two AIS flights at approximately 
1030hr and 1330hr 13 days after girdling of the trees. For the 1030hr 
flight (Fig. 3) the girdled trees had greater reflectance than the 
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Fig. 2. Spectral reflectance of severed and control white pines at 
the Frankfurt site from A I S  flight 21 days after severing. 
Estimated difference of 6 bars in shoot water potential and 
10% absolute difference in RWC between severed and control 
trees. 

control trees at the peaks of reflectance in the infrared. The 
difference in shoot water potential at that time was 12 bars, and 5 %  
in RWC. However, for the 1330hr overflight reflectance from the 
girdled canopies was lower than that from the control, a reversal of 
reflectance differences seen for the 1030hr flight. The difference in 
shoot water potential at this time was 7 bars, and 4% in RWC. 

SUMMARY 

Anaylsis of raw AIS-2 data to date has found small differences in 
the amplitude of reflectance in the near infrared region, .97-1.3um, 
between stressed and control canopies. For white pine, reflectance 
from the stressed canopy was slightly lower than the control canopy. 
For Norway spruce, control canopy reflectance was greater than the 
stressed canopy in the morning, but this relationship was reversed in 
the early afternoon. At this time our results do not consistently 
support the current hypothesis that near infrared reflectance 
increases with leaf water stress. We will next analyze the NSOOl TM 
simulator data and the TIMS data to attempt to find consistency in the 
spectral response of these canopies to the induced water stress. 
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Spectral reflectance of girdled and control Norway spruce at 
the Munich site from morning AIS flight 13 days after 
girdling. A difference of 12 bars in shoot water potential 
between girdled and control trees was measured in the field 
at time of overflight. 
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ABUNDANCE AND DISTRIBUTION OF ULTRAMAFIC MICROBRECCIA IN MOSES /// 6 6 7 
ROCK DIKE: QUANTITATIVE APPLJCATION OF AIS DATA 

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

[ 

Our investigation of Moses Rock dike using data collected with the Airborne Imaging 
Spectrometer (AIS) is near completion. Our results are presented and discussed in the ar- 
ticles in professional journals listed at the end of this abstract. These manuscripts include 
detailed desription and discussion of the nature of the geologic problems, the Moses Rock 
field site, calibration of AIS data, mineral identification from the AIS data, analytical 
models for determining abundance estimates from bidirectional refledtance spectra and ap- 
plication of the analytical mixing model to the AIS data. We will be happy to send reprints 
of these articles to any interested parties. The following is a short summary of these inves- 
tigations concerning Moses Rock dike. 

Moses Rock dike is a Tertiary diatreme containing serpentinized ultramafic microbreccia 
(SUM) (derived from the mantle) located on the Colorado Plateau in Utah. Field evidence 
indicates that SUM was emplaced first followed by breccias derived from the Permian strata 
exposed in the walls of the diatreme and finally by complex breccias containing basement 
and mantle derived rocks. SUM is found primarly dispersed throughout the matrix of the 
diatreme. A major objective in examining Moses Rock dike with AIS was to map the dis- 
tribution and abundance of SUM in the matrix to better understand the nature of the erup- 
tion which formed this explosive volcanic feature. 

AIS data were collected in July of 1984 and 1985. These data were calibrated by dividing 
the entire suite of raw AIS data by data from an internal standard area and then multiplying 
this relative reflectance data by the absolute bidirectional reflectance of a carefully selected 
sample from the standard area which was measured in the laboratory. From the calibrated 
AIS data the minerals serpentine, gypsum, and illite as well as desert varnish and the 
lithologies SUM and various sandstones were identified. Six endmembers (SUM, two types 
of sandstone, gypsiferous soil, clay-rich soil, desert varnish) were chosen to represent the 
dominant lithologies of the surface in the Moses Rock dike region. Spectra of these 
endmembers were used in an intimate mixture model to deconvolve the AIS spectral data 
into surface abundance coefficients for each component using a nonnegative least squares 
inverse algorithm. The results of these calculations of surface compositions are consistent 
with field observations and investigations. 
SUM distribution and abundance in the matrix of the diatreme were examined in detail 

and two distinct sytles of SUM dispersion were observed. One style is Characterized by high 
to moderate SUM abundance surrounded by halos of lesser SUM abundance. The dispersion 
halos grade steeply into regions of the matrix with little or no SUM. The second style is 
characterized by moderate SUM abundances and broad dispersion halos with SUM dis- 
tributed across the entire width of the diatreme. These dispersion styles indicate that SUM, 
which is emplaced early, becomes reincorporated into the turbulent flow of the diatreme by 
abrasion and comminution by material carried along in the erupting medium. This eroded 
SUM is then dispersed throughout the matrix by eddy diffusion. The first style represents 
either an early arrested phase of the eruption sequence or a region of the diatreme where 
flow velocites were less intense than regions represented by the second styles. Since both 
styles are observed at the same erosion level this indicates that the duration or intensity of 
eruption varied along strike at Moses Rock dike. 
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EVALUATION OF A I S - 2  (1986) DATA OVER HYDROTHERMALLY ALTERED GRANITOID 1 ' 
ROCKS OF THE SINGATSE RANGE (YERINGTON) NEVADA AND COMPARISON WITH 1985 
A I S - 1  DATA. 

R.J.P. LYON, Applied E a r t h  S c i e n c e s  Department, S t a n f o r d  U n i v e r s i t y ,  L d 
S t a n f o r d ,  CA 94305, USA . t ;  ' \ I  C t  

ABSTRACT 

The 1986 AIS-2 f l i g h t s  on 29 September 1986 a l o n g  
two s u b p a r a l l e l  l i n e s  ( b e a r i n g  0130) over  t h e  wes tern  
f l a n k s  of the S i n g a t s e  Range, were designed t o  t r a v e r s e  
three major rock assemblages--the Triassic sedimentary 
sequence;  the g r a n i t o i d  r o c k s  o f  the  Yerington 
b a t h o l i t h  (Ann Mason and MacArthur) and t h e  T e r t i a r y  
i g n i m b r i t i c  ash-flow and ash-fall  t u f f s .  Both Ann 
Mason and MacArthur sites are hydro thermal ly  altered t o  
a quartz-sericite-tourmaline mineralogy (Dil les ,  1983; 
P r o f f e t t  and Dil les ,  1984; Einaudi ,  1977). 

The o r i g i n a l  AIS-2 data s e t  showed numerous l i n e -  
d r o p o u t s  and a c o n s i d e r a b l e  number o f  randomly 
d i s t r i b u t e d ,  d a r k  p i x e l s .  A second decommutation o f  
t he  master t a p e  ( a t  NASA/ARC) produced a much be t te r  
p r o d u c t ,  reducing  t h e  dropout  e s s e n t i a l l y  t o  n e a r  z e r o  
and t h e  d a r k  p i x e l s  by about  75%. These were f u r t h e r  
removed by a s p a t i a l l y - a c t i v e  3 x 3 f i l t e r ,  which 
r e p l a c e d  a llbadfl p i x e l  by the  average  o f  i ts eight  
n e i g h b o r s ,  i f  t h a t  p i x e l  d e v i a t e d  from t h i s  l o c a l  
average  by 30 DN. 

Vertical s t r i p i n g  was removed by his togram- 
matching, column by column. F i n a l l y ,  a l l log- res idua l l l  
spectrum was c a l c u l a t e d  which showed t h e  d e p a r t u r e  of  a 
2 x 2 p i x e l  area from t h e  s p a t i a l l y -  and s p e c t r a l l y -  
averaged scene .  

A 1 : l  cor re la t ion  was found w i t h  t he  l o g - r e s i d u a l  
A I S - 2  data and a large open p i t  area of gypsum. An 
area w i t h  known ser ic i te  agreed w i t h  t h e  o v e r f l i g h t  
data,  and an  area known t o  be - free o f  any s i g n i f i c a n t  
amount o f  0-H-bearing m i n e r a l s  showed no ev idence  o f  
any i n  t h e  AIS-2 l o g - r e s i d u a l s .  

INTRODUCTION 

AIS-2 imagery was obta ined  a l o n g  f o u r  a lmost  N-S l i n e s  ( b e a r i n g  013O) 
o v e r  the wes tern  f l a n k  o f  t h e  S i n g a t s e  Range, n e a r  Yer ington ,  
approximately 120 miles SE of Reno, Nevada. Concurrent  35 mm Nikon B/W 
photography was t a k e n  t o  a i d  i n  ground l o c a t i o n ,  w i t h  a i r b o r n e  v i d e o  as an  
a d j u n c t .  

The f o u r  1986 f l i g h t  l i n e s  ( f l i g h t  86-009-09, 29 September 1986) were 
flown between 9,000 f t .  and 12,000 f t .  above ground l e v e l  (2.74 Km t o  
3.66 Km). The 0130 b e a r i n g  f o r  t h e  15 Km l i n e s  was chosen t o  t r a v e r s e  t h e  
s t r i k e  l e n g t h  o f  t h e  Triassic l imes tone  sequences (Ludwig area) a t  t h e  
s o u t h  end;  t h e  J u r a s s i c  g r a n i t o i d  r o c k s  of the  Yerington b a t h o l i t h  (Ann 
Mason area) ;  and the  S i n g a t s e  Peak T e r t i a r y  i g n i m b r i t i c  t u f f s .  A t  t h e  
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nor thern  end ( i n  t h e  MacArthur area) a repeated s e c t i o n  of  the  g r a n i t o i d  
rocks was a l s o  t r ave r sed .  A t o t a l  o f  14 l lparenttt  rock types  was sampled - 
5 Triassic sediments ,  3 g r a n i t o i d  types ,  and 6 members of  t he  i g n i m b r i t i c  
sequence. In  a d d i t i o n ,  two sequences of  t lhydrothermally-altereda 
g r a n i t o i d s  were overflown. 

T h i s  paper deals i n i t i a l l y  w i t h  t h e  process ing  of  t h e  1986 data and 
then covers  some o f  t h e  geo log ica l  r e s u l t s  r e l a t i n g  t h e  a i rbo rne  data t o  
ground-measured VIRIS spectra taken from underneath the  f l i g h t  l i n e s .  

DATA QUALITY 

The 1986 AIS-2 data sets as  suppl ied  i n i t i a l l y  contained seve re  l i n e -  
dropouts  and ex tens ive  (llpepper and saltf1) randomly-placed (usua l ly  dark)  
anomalous s i n g l e  p i x e l s .  A l l  attempts t o  remove these p i x e l s  proved 
f r u i t l e s s .  We requested and rece ived  from NASA/ARC, a second a t tempt  a t  
decommutating t h e  master tape which was of d e c i d e l y  better q u a l i t y  (see 
Fig.  1). 

The imagery was st i l l  bad ly  s t r i p e d  ( v e r t i c a l l y )  and sof tware had t o  
be  developed (Tab le  1) t o  take care o f  these a r t i fac ts .  

Table 1 

SOFTWARE PROGRAMS - STANFORD 
INPUT : AIS32 Reads AIS-1 and AIS-2 tapes, d i s p l a y s  image data,  

writes 80-l ine d i s k  f i l e  (o f  channels  1-128; 76-117; 
or 97-128). 

PROCESSING: DEST32 Removes t h e  v e r t i c a l  s t r i p i n g  from an AIS image, 
fo rc ing  his togram f o r  each v e r t i c a l  l i n e  t o  be 
equal. 

DESPIKE Removes i s o l a t e d  bad p i x e l s  from an AIS image. 
Works i n  t h e  s p a t i a l  domain. Compares p i x e l  t o  its 
8 ne ighbors ,  replaces by average i f  o u t s i d e  
to l e rance  (gene ra l ly  30 D N ) .  

DESTAP Destripes a whole f l i g h t - l i n e ;  writes output  t o  a 
second tape. 

ANDY32 Appl ies  l l log-residual l l  c o r r e c t i o n  t o  an AIS image 
f i l e .  

ANDYTAP Same as ANDY32, but  b u i l d s  its averages  from 
readings  from t h e  f l i g h t - l i n e  data from tape. 

DISPLAY: MULTI32 Displays as many channels  as p o s s i b l e  of  an AIS 
f i l e ,  i n  monochrome. 

TVAIS32 Disp lays  a color-composite image o f  3 AIS channels ,  
and graphs  t h e  spectra o f  selected p i x e l s .  

108 



DATA PROCESSING 

Data Omission 

T h i s  y e a r  we elected o n l y  t o  p r o c e s s  t h e  2.2 micron r e g i o n  of t h e  
data (compare w i t h  Lyon, 19861, and f u r t h e r  t o  c o n c e n t r a t e  on ly  on t h o s e  
c h a n n e l s  (#76-117) w i t h  a high r a d i a n c e  l e v e l .  

We a l s o  de l e t ed  the  l a s t  11 c h a n n e l s  (#118-128) t o  avo id  p o s s i b l e  
t tsecond-ordertt  g r a t i n g  effects  (no ted  i n  AIS Workshop I1 Repor t ,  p. 7 ,  
f o o t n o t e  C). The remaining 42 channe l s  proved t o  be v e r y  u s e f u l  i n  data 
a n a l y s i s  and less n o i s y  t h a n  t h o s e  we had omi t t ed .  

Image E x t r a c t i o n  and Viewing 

With t he  adven t  o f  t h e  64-pixel  swath  o f  AIS-2, we had t o  change t h e  
dimension s t a t e m e n t  o f  o u r  s o f t w a r e  (Table 1 ) .  I n  a d d i t i o n ,  because o f  
t h e  s ize  o f  o u r  d i s p l a y  s c r e e n  (640 x 480 p i x e l s )  and w i t h  o u r  desire 
i n i t i a l l y  t o  view as many c h a n n e l s  o f  t h e  42 as p o s s i b l e ,  we a g a i n  
selected f o r  d i s p l a y ,  32 windows o f  80 f l i g h t - l i n e  segments.  

MULTI32 (Table 1 )  can be used t o  d i s p l a y  any 32 c o n t i n u o u s  c h a n n e l s  
a t  once f o r  these 80 f l i g h t - l i n e  segments ,  u s i n g  e i the r  raw, d e s t r i p e d ,  
d e s p i k e d ,  o r  l o g - r e s i d u a l  image data. 

TVAIS32 w i l l  u s e  any three c h a n n e l s  ( t h o s e  selected from the  MULTI32 
d i s p l a y  w i t h  maximum s p e c t r a l  c o n t r a s t )  and d i s p l a y  them (2X e n l a r g e d )  
s i d e  by s i d e ,  w i t h  t h e i r  color-composi te  image on t h e i r  l e f t  (F ig .  2A). A 
second a s p e c t  o f  TVAIS32 is the  g r a p h i c a l  mode. The 3-band c o l o r  image is  
r e t a i n e d ,  and the  three i n d i v i d u a l  monochrome images are s u p p r e s s e d ,  b e i n g  
r e p l a c e d  by a spec t rum ( o f  42 channel-elements)  drawn h o r i z o n t a l l y  a c r o s s  
t he  s c r e e n ,  t i e d  t o  t he  s p e c i f i c  2 x 2 p i x e l  area from which t h e i r  a v e r a g e  
g raph  was t aken .  T h i s  g r a p h i c a l  d i s p l a y  can be keyed t o  ground l o c a l i t i e s  
from which sample - spec t r a  have been t a k e n  ( F i g s .  2B,D), o r  o v e r l a i n  o n t o  
g e o l o g i c a l  maps, etc.  

Our s t r a t e g y  for f i e l d  c o r r e l a t i o n  u s i n g  t h e  AIS imagery is based on 
the  need t o  l o c a t e  on t h e  ground t h e s e  s p e c i f i c  p i x e l s  whose g r a p h s  show 
s i g n i f i c a n t  m i n e r a l  in format ion .  While t h e  80 l i n e s  by 64 p i x e l  segments 
may seem small, they  cove r  1.6 x 1.3 Km a t  a 20 m p i x e l  s ize .  

Image R e s t r i p i n g  

Seve re  v e r t i c a l  s t r i p i n g  was obv ious  i n  t h e  raw imagery. The program 
DEST32 removed most o f  t h i s  by f o r c i n g  the  h i s t o g r a m  o f  each column o f  
p i x e l s  t o  be e q u a l .  Some i n t e r m i t t e n t l y  ( v e r t i c a l )  n o i s y  columns s t i l l  
r e t a i n e d  t h e i r  bad data even a f te r  t h i s  a c t i o n  (no ted  e s p e c i a l l y  i n  
channe l  97 (see F i g s .  l C , D ) .  

Image D e s p i k i q  

The program DESPIKE o p e r a t e s  on a 3 x 3 matrix i n  t h e  s p a t i a l  domain, 
and examines t h e  c e n t r a l  p i x e l  D N ,  by comparing i t  t o  t h a t  o f  i t s  eight  
ne ighbors .  I f  t h e  c e n t e r  p i x e l  h a s  a DN v a l u e  d i f f e r i n g  from the  8 - p i x e l  
mean, o v e r  a " t o l e r a n c e t t  o f  30 DN,  i t  is r e p l a c e d  by t h a t  a v e r a g e ,  and t h e  
k e r n e l  moves forward.  A l l  42 c h a n n e l s  are so  p rocessed .  The t o l e r a n c e ,  
however, canno t  be made t o o  small as i t  would soon g i v e  t h e  k e r n e l  t he  
effect  o f  a 3 x 3 smoother.  A s  t h e  random s p i k e s  have non-zero DN w i t h  a 
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clear d i s t r i b u t i o n  i n  g r e y n e s s ,  some llnoisell  is l e f t  i n  t h e  data,  i f  i t  is 
w i t h i n  the  30 DN t o l e r a n c e .  

T h i s  problem is  markedly enhanced by t h e  " log  r e s i d u a l "  p r o c e s s i n g  
and leads t o  s i g n i f i c a n t  l e v e l s  o f  n o i s e  i n  t h a t  f i n a l  p r o d u c t  
( F i g s .  l E , F ) .  

Log-Residual P r o c e s s i n g  

T h i s  a l g o r i t h m  h a s  been borrowed from D r .  A.  A. Green, CSIRO, 
A u s t r a l i a ,  b u t  we have modif ied i t  s l i g h t l y  from its o r i g i n a l  e x p r e s s i o n  
(Green and Craig, 1985).  Both t h e s e ' f o r m u l a t i o n s  a l s o  d i f f e r  from a la te r  
"JPL l o g - r e s i d u a l v 1  which a p p e a r s  on ly  t o  use  t h e  first two items ( A , B ) ,  o f  
e q u a t i o n  4. The l l o f f s e t l l  term ( D )  is probably used i n  all three forms i n  
a c t u a l  u t i l i z a t i o n  by man ipu la t ion  o f  t he  d i s p l a y  system. 

Our v e r s i o n  o f  t h i s  s t a t i s t i c a l l y - b a s e d  method ( R o b e r t s ,  e t . a l . ,  
1986, p. 22) u s e s  t h e  r e l a t i o n s h i p  

5, = TsRs,XEA DN 

where DN = r a d i a n c e  , o r  t he  DN o f  each channe l  ( A  1 f o r  each s p a t i a l  
i n  t he  data; Ts = a topographic factor  for  slope o r i e n t a t i o n  p i x e l  

e f fec ts ;  R is  t h e  d e s i r e d  l l r e f l e c t a n c e l l  f o r  each channe l  a t  each s p a t i a l  
S 

p i x e l ,  and E X  is a measure o f  t h e  a v e r a g e  i r r a d i a n c e .  

s,X 
(SI 

128 
l1TOP0GRAPHIC1' term Ts - - -  1 l o g  ( D N S I X )  

128 1 

N 
i n  t h e  s p a t i a l  domain 

1 l l I R R A D I A N C E 1 l  term E = - E l o g  ( D N  
N 1 s,X 

( 2 )  

( 3 )  

i n  t h e  s p a t i a l  and spectral  domain f o r  each X 

Equat ion ( 1 )  i n  a l o g a r i t h m i c  form, can be r e a r r a n g e d  as  fo l lows :  

T h i s  a l s o  can be though t  o f  a s  

Output spectrum = raw spec t rum - a v e r a g e  spec t rum - p i x e l  
b r i g h t n e s s  + image b r i g h t n e s s  

where a l l  are i n  l o g a r i t h m i c  form (see Fig .  4 ) .  

RESULTS 

Anhydri te  (gypsum) 

AIS-2 Run 604 a t  l i n e s  650-730 c r o s s e d  o v e r  the Ludwig open p i t  i n  
t h e  Triassic a n h y d r i t e  (gypsum) beds.  The open area o f  t h e  p i t ,  together 
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w i t h  t h e  (wh i t e )  s p o i l  dumps gave a r e l a t i v e l y  p u r e ,  large target f o r  
a n a l y s i s ,  c o v e r i n g  two p a t c h e s  abou t  15 x 15 p i x e l s  each.  

F i g u r e s  1A-F show t h e  s e v e r a l  s t e p s  of  t h e  p r o c e s s i n g  and a n a l y s i s .  
F i g u r e s  1A,B are a p o r t i o n  o f  t h e  RAW d a t a  s e e n  i n  a MULTI32 p r e s e n t a t i o n .  
F i g u r e s  1C , D  r e p r e s e n t  t h e  same data a f t e r  vlcleaning-upll w i t h  DEST32 and 
DESPIKE o p e r a t i o n s .  F i g u r e s  1E,F show the r e s u l t  o f  t h e  ANDY32 log -  
r e s i d u a l  p r o c e s s ,  now r e v e a l i n g  the two d a r k  p a t c h e s  (between the  l e t t e r s  
A , B , C )  i n  c h a n n e l s  76, 77,  and 78 co r re spond ing  t o  t h e  low r e f l e c t a n c e  o f  
gypsum i n  t h o s e  wavelengths  (1945, 1956, 1966 um). F i g u r e s  2A,B complete  
t he  a n a l y s i s  w i t h  a g r a p h i c a l  p r e s e n t a t i o n  o f  selected 2 x 2 p i x e l  areas 
emphasizing t h i s  lowered r e f l e c t a n c e .  A second broad low a p p e a r s  c e n t e r e d  
a t  channe l  100 (2200 um). 

F i g u r e  2B shou ld  be cokpared wi th  F i g s .  5 B  and 6B, b o t h  showing 
ground s p e c t r a  o f  the  p i t  area t a k e n  w i t h  t he  GER VIRIS f i e l d  g r a t i n g  
s p e c t r o m e t e r .  Only the  area o f  t h e  spectrum from 1945 t o  2380 um is  used 
by c h a n n e l s  76-117 of AIS-2. T h i s  area is  s t i p p l e d  on F ig .  5 B  and 
e n l a r g e d  t o  cove r  a l l  o f  F ig .  6B, so  t h a t  a d i r e c t  comparison may be made 
between t h e  AIS-2 ttresidual-reflectancelf and the  ground e q u i v a l e n t .  The 
second broad low a p p e a r s  a t  2220 um i n  t he  ground spectrum (F ig .  6B). 

Limestone 

AIS-2 Run 602 l i n e s  100-180 passed d i r e c t l y  a l o n g  t h e  s t r i k e  l e n g t h  
of the  Mason Va l l ey  l i m e s t o n e ,  a s t e e p l y - d i p p i n g  fo rma t ion  on t h e  west 
f l a n k  of the  v e r t i c a l l y - p l u n g i n g  Ludwig a n t i c l i n e .  I n  o u r  f i e l d  s p e c t r a l  
work we have no ted  tha t  on many l i m e s t o n e  o u t c r o p s  t h e  s u r f a c e s  do n o t  
show ll l imestonevl (ca lc i te )  s p e c t r a ,  b u t  these are rather more c l a y - l i k e .  
F i g u r e s  5F and 6F are examples o f  t h i s  and show 0-H abso rbance  more 
t y p i c a l  o f  a mixed-layer i l l i t e - c h l o r i t e  phase.  Other s p e c t r a  show a 
m o n t m o r i l l o n i t e  c l a y  t o  be t h e  surface composi t ion.  T h i s  is p robab ly  
r e s i d u a l  c l a y  from d i s s o l u t i o n  o f  t he  l i m e s t o n e ,  o r  llmudvv from summer 
thunde r  s to rms .  

F i g u r e  2C shows the  l o g - r e s i d u a l  r e s u l t s  u s i n g  MULTI32 w i t h  
a b s o r p t i o n s  (b l ack )  a t  c h a n n e l s  107-112 (2275-2329 um), much s h o r t e r  t h a n  
channe l  173-174 t y p i c a l  of calci te .  T h i s  may ref lect  more of a magnesian- 
r i c h  c a r b o n a t e  ( d o l o m i t e ) ,  a l t h o u g h  t h e  ground VIRIS spectra o f  F i g .  6D 
show t h e  t y p i c a l  v e r y  s h a r p  peak a t  2339 um (channe l  113) o f  ca lc i te .  

Hydrothermal A l t e r a t i o n  

AIS-2 Run 604 a t  l i n e s  1310-1390 c r o s s e s  a lmos t  a t  r i g h t  a n g l e s  o v e r  
t h e  t h i n ,  WNW-trending zones o f  h y d r o t h e r m a l l y - a l t e r e d  q u a r t z  monzonite of 
t h e  Yerington b a t h o l i t h ,  immediately s o u t h  o f  the  creek bed a l o n g  which 
r u n s  t h e  E-W Mickey P a s s  road.  T h i s  area is  called Ann Mason. (The same 
run  a t  i ts  n o r t h e r n  end a l s o  p a s s e s  o v e r  t h e  MacArthur zone o f  comparable 
m i n e r a l i z a t i o n ) .  

F i g u r e s  3A,B show the  l o g - r e s i d u a l  d i s p l a y e d  w i t h  MULTI32, w i t h  a 
darkened s t r i p  ( i n  t h e  lower h a l f  of each image) i n  c h a n n e l s  97-101 (2169- 
2211 um), w i t h  a secondary da rken ing  of c h a n n e l s  109-115 (2300-2360 um). 
Ser ic i te  is a major component o f  t h i s  a l t e r a t i o n  a t  t h i s  s i t e  (Dil les ,  
1983) and o u r  f i e l d  VIRIS s p e c t r a  show a minimum a t  2204 ( c h a n n e l  100) and 
a n o t h e r  a t  2355 um (channe l  114, Fig.  6E). A l u n i t e  ( F i g .  6A) wi th  a 
minimum a t  2173 ( channe l  97) would be a better match w i t h  t h e  AIS-2 data 
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(channel 97-101) but  is  unknown from any ground samples wi th in  s e v e r a l  
miles of  t h i s  l o c a l i t y .  

AIS-2 Run 604 a t  l i n e s  1225-1305 shows the  t o t a l  absence of  any 0-H 
i n  t h e  log - re s idua l s  d i sp l ay  (Fig.  3 C )  us ing MULTI32. This  is i n  
agreement w i t h  f i e l d  observa t ions  and is confirmed a l s o  by a lack of  
abso rp t ions  i n  t h e  2.2 um channel of  t h e  NS 001 TMS scanner ,  flown 
concurren t ly  w i t h  t he  AIS-2. 

CONCLUSIONS 

1. AIS-2 h a s  severe  v e r t i c a l  s t r i p i n g  but  t h i s  can be removed by 
histogram-matching, column by column. 

2. AIS-2 shows random low-valued ( b u t  non-zero) p i x e l s ,  g e n e r a l l y  
loca ted  i n  t h e  darker (lower rad iance)  areas. Some 1-2% are b r igh te r  than 
average ( b u t  are not  255 D N ) .  Most o f  these can be removed by a 3 x 3 
( s p a t i a l )  mean-matching k e r n e l ,  w i t h  a llreplacementll t o l e r a n c e  of  30 DN. 

3. AIS-2 can be d i r e c t l y  related t o  ground-acquired VIRIS s p e c t r a ,  i f  
t h e  "outcrop11 shows a s i g n i f i c a n t  percentage of (lllag") rock fragments,  o r  
has been bulldozed clear o f  surface d e b r i s .  Fine d u s t - s i l t  between (and 
unde r )  t h e  surface fragments inva r i ab ly  has a V I R I S  spectrum of a 
montmori l loni te  c l ay .  Some mixed-layer ( l l i l l i t e s l l )  show a l s o  i n  t h i s  f i n e  
material. 

4. S i g n i f i c a n t l y ,  AIS-2 f l i g h t  data from over  rocks  known t o  show no 0-H 
i n  surface V I R I S  s p e c t r a ,  do not  show any AIS-2 minima a t t r i b u t a b l e  t o  
0-H. T h i s  was not  so  clear i n  t h e  1985 AIS-1 data due t o  a h igher  no i se  
component (see Fig.  3D). 

5. Direct conf i rmat ion  of dolomi t ic  l imestone outcrops  w i t h  
ca l c i t e /do lomi te  s p e c t r a  from t h e  AIS-2 data (Mason Va l l ey  l imestone)  is 
occas iona l ly  p o s s i b l e  (F ig .  3A,B). 
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Figure 1. 64 p i x e l  x 80 l i n e  f l i g h t  s egmen t s ,  Run 604 l i n e s  650-730, 29 
September 1986. 32 c o n t i g u o u s  c h a n n e l s  ( f rom f76-117) may be viewed u s i n g  
MULTI32. A. Raw AIS-2 d a t a ,  2nd decom.; B. 2X mag.; C. D e s t r i p e d  and 
d e s p i k e d ;  D. 2X mag.; E. L o g - r e s i d u a l  " r e f l e c t a n c e " ;  and F. 2X mag. 
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Figure. 2. Run 604, l i n e s  650-730. TVAIS32 d i s p l a y  o f  64 x 80 f l i g h t  
segments .  A. ( l e f t )  B/W view of c o l o r  compos i t e .  Three monochromes t o  
r i g h t  are CH 77,85,111. Selected t o  show max. s p e c t r a l  c o n t r a s t .  B. Same 
data ( l e f t )  B/W view of c o l o r  composi te .  S p e c t r a  ( o f  42 c h a n n e l s )  keyed 
t o  s p e c i f i c  p i x e l  s i tes .  Note s t e e p  r ise  (G) a t  CH 76-79 t y p i c a l  o f  
gypsum. Broad v t v a l l e y v t  a t  2201 um is a l s o  gypsum. C. MULTI32 d i s p l a y ,  
Run 602, l i n e s  100-180, o v e r  l i m e s t o n e .  Note b lack  areas i n  CH 106-111 
( C )  and major  a b s o r p t i o n s  a t  2275,2307 (D). 
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Figure 3. A. MULTI32 display, Run 604, lines 1310-1390, over area (Ann 
Mason) of typical sericitic alteration (lower half, oblique strip). Dark 
channels are 97-102, and 108-115. B. Graphs show CH 99, 2190 um minima. 
C. Similar display, Run 604, lines 1225-1305, same rock type but without 
significant sericite alteration on ground examination. D. 1985 AIS-1 
graphical display of an area close to A,B above. Note high noise content 
(128 channels). 
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Figure 5. VIRIS ground spec t ra ,  f u l l  spectrum 400-2500 urn. A. Goldfield, 
Nevada, a l u n i t e ;  B. Yerington (Ludwig) gypsum; C. Hannapah, Nevada, 
montmorillonite; D. Ludwig limestone; E. Ann Mason s e r i c i t e ;  F. Natural 
surface of  Ludwig limestone - note 0-H features .  
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Figure 6.  V I R I S  ground spectra ,  portion equivalent t o  CH 76-117 of AIS-2 
(1950-2390 urn). A. Alunite; B. Gypsum; C. Mont-morillonite; D. Fractured 
surface limestone; E. S e r i c i t e ;  F. Natural surface of limestone. 
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///67/ PRELIMINARY RESULTS FROM AN INVESTIGATION OF AIS-1 DATA 

,OVER AN AREA OF EPITHERMAL ALTERATION: PLATEAU, NORTHERN 
,\ QUEENSLAND, AUSTRALIA. 

STEVE MACKIN, TIM MUNDAY, & SIMON HOOK, Department of 
Geological Sciences, University of Durham, Durha ADH1 3LE, 
England. ', ' ' 7  '.-\ ; p? { j  8-j L.k ' ' j 

ABSTRACT : / 

AIS-1 data were acquired over the eastern edge of the 
Seventy Mile Range, north Queensland, Australia, as part of 
the US/Australia Joint Scanner Project. The area includes 
undifferentiated sequences of acid to intermediate 
volcanics and intrusives; meta-sediments; and a series of 
partially lateritised sedimentary rocks. 

The study area exhibits a considerable spectral 
variability, after the suppression of striping effects 
commonly observed in AIS-1 data. Log residual, and Internal 
Average Relative Reflectance (IARR) analytical techniques 
were used to enhance mineralogically related spectral 
features. Both methods produce similar results, but did not 
visually highlight mineral absorption features due to 
processing artifacts in areas of significant vegetation 
cover. The enhancement of mineralogically related 
absorption features was achieved using a hybrid processing 
approach based on the relative reflectance differences 
between vegetated and non-vegetated surfaces at 1.2um & 
2.lum. The result is an image with little overall contrast, 
but which enhances the more subtle spectral features 
believed to be associated with clays and epidote. 

The AIS data was subject to interactive analysis 
using the SPAM package. Clear separation of clay and 
epidote ( ? )  related absorption features was apparent, and 
the identification of kaolinite proved possible despite the 
presence of spectral effects caused by vegetation and 
second order overlap. 

INTRODUCTION: 

As part of the US/Australia Joi-nt Scanner Project, 
two AIS flight lines were flown over the Plateau site in 
northern Queensland, Australia. The study area is located 
approximately 150 km SSW of Townsville (Figure 1). This 
paper describes some preliminary results arising from the 
analysis and interpretation of data from one of the two 
flight lines, which covers part of the Horse Creek Block 
(Figure 1). Limited ground data were available for this 
area, enabling us to evaluate a variety of processing 
techniques for highlighting mineralogically related 
absorption features. 
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GEOLOGICAL AND ENVIRONMENTAL SETTING: 

The study area experiences a tropical climate, with 
warm dry winters and hot wet summers. Vegetation consists 
primarily of open Eucalypt and acacia woodland. Grasses, 
particularly spear grass (Heteropogon contortus), are the 
dominant understorey. The vegetation density is varied, and 
species distribution irregular. 

The regional geological setting of the site is 
reviewed by Wyatt et al. (1971). The geology of the Horse 
Creek Block itself, i's summarised in Figure 1. In the NE 
the area is dominated by Tertiary sandstones. Isolated 
mesas of lateritised Tertiary sediments are present 
throughout this part of the surveyed area. The 
Cambro-Ordovician Mount Windsor volcanics, of andesitic 
composition, outcrop in a north-south trend running across 
the central part of the block. Silicious shales and cherts 
of an equivalent age (the Cape River Beds) are present to 
the east of the flight line. Isolated outcrops of late 
Tertiary/early Quaternary shale and sandstone of the Campse 
beds are also present. 

The Cambro-Ordovician volcanics and meta-sediments 
are intruded by a small leucogranite and an altered 
rhyolite body of a similar size. Both these intrusives are 
believed to be Permo-Carboniferous in age. The rhyolite has 
a mineralised brecciated margin with pervasive 
quartz-sericitic and minor kaolinitic and chloritic 
alteration. Laboratory spectra and corroborative XRD 
analysis of weathered samples from the rhyolite and the 
adjacent host volcanics, indicate the presence of 
kaolinite, sericite, chlorite, carbonate and epidote 
minerals (Figure 2). 

AIS-1 DATA QUALITY AND PREPROCESSING: 

Calibrated AIS-1 data from the Plateau site exhibit 
the effects of a time dependent, non-uniform individual 
detector response, and a vibrating detector array (Vane 
1986). In the imagery these are manifest as vertical and 
horizontal striping respectively. Two radiometric 
correction techniques were applied to the data to suppress 
the striping. 

Vertical striping and data "spikes" were removed in 
two steps. Firstly, the effects of extreme column values, 
due to dead detector elements, and spectral "spikes" or 
discontinuities, such as those that occur at boundaries 
between different grating positions, were removed by 
averaging in the spectral direction. Secondly, the data 
were spatially averaged, tying the individual column means 
to the overall band mean to suppress the vertical striping. 

Horizontal stripes in the imagery, arising from a 
vibrating detector array at the focal plane of the 
spectrometer, were removed by spatial averaging within a 
moving window of lines down the image. Residual striping 
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remained after both techniques had been applied to the 
data. 

The AIS data for the Plateau area also exhibits the 
effects of spectral contamination in the 1 . 6  to 2.4pm 
region due to a second order overlap from shorter 
wavelengths between 0 . 8  and 1.2pm. The cause of this 
problem, as described by Vane ( 1 9 8 6 ) ,  is related to a 
switch in the position of a blocking filter, and the 
efficiency of the diffraction grating in second order. The 
presence of a contribution in second order to that in first 
orsl2r between 1 . 6  and 2 . 4  is seen in variations in the CO2 
absorption bands at 2 . 0  and 2.06ym down the flight line, 
a A  as a broad absorption feature around 2.28pm, 
particularly where vegetation is present. These effects are  
similar tm those described by Huntington et al. (1986)  for 
other Australian AIS-1 data sets. 

AIS DATA ANALYSIS FOR THE HORSE CREEK BLOCK SUBSCENE : 

1. Data Normalisation and Image Enhancement: 

Examination of the raw radiance data for the Horse 
Creek Block sub-scene revealed no apparent mineralogical 
information. T h i s  has  been ascribed to the diminution of 
mineralogical absorption features due to a combination of 
atmospheric effects, weathering, and the presence of 
vegetation cover (Huntington et al. 1986). Several 
processing methods were examined for the suppression of 
background and atmospheric effects, and the enhancement of 
subtle mineral related spectral features. These included 
the log residual technique (Green and Craig 1985) ,  and the 
Internal Average Relative Reflectance (IARR) method (Kruse 
-- et al. 1985). 

Both the log residual and IARR processing methods 
require the normalisation of the data prior to spectral 
curve averaging which produces a standard or reference 
curve for the whole scene. The standard curve is then 
divided into the the normalised pixel curve to produce a 
residual relative reflectance curve for each pixel. The 
results produced from either method are essentially the 
same. Both have the advantages of : 

i) requiring no ground data for their implementation; 
ii) being computationally simple to implement; 

reflectance suitable for use with the SPAM 
package ; 

iv) being applicable to different terrains and 
environments. 

iii) producing output in the form of relative 

However, they also exhibit several disadvantages, 
including: 

122 



i) the removal, or even suppression, of the spectral 
response of dominant cover types which may be 
important; 

ii) the creation of spectral "artifacts" which could 
be interpreted as real absorption features and/or 
spectral highs; 

absorption features in the 2.2pm wavelength region 
when vegetation is present (Huntington et a1 1986, 
& Cocks and Green 1986) .  

iii) the apparent suppression of more subtle mineral 

Although the first two drawbacks mentioned above 
cannot be corrected for (only recognised and accepted as 
possible sources of error), the third problem can be 
overcome. 

Figure 3 shows a fanned set of AIS data (covering 
bands 100 to 112, between 2.14 and 2.26pm) for the area 
depicted in Figure 1. These images have been processed by 
the log residuals method using all 128 bands. The lack of 
observable mineral related absorption features around the 
2 . 2 p  wavelength region is apparent, particularly in the 
area coincident with, and adjacent to, the rhyolite. This 
contrasts with what might have been expected given the 
nature of the spectral features depicted in Figure 2. A 
similar problem was reported by Huntington et al. (1986)  
for another Australian AIS data set processed in the same 
way. 

Vegetation and rock components within the scene 
behave very differently at 1 . 2 p  and 2 .  lpm. The differences 
between these two speckral regions are more marked for a 
vegetated surface than for one which is bare. Vegetation 
gives a high response at 1.2pm relative to that at 2.  lpm. 
This contrasts with only a slightly higher response at 
1.2pm relative to 2.1pm for bare surface materials. 
Normalising the data using log residuals or the IARR 
method, forces bare surfaces to give a higher spectral 
response in the region around 2 .  Zpm when compared with one 
which is vegetated. In effect, subtle spectral features are 
masked by sharp contrasts between vegetated and bare 
surfaces. In Figure 3 ,  the darker grey levels represent, 
areas of dense vegetation cover, whilst lighter areas 
correspond to partially vegetated and bare surfaces. Subtle 
mineral absorption features, whilst being present, are not; 
very apparent. 

Two alternative methods were utilised in an attempt 
to suppress the marked contrasts between different; cover 
types and to enhance the more subtle spectral features of 
interest. 

The first of these has been outlined by Huntington & 
al. (19861, arid represents an extension of the log 
residuals technique. Instead of processing all 128 spectral 
bands of the AIS data, those covering the atmospheric water 
absorption bands were excluded from the analysis. The 
remaining spectral bands in the three atmospheric windows 
were then processed separately using the log residuals 
method. This approach does remove the relationship between 
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the 1.2 and 2 .  lpm regions as described above, to enhance 
mineral related absorptions. However, absorptions relating 
to vegetation are still present and although the major 
mineral absorption features are more apparent, they may 
still be confused with those corresponding t,o vegetation. 

A second technique, a hybrid approach, known as Ratio 
Group Normalising (RGN), was also tried which attempts to 
normalise the data relative to several standard curves 
rather than one individual curve. Pixels were grouped into 
ten classes based upon a simple ratio of bands 1 and 97, 
and then standard curves were generated for each group 
using the IARR method of Kruse et al. ( 1985) .  Grouping was 
based on a division of the ratio range generated by all 
pixels, into ten equally spaced increments. The main 
advantage offered by this approach is that standard curves 
are generated for pixels with spectral curves of the same 
general order of magnitude. This has the effect of 
enhancing the more subtle absorption features contained in 
the data. However, problems can arise when a particular 
ratio grouping may contain a single or predominant land 
cover type. The technique would lead to %he suppression of 
spectral features relating to that cover type. 

A fanned AIS data set processed using the RGN method 
is depicted in Figure 4 .  The images cover the same spectral 
bands and the same area as shown in Figure 3 .  In  con t r a s t  
to the data processed using log residuals on 128 bands, 
subtle absorption features are more apparent. For example, 
the area corresponding to the rhyolite shows an absorption 
centred around 2.2pm (see Fig. 4 ) .  Vegetation related 
spectral features have also been suppressed. It should be 
noted that the ratio groupings seem to be correlated to 
varying vegetation/bare surface proportions. Pixels falling 
in the high ratio value groups correspond to heavily 
vegetated surfaces, whilst low ratios relate to areas of 
sparse vegetation cover. The role of dead vegetation in 
this simple model remains undetermined. Further work is 
required to confirm the utility of the ratio grouping 
method. 

2. Spectral Feature Analysis: 

0ut;put from the data normalising and enhancement 
processing was analysed extensively using the NASA/JPL SPAM 
(Spectral Analysis Manager) package con'figured to run on an 
12s Model 75 image processing system running S6OO software. 

The initial phase of analysis involved automatic 
clustering of IARR processed AIS data over the 2 . 1 2  to 
2.41pm wavelength range. The intention was to flag areas 
with more subtle spectral features which might be related 
to certain mineral groupings. In the subscene covering part 
of the Horse Creek Block, three main spectral clusters were 
observed, giving mean class curves as indicated in colour 
slide 1 (see pocket at the end of proceedings). Two of the 
three curves show absorption features with minima around 
2.2pm (yellow), and 2.3um (purple). 
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Using the SPAM 'FIND' function, pixels with curves 
matching (in amplitude terms) those determined by SPAM 
'CLUSTER', were flagged in the image. The result is also 
shown in colour slide 1 (see pocket at the end of 
proceedings). The rhyolite, and some adjacent areas of 
altered andesite, are highlighted as having absorptions 
centred around 2 . 2  and 2.3pm respectivly, which is as 
expected. Areas of dense vegetation cover are a l so  flagged 
(as light h 1 u e ) i n  the image (see colour slide 1). These 
results suggest that a preliminary analysis of AIS data 
using an unsupervised cluster may identify areas that 
warrant further more detailed investigation. 

Average spectral curves generated from 3 x 3 pixel 
areas on the rhyolite, and over the altered andesite, were 
compared with mineral spectra held in the SPAM library. 
Close correspondence was noted between that for the 
rhyolite and Kaolinite. ORD (kaolinite), as shown in colour 
slide 2 (see pocket at the end of proceedings). The 
rhyolite curve is shown in yellow, and the Kaolinite.ORD 
curve in blue. A closer match was also noted with 
Kaolinite. F. 1. (kaolinite, mica, quartz) and the rhyolite 
(not shown). The slight displacement in t,he position of the 
rhyolite minima relative to the library spectra may be 
linked to the vibrating detector array in the AIS 
spectrometer (see Cocks and Green 1986) .  

A mean spectral curve for an area mapped as epidote 
altered andesite was closely tied with a library curve for 
Calcite.C.2 (Figure 5), rather than one for epidote as 
might have been expected. However, this apparent mismatch 
could, in part, be accounted for by spectral contamination 
due to second order overlap. Much of the andesite is 
covered by open Eucalypt woodland with a dry grass 
understory of varying density. The spectral curve shown in 
Figure 5 is likely to represent a mixture of a first order 
absorption relating to the mineralogy, a broad cellulose 
linked absorption feature around 2.25pm commonly found in 
dry vegetation (Figure 6 ) ,  and a "pseudo" absorption at 
about 2.28pm which represents the second order contribution 
from a water absorption feature in vegetation at 1. 14um 
(see Figure 6 ) .  The latter component has been described 
elsewhere by Huntington et al. (1986) .  The combined effect 
of these elements could explain the broad nature of the 
absorption shown in the AIS data. 

CONCLUSIONS : 

Although only a preliminary analysis of the AIS data 
for the Plateau site has been carried out, we can draw 
several conclusions from this work. 

1. The time-varying detector response, a vibrating 
detector array, and contamination from spectral order 
overlap severely degrade the radiometric quality of 
data acquired over the Plateau sike. 

125 



2 .  

3 .  

4.  

5. 

6 

Mineral related absorption features in the 2.0 to 
2.4pm region become apparent when background and 
atmospheric effects are suppressed. Log residuals 
computed on data for this atmospheric window only, 
rather than on all 128 bands, are partially effective 
for such purposes. An alternative, computationally 
simple approach known as the Ratio Group Normalizing 
method, successfully enhances subtle mineral related 
absorption features when all 128 bands are utilised. 

Preprocessed, corrected (normalised) AIS data is 
effectively analysed using SPAM. 

Clear separation of major mineral groupings is 
possible using normalised AIS data. In certain 
limited cases, the identi.fication of particular clay 
mineral species (eg. kaolinite) is p~xsible using 
these data. 

Second order spectral contamination, combined with 
absorption features specific to dry vegetation, mask 
absorptions diagnostic of some minerals. These 
problems are particularly acute in the case of pixels 
with appreciable amounts of vegetation cover. 

Further work is necessary to evaluate various 
methods designed to suppress the effects of second 
order spectral contamination. Similarly, additional 
study is required to elaborate on the spectral mixing 
processes that occur in the heavily weathered, 
partially vegetated environment, characterised by the 
Plateau site. 
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Figure 1: Generalised geology of the Horse Creek Block, 
northern Queensland, Australia. 
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Areas of dense vegetation 
cover. 

Rhyolite. 

I 
2 . 2 y m  

Figure 3: Fanned s e t  of log residual images covering 
bands 100 to 112 (2.14 - 2.26pm), computed 
from all 128 AIS channels. 

dense vegetation 

I 2.2pm 

Figure 4: Fanned set of Ratio Group Normalised images 
covering bands 100 to 112 (2.3-4 - 2.26pm), 
computed from all 128 AIS channels. 
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Plot of averaged AIS spectral curve from area 
of epidote altered andesite (solid line), 
matched with SPAM library curve for Calcite.C.2 
(dashed 1 ine) . 
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Representative spectral curves for green and 
dry vegetation. Note the steep drop off in the 
curve for dry vegetation around 2.25pm. This is 
related to a cellulose absorption feature. 
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i'), L9 CAUSES OF SPURIOUS FEATURES IN SPECTRAL REFLECTANCE DATA 

ROGER N. CLARK and TRUDE V.V. KING, U.S. Geological Survey, MS964, Box 
25046 Federal Center, Denver, CO 80225 

ABSTRACT 

Several techniques are becoming common in the analysis of imaging 
spectrometer data that can lead to spurious absorption features or to 
changes in the position, width, and shape of actual absorption 
features. It is a common practice to calibrate AIS or other imaging 
spectrometer data by averaging each pixel along the flight The 
average is used to calibrate the spectral data by dividing the spectrum 
at each pixel by the average. If some pixels in the data set contain 
an absorption, then the average will also show an absorption. Some AIS 
data has had problems with wavelength stability from one scan line to 
the next (e.g. Vane, 1986 and references therein) which can produce 
spurious features with some analysis methods. If a pixel has a spec- 
trum with an absorption having a different position or width than the 
spectrum used in a ratio, then the ratio can produce a spurious absorp- 
tion at a different position and width than the true absorption 
feature. An average spectrum ratioed to each pixel will produce band 
shifts, and changes in width or shape. If continuum removal is per- 
formed by subtraction rather than division, band positions can also be 
shifted. 

line. 

SPURIOUS BAND SHIFTS AND FEATURES 

Consider two spectra that are to be ratioed. In the analysis of 
imaging spectrometer data, the spectrum on the numerator would likely 
be a spectrum,from an individual pixel or a small group of pixels hav- 
ing similar spectral features. The spectrum on the denominator usually 
represents some form of calibration data set. The calibration could 
consist of an average of all pixels in the scene or the log residual 
(e.g. Green and Craig, 1985). In cases such as these the denominator 
spectrum could have residual features in the spectra due to the 
minerals on the surface. The denominator spectral features can be dif- 
ferent than those in the numerator if there is a wavelength instability 
in the instrument from pixel to pixel, or if there are minerals with 
slightly different absorptions that when combined will have features 
that are broadened and/or shifted from the spectral features in indivi- 
dual spectra. 

The denominator spectrum could also result in spectral errors if 
the calibration for the imaging spectrometer data was based on field 
spectrometer and/or laboratory spectra of samples for which the spec- 
tral resolution and/or wavelength calibration was different than that 
of the imaging system. Errors could also occur if the small spot(s) 
measured by the field spectrometer or the laboratory samples were not 
spectrally representative of the much larger pixel(s) measured by. the 
imaging instrument. 
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Example of the spectral errors produced by the above mechanisms 
are shown in Figures 1, 2 and 3 .  If the denominator spectral feature 
is shifted from the numerator spectrum, a "dip/rise" is observed (Fig- 
ure 1). The resulting absorption band is shifted in wavelength, as in 
the case of Figure 1, to shorter wavelengths. If the demoninator 
spectrum has a broader feature than the numerator spectrum, but no 
wavelength shift, then the ratio shows a feature at the same position 
but it is narrower than the characteristic absorption of the mineral 
(Figure 2 ) .  

If the denominator and numerator spectra have an absorption edge 
as in hematite at visual wavelengths and there is a wavelength shift or 
instability, then the ratio can produce absorption features that are 
not real (Figure 3 ) .  In Figure 3 ,  the strongest spurious feature is 
located at 0 . 5 6  pm. 

BAND POSITION MEASUREMENTS 

In the analysis of band positions, a strongly sloping continuum 
influences the wavelength of minimum reflectance. For example, in 
lunar spectra, the slope of the continuum is often so strong the l-pm 
pyroxene absorption has no minimum in reflectance. Thus, it is a com- 
mon practice to remove the continuum to find the correct band center 
(see Clark and Roush, 1984 and references therein). Clark and Roush 
(1984) showed that for reflectance spectra, it is theoretically correct 
to remove the continuum by division, not subtraction. 

While the analysis of imaging spectrometer data is increasingly 
done by computer, "paper and pencil techniques" are still common when 
trying to understand individual spectra. A common practice to remove a 
continuum graphically is to draw a continuum and then draw a parallel 
line that is tangent to the lower part of the curve (Figure 4 A ) .  In 
this case, the tangent occurs near 1.35 pm. However, this method is a 
subtraction method. Figure 4B shows the spectrum with the continuum 
subtracted while Figure 4C shows it with the continuum removed by divi- 
sion. The division method shows a minimum near 1.1 pm. The continuum 
removal methods are not comparable. 

CONCLUSIONS 

Spurious features can be produced in the spectral data from imag- 
ing spectrometer instruments if there are instrumental wavelength 
instabilities or from various calibration techniques. Spurious 
features could cause misidentification of minerals or plant species. 
If there are wavelength instabilities in the instrument, the 
wavelengths should be registered (e.g. by using known absorption bands 
such as atmospheric lines that do not shift) before any other opera- 
tions are performed on the data. 

The analysis of band positions should use the same methods. If 
laboratory comparison data were analyzed for band position with one 
method, and imaging spectrometer data with another, there could be 
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misidentification of species. As the composition of mixture changes, 
the continuum slope could change and the band position would appear to 
change if analyzed by the subtraction method. Similarly, the shape of 
a band and its continuum can change as a function of grain size, again 
causing a spurious band shift if analyzed by the subtraction method. 
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Figure 1. This figure shows one of the possible spectral errors that 
can result from pixel shifting in calibration images. The lower 
spectrum in this figure is a laboratory spectrum of montmorillon- 
ite convolved to AVIRIS spectral resolution. The upper spectrum 
represents the laboratory spectrum of montmorillonite convolved to 
AVIRIS spectral resolution divided by the same spectrum which has 
been shifted one data channel to the right (longer wavelengths). 
This (upper) spectrum results in a dip/rise feature near-2.2-pm 
region which is not representative of the characteristic absorp- 
tion feature of montmorillonite. The presence of these features 
could lead the analyst to incorrectly identify mineralogy. 
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Figure 2. This figure shows that the width of an absorption band can be 
altered by incorrectly determining calibration images. The lower 
spectrum in this figure represents a standard laboratory 
montmorillonite that has been convolved to AVIRIS spectral resolu- 
tion. The upper spectrum results from dividing the laboratory 
montmorillonite convolved to AVIRIS resolution by the average of 
the montmorillonite (AVIRIS resolution) and the same spectrum 
shifted two data channels t o  the right plus the montmorillonite 
(AVIRIS resolution) shifted two data channels to the left (short 
wavelength). The resulting spectrum shows that the minimum of the 
2.2-pm absorption has not shifted, but the absorption feature is 
narrower than in the standard montmorillonite (AVIRIS spectral 
resolution) spectrum. 
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Figure 3 .  The upper spectrum in this figure shows an additional type 
of spectral error that can result from using incorrect calibration 
files in the data reduction process. The lower spectrum 
represents a laboratory sample of hematite that has been convolved 
to AVIRIS spectral resolution. The upper spectrum results from 
dividing the laboratory hematite (AVIRIS resolution) by the aver- 
age of the same hematite spectrum plus ones that have been shifted 
two data channels to the left and right. Spurious features are 
produced at wavelengths less than 1 pm. The strongest spurious 
feature is located at 0 . 5 6  pm. The position and widths of the 
absorption features in the upper spectrum would not allow for the 
correct identification of hematite. 
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Figure 4. This figure 
illustrates differences 
in band center determina- 
tions depending on the 
method used in continuum 
removal in the data 
reduction process. Fig- 
ure 4A shows a spectrum 
of olivine using a graph- 
ical method for continuum 
removal. The upper. line 
is a straight line con- 
tinuum whose end-points 
are defined by the 
reflectance on either 
side of the absorption 
band.. The bottom line is 
drawn parallel to the 
upper continuum line and 
is tangent to the absorp- 
tion feature. Figure 4B 
shows the resulting spec- 
trum when the continuum 
is removed by subtracting 
the continuum from the 
original olivine spec- 
trum. This method deter- 
mines that the band 
center is located at 1.35 
pm. Figure 4C illus- 
trates the spectrum of 
olivine with the contin- 
uum divided. This method 
is the correct method for 
band center determina- 
tion. This method deter- 
mines that the band 
center occurs at 1.05 pm. 
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I! 
I ABSTRACT 

A continuum algorithm based on a "Segmented Uppe? Hull" method 
(SUH) is described. An upper hull is performed on segments of a spec- 
trum defined by local minima and maxima. The segments making a com- 
plete spectrum are then combined. The definition of the upper hull 
allows the continuum to be both concave and/or convex, adapting to the 
shape of the spectrum under study. The method performs multiple passes 
on a spectrum by segmenting each local maximum to minimum and perform- 
ing an upper hull. The algorithm naturally adapts to the widths of 
absorption features, so that all features are found, including the 
nature of doublets, triplets, etc. The algorithm is also reasonably 
fast on common minicomputers so that it might be applied to the large 
data sets from imaging spectrometers. 

INTRODUCTION 

Data from imaging spectrometers requires fast analysis of the con- 
tinuum and features in a spectrum. To date, analyses of such data have 
not employed the analysis techniques used on reflectance spectra 
obtained in the laboratory. For laboratory spectra, the analyst 
chooses continuum tie points and uses an algorithm to derive the con- 
tinuum based on straight line segments or a curve such as a cubic 
spline. Some researchers have used the "upper convex hull" method 
(Green and Craig, 1985) for automatic determination of a continuum on 
Airborne Imaging Spectrometer (AIS) data. However, the upper convex 
hull is limited to spectra having certain characteristics (which hap- 
pened to be common in the limited spectral coverage in AIS data) and is 
not always applicable. For example, in snow (water ice), the continuum 
in the near infrared is concave (e.g. Clark, 1981) and cannot be 
analyzed using the upper convex hull. Other spectra appear to have por- 
tions of the spectrum requiring a concave continuum (e.g. see alunite, 
Figure lA, 1.3 to 2.2 pm and the examples of kaolinite in Green and 
Craig [1985] in the 2.2-pm region). As imaging spectrometer data with 
greater spectral coverage become available, more sophisticated contin- 
uum analysis is necessary. A continuum analysis should adapt to dif- 
ferent types of absorptions present in a spectrum, such as very broad 
bands like that in olivine near 1 pm to the very sharp absorptions seen 
in OH-bearing minerals, and spectra with combinations of both sharp and 
broad absorptions. 

AUTOMATIC CONTINUUM ANALYSIS 

We approached the problem by analyzing how a spectroscopist 
chooses a spectrum, and modified it to use a method that can be both 

138 



fast and consistent in a computer algorithm. The algorithm is best 
described by example. 

First the upper hull is determined (Figure 1A) on the original 
spectrum. The upper hull is derived by first finding the maximum in 
the entire spectrum (the "global maximum"), and then finding the line 
segments that bound the spectrum so that all points lie on or below the 
hull. The spectrum is divided into two segments on each side of the 
global maximum and treated independently. The local maximum away from 
the global maximum is found next for a spectral segment. A line is 
then computed between the global maximum and the local maximum. The 
data are divided by the continuum and checked to see if any points have 
values greater than 1. If a point does, this a relative peak and is 
marked as a new continuum tie point, and a new continuum is computed. 
This process is repeated until no points fall above the continuum. The 
local maximum becomes the new global maximum and the process of finding 
the next local minimum and local maximum is repeated until each end of 
the spectrum is reached. The method allows the continuum to be both 
concave and convex, but does not allow the slope to change sign or 
equal zero except at the global maximum. 

An example of an upper hull is shown in Figure 1A and the contin- 
uum removed data in Figure 1B. Note how the hull follows local maxima 
to produce a continuum that is both convex and concave. The upper con- 
vex hull would have produced a straight line from 1.3 to 2 . 2 6  pm having 
major minima near 1.4, 1.8 and 2.2 pm and between them local maxima all 
below the continuum. The SUH presented here greatly reduces this prob- 
lem. Also, the SUH method can be extended to analyze the fine struc- 
ture that occurs in many absorption features. 

Next, the continuum removed spectrum (e.g. Figure 1B) is divided 
into spectral segments bounded by continuum tie points (where data = 

1.0 in the continuum removed spectrum). An example of tie points are 
labeled a and c in Figure 2A. Then, the minimum between the two tie 
points is found (labeled b in Figure 2A). The segment a-b is treated 
as an isolated spectrum and the upper hull derived. Segment b-c is 
treated likewise. Thus, there are two "Segmented Upper Hulls" that 
converge on the local minimum. The local maxima closest to the minimum 
on each side (labeled x and y on Figure 2A) are connected by a straight 
line. The data are divided by the continuum and checked to see if any 
points fall above the continuum and if s o ,  the continuum tie points 
adjusted. 

If there are no local minima between the data = 1.0 continuum tie 
points and the minimum, then the continuum was fully removed in the 
last iteration. Therefore, the continuum is defined to follow the data 
through the band (e.g. Figure 2A, bands near 1.75 and 2.3 pm). 

The continua derived for the segments are spliced together and the 
spectrum is divided by the resulting continuum (Figure 2B, solid line). 
This continuum removed spectrum is then treated as a new spectra and 
again The iterative process continues until a 
straight line is derived (e.g. Figure 2C). 

fed to the SUH routine. 
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The SUH routine will naturally follow the maximum data points, 
thus each small minimum due to noise fluctuations could be treated as a 
band. We chose to reject any minimum below a threshold and force the 
continuum to follow these small variations. The threshold is chosen in 
one of two ways: the standard deviation error bar value if it exists 
(as it does from our lab spectrometer) or a constant value chosen by 
the user (we chose a default of 1%). 

The iterative SUH routine has been tested on laboratory spectra 
and laboratory spectra convolved to AVIRIS sampling intervals and reso- 
lution. The greatest number of iterations was found to be 3 in the 
case of alunite. The upper hull on the original spectrum counts as the 
first iteration. Three iterations take about % second of cpu time on 
an HP9000/500 series cpu (where processing speed is between a VAX 750 
and 780 VMS system with floating point accelerator) on complicated 
spectra like the alunite. However, we have yet to optimize the code, 
so this value represents an upper limit to the possible compute time. 
The alunite analysis produced 17 minima between continuum tie points. 

Our next step is to analyze each minimum for band position, width, 
asymmetry, depth and continuum level. That algorithm is already writ- 
ten and will be integrated with the SUH routine. The resulting output 
of the combination will be a list of spectral features. The continuum 
removal plus feature analysis is estimated to take less than 1.5 
seconds of cpu time per AVIRIS spectrum on the HP9000, so that an 
entire AVIRIS 550x550 pixel scene can be analyzed in about 5 days of 
cpu time . 

CONCLUSIONS 

A fast, reliable continuum analysis routine has been formulated 
using the upper convex hull routine on segments of a spectrum. The 
speed of the routine is such that it is feasible to run on existing 
minicomputers on large amounts of data such as from AVIRIS. 

Correlation of the feature analysis with a database of known 
features derived from laboratory spectra will result in maps of mineral 
occurrence. The non-selective nature of the algorithm will also select 
absorptions due to vegetation, atmospheric absorptions and any other 
natural or unnatural objects in the scene. The algorithm is not sensi- 
tive to the strength of the absorptions (except that they must be above 
the noise level) so that if features due to a particular mineral are 
present but weak due to low abundance or masking by opaques, it can 
still be identified. The algorithm might also be used on spectra in 
other wavelength regions such as the mid-infrared. 

Images could be produced using "spectral intensity" (the depths of 
the absorption bands relative to those of the pure mineral) of specific 
minerals. The spectral intensity is correlated to the abundance and 
grain sizes of the minerals in the optical surface. 

140 



. 5  1.0 1.5 2. 0 
WAVELENGTH C#m) 

Figure 1. The reflectance spectrum of alunite convolved to AVIRIS reso- 
lution is shown with the upper hull (dotted line in A) and the 
reflectance divided by the upper hull continuum (B). 
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Figure 2. The "Segmented Upper Hull" (SUH) is shown for the second 
iteration (A, dotted line) compared to the continuum removed first 
iteration (A, solid line). The third iteration SUH is shown in B, 
but it overlies the continuum removed second iteration data so 
when the third iteration SUH is divided into the data a straight 
line is derived (C). Each iteration analyzes finer structure 
associated with the complex absorption bands until the continuum 
removed data equals 1.0. 
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ABS TRACT 

Airborne imaging spectrometer-1 (AIS-1) d a t a  were 
obta ined  f o r  t h e  Ruby Mountains of southwestern Montana, 
an area of amphibolite-grade metamorphic rocks t h a t  have 
moderate rangeland vege ta t ion  cover. Although rock 
exposures are sparse and patchy a t  t h i s  s i t e ,  s o i l s  are 
v i s i b l e  through t h e  vege ta t ion  and t y p i c a l l y  comprise 
20-30 percent  of t h e  s u r f a c e  area. Channel-averaged low- 
pass s p a t i a l l y  f i l t e r e d  d a t a  were used t o  cons t ruc t  
band-depth images f o r  d i agnos t i c  s o i l / r o c k  absorp t ion  
bands. S e t s  of t h r e e  such images were combined t o  
produce color-composite band-depth images. This  
r e l a t i v e l y  s imple approach d id  not  r e q u i r e  ex tens ive  
c a l i b r a t i o n  e f f o r t s  and was e f f e c t i v e  f o r  d i scern ing  a 
number of s p e c t r a l l y  d i s t i n c t i v e  rocks and s o i l s ,  
inc luding  s o i l s  having high t a l c  concent ra t ions .  The 
r e s u l t s  show t h a t  t h e  h igh  s p e c t r a l  and s p a t i a l  
r e s o l u t i o n  of AIS-1 and f u t u r e  sensors  holds  
cons iderable  promise f o r  mapping mineral  v a r i a t i o n s  i n  
s o i l ,  even i n  moderately vege ta ted  areas. 

INTRODUCTION 

The Ruby Mountains i n  southwestern Montana are under la in  by Pre -  
cambrian metasedimentary rocks.  Many d i f f e r e n t  l i t h o l o g i e s  are p resen t ,  
inc luding  dolomi t ic  and c a l c i t i c  marbles, hornblende gne i s s ,  as w e l l  as 
o t h e r  v a r i e t i e s  of gne i s s  and s c h i s t ,  vo lcanic  f lows,  diabase d ikes ,  and 
al luvium (Heinr ich,  1960). Numerous mineral species having d i agnos t i c  
near - inf ra red  s p e c t r a l  absorp t ion  f e a t u r e s  occur  i n  t h e  a r e a  (Table 
1). The rangeland vege ta t ion ,  inc luding  g ras ses ,  fo rbs ,  and shrubs ,  
comprise 70-80% of t h e  s u r f a c e  cover ,  s o i l s  t h e  o the r  20-30%. 

t h e  use of AIS-1 d a t a  f o r  d e t e c t i n g  minerals present  i n  metamorphic 
rocks and t o  develop image processing techniques f o r  dea l ing  wi th  
moderate amounts of rangeland vege ta t ion  and l imi t ed  rock exposures. 
Absorption-band-depth (ABD) images provided a r e l a t i v e l y  s i m p l e  but 
e f f e c t i v e  approach f o r  i d e n t i f y i n g  a number of rocks and minerals  
present  along t h e  AIS-1 f l i g h t  l i n e s .  

The chief  o b j e c t i v e s  i n  s e l e c t i n g  t h i s  s tudy  a r e a  were t o  assess 

DATA COLLECTION AND ANALYSIS 

Four f l i g h t  l i n e s  of AIS-1 d a t a  were acquired i n  J u l y  1985 covering 
approximately 100 km of groundtrack. This  paper focuses  on a po r t ion  of 
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one of t h e  f l i g h t  l i n e s ,  n e a r l y  6-km i n  l e n g t h  along an a r e a  w i t h  about 
300 m of r e l i e f ,  which was sampled i n t e n s i v e l y  d u r i n g  August 1986. 
F i g u r e  1 i s  a g e o l o g i c  map f o r  t h e  area covered by t h e  6 km d a t a  set .  

Table  1. AIS-1 wavelengths  used i n  g e n e r a t i n g  ABD images 

Channel 
Combination Wavelength 

1 2.151-2.179 p m  s h o u l d e r  1 
2.347-2.366 p m  s h o u l d e r  2 
2.300-2.319 um minimum 

2 2.328-2.347 p m  s h o u l d e r  1 
2.394-2.403 p m  s h o u l d e r  2 
2.366-2.384 p m  minimum 

3 2.123-2.142 p m  s h o u l d e r  1 
2.263-2.282 p m  s h o u l d e r  2 
2.189-2.207 p m  minimum 

2.291-2.310 p m  s h o u l d e r  1 
2.366-2.384 p m  s h o u l d e r  2 
2.338-2.347 p m  minimum 

2.263-2.282 p m  s h o u l d e r  1 
2.347-2.366 p m  s h o u l d e r  2 
2.319-2.328 p m  minimum 

6 2.328-2.338 p m  s h o u l d e r  1 
2.366-2.384 p m  s h o u l d e r  2 
2.347-2.366 urn maximum 

7 2.133-2.151 p m  s h o u l d e r  1 
2.198-2.217 p m  minimum 

The AIS  d a t a  were v e r t i c a l l y  d e - s t r i p e d  

Minerals  d e t e c t e d  

Dolomite, t a lc ,  
t r e m o l i t e ,  Mg-mica 

Talc, t r e m o l i t e ,  
Mg-mi ca 

I l l i t e ,  muscovi te ,  
i l l i t e / s m e c t i t e ,  
v e r m i c u l i t e ,  
k a o l i n i t e  

Calcite,  
a n t i g o r i t e  

Dolomite, t a lc ,  
t r e m o l i t e ,  Mg-mica 

Talc , t r e m o l i t e  

Same minera ls  as 
channel  3 above 

and normalized f o r  
topographic  and a lbedo  e f f e c t s  by u s i n g  a n  e q u a l  energy procedure ( J e t  
P r o p u l s i o n  Labora tory ,  1985).  A 3x3 box f i l t e r  was t h e n  a p p l i e d  t o  
reduce  high-frequency n o i s e  i n  t h e  s p a t i a l  dimension. A r e l a t i v e  
r e f l e c t a n c e  d a t a  set  was g e n e r a t e d  from t h e  b o x - f i l t e r e d  d a t a  by u s i n g  
t h e  whole-image average  spectrum as a d i v i s o r .  ABD images were produced 
by us ing  2 t o  3 channels  from both  s h o u l d e r s  and 2 t o  3 channels  from 
t h e  minimum of each a b s o r p t i o n  f e a t u r e  so  as t o  i n c r e a s e  t h e  s i g n a l  t o  
noise .  The sum of a l l  t h e  channels  f o r  t h e  s h o u l d e r s  was d i v i d e d  by t h e  
sum of t h e  channels  f o r  t h e  minimum t o  produce a n  ABD image. Table  1 
l i s t s  t h e  wavelengths  of channels  used i n  c o n s t r u c t i n g  t h e  ABD images. 

RESULTS AND DISCUSSION 

F i g u r e  1 i s  an  index  map t o  be used i n  c o n j u n c t i o n  w i t h  c o l o r  
s l i d e s  nos.  3 and 4 l o c a t e d  i n  t h e  pocket  a t  t h e  end of  t h e  
proceedings.  The f i r s t  s l i d e  i s  a color-composi te  ABD image genera ted  
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from t h e  box-f i l te red  AIS d a t a  by use of channel combinations 1, 2,  and 
3 i n  t a b l e  1 as r e d ,  green,  and b lue  (RGB), r e spec t ive ly .  Note t h a t  
combinations 1 and 3 both u t i l i z e  channels t h a t  are widely separa ted  i n  
wavelength t o  d e f i n e  t h e  band shoulders .  This  s l i d e  i s  r e f e r r e d  t o  
hencefor th  as t h e  "wide-band'' image. The second s l i d e  uses  channel 
combinations 4 ,  5,  and 2,  as RGB ( t a b l e  1 )  and is  r e f e r r e d  t o  as t h e  
"narrow-band'' image. This  second image was generated from the  box- 
f i l t e r e d  r e l a t i v e  r e f l e c t a n c e  d a t a  set .  

Comparing the  wide-band w i t h  t h e  narrow-band images r evea l s  s e v e r a l  
d i f f e rences  t h a t  merit explanat ion.  S i t e  A ( f i g .  1) on t h e  wide-band 
image shows a pronounced orange anomaly t h a t  i s  completely absent  i n  the  
narrow-band image. The anomaly r e s u l t s  from high  d i g i t a l  number (DN) 
va lues  i n  t h e  dolomite and MgOH images (channel combinations 1 and 2 ,  
t a b l e  1) .  However, t h e r e  i s  no dolomite a t  t h i s  l oca t ion .  In s t ead ,  t h e  
high DN va lues  probably r e s u l t  from a s o i l  r i c h  i n  Mg-mica and an 
e s p e c i a l l y  heavy rangeland vegeta t ion  cover. The vege ta t ion  g ives  an 
anomalous "dolomit ic"  component i n  t h e  wide-band image, which i s  
e l imina ted  i n  t h e  narrow-band image. F igure  2 i l l u s t r a t e s  schemat ica l ly  
t h a t  without  a continuum removal, a vege ta t ion  spectrum appears t o  have 
an  absorp t ion  f e a t u r e  a t  2.32 p m .  This  h i g h l i g h t s  a genera l  problem i n  
the  use of widely separa ted  channels t o  d e f i n e  absorp t ion  band 
shoulders--the r e s u l t i n g  ABD images may l o s e  t h e i r  s p e c i f i c i t y  f o r  
d i s t i n g u i s h i n g  materials. On t h e  o t h e r  hand, because t h e  s p e c t r a l  
conten t  i s  less cons t r a ined ,  wide-band images show more s p a t i a l  d e t a i l  
over t h e  e n t i r e  image area. Narrow-band images tend t o  be s p e c t r a l l y  
f l a t ,  except f o r  l o c a l  areas t h a t  e x h i b i t  t h e  absorp t ion  f e a t u r e s  
def ined  by t h e  channel s e l e c t i o n s .  

marble, r e spec t ive ly .  The p r i n c i p a l  absorp t ion  band cen te r s  f o r  t h e s e  
u n i t s  are o f f s e t  by only 20 nm and thus provide a f a i r l y  r igorous  test 
of AIS s p e c t r a l  d i scr imina t ion .  The wide-band image does no t  
d i sc r imina te  s u c c e s s f u l l y  between t h e  two carbonate  minerals .  However, 
t h e  narrow-band image generated from t h e  box-f i l te red  r e l a t i v e  
r e f l e c t a n c e  d a t a  does s e p a r a t e  t h e  c a l c i t i c  (orange p i x e l s )  from t h e  
dolomi t ic  minera ls  (yellow-green p i x e l s ) .  AIS r e l a t i v e  r e f l e c t a n c e  
s p e c t r a  for  p i x e l  b l o c k s  at s i tes  B and C are shown i n  f i g u r e  3. Also 
shown i n  t h e  f i g u r e  is  a n  A I S  r e l a t i v e  r e f l e c t a n c e  spectrum f o r  s i t e  D ,  
which had s u b s t a n t i a l  amounts of t a l c  i n  t h e  s o i l .  The d i agnos t i c  t a l c  
absorp t ion  band a t  2.38 p m  is  apparent i n  t h e  s i t e  D spectrum, as i s  t h e  
MgOH band near  2.31 p m ,  l oca t ed  e s s e n t i a l l y  a t  t h e  same wavelength as 
t h e  major abso rp t ion  band f o r  dolomite.  Because only a few AIS channels 
are s u i t a b l e  f o r  de f in ing  t h e  narrow 2.38-pm f e a t u r e ,  s epa ra t ing  t a l c  
from dolomite provides  a r igorous  t e s t  of t h e  band-depth approach. An 
ABD image was made by use of a l a r g e r  number of channels t o  examine t h e  
t a l c  maximum i n  r e f l e c t a n c e  near  2.34 p m  ( t a b l e  1, channel 6 ) .  
t h i s  f e a t u r e  i s  not very d i s t i n c t  i n  t h e  n a t u r a l  s o i l s  and t h e  image 
showed no improvement. S i t e s  E and F ( f i g .  1 )  are t remol i te -bear ing  
dolomi t ic  marble u n i t s  t h a t  produce a t a l c - l i k e  s i g n a t u r e  on t h e  two 
composite ABD images. Talc and tremolite are very similar i n  t h e  1.2- t o  
2.4-pm wavelength range covered by t h e  AIS d a t a  and cannot be 
d i s t ingu i shed ;  however, they are sepa rab le  i n  t h e  0.4- t o  1.2-pm region. 

S i t e s  B and C ( f i g .  1 )  con ta in  exposures of ca l c i t i c  and dolomi t ic  

However, 
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Labora tory  s p e c t r a  f o r  s o i l s  i n  t h e  s t u d y  area e x h i b i t  c o n s i d e r a b l e  
s p e c t r a l  v a r i a t i o n  i n  t h e  2.1- t o  2.4-pm wavelength range. 
because t h e  absorb ing  s o i l  minera ls  g e n e r a l l y  are in te rmixed  w i t h  
s p e c t r a l l y  f e a t u r e l e s s  q u a r t z  and f e l d s p a r  i m p u r i t i e s ,  t h e  s p e c t r a l  
d i f f e r e n c e s  between s o i l s  as s e e n  i n  t h e  n o i s y  AIS-1 d a t a  are very  
s u b t l e .  For example, t h e  most pronounced t a l c  a b s o r p t i o n  f e a t u r e  shown 
i n  l a b o r a t o r y  s p e c t r a  f o r  t a l c - r i c h  s o i l s  c o l l e c t e d  from s i t e  D 
( f i g .  1 )  h a s  a t o t a l  band depth  of less t h a n  5 percent  r e f l e c t a n c e .  
Because t h e  ABD images were a b l e  t o  d i s t i n g u i s h  f e a t u r e s  having such low 
s p e c t r a l  c o n t r a s t ,  i t  appears  l i k e l y  t h a t  improved s i g n a l  t o  n o i s e  w i l l  
e v e n t u a l l y  permit  o t h e r  s o i l  types  t o  be d e t e c t e d  i n  areas t h a t  have 
comparable rangeland  v e g e t a t i o n  cover .  Images were produced t o  examine 
s o i l  A l O H  a b s o r p t i o n  bands n e a r  2.2-pm ( t a b l e  1,  channels  3 and 7 ) ;  
however, on ly  broad s u r f a c e  areas e x h i b i t i n g  weak a b s o r p t i o n  were 
d i s c e r n a b l e  ( s i t e  G;  f i g .  1). The s t r o n g e s t  2.2-pm f e a t u r e s  were 
observed f o r  a well-exposed, weathered,  f e l d s p a r - r i c h  pegmati te ,  shown 
i n  t h e  wide-band image a t  s i t e  H ( f i g .  1).  

Simple r a t i o s  of channels  o r  groups of channels  may be b e t t e r  
s u i t e d  f o r  r e s o l v i n g  some s p e c t r a l  f e a t u r e s .  Laboratory s p e c t r a  f o r  
many s o i l s  c o l l e c t e d  i n  t h e  s t u d y  area produced 2.2-pm A l O H  a b s o r p t i o n  
bands t h a t  lacked a s t r o n g  rise from t h e  band c e n t e r  t o  l o n g e r  
wavelengths.  This  c h a r a c t e r i s t i c  shape  probably w a s  caused by t h e  
presence of v e r m i c u l i t e  i n  many s o i l  samples.  Channel combination 7 ,  a 
r a t i o  image of one set  of channels  d i v i d e d  by a n o t h e r  se t ,  improved 
d i s c r i m i n a t i o n  of t h i s  type  of f e a t u r e .  Because of t h e  m i n e r a l o g i c a l  
complexi ty  of t h e  s o i l s  i n  t h e  s t u d y  area, i t  would have been d i f f i c u l t  
t o  p r e d i c t  t h e  form of t h e  2.2-pm s o i l  f e a t u r e  wi thout  f i e l d  sampling. 

However, 

CONCLUSIONS 

Absorption-band-depth images c r e a t e d  from r e l a t i v e  r e f l e c t a n c e  
AIS-1 d a t a  provide  a s imple  but  e f f e c t i v e  approach f o r  d i s t i n g u i s h i n g  
some metamorphic rocks  and minera ls .  The u s e  of such images r e q u i r e s  
t h a t  assumptions be made r e g a r d i n g  t h e  a b s o r p t i o n  f e a t u r e s  p r e s e n t  i n  a 
s t u d y  area. Such assumptions can be mis leading ,  e s p e c i a l l y  i n  
s i t u a t i o n s  i n v o l v i n g  complex minera l  mix tures  t h a t  produce u n f a m i l i a r  
s p e c t r a l  r e f l e c t a n c e  curves.  On t h e  o t h e r  hand, narrow ABD images are 
ext remely  s p e c i f i c  and may f a c i l i t a t e  t h e  d i g i t a l  enhancement of s u b t l e  
s o i l  s p e c t r a l  f e a t u r e s  i n  rangeland-type v e g e t a t e d  areas. 
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ABSTRACT 
Seven f l i g h t l i n e s  of  Ai rborne  Imaging Spec t rometer  

( A I S )  d a t a  a c q u i r e d  d u r i n g  1 9 8 4 ,  1 9 8 5 ,  and  1 9 8 6  were 
ana lyzed  f o r  an a r e a  of hydrothermally a l t e r e d  rocks i n  t h e  
n o r t h e r n  Grapevine Mountains, Nevada and C a l i f o r n i a .  T h e  
d a t a  w e r e  reduced t o  r e f l e c t a n c e  r e l a t i v e  t o  an ave rage  
spectrum, and an automated procedure was used t o  produce a 
c o l o r  coded image d i s p l a y i n g  a b s o r p t i o n  band in fo rma t ion .  
I n d i v i d u a l  s p e c t r a  were e x t r a c t e d  from t h e  AIS images t o  
determine t h e  d e t a i l e d  mineralogy. 

Two a l t e r a t i o n  types  were mapped based upon mineralogy 
i d e n t i f i e d  us ing  t h e  A I S  da ta .  T h e  p r i m a r y  a l t e r a t i o n  type  
i s  q u a r t z - s e r i c i t e - p y r i t e  a l t e r a t i o n  which o c c u r s  i n  
nor thwes t - t rending  zones i n  q u a r t z  monzonite porphyry. The 
A I S  d a t a  a l low i d e n t i f i c a t i o n  of sericite (muscovite) based  
upon a s t r o n g  a b s o r p t i o n  f e a t u r e  n e a r  2 .21p t1  and weaker 
a b s o r p t i o n  f e a t u r e s  n e a r  2 .35  and 2 . 4 5 p m .  The second 
a l t e r a t i o n  t y p e  o c c u r s  a s  a zone of a r g i l l i c  a l t e r a t i o n  
a s s o c i a t e d  wi th  a g r a n i t i c  i n t r u s i o n .  Montmor i l lon i te  was 
i d e n t i f i e d  i n  t h i s  zone based  upon a weak t o  modera te  
a b s o r p t i o n  f e a t u r e  n e a r  2 . 2 1 p  and t h e  absence of  t h e  two 
abso rp t ion  f e a t u r e s  a t  longer  wavelengths c h a r a c t e r i s t i c  of 
ser ic i te .  Montmor i l lon i te  cou ld  be  i d e n t i f i e d  o n l y  where 
concen t r a t ions  of ser ic i te  were low enough t h a t  t h e  ser ic i te  
spectrum did not  mask t h e  montmor i l lon i te  spectrum. 

I" 
A l t e r a t i o n  mapping i s  a t ime consuming process  t h a t  

usua l ly  involves extensive f i e l d  work, labora tory  a n a l y s i s  of 
t h i n  s e c t i o n s ,  and X-ray s t u d i e s .  A d d i t i o n a l l y ,  most 
conven t iona l  s t u d i e s  of hydrothermal  a l t e r a t i o n  do not  
recognize weathering products  of a l t e r e d  rocks and seek t o  
cha rac t e r i ze  only t h e  a l t e r e d  bedrock. The determination of 
t h e  r e l a t i o n s h i p  of minerals formed b y  near-surface weathering 
of a l t e r a t i o n  minerals t o  t h e  o r i g i n a l  a l t e r a t i o n  p a t t e r n s  i s  
necessary t o  allow use of t hese  secondary minerals t o  l o c a t e  
new o rebod ies .  High s p e c t r a l  r e s o l u t i o n  remote sens ing  
p r o v i d e s  u s  w i t h  a t o o l  t o  s t a r t  d e t e r m i n i n g  t h e s e  
r e l a t i o n s h i p s .  T h i s  study discusses  techniques f o r  processing 
Airborne Imaging Spectrometer ( A I S )  da ta ,  and presents  r e s u l t s  
f o r  a s t u d y  a rea  i n  t h e  northern Grapevine Mountains, Nevada 
and Cal i forn ia .  A t o t a l  of seven A I S  f l i g h t l i n e s  were analyzed 
(Figure 1 ) .  
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The A I S  i s  an experimental sensor designed t o  t e s t  two 
dimensional, near - inf ra red  a rea  a r r ay  d e t e c t o r s .  I t  images 
32 ( A I S - 1 ,  1983-1985) o r  6 4  ( A I S - 2 ,  1986) cross- t rack p i x e l s  
s imultaneously,  c o l l e c t i n g  d a t a  i n  128 contiguous narrow 
channels ( A I S - 1  [9.3nm], A I S - 2  [ 1 0 . 6 n m ] )  from approximately 
1 . 2  t o  2.5pm (Vane and o thers ,  1983; Goetz and o thers ,  1985; 
Vane, 1986) .  The a rea  a r ray  de tec tor  i s  composed of a 32 X 32 
element ( A I S - 1 )  o r  6 4  x 64  element ( A I S - 2 )  HgCdTe d e t e c t o r  
sandwiched w i t h  a s i l i c o n  charge-coupled device mul t ip lexer  
(Rode and o the r s ,  1982; Wellman and o the r s ,  1983; Goetz and 
o t h e r s ,  1985) .  The spectrometer i s  stepped through fou r  
g ra t ing  pos i t i ons  ( A I S - 1 )  o r  two gra t ing  pos i t ions  ( A I S - 2 )  i n  
t h e  t ime it t a k e s  t o  advance one p i x e l  on t h e  ground t o  
obtain t h e  1 2 8  s p e c t r a l  bands. The A I S - 1  was flown on a NASA 
C-130 a i r c r a f t  a t  an a l t i t u d e  of approximately 4 , 5 0 0  meters 
above mean t e r r a i n ,  r e s u l t i n g  i n  an average ground p i x e l  s i z e  
of about 1 0 . 9  X 1 0 . 9  meters and a swath w i d t h  of about 350 
meters.  The A I S - 2  was flown a t  a s imi l a r  a l t i t u d e ;  but t h e  
r ev i sed  instrument  c h a r a c t e r i s t i c s  r e s u l t e d  i n  an average 
ground p i x e l  of about 1 4 . 4  X 1 4 . 4  meters and swath width of 
about 920 meters. 

T h e  b a s i c  a n a l y s i s  approach f o r  t h e s e  d a t a  was t o  
e n t l f v  - i nd iv idua l  minerals using r e f l ec t ance  information, 

and t o  u s e  mineral  assemblages and d i s t r i b u t i o n  information 
t o  develop a b e t t e r  understanding of t h e  weathered sur faces  
of t h e  hydrothermally a l t e r e d  rocks.  The research  r e s u l t s  
a r e  an example of t h e  u s e  of a i rbo rne  spectroscopy f o r  
a l t e r a t i o n  mapping. 

PREPROCESSING 
Several preprocessing s t eps  a r e  required t o  prepare A I S  

d a t a  f o r  a n a l y s i s .  Cosmetic process ing  i s  necessary  t o  
c o r r e c t  f o r  dropped l i n e s  and v e r t i c a l  s t r i p i n g .  
N o r m a l i z a t i o n  i s  r e q u i r e d  t o  remove a l b e d o  e f f e c t s .  
I n d i v i d u a l  bad l i n e s  ( d a t a  drop o u t s )  were removed b y  
replacing t h e  bad l i n e s  w i t h  t he  average of t h e  two adjacent  
l i n e s .  Additionally,  even though J P L  had appl ied radiometric 
c o r r e c t i o n s  t o  t h e  d a t a ,  a pronounced v e r t i c a l  s t r i p i n g  
p a t t e r n  was s t i l l  observed i n  t h e  images, presumably caused 
by  varying DC o f f s e t s  i n  d e t e c t o r s  i n  t h e  p i x e l  d i r e c t i o n .  
The DC o f f s e t s  were cor rec ted  using t h e  procedures described 
by Dykstra and Segal ( 1 9 8 5 ) .  Albedo d i f fe rences  were removed 
from t h e  images us ing  an "equal  a r e a  normal iza t ion"  a s  
d e s c r i b e d  i n  t h e  Airborne Imaging Spectrometer  Sc ience  
I n v e s t i g a t o r ' s  Guide ( J P L ,  1 9 8 4 ,  1 9 8 5 ) .  T h i s  a l lowed 
e x t r a c t i o n  of s p e c t r a l  information t h a t  had been masked by  
br ightness  v a r i a t i o n .  

Idea l ly  t h e  a i r c r a f t  data  should next be c a l i b r a t e d  t o  
a b s o l u t e  r e f l e c t a n c e  so  t h a t  i n d i v i d u a l  s p e c t r a  can be 
compared d i r e c t l y  w i t h  l a b o r a t o r y  d a t a  f o r  m i n e r a l  
i d e n t i f i c a t i o n .  However, t h i s  requi res  a p r i o r i  knowledge, 
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t he re fo re ,  t h e  approach taken was t o  use the  p rope r t i e s  of 
t h e  d a t a  themselves t o  c a l c u l a t e  an approximation of t h e  
r e f l ec t ance .  T h i s  approximation i s  defined here as  " in t e rna l  
average r e l a t i v e  (IAR) r e f l e c t a n c e " .  IAR r e f l e c t a n c e  i s  
c a l c u l a t e d  b y  determining an average spectrum f o r  a s i n g l e  
f l i g h t l i n e  o r  i n  t h i s  case f o r  a l l  f l i g h t l i n e s  acquired on an 
ind iv idua l  mission. Each spectrum ( p i x e l  w i t h  1 2 8  channels) 
i n  t h e  f l i g h t l i n e  i s  then divided by t h e  average spectrum 
(Figure  2 ) .  The r e s u l t i n g  s p e c t r a  represent  r e f l e c t a n c e  
r e l a t i v e  t o  t h e  average spectrum and resemble l abora to ry  
s p e c t r a  a c q u i r e d  of t h e  same m a t e r i a l s .  One t h i n g  t o  
remember when looking a t  an IAR r e f l e c t a n c e  spectrum, 
however, i s  t h a t  t h e  average spectrum used t o  ca l cu la t e  t h e  
IAR r e f l e c t a n c e  spectrum may i t s e l f  have s p e c t r a l  charac te r  
r e l a t e d  t o  mineral  absorption f e a t u r e s .  T h i s  can adversely 
a f f e c t  t h e  appearance of t h e  I A R  r e f l e c t a n c e  s p e c t r a  and 
l i m i t  t h e i r  u s e f u l n e s s  i n  comparisons w i t h  l a b o r a t o r y  
s p e c t r a .  The average spectrum f o r  t h e  f l i g h t l i n e s  analyzed 
i n  t h i s  s tudy d i d  not contain any obvious mineral absorption 
f e a t u r e s .  The IAR r e f l e c t a n c e  technique has t h e  added 
advantage of e f f e c t i v e l y  removing t h e  majority of atmospheric 
e f f e c t s ,  s i n c e  t h e  average spec t r a  conta ins  con t r ibu t ions  
from t h e  atmosphere,  however, i f  t h e  f l i g h t  crosses an  area 
t h a t  has  wide v a r i a t i o n  i n  ground e l e v a t i o n ,  o r  t h e  
atmosphere i s  not  uniform ac ross  t h e  f l i g h t ,  t h e  g loba l  
average w i l l  no t  completely remove t h e  e f f e c t s  of t h e  
atmosphere. A technique s i m i l a r  t o  t h e  IAR r e f l e c t a n c e  
procedure ( l o g a r i t h m i c  r e s i d u a l s )  has been s u c c e s s f u l l y  
demonstrated b y  Green and Craig ( 1 9 8 5 )  and Huntington and 
o thers  ( 1 9 8 6 ) .  
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Once t h e  I A R  re f lec tance  spectra  a r e  ca lcu la ted  t h e n  t h e  

d a t a  a r e  ready f o r  s p e c t r a l  a n a l y s i s .  O n l y  t h e  channels 
between 2 . 1  and 2.5pm were used fo r  th i ’ s  ana lys i s  ( t h e  number 
of channels i n  t h i s  wavelength range var ied between the  1 9 8 4 ,  
1985, and 1986 data  s e t s ) .  T h i s  region contains many of t h e  
c h a r a c t e r i s t i c  abso rp t ion  bands t h a t  a l low mine ra log ica l  
i d e n t i f i c a t i o n  and gene ra l ly  avoids atmospheric absorp t ion  
problems. 

The image representat ion of I A R  r e f l ec t ance  is shown i n  
Figure 3 .  Dark a reas  i n  t h e  I A R  r e f l ec t ance  image (Figure 
3 B )  r ep resen t  abso rp t ion  f e a t u r e s .  Color coded s tacked  
spec t r a  showing a l l  of t h e  spec t ra  along a f l i g h t l i n e  (Marsh 
and McKeon, 1983; Kruse and o thers ,  1985a, 1985b; Huntington 
and o t h e r s ,  1986) and a s ing le-band c o l o r  coded I A R  
r e f l e c t a n c e  image a r e  shown i n  slide 5.  A c o l o r  coded 
spectrum ( A )  and t h e  corresponding ( idea l i zed )  s p e c t r a l  p l o t  
( B )  show t h e  r e l a t ionsh ip  between the  colors  and t h e  s p e c t r a l  
f e a t u r e s .  The image on the  l e f t  ( C )  cons i s t s  of color-coded, 
stacked r e l a t i v e  r e f l ec t ance  spec t ra .  The x-axis represents  
t h e  s p e c t r a l  d i r e c t i o n  ( 1 . 2  t o  2.337pm), and t h e  y-axis 
represents  t h e  f l i g h t l i n e  d i r e c t i o n .  Each l i n e  i n  t h e  image 
r e p r e s e n t s  a spectrum. The image on t h e  r i g h t  (D) i s  a 
color-coded single-band image f o r  2.21pm. The co lor  bar  i n  
t h e  upper r i g h t  corner shows the  co lors  f o r  s p e c t r a l  f ea tu re s  
on both  images.  Black, p u r p l e s  and b l u e s  r e p r e s e n t  
r e f l e c t a n c e  lower than  t h e  average spectrum (abso rp t ion  
f e a t u r e s ) ,  green and yellow represent  r e f l ec t ance  s imi l a r  t o  
t h e  average ,  and oranges ,  reds, and whi tes  r e p r e s e n t  
r e f l e c t a n c e  higher  than t h e  average spectrum. The mineral  
absorption bands can be c l e a r l y  seen i n  these images. 

Algorithms were developed t o  i d e n t i f y  automatical ly  t h e  
s t ronges t  absorpt ion f ea tu re  i n  t h e  2 . 1  t o  2.5pm por t ion  of 
each A I S  spectrum. Removal of a continuum (Clark and Roush, 
1984) was used t o  p l ace  a l l  of t h e  s p e c t r a  on a common 
reference p l a n e  (Figure 4 ) .  T h e  c o n t i n u u m  w a s  c a l cu la t ed  
using a second order  polynomial f i t t e d  t o  selected channels 
(channels  without known absorp t ion  f e a t u r e s )  i n  t h e  I A R  
r e f l ec t ance  spec t r a .  The continuum was removed by  d iv id ing  
t h e  polynomial func t ion  i n t o  t h e  A I S  d a t a .  The s t r o n g e s t  
absorpt ion f ea tu re  was defined a s  t h e  wavelength pos i t i on  of 
t h e  channel w i t h  t h e  maximum depth from the  continuum (Figure 
5 ) .  Once t h e  band p o s i t i o n  was i d e n t i f i e d ,  then t h e  band 
depth and band wid th  were ca lcu la ted  a s  t he  d is tance  from t h e  
continuum a t  t h e  band pos i t i on ,  and t h e  f u l l  width a t  one 
half  t h e  band depth respect ively (Figure 5 ) .  

T h e  n e x t  s t e p  was t o  p u t  t h i s  information i n t o  a form 
t h a t  could be e a s i l y  i n t e r p r e t e d .  The goal was t o  compress 
t h e  s p e c t r a l  information i n t o  a s ing le  color-composite image 
representa t ive  of t h e  da t a .  T h i s  goal was accomplished using 
an i n t e n s i t y ,  hue, s a tu ra t ion  ( IHS)  co lor  transform (Raines, 
1 9 7 7 ;  Raines and Knepper, 1 9 8 3 ;  Kruse and Raines, 1 9 8 4 )  t o  
map t h e  t h r e e  band parameters i n t o  red, green, blue (RGB) 
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Figure 3 .  A. AIS-1 raw data  - Dark areas  represent  dark 
rocks and shadows. 

represent  absorption f ea tu res  a t  2.21pm. 
B. AIS IAR re f lec tance  image - Dark areas  
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color  space. The band pos i t i on  was mapped i n t o  hue, t h e  band 
depth was mapped i n t o  i n t e n s i t y ,  and t h e  band width was 
mapped i n t o  s a t u r a t i o n .  Transformation of t h e  I H S  encoded 
s p e c t r a l  information i n t o  t h e  RGB co lo r  space produced an 
image i n  which a l l  of t h e  absorption band information f o r  t h e  
s t ronges t  absorp t ion  f e a t u r e  between 2 . 1  and 2 . 4 p . m  i n  each 
p i x e l  was present  i n  t he  co lor  v a r i a t i o n  (Kruse and o thers ,  
1986; Kruse, 1 9 8 7 ) .  T h i s  co lo r  v a r i a t i o n  was then mapped 
onto a single-band A I S  image i n  which colored a reas  represent  
a r e a s  w i t h  absorp t ion  f e a t u r e s  deeper than a p r e s e l e c t e d  
cutoff  value, and areas  without absorption f ea tu res  a r e  shown 
a s  t h e  gray sca l e  image (See s l ide  6). T h i s  type of image i s  
here termed an llIHS-coded absorption band image." 

RESULTS 
Several minerals were i d e n t i f i e d .  S e r i c i t e  (muscovite) 

was i d e n t i f i e d  by absorpt ion f e a t u r e s  a t  2 . 2 0 6 ,  2.346, and 
2.445p.m (Figure  6 ) .  S e r i c i t e  m u s t  be i d e n t i f i e d  us ing  
s l i g h t l y  d i f f e r e n t  c r i t e r i a  i n  t h e  t h r e e  d i f f e r e n t  A I S  da ta  
s e t s  ( 1 9 8 4  A I S - 1 ,  1985 A I S - 1 ,  1 9 8 6  A I S - 2 ) .  I n  t h e  1 9 8 4  data ,  
t h e  cutoff  wavelength of 2.337p.m prevents observation of t he  
2.346 and 2 . 4 4 5 p . m  a b s o r p t i o n  f e a t u r e s .  However, t h e  
d e c r e a s i n g  r e f l e c t a n c e  between 2 . 3  a n d  2.337pm is 
c h a r a c t e r i s t i c  (Figure 6 A ) .  I n  t h e  1985 da ta ,  t h e  cu tof f  
wavelength of 2 . 4 p . m  p revents  observa t ion  of t h e  2 . 4 4 5 p m  
absorpt ion f e a t u r e ,  however, t h e  2.346p.m absorpt ion f e a t u r e  
i s  c l e a r l y  seen (F igure  6 A ) .  T h e  1 9 8 6  d a t a  inc lude  t h e  
necessary wavelength range t o  observe both t h e  2.345 and 
2.445 absorpt ion f ea tu res ,  however, i n  many cases  n e i t h e r  of 
t h e s e  bands i s  f u l l y  reso lved .  Ins tead ,  a broad band i s  
observed i n  t h e  da t a  covering t h e  f u l l  range between about 
2 .3  and 2.48pm (Figure 6 B ) .  

Montmorillonite could be d i f f e r e n t i a t e d  from s e r i c i t e  i n  
t h e  1 9 8 4  A I S - 1  da ta  based upon t h e  c h a r a c t e r i s t i c s  of t he  2 .3  
t o  2.337pm por t ion  of t h e  spec t r a  (Figure 7 ) .  Areas w i t h  
s e r i c i t e  show decreasing re f lec tance  i n  t h i s  region caused by 
t h e  absorp t ion  f e a t u r e  near 2.35p.m, w h i l e  montmori l loni te  
s p e c t r a  remain f a i r l y  l e v e l  i n  t h i s  r e g i o n .  N o  
montmorillonite spec t ra  were found i n  t h e  1985 or  1986 d a t a .  
Spectra  c h a r a c t e r i s t i c  of montmoril lonite were found i n  t h e  
1 9 8 4  d a t a  t h a t  cove r s  an a r e a  of a r g i l l i c / s e r i c i t i c  
a l t e r a t i o n .  Areas of mixed montmori l loni te  and s e r i c i t e  
could not be d i s t ingu i shed  from those  having only s e r i c i t e  
b e c a u s e  even s m a l l  amounts of s e r i c i t e  mask t h e  
montmorillonite spec t r a .  

Examination of t h e  carbonate spec t ra  from t h e  1 9 8 4  da ta  
i n d i c a t e s  t h a t  d i sc r imina t ion  of c a l c i t e  from dolomite i s  
d i f f i c u l t  because of t he  wavelength cutoff  f o r  t h a t  da ta  set 
a t  approximately 2.34p.m. The s p e c t r a l  range of t h e  1985 data  
extends t o  approximately 2 . 4 p . m  and t h e  1 9 8 6  da ta  t o  2.52p.m, 
so these  data  do allow i d e n t i f i c a t i o n  of c a l c i t e  and dolomite 
(Figure 8 )  based on t h e  presence of absorption f ea tu res  near 
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2 . 3 4  and 2.32pm, respect ively (Gaffey, 1 9 8 4 )  . For carbonate- 
derived alluvium t h e  spectra  have an absorption fea ture  near 
2 . 3 4 p m ,  however, the fea ture  i s  shallower and much broader. 

Several  spec t ra  having some c h a r a c t e r i s t i c s  s imi l a r  t o  
epidote,  t remol i te ,  and a c t i n o l i t e  were observed i n  the d a t a .  
Low s igna l - to -no i se  r a t i o s ,  however, precluded p o s i t i v e  
i d e n t i f i c a t i o n .  The i n a b i l i t y  t o  p r e c i s e l y  l o c a t e  s i n g l e  
p i x e l s  on t h e  ground (and probable w i t h i n  p i x e l  mixing) 
p reven ted  independent conf i rma t ion  of  t h e s e  mine ra l s ,  
a l t hough  t h e y  a r e  known t o  occur  i n  t h e  s tudy  a r e a .  
Additionally,  an unknown mineral w i t h  a broad absorption band 
near 2.43pm was observed i n  t he  volcanic  rocks south of t he  
study a rea  (Figure 9 ) .  T h i s  area was not f i e l d  checked and 
t h e  mine ra l  remains u n i d e n t i f i e d  a l though t h e  s p e c t r a  
somewhat resemble l abora to ry  s p e c t r a  of s e v e r a l  z e o l i t e  
minerals.  

Figure 9 .  A I S - 2  spectra  of unknown mineral w i t h  broad 
absorption band near 2.43pm 
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The absorpt ion f ea tu re  map and ind iv idua l  spec t r a  were 
used t o  i d e n t i f y  minerals and the  color-coded dens i ty-s l iced  
images and i n d i v i d u a l  s p e c t r a  were used t o  e s t i m a t e  
a l t e r a t i o n  i n t e n s i t y  based upon t h e  s t r e n g t h  of absorpt ion 
f e a t u r e s .  Figure 1 0  gives  a good p i c t u r e  of t h e  a l t e r a t i o n  
i n  t h e  study a r e a .  The s t ronges t  a l t e r a t i o n  found using t h e  
A I S  da t a  i s  t h e  northwest-trending zone of s t rong  s e r i c i t e  
a l t e r a t i o n  j u s t  southeast  of F l u o r i t e  H i l l .  Addi t ional ly ,  
t h e  A I S  da t a  show t h a t  t h i s  zone of s t rong  a l t e r a t i o n  i s  
surrounded by  an envelope of weak s e r i c i t e  a l t e r a t i o n .  The 
A I S  a l t e r a t i o n  map a l s o  shows a zone of s t rong  s e r i c i t e  
a l t e r a t i o n  j u s t  northeast  of t he  Tripod Mine. 

The A I S  d a t a  a l low i d e n t i f i c a t i o n  and mapping of 
carbonate minerals (Figure 10). Dolomite (yellow on slide 6 )  
was mapped b y  an absorpt ion f ea tu re  near 2.32pm and c a l c i t e  
(reds on slide 6) was mapped by an absorpt ion f e a t u r e  near 
2.34pm. T h e  occurrence of s p a t i a l l y  mixed  c a l c i t e  and 
dolomite p i x e l s  was mapped a s  mixed c a l c i t e  and dolomite .  
Carbonate mineralogy g e n e r a l l y  was confirmed b y  X-ray 
d i f f r a c t i o n  w i t h i n  t h e  l i m i t a t i o n s  of sampling - 1 5 m  p i x e l s .  
F i n e r  s p a t i a l  r e s o l u t i o n  i s  r e q u i r e d  t o  r e s o l v e  t h e  
individual  limestone and dolomite beds. 

The A I S  a l t e r a t i o n  map (Figure 1 0 )  was f i e l d  checked 
during 1 9 8 6  and gene ra l ly  shows good correspondence w i t h  
f i e l d  mapping (Figure 11). The minerals mapped using the  A I S  
da ta  accu ra t e ly  represent  t h e  sur face  condi t ions mapped i n  
t h e  f i e l d  and v e r i f i e d  by pe t ro log ica l  and X-ray d i f f r a c t i o n  
s t u d i e s .  Both t h e  f i e l d  mapping and t h e  mineralogical  map 
produced from t h e  A I S  data  show a l i n e a r ,  northwest-trending 
zone of s t rong  s e r i c i t i c  a l t e r a t i o n  surrounded by  a halo of 
weaker a l t e r a t i o n .  The A I S  map i s  more d e t a i l e d  than t h e  
f i e l d  map, p a r t i c u l a r l y  i n  a r e a s  of moderate t o  weak 
s e r i c i t i c  a l t e r a t i o n ,  where t h e  A I S  map reso lves  very small 
a r e a s  of more in t ense  a l t e r a t i o n  (south of F l u o r i t e  H i l l )  
surrounded by a broader ha lo .  During f i e l d  mapping, t hese  
s m a l l  areas w e r e  n o t  mapped and the  e n t i r e  area was mapped a s  
moderate s e r i c i t i c  a l t e r a t i o n .  I n  one a r e a  of weakly 
s e r i c i t i z e d  rock (VWS, Figure ll), X-ray d i f f r a c t i o n  ana lys i s  
demonstrated t h a t  t h e  predominant s o i l  c l a y  minera l  i s  
montmoril lonite.  Although t h i s  s o i l  contains  less s e r i c i t e  
than montmorillonite, t h e  s p e c t r a l  charac te r  of t h e  s e r i c i t e  
dominates t h e  near - inf ra red  spec t r a  and montmoril lonite was 
not i d e n t i f i e d  using f i e l d ,  laboratory,  o r  a i r c r a f t  spec t ra ;  
X-ray d i f f r a c t i o n  was r e q u i r e d  t o  i d e n t i f y  t h e  
montmorillonite. 
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AGENDA 

THIRD AIS DATA ANALYSIS WORKSHOP 

8:OO 

8 : 3 0  

9:oo 

9:15 

9:30 

10: 00 

10:30 

11 : 00 

11:30 

12 : 00 

JUNE 2,3, and 4,1987 
JET PROPULSION LABORATORY 

PASADENA, CALIFORNIA 

TUESDAY, JUNE 2 

Shuttle Bus Leaves Holiday Inn for JPL 

Registration at JPL Visitors' Center 

Workshop Welcome: Gregg Vane, AVIRIS/AIS Program Manager 

NASA Headquarters Welcome: Diane Wickland, NASA Terrestrial 
Ecosystems Program Manager 

HIRIS Project Overview: David Norris, HIRIS Project Manager 

BREAK 

AIS 1986 Operations: Gregg Vane 

AVIRIS Status: Gregg Vane 

PIDAS Overview and Results from Field Testing at Cuprite: 
Alex Goetz, Director, Center for Earth Observations and 
Remote Sensing, University of Colorado 

LUNCH 

SION 1: -ION -m 
1:OO Correcting AIS Measurements for the Atmosphere: A 

Comparison of Methods: James E. Conel, Carol J. Bruegge, 
Brian Curtiss, Robert 0. Green and'Gregg Vane 

2:OO Airborne Imaging Spectrometer Signatures of Clay, Zeolite 
and Carbonate Miheral Localities: Sandra Feldman and James 
V. Taranik 

2 : 3 0  BREAK 

3 : O O  Land Cover/Use Classification of Cairns, Queensland, 
Australia: A Remote Sensing Study Involving the Conjunctive 
Use of the Airborne Imaging Spectrometer, the Large Format 
Camera and the Thematic Mapper Simulator: Matthew Heric, 
William Cox and Daniel K. Gordon 
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3 : 3 0  

4 : O O  

4 :30  

5:15 

6 : O O  

8 : 3 0  

A Model f o r  C a l i b r a t i n g  AIS Images Using S p e c t r a l  
Endmembers: M.O. Smith,  D . A .  Roberts, A . R .  G i l l e s p i e ,  
S.C.  W i l l i s  and  J . B .  A d a m s  

S p e c t r a l  Unmixing t o  Remove t h e  Background Component From 
High R e s o l u t i o n  S p e c t r a  of  Rock and S o i l :  H .  Shipman and  
J . B .  A d a m s  

DISCUSSION OF THE DAY'S PRESENTATIONS 

S h u t t l e  Bus R e t u r n s  t o  Hol iday  I n n  

JPL-Hosted Working Dinner  f o r  Workshop A t t e n d e e s  and  Spouses  
a t  t h e  Ho l iday  Inn  (no-hos t  ba r )  

WEDNESDAY, JUNE 3 

S h u t t l e  Bus Leaves Hol iday  Inn  f o r  J P L  

ION 2:  

9 : o o  

9:30 

10: 00 

10: 30 

11:oo 

11:30 

12 : 00 

1 : o o  

1:30 

2 : o o  

2 : 3 0  

P r o g r e s s  i n  S t u d i e s  o f  AIS Imagery f o r  Biochemica l  C o n t e n t s  
o f  Canop ies :  David P e t e r s o n ,  Walter Westman, Nancy Swanberg 
John Aber 

R e m o t e  D e t e c t i o n  o f  F o r e s t  D e c l i n e  Damage Using High 
R e s o l u t i o n  Imaging Spec t romete r  Data: B a r r y  Rock, K a r i n  
Herrmann, Tak Hosh izak i  and  John Miller 

BREAK 

The U s e  o f  A i rbo rne  Imaging Spec t romete r  Data t o  Determine 
E x p e r i m e n t a l l y  Induced V a r i a t i o n  i n  C o n i f e r o u s  Canopy 
Chemis t ry :  Nancy A .  Swanberg and  P a m e l a  A .  Matson 

A F i r s t  Look at the Austrian AIS Data: C l i f f  Banninger 

E f f e c t s  of Ozone Exposure on S i m u l a t e d  AVIRIS S p e c t r a  o f  
Douglas F i r ,  Ponderosa P i n e  and  Lodgepole P i n e :  B r i a n  
C u r t i s s  and  Susan U s t i n  

LUNCH 

D i s c r i m i n a t i o n  o f  San F r a n c i s c o  Bay Wetlands V e g e t a t i o n  w i t h  
AIS Data: Michae l  F .  Gross, V i c  K l e m a s  and Susan U s t i n  

A n a l y s i s  o f  AIS Data o f  V e g e t a t i o n  S u b j e c t e d  t o  A i r  
P o l l u t i o n  Gradients  i n  Sou the rn  C a l i f o r n i a :  C u r t i s  Pr ice  
and Walter Westman 

P r e l i m i n a r y  A n a l y s i s  o f  AIS-2 Data f o r  S p e c t r a l  R e f l e c t a n c e  
Changes f r o m  Water S t r e s s e d  C o n i f e r  S t a n d s :  George Riggs 
and S teven  W .  Running 

BREAK 
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ON 3 :  GE- 

3:OO 

3:30 

4:OO 

4:30 

5 : 1 5  

8:30 

9:oo 

9:30 

10: 00 

10: 30 

11:oo 

12 : 00 

1:oo 

Abundance and Distribution of Ultramafic Microbreccia in 
Moses Rock Dike: Quantitative Application of AIS Data: John 
F. Mustard and Carle M. Pieters 

Relationship of 1986 AIS-2 to 1984/5 AIS-1 Datasets Flown 
Over Hydrothermally-Altered Granitoid Rocks of the Singatse 
Range (Yerington) NV. : Ron J.P. Lyon 

Preliminary Results from an Investigation of AIS-1 Data Over 
an Area of Epithermal Alteration: Plateau, North 
Queensland, Australia: Steve Mackin, Tim Munday and Simon 
Hook 

DISCUSSION OF THE DAY'S PRESENTATIONS 

Shuttle Bus Returns to Holiday Inn 

THURSDAY, JUNE 4 

Shuttle Bus Leaves Holiday Inn for JPL 

Causes of Spurious Features in Spectral Reflectance Data; 
and, Automatic Continuum Analysis of Reflectance Spectra: 
Roger N. Clark and Trude V.V. King 

Analysis of Airborne Imaging Spectrometer Data for the Ruby 
Mountains, Montana, Using Images of Absorption and Depth: 
David W. Brickey, James K. Crowley and Lawrence C. Rowan 

Mapping Hydrothermally Altered Rocks in the Northern 
Grapevine Mountains, Nevada and California, with the 
Airborne Imaging Spectrometer: Fred A. Kruse 

BREAK 

WORKSHOP WRAPUP AND PLANS FOR THE FUTURE 

LUNCH 

SPAM Demonstrations at the AVIRIS Ground Data Processing 
Facility, PIDAS Demonstrations, and Tour of the AVIRIS 
Instrument and Calibration Facilities 

5 : 1 5  Shuttle Bus Leaves for Holiday Inn 
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ATTENDEES 

Name Affiliation 

Adams, John B. 

Adams, Steven 

Albee, Arden 

Alger, George 

Balick, Lee 

Baltuck, Miriam 

Banninger, C. 

Barge, L i s a  

Bartholomew, M. J. 

Bauer, Marvin E. 

Beaver, Dennis 

Brickey, David W. 

Brill, Russ 

Carrere, Veronique 

Clark, Roger N. 

Conley, Joseph M. 

Cox, William 

Curtiss, Brian 

Davis, Philip 

Defeo, Nancy 

Del Vecchio, J. J. 

Dozier, Jeff 

Drake, Nick 

University of Washington 

JPL 

California Institute of Technology 

NASA/Ames Research Center 

EGbG Energy Measurements Inc. 

NASA HQ 

Institute for Image Processing and 
Computer Graphics, Austria 

JPL 

JPL 

University of Minnesota 

Battelle Pacific NW Laboratory 

USGS 

JPL 

JPL 

USGS 

JPL 

Autometric 

University of Colorado 

USGS 

JPL 

U.S. Army Engineer, Topographic Lab 

UCSB and JPL 

University of Reading, England 
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ATTENDEES (Cont'd) 

Name Affiliation 

Dwyer , John 
Elvidge, Chris 

Evans, Diane 

Feldman, Sandra C. 

Gabell, Andy 

Gambino, Larry 

Geissler, Paul 

Goetz, Alexander 

Gordon, Daniel 

Green, Robert 

Gross, Mike 

Henderson, Fred 

Henry, Paul K. 

Heric, Matthew 

Herring, Mark 

Heyada, Jan 

Hom, John 

Hoshizaki, Tak 

Hutsinpiller, Amy 

Inouye, Cindy 

Kalman, Linda 

Karaska, Mark 

Klemas, Vic 

EROS Data Center/USGS 

JPL 

JPL 

University of Nevada - Reno 
CSIRO, Australia 

U.S. Army Engineer, Topographic Lab 

University of Arizona 

University of Colorado 

Autometric 

JPL 

University of Delaware 

The Geosat Committee 

JPL 

Autometric 

JPL 

JPL 

San Diego State University 

JPL 

University of Nevada - Reno 

JPL 

The Aerospace Corp. 

Indiana State University 

University of Delaware 
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ATTENDEES (Cont'd) 

Name Affiliation 

Koopmans, Bas 

Kowalik, William S. 

Kruse, Fred A. 

Kuzma, Thomas J. 

LaPorte, Daniel 

Lang, H. 

Lansing, Jack 

L e e ,  Jun-j i 

Lehmann , Frank 

Link, Cristina 

Liu, K. Y. 

Lyon, R. J. P. 

MacDonald, John 

Mackin, Steve 

Malila, William 

Meyer, Dave 

Molinari, Lou 

Mourad, A. George 

Mustard, John 

Norris, David 

Ocampo, Adriana C. 

Olson, Jr., Charles E. 

Paley, Helen 

International Institute for Aerospace 
Surveys and Earth Sciences ITC. 

Chevron Oil Field Research Co. 

University of Colorado 

Battelle Pacific NW Laboratory 

Santa Barbara Research Center 

JPL 

Santa Barbara Research Center 

J P L  

DFVLR, Federal Republic of Germany 

JPL 

JPL 

Stanford University 

MacDonald Dettwiler 

University of Durham, England 

ER IM 

EROS Data Center/USGS 

JPL 

Battelle Pacific NW Laboratory 

Brown University 

JPL 

JPL 

University of Michigan 

JPL 
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ATTENDEES (Cont 'd) 

Name Affiliation 

Paylor, Earnest 

Penny, John 

Peterson, Dave 

Pieters, Carle M. 

Powers, Bill 

Prelat, Alfredo E. 

Press, Harry 

Price, Curtis 

Rand, Bob 

Rast, Michael 

Reimer, John 

Riggs, George 

Rinker, Jack 

Roberts, Dar 

Rock, Barry 

Rubin, David 

Ruzek, Martin 

Satterwhite, Melvin 

Shipman, Hugh 

Silverman, Steve 

Smith, Milton 

Soeller, Tony 

Staenz, Karl 

Stanich, Charles 

JPL 

UNOCAL Research 

NASAIAmes Research Center 

Brown University 

Los Alamos National Lab 

UNOCAL 

JPL 

NASAIAmes Research Center 

U.S. Army Engineer, Topographic Lab 

ESA-ESTEC 

JPL 

University of Montana 

U.S. Army Engineer, Topographic Lab 

University of Washington 

University of New Hampshire 

JPL 

NASA HQ 

U.S. Army Engineer, Topographic Lab 

University of Washington 

Santa Barbara Research Center 

University of Washington 

UNOCAL 

University of Zurich - Irchel 
Daedalus Enterprises Inc. 
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ATTENDEES (Cont 'd) 

Name Affiliation 

Stewart, Meredith 

Swanberg, Nancy 

Tucker, Deanne 

Ustin, Susan 

Vane, Deborah 

Vane, Gregg 

Walker, Richard 

Warnaars, Fred 

Westman, Walt 

Whitney, Wm. M. 

Wickland, Diane E. 

Willis, Steve 

Wong, Sam 

U.S. Army Engineer, Topographic Lab 

NASAIAmes Research Center 

JPL 

University of California, Davis 

JPL 

JPL 

JPL 

Hunter College 

NASA Ames Research Center 

JPL 

NASA HQ 

University of Washington 

JPL 
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CATALOG OF TEST S I T E S  FLOWN WITH A I S  
(FROM 1 2 / 8 2  THROUGH 3 / 8 7 )  

DATE 

1 2 / 2 / 8 2  

S I T E  NAME INVESTIGATOR 

Mammoth, CA 
L o n g  V a l l e y ,  CA 
Mud L a k e ,  NV 
G o l d f i e l d ,  NV 
C u p r i t e ,  NV 
P i c 0  A n t i c l i n e ,  CA 
M t .  P a s s ,  CA 

G i l l e sp ie  
G i l l e s p i e  
Goetz  
Goet z 
Goetz 
R o c k  
Kahle 

t o  

1 2 / 3 / 8 2  

4 / 2 5 / 8 3  Mud L a k e ,  NV 
C u p r i t e ,  NV 
Death V a l l e y ,  CA 
M t .  P a s s ,  CA 
S i l v e r  B e l l ,  AZ 
Imperial V a l l e y ,  CA 
L o s  R i v e r ,  W VA 
K l a m a t h  Forest ,  CA 
Josephine C o u n t y ,  OR 

G o e t z  
Goetz 
K a h l e  
Kahle 
Goetz 
R o c k  
R o c k  
S t r ah le r  
R o c k  

t o  

5 / 2 4 / 8 3  

8 / 5 / 8 3  Cuprite, NV 
B o r e a l  Forest ,  MN 
S leep ing  B e a r  Dunes, M I  
Saginaw Forest ,  M I  
K o n z a  P ra i r i e ,  K S  
L o s t  R i v e r ,  W VA 
Washington N . F .  , VA 
Minera l ,  W VA 
K l a m a t h  N .  F . ,  CA 

Goetz  
P i t t s  
O l s o n  
O l s o n  
B l a d  
R o c k  
L a b o v i t  z 
L a b o v i t  z 
St rah le r  

t o  

8 / 1 5 / 8 3  

1 0 / 1 8 / 8 3  Sla t e  B e l t ,  NC Wickland 

1 0 / 2 0 / 8 3  V e r m o n t ,  NH V o g e l m a n n  

1 0 / 2 1 / 8 3  New Hampshire V o g e l m a n n  

1 0 / 2 7 / 8 3  
1 0 / 2 7 / 8 3  

V i r g i n i a  B e l l  
S l a t e  B e l t ,  NC 

Wickland 
V i r g i n i a  
L o s t  R i v e r ,  W VA 
V i r g i n i a  

1 0 / 2 8 / 8 3  
1 0 / 2 8 / 8 3  
1 0 / 2 8 / 8 3  

L a b o v i t  z 
R o c k  
Masuoka 

1 0 / 3 0 / 8 3  Wind R i v e r ,  WY L a n g  

4 /25 /84  
4 / 2 5 / 8 4  

C u p r i t e ,  NV 
Goldfield,  NV 

G o e t z  
Adams  

Kahle 
Mouat, P e t e r s o n  
Mouat 

4 /27 /84  
4 /27 /84  
4 / 2 7 / 8 4  

Death V a l l e y ,  CA 
Jasper R i d g e ,  CA 
S tan fo rd ,  CA 

5 / 0 5 / 8 4  
5 / 0 5 / 8 4  

V i r g i n i a  
V i r g i n i a  

B e l l  
Masuoka 
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DATE 

5 / 0 9 / 8 4  

5 / 1 1 / 8 4  

7 / 1 0 / 8 4  
7 / 1 0 / 8 4  
7 / 1 0 / 8 4  
7 / 1 0 / 8 4  

7 / 1 8 / 8 4  

7 / 1 9 / 8 4  

7 / 2 0 / 8 4  

7 / 2 5 / 8 4  
7 / 2 5 / 8 4  
7 / 2 5 / 8 4  

7 / 2 6 / 8 4  
7 / 2 6 / 8 4  
7 / 2 6 / 8 4  

7 / 3 1 / 8 4  

8 / 0 7 / 8 4  

8 / 1 0 / 8 4  

8 / 1 6 / 8 4  

8 / 1 7 / 8 4  

9 / 0 7 / 8 4  

9 /08 /84  

9 /09 /84  
9 / 0 9 / 8 4  

1 0 / 3 0 / 8 4  
1 0 / 3 0 / 8 4  

1 0 / 3 1 / 8 4  
1 0 / 3 1 / 8 4  
1 0 / 3 1 / 8 4  

4 / 2 / 8 5  
4 / 2 / 8 5  

5 / 2 2 / 8 5  
5 / 2 2 / 8 5  

5 / 2 3 / 8 5  
5 / 2 3 / 8 5  
5 / 2 3 / 8 5  

S I T E  NAME INVESTIGATOR 

Slate B e l t ,  NC Wickland 

S la t e  B e l t ,  NC Wickland 

C u p r i t e ,  NV 
O w e n s  V a l l e y ,  CA 
Death V a l l e y ,  CA 
Sequoia, CA 

G o e t z  
R o c k  
K a h l e  
Peterson 

B o r e a l  Forest ,  MN P i t t s ,  Star 

Sleeping B e a r ,  M I  O l s o n  

Monument V a l l e y ,  UT Pieters 

Ubehebe & O w l s h e a d ,  NV 
H o t  C r e e k ,  NV 
Yer ington ,  NV 

R a i n e s  
Feldman 
L y o n  

O r e g o n  T r a n s e c t  
Josephine C t y ,  OR 
Josephine C t y ,  OR 

P e t e r s o n  
Mouat 
G i l l e s p i e  

Stockton,  CA Wrig ley  

Sand H i l l ,  NE B l a d  

P u r d u e ,  I L  V a n d e r b i l t  

K l e m a s  D e l a w a r e  B a y ,  DL 

V e r m o n t ,  NH R o c k - V o g e l m a n n  

B l a c k h a w k  I s land ,  W I  Peterson 

V e r m o n t  R o c k - V o g e l m a n n  

P o w d e r R i v e r ,  WY 
Wind R i v e r ,  WY 

D y k s t r a ,  Segal 
L a n g  

R o c k ,  U s t i n  
Goetz ,  V a n e  

O w e n s  V a l l e y ,  CA 
C u p r i t e ,  NV 

Mono L a k e ,  CA 
B r i d g e p o r t  B a s i n ,  CA 
Sierra Nevada, CA 

C o n e 1  
Gi l lesp ie  
G i l l e s p i e  

O w e n s  V a l l e y ,  CA 
C u p r i t e ,  NV 

R o c k ,  U s t i n  
G o e t z ,  V a n e  

O w e n s  V a l l e y ,  CA 
Jasper R i d g e ,  CA 

R o c k ,  U s t i n  
Mouat 

O w e n s  V a l l e y ,  CA 
C u p r i t e ,  NV 
Grapevine, NV 

R o c k ,  U s t i n  
Goetz, V a n e  
Kruse 
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DATE SITE NAME INVESTIGATOR 

6 /16 /85  
6 / 1 6 / 8 5  

S e t t l e ,  McKeon 
B l a d  

Cement, OK 
Sand  H i l l s ,  NB 

6 / 1 8 / 8 5  Sand  H i l l s ,  NB Blad 

V i r g i n i a  Range, NV Feldman 7 / 2 / 8 5  

7 / 2 4 / 8 5  
7 / 2 4 / 8 5  

I v a n h o e ,  NV 
C a r l i n ,  NV 

Krohn 
Podwysocki  

Rowan 
Gi l lesp ie  

7 / 2 5 / 8 5  
7 / 2 5 / 8 5  

Ruby Range, MT 
L i t t l e  F a l l s ,  I D  

7 / 2 6 / 8 5  Wind R i v e r ,  WY Lang 

Monument V a l l e y ,  UT P i e t e r s  7 / 2 7 / 8 5  

Podwysocki  7 / 3 0 / 8 5  M a r y s v a l e ,  UT 

Lake C i t y ,  CO L e e  7 / 3 1 / 8 5  

8 / 2 / 8 5  
8 / 2 / 8 5  

O z a r k  M t n s . ,  MO 
P u r d u e ,  I N  

Arvidson 
V a n d e r b i l t  

8 / 6 / 8 5  Blackhawk I s l and ,  W I  P e t e r s o n ,  Aber 

Oak Ridge, TN B a l i c k  8 / 9 / 8 5  

8 / 1 1 / 8 5  
8 / 1 1 / 8 5  

P i l o t  Mtn, NC 
Ringwood, NC 

Mi l ton  
B e l l  

Rock 
Rock 

8 / 1 2 / 8 5  
8 / 1 2 / 8 5  

Vermont 
N e w  Hampshi re  

8 / 1 3 / 8 5  
8 / 1 3 / 8 5  

V i r g i n i a  
C e n t r a l  V i r g i n i a  

M a s  uoka  
B e l l  

8 / 2 3 / 8 5  Bonanza, A l a s k a  P e t e r s o n  

8 / 2 8 / 8 5  
8 / 2 8 / 8 5  

Bonanza, A l a s k a  
P o k e r  Caribou,  A l a s k a  

P e t e r s o n  
P e t e r s o n  

Oregon T r a n s e c t ,  OR 
Squaw B u t t e ,  Oregon 

P e t e r s o n  
S c h  rump f 

8 / 3 0 / 8 5  
8 / 3 0 / 8 5  

G u s t i n e ,  CA 
S e q u o i a ,  CA 
C u p r i t e ,  CA 
Mono Lake, CA 
Y e r i n g t o n ,  NV 
V i r g i n i a  Range, NV 

P e t e r s  on  
P e t e r s o n  
Vane 
Cone1 
Lyon 
Feldman 

9 / 2 3 / 8 5  
9 / 2 3 / 8 5  
9 / 2 3 / 8 5  
9 / 2 3 / 8 5  
9 / 2 3 / 8 5  
9 / 2 3 / 8 5  
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SITE NAME INVESTIGATOR DATE 

AUSTRALIA 

1 0 / 1 / 8 5  
1 0 / 1 / 8 5  
1 0 / 1 / 8 5  
1 0 / 1 / 8 5  
1 0 / 1 / 8 5  
1 0 / 1 / 8 5  

Temora 
Junction Creek 
Dicks Creek 
Yarralaw 
Braidwood 
Goulburn 

Laught on 
Logan 
Gallaway 
Wi 11 iams 
Atkinson 
Kalma 

1 0 / 2 / 8 5  
1 0 / 2 / 8 5  

Wycanna 
Inverell 

JUPP 
Atkinson 

1 0 / 3 / 8 5  
1 0 / 3 / 8 5  

Puckapunyal 
Adelaide 

Morgan 
Douglas 

1 0 / 7 / 8 5  
1 0 / 7 / 8 5  
1 0 / 7 / 8 5  
1 0 / 7 / 8 5  
1 0 / 7 / 8 5  

Loxton 
Broken Hill 
Fowlers Gap 
Wilkawillina 
Pine Creek 

Douglas 
O'Sullivan 
Milne 
Huntington 
Hussey 

1 0 / 8 / 8 5  
1 0 / 8 / 8 5  
1 0 / 8 / 8 5  
10  / 8 / 8 5 

Cascades 
Norseman 
St. Ives 
Yindarlgooda 

Hought on 
Burgess 
Simpson 
Burgess 

1 0 / 1 0 / 8 5  
1 0 / 1 0 / 8 5  
1 0 / 1 0 / 8 5  

Murrin Murrin 
Agnew 
Skull Creek 

Huntington 
Gregory 
Burgess 

1 0 / 1 1 / 8 5  
1 0 / 1 1 / 8 5  
1 0 / 1 1 / 8 5  
1 0 / 1 1 / 8 5  

Dangin 
York 
Yalanbee 
Dwellingup 

Hick 
Hick 
Hick 
Hought on 

1 0 / 1 4 / 8 4  
1 0 / 1 4 / 8 5  

Jillawarra 
Port Hedland 

Huntington 
Morgan 

1 0 / 1 5 / 8 5  
1 0 / 1 5 / 8 5  
1 0 / 1 5 / 8 5  
1 0 / 1 5 / 8 5  
1 0 / 1 5 / 8 5  

Sundown 
Blina 
Halls Creek 
Ellendale B 
Ellendale A 

Williams 
Wi 11 iams 
Otani 
O'Sullivan 
O'Sullivan 

Munni Munni 
Coppins Gap 
Broadhurst 

1 0 / 1 6 / 8 5  
1 0 / 1 6 / 8 5  
1 0 / 1 6 / 8 5  

Simpson 
Huntington 
Swarbrick 

Simpson 
Hunt ington 
Simpson 
Simpson 

1 0 / 1 9 / 8 5  
1 0 / 1 9 / 8 5  
1 0 / 1 9 / 8 5  
1 0 / 1 9 / 8 5  

Mount Isa 
Mary Kathleen 
Gorge Creek 
Phosphate Hill 

Simpson 
Simpson 
Taylor 
Hors f a 11 
Horsf a 11 

1 0 / 2 1 / 8 5  
1 0 / 2 1 / 8 5  
1 0 / 2 1 / 8 5  
1 0 / 2 1 / 8 5  
1 0 / 2 1 / 8 5  

Palm Valley 
Stairway 
Allambi-Amadeus 
Riddock-Mordor 
Hatches Creek 
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1 0 / 2 2 / 8 5  
1 0 / 2 2 / 8 5  
1 0 / 2 2 / 8 5  
1 0 / 2 2 / 8 5  
1 0 / 2 2 / 8 5  

K i d s t o n  
B a l d  Mountain 
Newcastle Range 
Chillagoe 
C a i r n s  

Logan 
Gabell 
Maffi 
O t a n i  
K e l l y  

1 0 / 2 4 / 8 5  
1 0 / 2 4 / 8 5  

T o w n s v i l l e  
Burdek in  R i v e r  

Morgan 
Pearce 

1 0 / 2 6 / 8 5  
1 0 / 2 6 / 8 5  
1 0 / 2 6 / 8 5  
1 0 / 2 6 / 8 5  
1 0 / 2 6 / 8 5  

M t .  Leyshon 
Burdek in  R i v e r  
B imu r ra 
P l a t e a u  
Newcastle Range 

Fraser 
Pearce 
Maf f i 
Munday/Swarbrick 
Maffi  

1 0 / 2 8 / 8 5  
1 0 / 2 8 / 8 5  

M t .  Leyshon 
Gregory  

Fraser 
Gray 

1 1 / 1 / 8 5  H a w a i i  Kahle 

1 1 / 2 / 8 5  H a w a i i  Kahle 

1 1 / 3 / 8 5  H a w a i i  Kahle 

1 1 / 7 / 8 5  H a w a i i  Kahle  

1 1 / 9 / 8 5  Kahoolawe, H a w a i i  E l l i o t  

5 / 7 / 8 6  F r e s n o ,  CA Solomon 

5 / 1 6 / 8 7  
5 / 1 6 / 8 7  
5 / 1 6 / 8 6  

C u p r i t e ,  NV 
Owens V a l l e y ,  CA 
S a n t a  Monica Mtns, CA 

Vane 
Rock 
W e  s tman 

7 / 1 4 / 8 6  Black  Forest ,  Germany DFVLR 

7 / 1 5 / 8 6  
7 / 1 5 / 8 6  

Running 
DFVLR 

Munich, Germany 
Hoglewald, Germany 

7 / 1 6 / 8 6  
7 / 1 6 / 8 6  
7 / 1 6 / 8 6  

F r a n k f u r t ,  Germany 
Ranshof en ,  A u s t r i a  
Burghausen,  A u s t r i a  

Running 
Bann inge r  
Bann inge r  

7 / 1 7 / 8 6  
7 / 1 7 / 8 6  
7 / 1 7 / 8 6  
7 / 1 7 / 8 6  
7 / 1 7 / 8 6  

F r o h n l e i t e n ,  A u s t r i a  
Kura lpe ,  A u s t r i a  
K l a g e n f u r t ,  A u s t r i a  
Hochobir, A u s t r i a  
B l a c k  Forest, Germany 

Bann inge r  
Bann inge r  
Bann inge r  
Bann inge r  
DFVLR 

7 / 1 8 / 8 6  Hochtor ,  A u s t r i a  Bann inge r  

Hochobir, A u s t r i a  
G r o s s g l o c h n e r ,  A u s t r i a  

7 / 2 1 / 8 6  
7 / 2 1 / 8 6  

Bann inge r  
Bann inge r  

7 / 2 2 / 8 6  
7 / 2 2 / 8 6  
7 / 2 2 / 8 6  

Hochobir, A u s t r i a  
Hochtor, A u s t r i a  
F r a n k f u r t ,  Germany 
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SITE NAME INVESTIGATOR DATE 

7 / 2 3 / 8 6  
7 / 2 3 / 8 6  
7 / 2 3 / 8 6  

7 / 2 5 / 8 6  

7 / 2 9 / 8 6  
7 / 2 9 / 8 6  
7 / 2 9 / 8 6  

7 / 3 0 / 8 6  

8 / 4 / 8 6  

8 / 5 / 8 6  

8 / 6 / 8 6  

9 / 1 1 / 8 6  
9 / 1 1 / 8 6  
9 / 1 1 / 8 6  
9 / 1 1 / 8 6  
9 / 1 1 / 8 6  

9 / 1 5 / 8 6  

9 / 1 8 / 8 6  
9 / 1 8 / 8 6  

9 / 1 9 / 8 6  
9 / 1 9 / 8 6  

9 / 2 2 / 8 6  
9 / 2 2 / 8 6  

9 / 2 9 / 8 6  
9 /2  9 /8  6 

1 0 / 7 / 8 6  

1 0 / 1 4 / 8 6  
1 0 / 1 4 / 8 6  

3 / 1 5 / 8 7  

3 / 1 6 /-8 7 

3 / 1 7 / 8 7  

3 / 1 9 / 8 7  

3 / 2 2 / 8 7  
3 / 2 2 / 8 7  

Venice  Lagoon, I t a l y  
F lo rence ,  I t a l y  
Mugelle, I t a l y  

Kahle 
Kahle 
Kahle 

Vesuvius,  I t a l y  Kahle 

S t rombol i ,  I t a l y  
Vulcano, I t a l y  
M t .  Etna,  I t a l y  

Kahle 
Kahle 
Kahle 

Tuscany, I t a l y  Kahle 

S tockbr idge ,  NY Smith 

S tockbr idge ,  NY Smith 

Vic tor ia  Mine, NV A t k i n s o n  

Tonopah Divide, NV 
Grapevine Mtns, NV/CA 
C u p r i t e ,  NV 
San F r a n c i s c o  Bay, CA 
Jasper Ridge, CA 

A b r a m s  
Kruse 
Vane 
K l e m a s  
Peters on 

S a n t a  Monica Mtns . ,  CA Westman 

Adams 
P e t e r s o n  

Tucson Mtns. ,  AZ 
Cerro Pe lon ,  NM 

2 9  Pa lms ,  CA 
Grover C i t y ,  CA 

S t a r  
S t a r  

Owens Va l l ey ,  CA 
White Mtns. ,  CA 

Rock 
P a y l o r  

Meadow Val ley ,  CA 
Yerington, NV 

Cog l e t  on 
Lyon 

Sequoia  N a t i o n a l  Park,  CA 

Mojave, CA 
Edwards AE'B, CA 

H a w a i i ,  H I  

T r o p i c a l  H a w a i i ,  H I  

Tropical H a w a i i ,  H I  

Maui Observa tory ,  H I  

Tropical H a w a i i ,  H I  
H a w a i i ,  H I  

Peterson 

Vane 
Vane 

Kahle 

Kahle 

Kahle 

Kahle 

Kahle 
Kahle 
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