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ABSTRACT 

Accurate i n t e r p r e t a t i o n  and maximum use o f  m u l t i s p e c t r a l  da ta  acqu i red  

from spaceborne and a i  r c r a f t  i ns t ruments  requ i  r es  increased know1 edge 

and understandi  ng o f  t h e  b i d i  r e c t i  onal r e f l  ectance c h a r a c t e r i s t i c s  

of e a r t h  scene elements. The comp lex i t i es  o f  t h e  angular  d i s t r i b u t i o n  

of  b i d i r e c t i o n a l  r e f l  ectance from e a r t h  t e r r a i n  surfaces, p a r t i c u l a r l y  

vegetat ion,  have become more ev iden t  f rom f i e l d  s t u d i e s  t h a t  a t tempt  

t o  advance t h e  s t a t e - o f - t h e - a r t  o f  remote sensing. C u r r e n t l y  ava i  1  ab le  

f i e l d  ins t rumenta t ion ,  however, has proven inadequate f o r  a c q u i r i n g  

m u l t i p l e  v iewing angle rad iome t r i c  measurements o f  t a r g e t  su r faces  

i n  a  s h o r t  enough t ime  p e r i o d  t o  e f f e c t i v e l y  e l i m i n a t e  t h e  e f f e c t s  

of changing s o l a r  p o s i t i o n ,  sky c o n d i t i o n s  and b iophys i ca l  parameter 

s t a t e s  o r  cond i t ions ,  w h i l e  c o i n c i d e n t a l l y  measuring t h e  d i s t r i b u t i o n a l  

c h a r a c t e r i  s t i c s  o f  t h e  complete i r r a d i  ance f i e 1  d. 

A un ique new f i e l d  ins t rument ,  c a l l e d  t h e  PARABOLA, has been 

designed, a long  w i t h  a  c o l  l apsab le  suppor t  boom, t o  be se l f - con ta ined  

and e a s i l y  t r a n s p o r t a b l e  t o  remote s i t e s  t o  enable t h e  a c q u i s i t i o n  

o f  rad iance data f o r  a1 most t h e  complete ( 4 ~ )  sky-and ground-1 ook i  ng 

hemispheres i n  on ly  11 seconds. The PARABOLA samples i n  15" 

ins tantaneous f i e l d - o f - v i e w  sec to rs  i n  t h r e e  narrow-bandpass s p e c t r a l  

channels ( c u r r e n t l y  f i l t e r e d  f o r  v i s i b l e ,  n e a r - i n f r a r e d  and shortwave 

i n f r a r e d  wavelengths) s imultaneously.  Laboratory  t e s t s  and c a l i b r a t i o n s  

have been performed, da ta  process ing so f tware  has been developed, 

and ins t rument  m o d i f i c a t i o n s  have been made based on f i e l d  use 

evaluat ions.  F i e l d  measurement s tud ies  have been performed on a  v a r i e t y  

of e a r t h  sur face  cover t ypes  us ing  a t r u c k  boom, a  s p e c i a l l y  designed 

p ickup t r u c k  mount ing system, and a  ho t  a i r  ba l loon.  I n  a d d i t i o n  t o  

iii 



t h e  improved c a p a b i l i t y  f o r  b e t t e r  measurements t o  understand t h e  

na tu re  of  t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  p r o p e r t i e s  o f  e a r t h  cover 

types, t h e  PARABOLA i nstrument has obvious p o t e n t i a l  f o r  c l i m a t o l o g i c a l  

and o t h e r  s tud ies  requ i  r i  ng c h a r a c t e r i z a t i o n  o f  t h e  d i  s t r i  b u t i o n  o f  

d i f f u s e  s o l a r  r a d i a t i o n  w i t h i n  t h e  sky hemi sphere. 
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INTRODUCTION 

I n  recen t  years  severa l  s t ud ies  have c l e a r l y  shown t h a t  p l a n t  canopies 

and o the r  e a r t h  t e r r a i n  sur faces do no t  r e f l e c t  t h e  i n c i d e n t  s o l a r  

r a d i a t i o n  i n  an i s o t r o p i c  manner ( i  .e., Lambert ian o r  s c a t t e r i n g  

r a d i  an t  energy equal l y  i n  a1 1  d i  r e c t i  ons). E a r l y  a i  rborne r a d i  ometer 

measurements o f  Sal omonson (1966) and Sal omonson and f l a r l a t t  (1968, 

1971), which were f o l l owed  by those o f  K r i e b e l  (1978) and more r e c e n t l y  

by Barns1 ey (1984), a1 1  i n d i c a t e  d i f f e r i n g  r e f l  ectance an i  so t ropy  

over  var ious  n a t u r a l  su r f ace  types  i n c l u d i n g  crops, grass1 and, fo res t ,  

bare so i  1  and snow. With a i  r c r a f t  sensor measurements, t h e  angle 

dependent p r o p e r t i e s  a r e  p a r t l y  caused by t h e  atmosphere bu t  t h e  

major c o n t r i b u t i o n  i s  due t o  t h e  sur face  an i so t ropy  ( O t t  1984). 

However, v i  r t u a l  l y  a1 1  a p p l i c a t i o n s  o f  remotely sensed da ta  ( f o r  

example, sate1 1  i t e  mu1 t i  s p e c t r a l  scanner d a t a )  o f  t h e  e a r t h ' s  sur face 

make t h e  assumption t h a t  such sur faces  a r e  Lambertian. Th i s  assumption 

can 1  ead t o  inaccurac ies  i n  ( o r  converse ly ,  account i  ng f o r  an i  so t ropy  

can improve) image c l a s s i f i c a t i o n s  (Smi th  and O l i v e r  1974, O t t  e t  

a l .  1984), computat ion of t h e  e a r t h  r a d i a t i o n  budget and c l i m a t e  

model p r e d i c t i o n s  from sate1 1  i t e  da ta  (K ing  and Curran 1980, Hughes 

and Henderson-Sell e r s  1982) and p l a n t  canopy model computations f o r  

b i ophys i ca l  parameter e s t i m a t i o n  (Goel e t  a1 . 1984). Eaton and 

D i rmh i rn  (1979) r e p o r t  t h a t  o n l y  c a r e f u l  ground measurements p rov ide  

a  means t o  determi ne t h e  ac tua l  b i d i  r e c t i o n a l  r e f l  ectance d i  s t r i  b u t i o n  

c h a r a c t e r i s t i c s  o f  n a t u r a l  su r faces  and subsequent ly t o  determine 

ground albedo pa t t e rns  from space data. 

Al though a  l a r g e  number o f  f i e l d  s tud ies  o f  spec t ra l  r e f l e c t a n c e  

of  vege ta t i on  have been conducted, most measurements have been taken  



o n l y  from a n a d i r  l o o k i n g  view angle. Those f i e l d  s tud ies  t h a t  have 

cons idered t h e  angular  v iew ing  e f f e c t s ,  such as Egber t  and Ulaby 

(1972), Col we1 1 (1974), Verhoef and Bunni ck (1976), Rao e t  a1 . (1979), 

K i  rchner  e t  a l .  (1982), Ranson e t  a l .  (1981) and Kimes (1983) have 

revealed t h e  comp lex i t i es  o f  b i d i  r e c t i o n a l  r e f l  ectance f rom e a r t h  

t e r r a i  n  surfaces. Such b i d i  r e c t i o n a l  r e f l  ectances i nvol  ve t h e  

compl icated i n t e r a c t i o n s  o f  v iewing angle, s o l a r  z e n i t h  and azimuth 

angles, d i u r n a l  and mu1 t i temporal  b i ophys i ca l  parameter changes, and 

ill uminat ion o r  sky cond i t ions .  For example, K r i e b e l  (1976) found 

t h a t  t h e  d i  r e c t i o n a l  r e f l  ec ted  r a d i  a t i o n  o f  n a t u r a l  su r faces  may 

change even i f  no th ing  except t h e  d i s t r i b u t i o n  o f  t h e  i r r a d i a t i o n  

over  t h e  hemi sphere var ies ,  w h i l e  Park and Deer ing (1984) showed 

d i  f ferences i n  d i  r e c t  i o n a l  p l  an t  canopy r e f l  ectance w i t h  changes i n 

biomass and sun e leva t ion ,  and K i r chne r  (1982) r epo r ted  changes i n  

t h e  d i r e c t i o n a l  r e f l e c t a n c e  t h a t  were assoc ia ted  w i t h  l e a f  o r i e n t a t i o n  

changes f o r  t h e  same p l a n t  canopy. 

I n  e a r l y  1980 NASA began conduc t ing  a s e r i e s  o f  f o u r  workshops 

i n v o l v i n g  approx imate ly  100 s c i e n t i s t s  f rom around t h e  Un i t ed  States,  

t o  i d e n t i f y  those  areas where bas i c  research i s  needed t o  a n a l y t i c a l l y  

p r e d i c t  t h e  e l  ectromagnet i  c  response o f  renewabl e  e a r t h  resource 

fea tu res  cons ide r i ng  t h e  su r f ace  and atmospheric i n f l u e n c e  and unde r l y i ng  

parameter v a r i  a b i l  i t y  (Smith 1980). The key research i s s u e  i d e n t i f i e d  

f o r  t h e  o p t i c a l - r e f l e c t i v e  regime was t h e  " c r i t i c a l  need t o  o b t a i n  

s p e c t r a l  measurements o f  t h e  complete b i d i  r e c t i o n a l  r e f l  ectance 

d i s t r i b u t i o n  f u n c t i o n  (BRDF) o f  scene element c lasses".  I n  f u r t h e r  

d e s c r i b i n g  t h e  need t hey  con t inued  t h a t  m u l t i - d i r e c t i o n a l  measurements 

must be made "which a r e  i n s e n s i t i v e  t o  s h o r t  term i r r a d i  ance f l u c t u a t i o n s "  



and t h a t  t hey  "must a l so  i n c l u d e  a  measurement o f  t h e  complete i r r a d i a n c e  

f i e l d " .  A second research i s sue  i d e n t i f i e d  through t h e  workshops was 

t h e  "need t o  understand spec t ra l  da ta  acqu i red  under hazy o r  sca t t e red  

c loud cond i t i ons  i n  t h e  f i e l d " ,  which c a r r i e s  w i t h  i t  t h e  need t o  

make "concurrent  measurement of t h e  downwell i ng spec t ra l  i r r a d i  ance 

components ( d i  r e c t  and d i f f u s e )  and t h e  t a r g e t  upwel l i n g  r a d i  ance". 

Thus, t h e  need f o r  d e t a i l e d  s tud ies  o f  t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  

d i s t r i b u t i o n  p r o p e r t i e s  o f  e a r t h  scene elements has become apparent, 

as we l l  as t h e  need f o r  new ins t ruments  t o  meet t h e  d i r e c t i o n a l  sky 

and ground measurement requ i  rements. 

F i e l d  measurements o f  a  s i n g l e  s e t  o f  d i r e c t i o n a l  r e f l e c t a n c e  

measurements ( i  .e., approx imate ly  40 angles; e.g., f i v e  view angles 

a t  e i g h t  azimuths) o f  a  ground t a r g e t  us i ng  c u r r e n t l y  a v a i l a b l e  

i ns t rumen ta t i on  t y p i c a l l y  takes  20 t o  30 minutes bu t  may take  over 

an hour depending on t h e  t y p e  o f  ins t rument  used and ac tua l  measurements 

taken  (Ranson 1981, Kimes 1983, Vande rb i l t  e t  a1 . 1983). Steven 

(1977) r equ i red  40 minutes t o  make t h e  34 angu la r  observa t ions  f o r  

measuring t h e  rad iance d i s t r i b u t i o n  o f  t h e  sky. Consequently, h i s  

measurement technique i s  1  i m i  t e d  t o  t h e  c l e a r  and complete ly  c loud less  

case; and o f  course he ob ta ined  no measurement o f  a  ground t a r g e t  

du r i ng  t h a t  p e r i o d  o f  t ime. 

T h i s  paper descr ibes  a  b i d i  r e c t i o n a l  r e f 1  ectance f i e l d  ins t rument  

and t h e  pr imary assoc ia ted  t r a n s p o r t a b l e  p l a t f o r m  system t h a t  were 

designed and cons t ruc ted  a t  t h e  NASA Goddard Space F l i g h t  Center. 

The inst rument  has been f i e l d  t es ted ,  modi f i  ed, re-evaluated and 

used i n  f i e l d  i n v e s t i g a t i o n s  over  two growing seasons. 



INSTRUMENT DEVELOPMENT 

Desi gn Cons idera t ions  

Two f a c t o r s  were recognized as pr imary l i m i t a t i o n s  o f  e x i s t i n g  

f i e l d  ins t ruments  f o r  o b t a i n i n g  adequate f i e l  d  measurements t o  analyze 

t h e  b i d i  r e c t i o n a l  r e f l  ectance angu la r  d i s t r i b u t i o n  of ground t a rge t s .  

The major ins t rument  l i m i t a t i o n  was cons idered t o  be t h e  d i f f i c u l t y  

i n  o b t a i n i n g  m u l t i p l e  v iewing angle measurements o f  t h e  sur face  

t a r g e t  i n  a  very s h o r t  t i m e  p e r i o d  t o  e l im ina te ,  o r  a t  l e a s t  g r e a t l y  

minimize, t h e  e f f e c t s  o f  changing sun pos i t i on ,  sky c o n d i t i o n s  and 

t h e  vege ta t i on ' s  dynamic b i ophys i ca l  c o n d i t i o n s  du r i ng  t h e  sampl ing 

per iod.  Another impor tan t  l i m i t a t i o n  was t h e  c a p a b i l i t y  t o  

s imu l taneous ly  measure t h e  downwell i ng sky rad iance d i s t r i b u t i o n  

w h i l e  measuring t h e  ground t a rge t .  

F i v e  key ins t rument  requ i  rements were s p e c i f i e d  t h a t  bore  h e a v i l y  

on t h e  b i d i  r e c t i o n a l  r e f l  ectance f i e l  d  ins t rument  design. These 

requirements, developed f rom t h e  above cons ide ra t i ons  and t h e  pr imary 

a u t h o r ' s  a n t i c i p a t e d  use o f  t h e  inst rument ,  i n c l u d e  t h e  f o l l  owing: 

1) very r a p i d  sampl ing (i.e. <30 sec. ) o f  t h e  e n t i r e  sky and ground 

t a r g e t  hemi spheres i n  severa l  spec t ra l  bands, 2 )  good r a d i o m e t r i c  

s e n s i t i v i t y  (e.g. NE~p<0.5%) op t im i zed  f o r  green vege ta t i on  and 

s t a b i l i t y  f o r  i n  s i t u  f i e l d  measurements rang ing  f rom humid t o  dese r t  

environments, 3 )  a complete ly  se l f - con ta ined  da ta  acqui s i  t i  on system 

and a  l a r g e  data s torage c a p a b i l i t y  t o  a1 low ex tens ive  sampling a t  

remote s i t e s ,  4 )  complete ly  p o r t a b l e  and rugged enough f o r  f i e l d  use, 

and 5 )  a  mu1 t i p l e  p l a t f o r m  mount ing c a p a b i l i t y  t o  a1 low a t t a c h i n g  

t h e  rad iometer  head t o  a  v a r i e t y  o f  p o t e n t i a l  suppor t  s t r u c t u r e s  t o  

enable measurements over  o r  w i t h i n  a  wide range o f  p l a n t  community 



types. These key requirements t hus  de f i ned  t h e  new rad iometer  as a 

Po r tab le  Apparatus f o r  Rapid A c q u i s i t i o n  o f  B i d i  r e c t  i o n a l  Observat ion 

of t h e  Land and Atmosphere o r  PARABOLA. 

Other impor tan t  ins t rument  des ign requ i  rements as o r i g i  na l  l y  

spec i f i ed  i nc l uded  1 )  r ad iome t r i c  s p a t i a l  sampling o f  t h e  sky and 

ground hemispheres i n  approx imate ly  15" increments f o r  t h e  view 

z e n i t h  angles and approx imate ly  30" increments f o r  view azimuth 

angles, and 2 )  s p e c t r a l  sampl i ng i n  severa l  bo tan i ca l  l y  impor tan t  

wavelength reg ions w i t h  a  minimal requirement f o r  a  v i s i b l e  red  band 

(e.g., 0.66 vm) and a n e a r - i n f r a r e d  band, (e.g., 0.83 m ) ,  w i t h  

a shortwave i n f r a r e d  band (e.g., 1.65 pm) cons idered t o  be h i g h l y  

des i  r a b l  e. 

Development Schedule 

Keeping design and development cos t s  o f  t h e  ins t rument  w i t h i n  a  

r e l a t i v e l y  l i m i t e d  budget was an impor tan t  cons idera t ion ,  and, i n  fac t ,  

t h e  t ime schedule o f  ins t rument  des ign and p roduc t i on  was d i c t a t e d  

by t h e  somewhat l i m i t e d  and i r r e g u l a r  funding a v a i l a b l e  f o r  t h e  

e f f o r t .  

These inst rument  requirements were f i r s t  presented by t h e  Goddard 

E a r t h  Resources Branch s c i e n t i s t s  t o  t h e  Goddard engineers i n  November 

1979, and t h e  purchase and f a b r i c a t i o n  o f  t h e  PARABOLA components began 

approx imate ly  one year  l a t e r  f o l l o w i n g  des ign complet ion. The ins t rument  

was assembled f o r  t h e  f i r s t  t ime  i n  August and September 1980, and 

t h e  f i r s t  f i e l d  check o f  t h e  rad iometer ,  as mounted on a t r i p o d ,  was 

conducted i n  November 1981. M o d i f i c a t i o n s  were engineered and t h e  

f i r s t  p r e l i m i n a r y  f i e l d  use o f  t h e  PARABOLA was made toward t h e  end 

of t he  1982 growing season us ing  t h e  l a r g e  t r i p o d  mount. The f i r s t  



f i e l d  da ta  revealed t h e  abso lu te  necess i t y  f o r  a  truck-mounted ope ra t i on  

f o r  most o f  t h e  a n t i c i p a t e d  t a r g e t  types, and a  mount was designed 

and b u i l t  f o r  use on t h e  boom-equipped ins t rument  van used i n  o t h e r  

remote sensing f i e l d  s tud ies  a t  Goddard. The f i r s t  f u l l  use of t h e  

PARABOLA was i n  t h e  1983 growing season on pas tu re  and c rop  lands. 

Wi th  t h i s  f i e l d  experience, a  T ranspor tab le  Pickup Mounting System 

(TPMS) was designed i n  t h e  f a l l  t o  r e t a i n  t h e  f u l l  " p o r t a b i l i t y "  

requ i  rement f o r  da ta  a c q u i s i t i o n s  a t  remote s i tes .  The TPMS was 

success fu l l y  f i e l d  t e s t e d  i n  June 1984 and subsequent ly mod i f i ed  and 

enhanced p r i o r  t o  t h e  f i r s t  major  f i e l d  exper iment us ing  t h e  t o t a l  

PARABOLAITPMS system on rangelands i n  t h e  semiar id  West Texas i n  

September 1984. I n  add i t i on ,  a  spec ia l  PARABOLA mount, modi f i e d  

f rom t h e  van boom mount, was designed and b u i l t  f o r  use on a  ho t  a i r  

b a l l o o n  t o  enable da ta  a c q u i s i t i o n  over  f o r e s t  canopies. Th i s  dev i ce  

was success fu l l y  used i n  J u l y  1984 over  t h e  mixed f o r e s t s  o f  Mary land 's  

eas te rn  shore, h i g h l i g h t i n g  t h e  v e r s a t i l i t y  o f  t h e  PARABOLA ins t rument  

system. 

C rea t i ng  an ins t rument  t h a t  would look a t  t h e  same "study p l o t "  

o r  ground t a r g e t  area w h i l e  measuring t h e  r e f l e c t e d  rad iance f o r  a1 1 

view z e n i t h  and azimuth d i r e c t i o n s  was des i red,  b u t  i t was recognized 

t h a t  w i t h  t h e  aforement ioned c o n s t r a i n t s  such an eng ineer ing  f ea t  

m igh t  n o t  be p rac t i cab le .  The obvious i m p l i c a t i o n  i s  t h a t  t h e  sample 

t a r g e t  area must be (assumed t o  be )  s p a t i a l l y  homogeneous over t h e  

range of v iew ing  angles deemed c r i t i c a l  t o  a  g iven  study and/or 

s p a t i a l  rep1 i c a t e  sampl ing may be requi red.  Thus, e f f i c i e n t  m o b i l i t y  

was cons idered c r i t i c a l .  



PARABOLA D E S C R I P T I O N  ANU PERFORFIANCE 

General Descr i   ti on 

The bas i c  PAKABOLH i ns t r umen t  i s  a  3-channel, r o t a t i n g  head 

rad iometer  c o n s i s t i n g  o f  t h r e e  p r imary  u n i t s - - t h e  sensor head, da ta  

r eco rd i ng  u n i t ,  and i n t e r n a l  power pack ( F i g u r e  1). 

The sensor head i s  composed o f  a  moto r -d r i ven  two-ax is  gimbel 

on which t h r e e  d e t e c t o r  u n i t s  a re  j o i n t l y  mounted. The t h r e e  d e t e c t o r s  

F i gu re  1. Pr imary  components o f  PARABOLA i n c l u d i n g  rad iometer  head 
and da ta  system box. 



i n c l u d e  two s i l i c o n  and one germanium s o l i d  s t a t e  de tec to r s ,  which 

a re  i n i t i a l l y  con f i gu red  t o  correspond w i t h  Thematic Mapper spec t ra l  

bands 3, 4  and 5  (.63--69 un, -76--90 m, and 1.55-1.75 m), 

r espec t i ve l y .  The d e t e c t o r  cones con f i ne  t h e i  r i n d i v i d u a l  f i e l d s  of 

view t o  15'. The two-axis,  twomotor r o t a t i o n  o f  t h e  head enables a  

near-complete sampling o f  t h e  e n t i r e  sky lground sphere. There i s  a  

15' exc lus ion  area toward t h e  mounting dev ice  due t o  mechanical 

1  i m i  a t ions.  

The scan system i s  designed such t h a t  sampling i s  done i n  a  

cont inuous h e l i c a l  pa t te rn .  The da ta  i s  recorded s e r i a l  l y  i n  d i g i t a l  

form. There i s  a l so  a  " c a l i b r a t e " / h o l d  p o s i t i o n  (mode) t h a t  a l lows  

manual p o i n t i n g  o f  t h e  d e t e c t o r  head f o r  i n d i v i d u a l  measurements of 

c a l i b r a t i o n  sources i n  any d i r e c t i o n .  I n  t h e  h e l i c a l  sampl ing mode 

a  complete data s e t  can be taken  i n  o n l y  11 seconds f o l l owed  by a  35 

second da ta  dump t o  t h e  tape recorder  f rom t h e  bu f f e r .  Approximately 

f i f t y  data se t s  can be s to red  on one d i g i t a l  casse t t e  tape. The 

da ta  reco rd ing  u n i t  i s  a  smal l  su i t case-s ized  box (24x 42x80 cm) 

t h a t  weighs 30 kg (65 lbs. )  c o n t a i n i n g  t h e  tape  recorder ,  c o n t r o l  

panel, e l e c t r o n i c  c i r c u i t s ,  rechargeable b a t t e r y  pack, and cab1 e  

connectors. The sensor ' s  o p t i c a l  head, which weighs 4  kg  (8.5 lbs . )  

i s  designed w i t h  a  bayonet- type coup1 i n g  t o  enable s imple mount ing 

t o  a  v a r i e t y  o f  p o t e n t i  a1 suppor t  devices. The sensor head i n  i t s  

p r o t e c t i v e  c a r r y i n g  case weighs 9  kg  (20 lbs.  ). 

Sensor Scan System 

The sensor scan head c o n s i s t s  o f  a  d e t e c t o r  head, an e l e c t r o n i c s  

box and two scan motors, one f o r  t h e  r o l l  a x i s  and one f o r  t h e  e l e v a t i o n  

( o r  p i t c h )  axis.  Dur ing  use t h e  sensor ' s  scan head i s  h o r i z o n t a l  



( pa ra l  l e l  t o  t h e  ground t a r g e t  t o  be scanned) and p o i n t i n g  away f rom 

t h e  suppor t  mount toward t h e  h o r i z o n  ( F i y u r e  2) .  Dur ing  t h e  da ta  

ROLL AXIS MOTOR 

ELECTRONICS BOX 

DETECTOR HEADS (3) 

\ TO 
HORIZON 

F igu re  2. PARABOLA sensor scan head diaghram and r o t a t i o n a l  
c h a r a c t e r i s t i c s .  

a c q u i s i t i o n  c y c l e  t h e  scan head r o t a t e s  a t  1 KPS about an ax i  s  pa ra l  l e l  

t o  t h e  head suppor t  beam, w h i l e  a t  t h e  same t i m e  t i l t i n g  a t  t h e  r a t e  

of 15  dey./sec. about t h e  o r thoyona l  h o r i z o n t a l  ax is .  The r o l l  a x i s  

scan r a t e  p rov ides  cont iguous swaths a t  t h e  n a d i r l z e n i t h  p o s i t i o n s  

(IFUV i s  15 " ) ,  and p r o y r e s s i v e l y  i n c r e a s i n g  ove r l ap  a t  o t h e r  e l e v a t i o n  

angles away f rom t h e  nadi  r / z e n i t h  p o s i t i o n .  A  t i m i n g  wheel o p t i c a l  

sensor t r i g g e r s  concur ren t  e l e c t r o n i c  sampl i ny o f  t h e  r a d i  omet r i  c l v o l  t aye  



outpu ts  from t h e  t h r e e  d e t e c t o r s  a t  1 5 O  i n t e r v a l s  a long  t h e  r o l l  

ax is .  The r e s u l t a n t  r a d i o m e t r i c  sampl i ng scan procedure r e s u l t s  i n  

264 samples f o r  each channel pe r  scan cyc le .  The scan p a t t e r n  produced 

i s  dep i c t ed  i n  F i g u r e  3, The p r e c i s e  ang le  o f  t h e  d e t e c t o r  head on t h e  

SIDE VIEW END VIEW 

F igu re  3. PARABOLA scan p a t t e r n  i n  r e l a t i o n  t o  t h e  scan head 
showing t h e  l o c a t i o n  o f  r a d i o m e t r i c  sampl ing p o s i t i o n s  
( represented by d o t s  ) d u r i  ng t h e  scan c y c l  e. 

t h e  e l e v a t i o n  a x i s  a t  t h e  t ime  o f  each r o l l - a x i s - t r i g g e r e d  sample i s  

determined f rom t h e  ou tpu t  o f  a  p o t e n t i  ometer on t h e  e l  eva t i on  ax i  s. 

(see a l s o  Appendix A ) .  

The o p t i c s  f o r  t h e  d e t e c t o r  scan head a re  a  n o n r e f r a c t i v e -  

n o n r e f l e c t i v e  t ype  employing t h r e e  b a f f l e d  cones, one f o r  each de tec to r .  

The "major cone" o f  d e t e c t i o n  i s  1 5 " ,  w i t h  4.43' shadowing by design. 



Labora to ry  measurement o f  t h e  ac tua l  o p t i c a l  t r a n s f e r  c h a r a c t e r i  s t i  c s  

of t h e  d e t e c t o r  cone assembly a re  g i ven  i n  F i g u r e  4 f o r  Channel 1. 

8 - 15" 
8, - 12.780 

8, - 17.2 lo 

* - -05375 STR. 

9, - -03897 STR. 

9, - .07073 STR. 

FIELD OF VIEW (DEGREES) 
-- -- 

F i  gure 4. Diagram o f  b a f f l e  cone c o n s t r u c t i o n  des ign  ( l e f t )  and 
f i e l d - o f - v i e w  t e s t  r e s u l t s  f o r  Channel 1 w i t h  cone 
u s i  ng a  s i n g l e  p o i n t  source i 11 umi n a t i  on. 

Channels 2 and 3 t e s t s  show s i m i l a r  r e s u l t s  w i t h  on l y  s l i g h t l y  g r e a t e r  

t ransmiss ion  recorded beyond 9' o f f - a x i s  a t  t h e  0-1% l e v e l  o f  

transrni ssion. 

Two of t h e  t h r e e  d e t e c t o r s  i n  t h e  PARABOLA rad iomete r  a re  s i l i c o n  

photodiodes t o  cover  t h e  s p e c t r a l  range f rom t h e  v i s i b l e  th rough  t h e  near-  



i n f r a r e d .  The Channel 3 d e t e c t o r  i s  a germanium photod iode designed 

t o  measure t h e  rni  d - i n f  r a r e d  r e y i  on. The s p e c t r a l  channels a r e  d e f i  ned 

by f u l  l y  b locked narrow band i n t e r f e r e n c e  f i l t e r s .  The a c t u a l  (measured) 

3 channel wavelength bands (F i gu re  5 ) ,  which approximate t h e  Thematic 

Mapper wavelengths i n  TM Channels 3, 4 and 5 r e s p e c t i v e l y ,  a re  as 

f o l  lows: 

Channel Center  Wave1 ength Width 

CHANNEL 1 (0.662pm) CHANNEL 2 (0.826prn) CHANNEL 3 (1.658pm) 

--- GERMANIUM --- GERMANIUM 

-1"" 

WAVELENGTH (Cvn) 

F i  yu re  5. Measured s p e c t r a l  t r a n s n i  s s i  on response f o r  t h e  t h r e e  
PARABOLA bandpass f i l t e r s  and r e l a t i v e  s e n s i t i v i t i e s  
f o r  s i l i c o n  and germanium de tec to rs .  



The d e t e c t o r  head i s  designed such t h a t  t h e  s p e c t r a l  bandpass f i l t e r s  

can be e a s i l y  rep1 aced t o  p rov ide  spec t ra l  wave1 ength measurements 

s u i t e d  t o  a  p a r t i c u l a r  s tudy (e.g., t o  match wavebands o f  a  s p e c i f i c  

s a t e l l i t e  such as t h e  AVHRR o r  French SPOT sensors).  

A1 1  t h r e e  de tec to r s  a re  temperature regu la ted  (by cool  i n y  o r  

hea t ing)  th rough  t h e r m o e l e c t r i c  p r o p o r t i o n a l  c o n t r o l  c i r c u i t s .  

Channels 1 and 2  ( s i l i c o n )  a r e  mainta ined a t  20°+20C - and Channel 3 

(germani urn) i s  s t a b i  1  i z e d  t o  5O+2OC. - Detec to r  temperatures a r e  

a u t o m a t i c a l l y  recorded w i t h  each scan da ta  s e t  acqu i s i t i on .  The 

d e t e c t o r  housing temperature, which i n d i c a t e s  t h e  ambient envi  ronment, 

i s  a l s o  moni tored through an i n t e g r a t e d  c i r c u i t  sensor (0 t o  100°C 

range, t l ° C )  and recorded au tomat ica l l y .  F i g u r e  6 shows t h e  r e l a t i o n s h i p  

CHANNEL 

1 

10 20 30 

HOUSING (OC) 

F i g u r e  6. De tec to r  d r i f t  r e l a t i o n s h i p  t o  changes i n  d e t e c t o r  
housing temperature f rom simul a ted  envi  ronments t e s t .  



between t h e  d e t e c t o r  housi  ng tempera tu re  (sirnul a t ed  env i  ronments 

spanni ny two extremes) and t h e  r e s u l t a n t  vo l t age  o f f s e t s  measured 

f o r  each o f  t h e  t h r e e  de tec to r s .  

The d e t e c t o r  ga ins have been s e t  f o r  h i y h  s e n s i t i v i t y  t o  low 

r e f l e c t a n c e  read ings  t h a t  a re  encountered w i t h  dense p l a n t  canopies 

and low sun e l eva t i ons .  Th i s  has made t h e  zero  d r i f t  apparent and 

reaches about 1.5% o f  f u l l  s ca le  on t h e  h i g h e s t  ga in  range f o r  Channel 

2, which i t  should  be noted i s  o n l y  0.015% o f  t h e  measurement range, 

and a t  extreme (worst -case)  ambient temperatures.  The no i  se 1  eve l  s  

f o r  Channels 1 dnd 2 a re  determined p r i m a r i l y  by t h e  a m p l i f i e r ,  and 

a re  we1 1 be1 ow t h e  q u a n t i z i n g  c a p a b i l i t y  of t h e  1 0 - b i t  da ta  system. 

Channel 3 i s  d e t e c t o r - n o i s e - l i m i t e d ;  i t s  no i se  i s  about equal t o  t h e  

1  east  s i g n i f i c a n t  b i t .  The PARABOLA n o i s e  1  eve l  s  measured w i t h  

maximum gain, t h e  d e t e c t o r s  capped and a  bandwidth o f  1 Hz t o  1 kHz 

a re  as f o l l o w s :  

Channel Output Noise ( v o l t s  rms) 

Channel 1 and Channel 2 d r i f t  i s  q u i t e  p r e d i c t a b l e  and can be e a s i l y  

c o r r e c t e d  by s u b t r a c t i n g  measured o f f s e t s .  Channel 3 d r i f t  i s  seen 

t o  be more e r r a t i c ,  bu t  can be p r e c i s e l y  zeroed r o u t i n e l y  w h i l e  t h e  

sensor i s  capped by means o f  a  s imple ga in  c o n t r o l  on t h e  da ta  system 

box c o n t r o l  panel .  

Due t o  t h e  tremendous range i n  t a r g e t  b r i gh tness  t h a t  can be 

expected i n  scanning a    IT f i e l d  o f  view i n c l u d i n g  dark  vege ta t ion ,  

b r i y h t  s o i l ,  and b r i g h t  o r  dark c louds  and sky, an au to - rang ing  



amp1 i f i  e r  i s  used t o  sw i t ch  t h e  ga in  1  eve l  s  back-and- for th  by f a c t o r s  

of 1, 10 and 100 t o  ma in ta i n  maximum r a d i o m e t r i c  s e n s i t i v i t y .  I n  

add i t i on ,  s i nce  t h e  d i r e c t  sun b r i gh tness  i s  so l a r g e  and t o  accu ra te l y  

measure t h e  d i  r e c t  beam r a d i  ance would requ i  r e  s a c r i f i c i n g  a  tremendous 

amount o f  s e n s i t i v i t y  i n  t h e  d i f f u s e  sky and ground radiances, t h e  

t h r e e  channel ga ins were s e t  such t h a t  s a t u r a t i o n  r e s u l t s  when t h e  

PARABOLA views t h e  sun i n  a  normal scan. A n e u t r a l  d e n s i t y  f i l t e r  

cap (see  F i g u r e  1 )  was dev ised t o  snap on to  t h e  d e t e c t o r  b a f f l e  

cones such t h a t  d i r e c t  s o l a r  beam measurements a r e  e a s i l y  made by 

manual p i n - h o l e  s i g h t i n g  a l ignment  w h i l e  t h e  da ta  system i s  s e t  f o r  

t h e  "ca l  i b r a t e "  mode. Thus, w i t h  t h e  temperature c o n t r o l s  and moni t o r i  ng, 

t h e  Channel 3 manual ga in  adjustment, and t h e  automatic ga in  swi tch ing,  

t h e  PARABOLA i s  we1 1  op t im ized  f o r  i t s  in tended use. 

Data System 

The PARABOLA da ta  system i s  con ta ined  w i t h i n  t h e  f i b e r g l a s s  

c o n t r o l  panel box as seen i n  F igu re  1. The key ope ra t i on  f ea tu res  

of  t h e  c o n t r o l  panel a re  t h e  d i g i t a l  casse t t e  tape  recorder,  power 

swi tch,  scan s e l e c t o r  mode sw i t ch  (normal scan o r  "ca l  i b r a t e "  p o s i t i o n ) ,  

"ready" l i g h t  and s t a r t  button, panel meter w i t h  readout s e l e c t o r  

sw i t ch  ( f o r  d e t e c t o r  and housing temperatures, d e t e c t o r  vo l t age  

readi  ngs, b a t t e r y  vo l tage,  and scan head 1  evel  i ng angles)  , header 

s e l e c t i o n  swi tches ( t o  manual l y  p rese t  t h e  da ta  se t  i d e n t i  f i c a t i o n  

number, day of year, hour o f  day and minutes) ,  and remote camera 

sw i tch  and frame counter.  

The da ta  system samples f ou r  channels of analog da ta  ( 3  from t h e  

de tec to r s  and 1 from t h e  e l e v a t i o n  a x i s  p o s i t i o n  sensor)  s imu l taneous ly  

a t  every 15' of r o t a t i o n  about t h e  r o l l  axis.  The i n p u t  vo l t age  



ranges from 0-10V and i s  recorded s e r i a l l y  on t h e  d i g i t a l  tape  casse t t e  

as 8 b i t  words. The r a d i o m e t r i c  da ta  r e s o l u t i o n  i s  10 b i t s ,  w i t h  an 

accuracy o f  0.1% o f  f u l l  sca le  M.5 l e a s t  s i g n i f i c a n t  b i t ,  w h i l e  

t h e  e l e v a t i o n  p o s i t i o n  da ta  i s  recorded as 8  b i t s .  The da ta  i s  

formatted on t h e  tape  i n  t h r e e  records as f o l l  ows: 1 )  header records, 

c o n t a i n i n g  two synch ron i za t i on  words and t h e  f o u r  p r e s e t t a b l e  header 

words c o n s i s t i n g  o f  da ta  s e t  i d e n t i f i c a t i o n ,  day, hour, and minutes; 

2 )  da ta  records i n c l u d i n g  ga in  s e t t i n g  data, e l e v a t i o n  p o s i t i o n  

data,  scan mode i n d i c a t o r ,  and d e t e c t o r  vo l t age  data;  and 3 )  temperature 

records, g i v i n g  t h e  de tec to r s  and housing temperatures a t  t h e  end of 

each scan. The reco rd ing  t i m e  i s  approx imate ly  45 seconds pe r  normal 

scan mode run and about 5 seconds pe r  c a l i b r a t i o n  mode run. 

Power System 

The pr imary power supply i s  a  12 v o l t ,  sealed, 1  ead-acid b a t t e r y  

r a t e d  a t  10 ampere-hours which i s  con ta ined  w i t h i n  t h e  c o n t r o l  panel 

box (F ig .  1) .  The b a t t e r y  i s  i n  a  sealed box vented on ly  t o  t h e  

ou t s i de  o f  t h e  c o n t r o l  panel box t o  min imize t h e  hazard o f  p o s s i b l e  

ven t i ng  o f  expl  os i ve  gases. A  b u i  l t - i n  b a t t e r y  charger  operates 

au toma t i ca l l y  whenever 115VAC power i s  connected t o  t h e  system. 

Charge t ime i s  20 hours f rom f l a t  t o  f u l l ,  b u t  ove rn igh t  charg ing 

(6-8 hours ) has proven s u f f i c i e n t  f o r  complete recharg ing  under 

normal use cond i t ions .  Charging ( a t  1.0 ampere) i s  i n d i c a t e d  by an 

LED on t h e  c o n t r o l  panel, and when f u l l  charge i s  reached, c u r r e n t  

drops t o  a  t r i c k l e  l e v e l  (.U3 ampere) and t h e  LED goes out. Three 

fuses p r o t e c t  t h e  da ta  system and power system components. 

Ac tua l  f i e l d  use o f  t h e  PARABOLA has shown t h a t  under some 

c o n d i t i o n s  t h e  i n t e r n a l  power supply  i s  no t  adequate. For example, 



when sampl ing i s  done a t  f requent  i n t e r v a l s  over  a  p e r i o d  of  severa l  

hours (e.g., sun-up u n t i l  s o l a r  noon) i n  very h o t  weather i t  i s  

d e s i r a b l e  t o  keep t h e  power t u rned  on con t i nuous l y  t o  keep t h e  d e t e c t o r s  

cooled and t h e  dark c u r r e n t  c a l i b r a t i o n  simple. Power consumption 

i s  1.62A on standby and 2.16A d u r i n g  scanning. A1 so, when a d d i t i o n a l  

power i s  requi red,  such as w i t h  t h e  motor i zed  l e v e l i n g  of t h e  PARABOLA 

scan head w i t h  t h e  Transpor tab le  Pickup Mount System (descr ibed  

1  a t e r ) ,  a d d i t i o n a l  b a t t e r y  d r a i n  occurs. 

Under heavy, 1  ong-hours use o f  t h e  PARABOLA an aux i  11 a r y  ex te rna l  

b a t t e r y  connec t ion  c a p a b i l i t y  i s  ava i lab le .  Standard auto b a t t e r y  

"jumper cab1 e" s p r i  ng c l  amps a r e  a t tached  t o  a  d i  r e c t - p l  ug- in  PARABOLA 

b a t t e r y  c a b l e  approx imate ly  20' long. Thus, t h e  12V b a t t e r y  of t h e  

p ickup  be ing  used t o  t r a n s p o r t  t h e  ins t rument  o r  a  separate,  detached 

auxi  11 ary b a t t e r y  can be e a s i l y  connected t o  p rov ide  a  tremendously 

increased power reserve  (e.g. 40-60 ampere-hours). Th is  capabi 1  i t y  

i s  e s p e c i a l l y  useful  i f  115VAC power i s  n o t  a v a i l a b l e  f o r  ove rn igh t  

recharg ing  of t h e  i n t e r n a l  b a t t e r y .  

Radiometr ic  C a l i  b r a t i o n  

Rad iomet r i c  l abo ra to r y  c a l i b r a t i o n  o f  t h e  PARABOLA i s performed 

a t  Goddard on a  1.8 m (72 i n c h )  sphe r i ca l  i n t e g r a t o r  employing twe l ve  

200-watt quar tz  halogen lamps (2950°K O 6.5 amps). The number of 

1  amps i l l u m i n a t i n g  t h e  sphere i s  va r i ed  t o  produce twe l ve  rad iance 

l e v e l s  f o r  c a l i b r a t i o n .  

Three separate c a l i b r a t i o n  runs a r e  made t o  f u l l y  c a l i b r a t e  t h e  

PARABOLA a t  t h e  t h r e e  ga in  l eve l s .  Neut ra l  d e n s i t y  f i l t e r s  (.l and 

- 0 1  d e n s i t y  l e v e l s )  a r e  used f o r  t h e  two lowes t  ga in  se t t i ngs .  The 

vo l t age  response t o  rad iance  l e v e l  r e l a t i o n s h i p  (F igu re  7 )  i s  1  i n e a r  



i n  a l l  t h r e e  s p e c t r a l  channels f o r  each ga in  s e t t i n g  w i t h  l i n e a r  

c o r r e l a t i o n  c o e f f i c i e n t s  o f  0.999 ( r 2 ) .  C a l i  b r a t i o n s  performed 

a f t e r  one f u l l  year  o f  use and t e s t i n g  (May 1982-May 1983) showed no 

s i g n i f i c a n t  change i n  vo l tage  ou tpu t  f o r  t h e  same rad iance l eve l s ,  

which i n d i c a t e s  t h e  s t a b i l i t y  o f  t h e  t o t a l  PARABOLA system. 
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F i g u r e  7. I n t e g r a t i n g  sphere rad iance  re1 a t i o n s h i p s  t o  PARABOLA 
sensor Channels 1, 2  and 3 measured vo l t age  outputs .  
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PARABOLA DATA PR ESENTATION 

The r a d i o m e t r i c  da ta  acqu i red  f o r  each PARABOLA IFOV as t h e  

ins t rument  scans t h e  sky and ground t a r g e t s  represen t  a  v a r i e t y  of 

s p a t i  a1 l y  d i s t r i b u t e d  shapes, such as c i r c l e s ,  e l l i p s e s ,  parabolas 

o r  hyperbolas, depending on t h e  view angle. For  ground t a r g e t s  t h e  

IFOV " f o o t p r i n t s "  a r e  t y p i c a l l y  c i r c u l a r  a t  t h e  n a d i r  p o s i t i o n  and 

become i n c r e a s i n g l y  l a r g e r  e l l i p s e s  as t h e  o f f - n a d i r  angle inc reases  

(F igu re  8). I f  t h e  o f f - n a d i  r view angle TI i s  l e s s  than  a/2-a (where 

SENSOR POSITION 

SENSOR 
HEIGHT 

IFOV CENTER 

GROUND SURFACE 

OTPRINT CENTER 

NADIR VIEWED OFF-NADIR VIEWED 
FOOTPRINT FOOTPRINT 
(CIRCLE) 

- ~~ -. - -  

(ELLIPSE) 
- - - 

F i g u r e  8. F o o t p r i n t s  o f  a  PARABOLA sensor IFOV on t h e  Ground. 

a=1/2 t h e  IFOV ang le ) ,  i t  w i l l  be an e l l i p s e  whose major and 

minor axes a re  g iven by 

2 H t a n a  ( 1  + t a n  TIi) 
a i  = 

1 - ( t a n a  tanni ) 2 



b i  = H t a n a  
2  1 

cosn i  C1 - ( t a n a  tanr l i  ) 1 
/ 2 

where 

H = sensor he igh t  

Then, t h e  area o f  t h e  e l l i p t i c  f o o t p r i n t  can be computed by 

Thus, f o r  a  sensor he igh t  o f  6 m t h e  n a d i r  c i r c u l a r  f o o t p r i n t  w i t h  a  

2 
r ad ius  of  0.79 m  ( a t  15' IFOV) has a  su r f ace  area o f  1.96 m f rom 

(Htana) , w h i l e  t h e  45' and 60' o f f - n a d i  r angles w i t h  e l  1  i p s e  

major axes ( a )  o f  1.61 m and 3.37 m, r e s p e c t i v e l y ,  measure sur face 

areas o f  5.7 m2 and 17.3 m2, r espec t i ve l y .  Therefore, t h e  i n t e r p r e t a t i o n  

o f  o f f - n a d i r  angular  measurements f rom PARABOLA o r  any o t h e r  sensor 

r equ i res  c a r e f u l  documentation and understanding o f  t h e  scene elements 

con ta ined  w i t h i n  each p i x e l .  Due t o  t h e  he1 i c a l  scan p a t t e r n  and 

t he  non-sampled 15' r eg ion  a t  t h e  view angles toward t h e  sensor 

mount device, t h e  r e s u l t i n g  p a t t e r n  o f  IFOV ground f o o t p r i n t s  i s  as 

presented i n  F igu re  9 f o r  o f f - n a d i r  angles t o  75'. Beyond 75' o f f - n a d i r  

(IFOV cen te r )  t h e  IFOV p i x e l  w i l l  u s u a l l y  i n c l u d e  bo th  sky and ground 

rad iance c o n t r i b u t i o n s .  The PARABOLA sensor cones t h a t  measure sky 

rad iance  do n o t  i n t e r s e c t  a  n a t u r a l  p lane  (un less  i t  i s  a  c loud l a y e r )  

as do t h e  downward v iew ing  sensor cones; t hus  a  p r o j e c t i o n  was chosen 

as presented i n  F i g u r e  9  t o  represen t  t h e  sky da ta  s p a t i a l l y  on a  two- 

dirnensi onal su r f ace  (see a1 so Appendix B). 

The ac tua l  sensor pos i t i ons ,  as de f i ned  i n  measured "e l eva t i on "  

and r o l l  angles, a re  conver ted t o  t h e  o f f - n a d i r  angles and azimuths 



F i  gure 9. Representat ive p r o j e c t i o n s  o f  PARABOLA IFOV p i x e l  s  on to  two- 
dimensional  su r faces  as used f o r  da ta  i n t e r p r e t a t i o n s .  

i n d i v i d u a l l y  f o r  each scan da ta  s e t  th rough  spec ia l  sof tware developed 

f o r  t h e  PARABOLA (Park and O s t r o f f ,  1983; Appendix C ) .  PARABOLA 

data a re  norma l l y  presented as computed rad iances on t h e  ac tua l  sky 

o r  ground p i x e l  p r i n t s ,  as grey- tone o r  c o l o r  rad iance images, o r  as 

t a b u l a r  l i s t i n g s  by sequent ia l  p i x e l  number and v iewing angle f o r  

f u r t h e r  process ing and analys is .  A t y p i c a l  da ta  process ing sequence 

i s  presented i n  F igure  10. 
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PARABOLA PLATFORM SYSTEMS 

The f i r s t  dev ice  b u i l t  t o  suppor t  t h e  PARABOLA sensor head f o r  

1  aboratory  and f i e l d  da ta  c o l l  e c t i o n  was a heavy-duty tr ipod-and-boom 

mount (F i gu re  11) capable of  t a k i n g  measurements f rom a maximum 

he igh t  of 2 t o  2.5 m above t h e  ground t a rge t .  The suppor t  boom 

c o n s i s t s  o f  a  po le  w i t h  a  sensor head l o c k i n g  c o l l a r  mount w i t h  a  

counter-ba lance weight  and e l e c t r i c a l  connector on t h e  oppos i te  end. 

Located c l ose  t o  t h e  sensor head on t h e  po le  i s  a  h o r i z o n t a l  sensor 

head l e v e l  i n d i c a t o r  i n  t h e  form o f  a  p r e c i s i o n  e l e c t r o n i c  pendulum, 

which has a d i r e c t  d i g i t a l  readout on t h e  c o n t r o l  panel. The " r o l l "  

F i gu re  11. PARABOLA t r i p o d  mount apparatus i n  use on a bare  s o i l  
s i t e .  



i s  c o n t r o l l e d  by a  bubble l e v e l  on t h e  t r i p o d  and an al ignment mark 

on t h e  pole. Aside from necessary l a b o r a t o r y  t e s t i n g  and c a l i b r a t i o n  

uses of t h e  t r i p o d  mount, o t h e r  a p p l i c a t i o n s  i n c l u d e  b i d i r e c t i o n a l  

measurements o f  bare  s o i l  su r faces  and r e l a t i v e l y  homogeneous, s h o r t  

and c l o s e l y  spaced grass and broad1 e a f  p l a n t  covers, f o r e s t  wi t h i  n- 

canopy r a d i  an t  energy p e n e t r a t i o n  and d i s t r i b u t i o n  measurements, 

measurement o f  c e r t a i n  man-made sur faces,  and sky rad iance d i s t r i b u t i o n  

measurements. 

Another PARABOLA sensor head mount was developed f o r  use on t h e  

1  arge Goddard boom-equi pped ins t rument  van, which requ i red  t h e  

c o n s t r u c t i o n  o f  hardware t o  a t t a c h  t h e  sensor head t o  t h e  gimbaled 

and motor ized boom head and a  l o n g  (15 m) e l e c t r o n i c s  cab le  (F igu re  

12). A downward l o o k i n g  camera mount was a l s o  added. Th i s  same 

bas ic  sensor head suppor t  apparatus was used w i t h  an a d d i t i o n a l  

s p e c i a l i z e d  b racke t  t o  mount t h e  ins t rument  t o  t h e  gondola of a  ho t  

a i r  b a l l o o n  (F igu re  13). Both t h e  ins t rument  van and b a l l o o n  p la t fo rms 

have been successful  l y  used t o  acqui r e  f i e l d  data. 

The van i s  p a r t i c u l a r l y  w e l l  s u i t e d  t o  c o n t r o l l e d  p l o t  (e.g., 

a g r i c u l t u r a l  f i e l d )  exper iments and can e l e v a t e  t h e  sensor t o  almost 

10 meters above t h e  ground, a l though normal ope ra t i ng  he igh t  i s  5-7 

meters t o  maximize t h e  h o r i z o n t a l  ex tens ion  o f  t h e  sensor away from 

t h e  vehic le .  The p r imary  disadvantages o f  t h e  van a r e  r e l a t e d  t o  

t h e  s i ze  of t h e  vehic le .  The van w i t h  i t s  ins t rument  boom assembly 

i s  6.7 m (22 f t . )  l o n g  and 2.1 m (7 f t . )  wide and weighs 5,440 kg 

(12,000 lbs. ) .  The weight  r e s t r i c t s  i t s  use t o  good "road" c o n d i t i o n s  

(e.g., fi rm, d r y ) ,  which can cause missed measurement o p p o r t u n i t i e s  

t h a t  may be c r i t i c a l  t o  an experiment. I n  add i t i on ,  t h e  maneuverabil i t y  



F igu re  12. Ins t rument  van boom w i t h  PARABOLA sensor and camera ( A )  
and van i n  o p e r a t i o n  (B). 



F igu re  13. Hot a i r  b a l l o o n  (A)  and gondola w i t h  PARABOLA sensor 
suspended below gondola (B).  Data system box i s  mounted 
on gondola basket  hand r a i l .  



i s  no t  good f o r  q u i c k l y  r e l o c a t i n g  f rom s i t e  t o  s i t e .  Th i s  i s  

e s p e c i a l l y  t r u e  when sharp t u r n s  a re  requ i red  and accurate boom 

a1 ignment i s  necessary f o r  an experiment; f o r  example, t o  ma in ta i  n  

sensor a x i s  o r i e n t a t i o n  r e l a t i v e  t o  t h e  cons tan t l y  changing s o l a r  

azimuth. 

The ho t -a i  r b a l l  oon mount p rov ides  t h e  necessary he igh t  capab i l  i t y  

and a  stab1 e  p l a t  form f o r  f o r e s t  canopy measurements. He1 i c o p t e r  

mount ing cons ide ra t i on  was i n i t i a l l y  r e j e c t e d  because of concern 

over p o t e n t i  a1 l y  damagi ng v i b r a t i o n s  and sensor 1  eve1 i ng s t a b i  1  i ty  , 

as w e l l  as t h e  a t t endan t  cos t s  t h a t  would have been requ i red  f o r  

such p r o t e c t i o n  and h e l i c o p t e r  i n t e g r a t i o n .  Drawbacks o f  t h e  b a l l o o n  

use p r i m a r i l y  r e s u l t  f rom t h e  meteor01 ogi  c a l  1  i m i t a t i o n s  of low 

windspeed and thermal a c t i v i t y  f o r  sa fe  f l i g h t  and t h e  l a c k  o f  speed 

and d i  r e c t i o n a l  c o n t r o l s  f o r  s p e c i f i c  s i t e  sampl ing.  However, w i t h  

a  good p i l o t  and proper  c o n d i t i o n s  successfu l  measurement sampl ing 

can be conducted. One a d d i t i o n a l  b e n e f i t  o f  t h e  b a l l o o n  operat ion,  

as compared w i t h  t h e  o t h e r  p l a t f o rms  used, i s  t h a t  t h e  suppor t  p l a t f o r m  

does no t  b lock t h e  ground t a r g e t  a t  any v iew ing  angle. However, t h e  

assoc ia ted drawback i s  t h a t  t h e  sky i r r a d i a n c e  d i s t r i b u t i o n  measurements 

a r e  s i g n f i c a n t l y  obst ructed,  as i s  apparent f rom F i g u r e  13. 

T ranspor tab le  P ickup Mount System 

The PARABOLA sensor was p r i m a r i l y  designed t o  be a  f i e l d  instrument.  

Based on t h e  r e q u i s i t e  exper ience f rom two growing seasons of  da ta  

c o l l e c t i o n  w i t h  t h e  ins t rument  van and t r i p o d  p la t fo rms,  a  new sensor 

p l a t f o r m  was designed t h a t  would preserve and enhance t h e  p o r t a b i l i t y  

f e a t u r e  o r i g i  na l  l y  designed i n t o  t h e  bas i c  PARABOLA i nstrument system. 

The Transpor tab le  P ickup Mount System o r  TPMS (F igu re  14)  i s  bas i ca l  l y  



F igu re  14. PARABOLA sensor i n  use w i t h  t h e  T ranspo r t ab le  P ickup 
Mount Systern on a four-wheel d r i v e  p ickup  i n  a sand 
s h i  nnery oak range1 and p l a n t  community. 



a 1  igh t -we igh t ,  c o l l a p s i b l e  boom apparatus t h a t  i s  e a s i l y  t r anspo r ted  

v i  a  comrnerical a i r l i n e  o r  o t h e r  p u b l i c  conveyance f o r  s imple adap ta t i on  

and mounting on any s tandards ized p ickup  t r u c k  (e.g., U.S.A. makes 

o r  s imi 1  a r  bed des igns)  . 
The pr imary suppor t  beam i s  an aluminum t r i a n g u l a r  t russ ,  18 cm 

on a  s ide,  t h a t  decouples as four ,  2 m l o n g  sect ions.  A secondary 

suppor t  beam i s  a  two-piece t e l escop ing  rod (each p iece  approx imate ly  

1.5 m l o n g  and 4 cm square)  t h a t  suppor ts  a  cab le  wind-up winch a t  

i t s  base. A t  t h e  t o p  end o f  t h e  pr imary beam r e s t s  a  detachable, 

two-axi  s  motor i zed  PARABOLA sensor mounti n g / l  eve1 i nglcamera head 

(F igu re  15). The remain ing hardware c o n s i s t s  p r i m a r i l y  of 1 )  two 

F igure  15. Motor ized TPP1S head on pr imary suppor t  beam w i t h  PARABOLA 
sensor and automat ic  motor i zed  f i  sheye camera i n  ope ra t i ng  
con f i gu ra t i on .  



s p e c i a l l y  engineered p ickup  bed pos t  hole,  sw ive l  anchor mounts t h a t  

suppor t  t h e  pr imary and secondary beams, 2 )  f o u r  p ickup  bed corner  

pos t  h o l e  anchors, 3 )  va r ious  l eng ths  o f  3 mm d i  ameter t w i s t e d  s t e e l  

c a b l i n g  w i t h  l eng th -ad jus tab le  turnbuck les,  and 4 )  an e l e c t r o n i c s  cab le  

t h a t  connects t h e  l e v e l i n g  head t o  t h e  PARABOLA da ta  system (F igu re  1) .  

The pr imary support  beam has been designed t o  h inge a t  i t s  mid- 

p o i n t  so t h a t  t h e  head can be e a s i l y  lowered, v i a  t h e  winch and p r imary  

cable, t o  any he igh t  down t o  near ground l e v e l  w h i l e  t h e  lower  h a l f -  

s e c t i o n  remains s ta t i ona ry .  Th is  f e a t u r e  enables r e f l e c t a n c e  standard, 

c a l i b r a t i o n ,  and d i  r e c t  s o l a r  beam (neu t ra l  dens i t y  f i l t e r e d )  

measurements t o  be taken and f i l m  t o  be changed i n  t h e  camera w i t h o u t  

d i  smantl i ng t h e  boom apparatus. A d d i t i o n a l  ly,  w i t h  t h e  p ickup  bed 

sw ive l  mounts a t  t h e  base o f  t h e  p r imary  beam, t h e  boom can be f o l d e d  

i n  h a l f  r o t a t e d  90°, and s t o r e d  over  t h e  cab o f  t h e  p ickup  f o r  t r a v e l i n g  

r e l a t i v e l y  s h o r t  d is tances  between s tudy s i t e s  w i t h o u t  be ing  d i  smantled. 

A l l  opera t ions  o f  t h e  PARABOLAITPMS, except f o r  r a i s i n g  and 

l owe r i ng  t h e  boom, a re  c o n t r o l l e d  f rom t h e  PARABOLA da ta  system 

c o n t r o l  panel. These i n c l u d e  normal sensor opera t ions  as w e l l  as 

sensor head l e v e l i n g  ( p i t c h  and r o l l  ) and remote camera t r i g g e r i n g  

and count ing. I n  a d d i t i o n  t o  ground t a r g e t  photo documentation w i t h  

t h e  downward l o o k i n g  automat ic  exposure camera equipped w i t h  a  16 mm 

f isheye l ens  and motor d r i ve ,  normal da ta  a c q u i s i t i o n  procedure 

i nc l udes  documenting t h e  complete sky c o n d i t i o n  w i t h  an upward l o o k i  ng 

camera equipped w i t h  a  7.5 mm f i s h e y e  lens. Both cameras have LED 

i m p r i n t e r s  t h a t  record  t h e  exact  t i m e  o f  exposure d i r e c t l y  on each 

photo t o  enable accurate compari son w i t h  t h e  PARABOLA r a d i  omet r i  c  

data. 



The p r imary  boom suppor t  cab le  t h a t  i s  used f o r  r a i s i n g  and 

l owe r i ng  t h e  boom and sensor head i s  a t tached  t o  a  worm-gear-driven 

winch w i t h  a  40 : l  d r i v e  r a t i o .  Th is  h i gh  r a t i o  was chosen t o  p rov ide  

a  s a f e t y  f a c t o r  t o  p reven t  acc iden ta l  re1 ease o f  t r i  p-1 ock mechani sms 

t h a t  might have been used. However, t h i s  makes hand-cranking t h e  

cab le  a  r a t h e r  l a b o r i o u s  task. Thus, t o  make t h e  c rank ing  t a s k  

f a s t e r  and l e s s  t ed ious  f o r  normal opera t ions  a  small 12 v o l t  D.C. 

t o  115 v o l t  A.C. power i n . ve r t e r  i s  connected t o  t h e  p ickup  b a t t e r y  

t o  p rov ide  up t o  400 wa t t s  o f  e l e c t r i c  power t o  d r i v e  a  4.5 ampere, 

10 mm (3 /8  i n c h )  b i t  v a r i a b l e  speed reve rs i ng  d r i l l .  A s p e c i a l  

" d r i l l  b i t "  adapter  was engineered t o  mate w i t h  t h e  winch crank gear 

d r i ve .  At 1200 rpm d r i l l  speed t h e  boom can be q u i c k l y  r a i s e d  and 

1  owered. 

The compl e t e  PARABOLAITPMS hardware assemblage i s c a r r i e d  i n  

o n l y  f o u r  hand-carry ing cases (F igu re  16) ,  exc lud ing  cameras. A  

l a r g e  t r i a n g u l a r  shaped canvas bag p rov ides  foam pad p r o t e c t i o n  t o  

t h e  a1 umi num suppor t  beams and when 1  oaded weighs approx imate ly  30 

kg (65 lbs.  ). A smal l  square, padded wooden case p r o t e c t s  t h e  PARABOLA 

sensor head and w i t h  t h e  head weighs a  t o t a l  o f  9 kg  (20 Ibs.). The 

remai n i  ng two s u i  t case-s i  zed f i berg1 ass boxes con ta i  n  t h e  PARABOLA 

da ta  system and t h e  mi sce l  1  aneous hardware, s t e e l  and e l e c t r i c a l  

cables,  and TPMS mount ing head. Each o f  these  boxes weighs approx imate ly  

30 kg  (65 1  bs.). 



Figure  16. PAKABOLA/TPMS component hardware disassembled f o r  s torage 
(A )  and i n  c a r r y i n g  case (B) .  



CONCLUSIONS 

The measurements made w i t h  t h i s  ins t rument  w i l l  improve our 

understandi  ng of t h e  b i d i  r e c t i  onal  r e f 1  ectance p r o p e r t i e s  of n a t u r a l  

e a r t h  su r f ace  covers under a  v a r i e t y  o f  i l l u m i n a t i o n  cond i t i ons .  

Through e m p i r i c a l  model ing and t e s t i n g  o f  t h e o r e t i c a l  su r f ace  cover 

model s, measurements such as those  o b t a i  nab1 e  w i t h  t h e  PARABOLA should 

even tua l l y  enable t h e  accura te  computat ion o f  e a r t h  su r f ace  and 

p lane ta ry  albedos u s i n g  s a t e l l i t e  da ta  and make poss ib l e  c o r r e c t i o n s  

t o  r e f l e c t a n c e  measurements o f  e a r t h  features,  whether measured from 

a  n a d i r - l o o k i n g  o r  an o f f - n a d i r  p o i n t i n g  sensor, and i n c l u d i n g  such 

sensors as t h e  wide angle v iew ing  AVHRR. Th i s  c a p a b i l i t y  and 

understanding w i l l  l ead  t o  improved assessments o f  e a r t h  sur face 

fea tu res  and vege ta t i on  a t t r i b u t e s  f rom spaceborne sensors us ing  

of f -nadi  r, m u l t i  p l e  angle measurements, such as t h e  French SPOT 

system and o the r  f u t u r e  p o i n t a b l e  sensors as may be f lown on t h e  

space s h u t t l e  o r  EOS Space S t a t i o n  p la t fo rms.  

It has been t h e  purpose o f  t h i s  paper t o  i n fo rm  t h e  remote sensing 

community o f  t h e  c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  o f  t h e  r a t h e r  un ique 

PARABOLA remote sensi  ng f i e l d  ins t rument  and t h e  a t t endan t  sensor 

p l a t f o rms  t h a t  have been developed t o  enable t h e  c o l l e c t i o n  o f  

mu1 t i d i  r e c t i o n a l  rad iance da ta  f o r  a  wide v a r i e t y  o f  vege ta t i on  

types  and t h e  i n c i d e n t  sky i r rad iance  f i e l d .  Al though t h i s  ins t rument  

i s  a  p r o t o t y p i c a l  one-of -a-k i  nd, and t h e r e f o r e  no t  ava i  1  a b l e  f o r  

purchase i n  t h e  marketplace, i t  i s  hoped t h a t  t h i s  paper w i l l  b o t h  

f o s t e r  and guide f u t u r e  development o f  s i m i l a r ,  improved ins t ruments  

as w e l l  as s t i m u l a t e  t h e  t h i n k i n g  o f  o t h e r  s c i e n t i s t s  and engineers. 
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APPENDIX A 

PARABOLA INSTRUMENT FUNCTIONAL DIAGRAM 

The PARABOLA i ns t r umen t  components, c o n s i s t i n g  p r i m a r i  l y  o f  t h e  

scan head system and da ta  system, have been g e n e r a l l y  desc r ibed  i n  

t h e  mai n body o f  t h i  s repor t .  The f u n c t i o n a l  i n t e r r e l  a t i o n s h i  ps 

between these  components as t h e y  operate  th rough  t h e  va r i ous  key 

elements w i t h i n  each component have n o t  been de ta i l ed .  Therefore, 

F i g u r e  A - 1  i s  presented here  i n  o rde r  t o  h e l p  c l a r i f y  these  

i n t e r r e l a t i o n s h i  ps. 
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Figure A-1 .  PARABOLA instrument functional diagram. 



APPENDIX B  

PARABOLA DATA PRESENTATION AND MEASUKEEIENT EXAMPLES 

Because t h e  geometr ic c h a r a c t e r i s t i c s  o f  t h e  PARABOLA r a d i o m e t r i c  

measurements a r e  somewhat compl i ca ted ,  especi  a1 l y  as t h e y  re1 a t e  t o  

t h e  i n t e r p r e t a t i o n  and p r e s e n t a t i o n  o f  t h e  data,  F i  yures B - 1  through 

B-2 a r e  g iven t o  h e l p  c l a r i f y  these  geometr ic fea tu res .  The sky 

hemi sphere i s  dep i c t ed  i n  F i g u r e  B - 1  and t h e  ground hemi sphere i s  

shown i n  F i g u r e  8-2. 

The r o u t i n e  da ta  ou tpu t s  f o r  PARABOLA measurement da ta  a r e  

il l u s t r a t e d  i n  t h e  p a r t i a l  t a b u l a r  computer p r i n t o u t  l i s t i n g s  of 

1) "raw" vo l t age  da ta  ( F i g u r e  B - 3 )  used p r i m a r i l y  i n  eng ineer ing  

t e s t s  and 2 )  computed rad iance  d a t a  ( F i g u r e  B - 4 )  t h a t  i ncorpora te  

r a d i o m e t r i c  c a l i b r a t i o n  da ta  and p r o v i d e  an e a s i l y  readable  forrnat. 

A nex t  f r e q u e n t l y  used procedure f o r  unders tanding t h e  rad iance  

d i s t r i b u t i o n  c h a r a c t e r i s t i c s  o f  a  f i e l d  measurements da ta  s e t  i s  t o  

produce a  s p a t i  a1 " p i x e l  p r i n t "  upon which t h e  rad iance  da ta  a r e  

superimposed, as i 1  l u s t r a t e d  i n  F i g u r e  B-5. 

It i s  g e n e r a l l y  recognized t h a t  t h e  predominant f ea tu res  o f  a  

t a r g e t ' s  b i d i  r e c t i o n a l  r e f 1  ectdnce d i s t r i b u t i o n  f u n c t i o n  a r e  found 

a long t h e  s o l a r  p r i n c i p a l  plane. Thus, a  procedure has been developed 

t o  compute t h e  s o l a r  p r i n c i p a l  p lane  ( o r  any o t h e r  azimuth t r a n s e c t )  

rad iance  values f o r  t h e  ground t a r g e t  f rom t h e  s p a t i  a1 m a t r i x  o f  

PARABOLA p i x e l s .  Th is  procedure and a  couple  o f  examples a re  g iven  

i n  F i g u r e  B-6. 



Three o t h e r  techniques f o r  r ep resen t i ng  t h e  sky and ground 

rad iance  d i s t r i b u t i o n s  a r e  g iven  i n  F igu res  7 through 10 and i n c l u d e  

i nso l  i ne con tou r i ng  , grey- tone p i x e l  "mappi ng" and an i n t e r p o l a t e d  

h i gh  r e s o l u t i o n  m a t r i x  where in  r a d i  ance ( o r  computed r e f 1  ectance) 

l e v e l s  a re  c o l o r  coded. 



F i g u r e  B- la,  Sky hemisphere IFOV p i x e l  p r i n t ;  a  t y p i c a l  sampl ing scan 
pa t t e rn ,  



F igu re  B-lb. Sky hemi sphere IFOV p i x e l  p r i n t  showi ng rep resen ta t i ve  scan 
sequence p i x e l  accession numbers, w i t h  a  15" increment 
concen t r i c  p a t t e r n  o f  o f f - n a d i r  view angles superimposed. 



F i g u r e  B-2a. Ground hemi sphere IFOV p i x e l  p r i n t  ( " f o o t p r i n t " )  , a t y p i c a l  
sampl i ng scan pa t t e rn .  



F i  gure 8-25. Ground hemi sphere p i x e l  f o o t p r i n t  showi ng rep resen ta t i ve  scan 
sequence p i x e l  accession numbers. 



F i g u r e  B-2c. An en1 arged ground p i x e l  f o o t p r i n t  showi ng r e p r e s e n t a t i v e  
p i x e l s  f o r  up t o  approx imate ly  60' o f f - n a d i  r view ang le  
(subset  used i n  ana l ys i s ) .  
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SKY HEMISPHERE - 
"TUFTED" ORCHARDGRASS SITE 

AUGUST 10, 1983 9:05 am EDST 

PARABOLA CHANNEL 2 (.826pm) RADIANCE (mW/cm2/pm/ster.) 

-- - - 

PARABOLA RUN NO. 83-015 
- -  - -- - 

F i g u r e  B-5a. C lear  sky rad iance  measurements f o r  Channel 2 over an 
orchardgrass f i e l d  as s p a t i a l l y  d i s t r i b u t e d  on a sky hemisphere 
IFOV p i x e l  p r i n t .  



"TUFTED" ORCHARDGRASS CANOPY - 
GROUND HEMISPHERE 

AUGUST 10, 1983 9:05 am EDST 
PARABOLA CHANNEL 2 (.826pm) RADIANCE 

(mW/cm2/ prnlster.) 

PARABOLA RUN NO. 83-014,15,16 
-- - - - - - - -- - - - - - 

Figure  B-5b. Channel 2 ground hemi sphere r a d i  ances (means from t h r e e  
samples) o f  an orchardgrass canopy as s p a t i  a1 l y  d i s t r i b u t e d  
on a ground hemisphere IFOV p i x e l  p r i n t .  



"TUFTED" ORCHARDGRASS CANOPY - 
GROUND HEMISPHERE 

AUGUST 10, 1983 9:05am EDST 

-P-A R A B 0 LA - CHANNEL - - - -- - 1 (.662pm) REFLECTANCE FACTORS 
- -  -- P -- - - 

PARABOLA RUN NO. 83-014,15,16 

F igure  B-5c. Channel 1 ground hemisphere rad iances (means f rom t h r e e  
samples ) o f  an orchardgrass canopy as s p a t i  a1 l y  d i s t r i b u t e d  
on a ground hemisphere IFOV p i x e l  p r i n t .  



INTERPOLATION PROCEDURE FOR PRINCIPAL 
PLANE VALUES" 

F igu re  B-6a. I n t e r p o l  a t i o n  procedure f o r  az imutha l  t r a n s e c t s  th rough  a 
PARABOLA da ta  set .  



0.5 - AUGUST 10,1983 
8:20-9:15 (EDST) Os= 56"-670 

PARABOLA CHANNEL 1 

' 
'\ 

0.02 - 

Figu re  B-6b. Graph o f  s o l a r  p r i n c i p a l  p lane  ground re f lec tances  as computed 
f o r  PARABOLA Channel 1 f o r  t h r e e  sur face cover t ypes  (no te  
Y-axis i s  l o g  sca le) .  

0.01 

V C U T  ORCHARDGRASS- 
SMOOTH BARE SOIL (63O) PLOT B (56O) 
PLOWED FIELD (65O) 0 SOYBEAN LDCP (67O) 

V CUT ORCHARDGRASS - PLOT C (59') SOYBEAN N-S (60') 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l l l l  

-60 -45 -30 -15 0 15 30 45 60 
WEST VIEW ANGLE EAST 



-60 -45 -30 -15 0 15 30 45 60 
WEST VIEW ANGLE EAST 
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F i g u r e  B-6c. Graph o f  s o l a r  p r i n c i p a l  p lane  ground r e f 1  ectances as computed 
f o r  PARABOLA Channel 2 f o r  t h r e e  su r f ace  cover t ypes  (no te  
Y-axis i s  l o g  sca le ) .  
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PARABOLA 
CHANNEL 2 (.826pm) 

RADIANCES 
( m ~ / c m ~ / p m / s t e r . )  

AUGUST 10, 1983 
(CLEAR SKY) 

9:05 a.m. EDST 
(0, = 59". QS = 95O) 

F i g u r e  B-7b. I s o l i n e s  o f  sky rad iance  d i s t r i b u t i o n  from PARABOLA Channel 2 da ta  se t :  
e a r l y  morning (1 ow sun e l e v a t i o n )  example ( t r a n s e c t  1  i n e  s o l a r  p lane) .  
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SKY HEMISPHERE RADIANCES - TUFTED ORCHARDGRASS SITE 
9:05 a.m. EDST (@, = 59'. a, = 95') 

AUGUST 10. 1983 (CLEAR SKY) 

F i g u r e  B-8. Grey-tone r e p r e s e n t a t i o n  o f  a sky rat 
Channel 2 (see a l s o  F i g u r e  A-7b). 

PARABOLA CHANNEL 2 (.826pm) 
RADIANCE 

(mw/cm2/pm/ster.) 

SOLAR DISK 
SATURATION 

4.5-41 .O 

5.0-7.4 

3.5-4.9 

d i  ance d i  s t  r i  b u t  i on f o r  PARABOLA 



BARE SOIL SURFACE AND WEST-EAST CROSS SECTION 
RADIANCES 

I 

10:03 a.m. EDST (OS = 40°, 0 s  = 1 OgO)- FRESHLY PLOWED FIELD 

, AUGUST 19, 1982 (CLEAR SKY) 

.i - \ BARE SOIL- MORNING, CHANNEL 1 \ 
\ - \ 

\ - \ 
\ - t 
\ - \ ' - \\ 

4 - '4 \. 
I I I I I I I I I I 

WEST EAST 

OFF-NADIR VIEWING ANGLE 

PARABOLA CHANNEL (.65-.67pm) 
RADIANCE IN~/cm21pmlSTER. 

F i  gure B-9a. Grey-tone ground f o o t p r i n t  r ep resen ta t i on  o f  PARABOLA Channel 1 rad iance  
f o r  a plowed f i e l d .  
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1 - GENERAL INFORMATION 

1.1 Instrument Overview 

The PARABOLA (Portable Apparatus for Rapid Acquisition of Bidirectional 

Observations of Land and Atmosphere or Bidirectional Reflectance Field Instrument) is a 

portable instrument designed by GSFC scientists and engineers. It can spatially scan 

nearly a full sphere, measuring incident (sun and sky) and reflected (ground) radiation in 

three spectral bands (. 65-. 6 7 p ,  -81-. 8 4 p ,  and 1.62-1.69pm). In use, the scan head 
- -  -- -. - -- 

is positioned on a horizontal boom over the ground to be scanned. Normal IFOV of the 

sensor is 15' and scan cycle time is 11 sec. During the data acquisition cycle the scan 

head rotates at  360 deg/sec about an axis parallel to the support pipe, while at the same 

time tilting at a rate of 15 deglsec about the orthogonal horizontal axis. Sampling is 

done in a continuous helical pattern at every 15 degree increment of the roll angle 

(Figure 1.1). 

1.2 Software Overview 

A series of computer programs were written to support the operation of the 

PARABOLA instrument. These programs were needed to examine the geometric 

characteristics of the sensors footprints on the ground sufrace and the sky when the 

instrument sensors scanned the ground surface and the sky. In the analysis of the data 

measured by the instrument which and how large areas the sensor really looked at, it is 

desired to know where the overlapped portions of the footprints were located in the 

string of the data and which portions of the sphere were not covered by the sensors. 

Individuals programs were designed to: 

* 
o Compute view angle differences between any two samples pixels (see 

Section 2.2). The program calculates the arc distance between any two 

pixels. 

o Compute fractional overlap areas between sensor fields of view (2.3). The 

program calculates the area percentage overlap between any two pixels. 

~o t e* :  Pixel stands for picture element. Following the recent remote sensing 
terminology a llpixelv used here is a sample scanned for one spot by the 
instrument. 



o Select optimum samples in order to reduce overlapped areas between IFOV1s 

of the Samples (2.9). The program has the option of selecting maximum 

overlap percentage and listing all pixel pairs falling in each percentage 

category. 

o Compute off-nadir angle and azimuth of the sensor for each sample data 
(2.4). The program calculates the off-nadir angle and azimuth angle for each 

sample data. 

o Compute major and minor axes, and center location of the off-nadir view 

footprint ellipse (2.5). The program calculates the half major and half minor 

axes and the center locations of the ellipses. 

o Draw footprint ellipses on the ground surface (2.6) 

o Draw unit circles representing 15' IFOV appropriately located in the upper 

hemisphere (2.7). 

o Draw sensor patterns in the azimuthal equidistant projection (2.8) 

SIDE VIEW END VIEW 

Figure 1.1 



2. MATHEMATICAL EXPRESSIONS OF VARIABLESIPARAMETERS 

2.1 Sensor Locations 

The first step for the tasks stated in the previous section is to properly define the 

sensor motion in terms of mathematical functions and to locate the center of the sensors 

IFOV in the appropriate coordinate system. The spherical coordinate is the most 

appropriate one for this purpose, since the sensor head continuously rotates showing a 

helical pattern. It is defined that the sensor initially directs toward the positive Z-axis 

and starts moving from the X-Z plane. And the two angles of the coordinate system are 

measured as shown in Figure 2.1. Then, the sensor motion can be described in 

accordance with the instrument specifications as follows: 

Scan Rate 

. 
8 = 15 degree/sec (elevation angular speed) 

4 = 360 degree/sec ( ro l l ing  angular speed) 

At = 1/24 sec (sampling interval)  

IFOV - 

a = 7 . 5 d e g  (half of IFDV) 

Therefore sensor elevation and rolled angles, respectively, for the ith sample are given 

by 

where 

t i  = A t  (i-1) 

i = 1,2,3 ,...., 264 (sample nunber 

2.2 Angular Distance Between Two Samples 

The angular distance between two samples is an important parameter as a measure 

of their separation and in the calculation of the overlap by the two IFOVS. In the 



I n i t i a l  p o s i t i o n  of 
t h e  s enso r  head 
( s t a r t i n g  p o i n t )  

Figure 2.1 Spherical Coordinate System Defining the Location of the PARABOLA 

Sensor Center Point (here showing a 118 unit sphere). 



spherical coordinate system the difference between the i-th and j-th samples is computed 

by 
-1 

6 i j  = cos ( s i n ~ . ~ o s $ . s i n e . c o s $  + sine.sin@.sing.sin+. 
1 1 J j 1 1 J J + cos ei cos 0 

j 

2.3 Overlapped Areas and Optimum Sample Selection 
, 

Overlaps among field-of-views of any samples occur if their separation (6.0) is 
11 

smaller than the angle of the sensor IFOV. The fractional overlap area between two 

samples i and j can be approximated by 

-1 oij= 2 7t' cos x - x i j  (1- x~~ ) 
42 

i 3 

where 

This approximation is good only for small a (far less than n/2). 

In the PARABOLA scanning pattern there are multiple overlaps of individual IFOVs 

at the beginning and the end sequence of a sampling run. It is desirable to minimize 

mixed and/or overlapped areas of the samples to be analyzed because: 

o mixed views of sky and ground portions might lead to wrong interpretations of 

the radiation distribution. 

o only one representative sample might be enough in the overlapped portions 

for analysis. 

Hence, optim um samples might be selected by eliminating redundant coverages over the 

same area and by taking out any suspicious samples such as first several ones. In the 
optimum selection program, selection criteria are defined by 



where i and j are subscripts indicating se lected samples, t h e  f i rs t  sample  t o  be selected,  

Oc, t h e  minimum overlap fraction between two  samples, and (il, i2, ..., ik) samples a r e  t o  

be excluded. 

2.4 Sensor Off-Nadir Angle and Azimuth 

The relat ive position of t h e  PARABOLA sensor in motion is given by t h e  equation 

of motion described in Section 2.1. But t h e  sensor position defined in t e rms  of elevation 

and roll angles has t o  be converted in to  off-nadir angle and azimuth in order t o  examine 

which par t s  of t h e  ground sur face  o r  t h e  sky a r e  being scanned at each  time. I t  is also 

desirable t o  know t h e  off-nadir angle and azimuth of t h e  sensor for  proper interpretation 

of radiance measurements, s ince  t h e  angles are commonly used in remote  sensing 
communities. When t h e  PARABOLA sensor is set up facing t h e  south horizon before t h e  

scanning, off-nadir view angle and azimuth a r e  given by (Figures 2.2 and 2.3) 

TI = cos- lbine  sin +i) 

5 =a- tan- 1 1 
( t a n  0 c o s  + ) 

* In this equation t h e  sensor azimuth is measured counterclockwise from t h e  north 

horizon. To get cor rec t  quadrangles in t h e  azimuth computation, it is  computed by 

on t h e  IBM computer. Note(*) t h a t  t h e  sensor azimuth is  o f ten  measured clockwise from 

t h e  north horizon, which causes additional computations in applying t o  conventional 

mathemat ical  formulae and hence is not  adopted in this guide. 

2.5 Footprint  Ellipses 

The footprint  viewed by a n  off-nadir sensor i s  a n  ellipse, parabola o r  hyperbola 

depending on its view angle. If t h e  off-nadir view angle 11 is less than  n/2-a i t  will be a n  
ellipse (Figure 2.41, whose major and minor axes  are given by 
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Figure 2.2 
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Figure 2.3 Sensor Azimuth (shown in 
the horizontal plane) 
Measured Counterclockwise 
from the North Horizon. 



2 
H tana(1 + tan q:)  

- 

1 - (tana t a m i  2 

- bi - H tana 
42 

cosqi [I - (tana tanqi12] 

where 

H = sensor height 

Then, the area of the elliptic footprint can be computed by 

The ratio area of the ellipse to nadir-viewed circular footprint is given by 

- 1 
Ri - 

cosq. 1 11 - ( tana tanqi)2]3/2 

When the X-Y coordinate is defined at  the center of the nadir-viewed circle, the center 

of the footprint ellipse is located a t  

Xc =  tan(^ - a) + ail  CoS ( 5 i - 3 n/2) 

Ye =  tan(?- d +ai ]  sin ( E i -  3 7/21 

2.6 Drawing Parameters of Footprint Ellipses 

The X and Y coordinates of the footprint ellipse are given by 

X = XC + r cos ( 5  - 3 712) cos y - s i n (  $03 n/2) s in  Y 
i 

Y = Y + r i  s in  ( 5  - 3 n/2) cosy + cos( Si- 3 n/2) s in  Y 
C 

respectively, where 

r i =  a .  b 2 
1 i ( a i2  s in  y + bi2 cos2$ 





y = angle at the ellipse center from the x- axis, 

ai and bi as defined in Section 2.5 

2.7 ,Drawing Parameters of Sky Scanning Patterns Using Unit Circles 

Each instantaneous field-of-view of the PARABOLA sensor is a circle on the sky. 

All the IFOV circles in the upper hemisphere cannot be drawn on a flat paper without 

scale distortions. However, it might be helpful in analyzing the sensor's scanning 

patterns to locate each IFOV circle in a polar coordinate plot using some unit circles. 

For given azimuth and off-nadir angle of the sensor, the center of the IFOV circle is 

located a t  

Y c =  f ( n  - n i l  s in  (Si - 3 77/21 

where f is a plot size parameter. A unit circle with the radius R = ftr can be drawn to 

visualized its relative coverage in the hemisphere. 

2.8 Drawing Parameters of Sky Scanning Patterns in the Azimuth Equidistant 
Projection 

The series of all the sensor IFOV1s in the upper hemisphere can be plotted in the 

azimuth equidistant projection, so that relative portions of sensor coverages can be 

easily compared with not-covered areas as well as overlapped portions. The edge of each 

IFOV might be described approximately by an ellipse with the half major axis and the 
half minor axis given by 

n - n i  
ai = R  s i n  n i  

X and Y coordinates of the ellipse can be given by the equations in Section 2.6 with the 

above major and minor axes. 



3. PROGRAM DESCRIPTIONS 

This section describes briefly each of the programs developed to fulfill the 

requirements specified in Section 2. Table 3.1 shows the relationship between the 

software developed and the algorithms defined in Section 2. For each program, the 

following items are described, as appropriate: 

Program Overview: Brief statement of purpose and functioning of program 

Program Requirements: Detailed requirements that the program must fulfill, 
including algorithms needed to implement the 
mathematical expressions defined in Section 2. 

Data Files: Descriptions of all input/output data files 

Program Outputs: Samples of all program outputs 

Individual Routine For each main program and subroutine; includes, 
Descriptions: individual variables and subroutine calling sequences 



Software 

Table 3.1 

Software Design to Implement Algorithm Requirements 

Algorithms Implemented 

Angular Distances and Sensor locations 

Overlapped Areas Angular distance between two samples 

Overlapped areas 

Optimum Samples Sensor locations 

Angular distances 

Overlapped areas 

Optimum sample selection 

Footprint Ground 

Patterns 

Sensor locations 

Sensor off-nadir angle and azimuth 

Parameters of footprint ellipses 

Plot of footprint ellipses 

Sky Scanning Patterns Sensor locations 

Sensor off-nadir angle & azimuth 

Plot of sky scanning patterns using unit circles 

Plot of sky scanning patterns in the 

azimuth equidistant projection 



3.1 Angular Distance and Overlapped Areas Program 

Program Overview 

These programs (in FORTRAN) compute the  a r c  distance and the overlap area 

between any two PARABOLA samples and output a distance matrix or overlap area 

matrix.Program Requirements 

Algorithm 

Step 0 Read in input data: FOVANG (field of view angle) 

Step 1 Compute sensor locations 

8. = 0.01091 * ( i -1)  1 < i < 264 (no of samples) 
1 

= 0.261799 * ( i -1)  I - -  
Step 2 

Step 2A 

Step 3 

Compute angular distances: 

6. = angular distance between i and j samples (Section 2.2) 
1 j \. 

Print the distance matrix, 6. . (Subroutine IADWRT), if needed: 
11 

Compute overlap area (Subroutine OVERLAP), if needed: 

sin a if 6ij < 2 a* 0.99 

Oij (overlapped area - Section 2.3) 

Step3A Print the overlap matrix, 0.. U' 

Data Files 

There a r e  no data files. All input is hard coded in the program. 

Program Output . . 

See Appendix A1 for the printout of an a r c  distance matrix 

and Appendix A2 for the printout of an  overlap a rea  matrix 



3.2 Optimum Sampling Program 

Program Overview 

This program (in PL/I) computes over lap percentages  (PERCENT) of any  two  field- 

of-views (FOV) scanned by t h e  PARABOLA predetermined value for  various fields of 

view (ALPHA = v2l?0v) by t h e  equations described in Section 2.3. The output  will show 

t h e  se lected samples in sequence and overlap fractions with t h e  next selected one. 

Prpgram Requirements 

Algorithm 

S t e p  0 Read in input data: ALPHA (v2 FOV in radians), f irst  value of llifl and 

PERCENT overlapped area (in fractions) 

S t e p  1 Compute sensor locations: 

S t e p  2 

S tep  3 

S t e p  4 

Com pute angular distances: 

6 .  . (angular distance - Section 2.2) 
11 

Step  2A: P r i n t  t h e  d i s t a n c e  matrix, 6 .., (Subroutine 
1-1 

IADWRT), i f  needed 
Compute  Overlap a reas  (Subroutine OVERLAP) 

Xij = 6 ij/2 sin a if  6 i j  < 2 a * 0.99 I 
p i j / 2 a  if 2 o  * 0.99 6 i j  < 2 0  

Oij overlap a r e a  - Section 2.2) 

If Oij - < PERCENT and i, j - < f irst  value of i, then 

output 

end. 



Individual Routine Descriptions 

MAIN PROGRAM 

This routine calculates the arc distance between any 2 pixels 

Variables: 

ALPHA 

TI 

PI 

A~C(264,264) 

v2 field of view (input data in radians) 

Theta (8) 

Phi (4) 
Arc distance (6 . . ) 

1 I 

SUBROUTINE OVERLAP 

The purpose is to calculate the overlap areas and select pixels pairs which fall in 

the predetermined overlap category. 

Variables: 

ALPHA 

ARC (264, 264) 

PERCENT 

XIJ(264,264) 

AREA (264,264) 

field of view 

arc distance (6 ij) 

predetermined percentage (input data in fractions) 

intermediate variable needed to compute area 

overlap area (Oil) 

3.3 F00t~rint Ground Patterns Proeram 

Program Overview 

This program (in FORTRAN) computes the off-nadir view angle and the sensor 

azimuth measured counterclockwise from the north horizon as well as various parameters 

for plotting the footprint ellipses of the PARABOLA sensor defined in Section 2.5. After 

calculation of the size, positions and centers of the ground patterns plotting routines are 
invoked. 



Program Requirements 

Algorithm: 

: SNADCR 

S t e p  0 Initialization and input d a t a  

q c  = 81.2' (max nadir angle t o  draw footprint  

ellipses 

H = 2 (sensor height - in arbi t rary  units) 

a = 7.5' = .I309 radians (half angle of t h e  sensor 

field of view) : ALPHA 

P I l P 5  = 4.71235 = 270' = 3 7712 

N = 360 (number of segments  t o  draw a circumference) 

1~ = 3.14159 : PI 

S t e p  1 

S t e p  2 

S t e p  3 

Compute  sensor locations and off-nadir view angles: 

Bi = .0109083 * (i-1) 1 : THETA 

1 (264 = number of pixel per run) 

@i  = .2617994 * (i-1) ] : PHI 

q i  (off-nadir view angle - Section 2.4) : SNADIR 

Proceed t o  t h e  next s t eps  if q i  < q c  , otherwise, 

g o  back t o  S t e p  1. 

Compute sensor azimuth and footprint  ellipse parameters: 

5 i  (sensor azimuth - Section 2.4) 

TANALF = TAN a 

TANETA = TAN q I 

ai (half major axis - Section 2.5) 

: AZIMUR 

: A 

bi (half minor axis - Section 2.5) : B 

kc = H * T A N ( ~ ~  - a )  + a i  
COSAZ = COS ( 6 - PIlP5)  

SINAZ = SIN ( 5 - P11P5) 



X, = a c  * c o s ~ z  
Yc = k c  * SINAZ 

S t e p  4 Compute  plott ing parameters  

AB =A*B 

ASQ = A*A 

BSQ = B*B 

KL =A*N 

I F  (KL.LT.32) KL = 32 (arbitrari ly chose 32) 

I F  (KL.GT.~OO) KL = 500 (arbitrarily chose 500) 

KLAST = KL + 1 

DELRAD = 6.2832/KL 

ANGLE = DELRAD 

S t e p  5 Compute  points (X & Y arrays)  of  t h e  ellipse 

DO for  K = 1, KLAST 

ANGLE = ANGLE + DELRAD 

SINANG = SIN(ANGLE) 

COSANG = COS(ANGLE) 

R = AB 
SQRT(ASQ * SINANG ** 2 + BSQ * COSANG **2) 

X(K) = Xc + R * (COSANG * COSAZ - SINANG * SINAZ) 

Y(K) = Yc + R * (COSANG * SINAZ + SINANG * COSAZ) 

end d o  

S t e p  6 Plot X and Y a r r a y  (an ellipse) with 'xT mark  at (X,, Y,) and number 'i' 

under i t  if desired. 

S t e p  7 Repea t  S t e p  1 through 6 until i = 264 

S t e p  8 Draw concentr ic  c i rc les  cen te red  at  (0,O) with t h e  radius 



where n = 1, 2, 3, 4, 5 with lbels l5O, 30°, 45O, 60°, 75' 

Data Files 

There a r e  no data  files. All input data  i s  hard-coded in the  program. 

Program Outputs 

See Appendix C 

Individual Routine Descriptions 

The following called system subroutines a r e  not described here. They a r e  described 

in the  referenced documentation manuals. 

FTIO Routines (See 'IBM System/360 General 110 packageT) 

POSN = positions t o  a specific file 

REWIND = positions the unit specified t o  the beginning of the data  set 

CLPLTS = initializes the  zeta  plotter 

CALPLT = invokes the ze ta  plotter 

Wolf plotting and contouring package routines 

PLOTST = initialization of all plotting levels 

SETGRD = redefines boundaries of grid and object scaling 

OGRID = Cartesian grid overlay with tick marks 

PLOT = plot da ta  

EDIT = plots numerical value 

COORD = retrieves the  raster coordinates of unsealed values 

HORLIN = horizontal labeling routine 

CIRCL = draws a circle 

FRMADV = terminates plotting of a frame and advances the frame 

ENDPLT = ends plot. 



MAIN PROGRAM 

Purpose 

This routine calculates the size, position, and centers of ellipses as well as the off- 

nadir angle and the azimuth, and invokes the plotting routines. 

Variables: 

PX(1000) 

PY(1000) 

ALPHA 

RADANG 

SNADCR 

NLOOP 

THETA 

P HI 

A 

B 

XC 

YC 

PX is the array of X coordinates of the points to be plotted 

PY is the array of Y coordinate. of the points to be plotted 

half field of view 

conversion factor of an angle in radians to degrees 

maximum sensor inclination 

number of scans per second 

roll angle . 

elevation angle 
ellipse major axis 

ellipse minor axis 

X coordinate of ellipse center in object space 

Y coordinate of ellipse center in object space 

XS X coordinate of ellipse center in subject space 

YS Y coordinate of ellipse center in subject space 
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3.4 Sky Scanning Pa t t e rns  Program 

This program (in FORTRAN) computes the  off-nadir view angle and t h e  sensor 

azimuth as well as various parameters  for  plott ing t h e  sky scanning pat terns  described in 

S e c t i o n s  2.7 and 2.8. After  calculation of the  size, positions and centers  of t h e  circular 

and ell iptic sky patterns,  plotting routines are invoked. 

Program Requirements 

Algorithm 

S t e p  0 

S t e p  1 

S t e p  2 

S t e p  3 

Initialization and input d a t a  

% = 89.9' (max nadir angle) :SNADCR 

H = l.(sensor height inches) 

a = 7.5' = .I309 radians (half angle of t h e  sensor 

field of view) : ALPHA 

NLOOP = 264 (number of pixels per run) 

KPOINT = 121 (number of points t o  draw a ci rc le  o r  ellipse) 

NCIRCL = 6 (number of concentric circles t o  be  drawn) 

RINCR = incremental  radius of concentric circles 

Com pute sensor locations 

9 = .0109083 * (i-1) I : THETA 

l <  i < 264 - - 
264 = number of pixels per run 

4 = .2617994 * (i-1) : PHI 

= cos-I (sin 0 sin $1 : SNADIR 

Proceed t o  t h e  next s t e p  if r\ < rl, 
otherwise g o  back t o  S t e p  1 

Compute  5 (sensor azimuth- Section 2.4) 

Compute Xc, Yc (circle centers)  

: AZIMUR 



Step  4 Compute points (PX and PY arrays) of the  ellipse sky pat tern  projection 

(Subroutine ELLIPSE) 

A = ai (half major axis - Section 2.8) 

B = bi (half minor axis - radius R) 

COSAZ = COS(AZIMUR) 

SINAZ = SIN(AZIMUR) 

AB = A*B 

ASQ = A*A 

BSQ = B*B 

KL = KPOINT - 1 

DELRAD = 6.2832/KL 

ANGLE = - DELRAD 

KN = 0 

Step  4A DO 2 K = 1, KPOINT 

ANGLE = ANGLE + DELRAD 

SINANG = SIN(ANGLE) 

COSANG = COS(ANGLE) 

R = AB/SQRT(ASQ*SINANG**2+BSQ*COSANG**2) 

X = XC + R*(COSANG * COSAZ - SINANG * SINAZ) 

Y = YC + R*(COSANG * SINAZ + SINANG * COSAZ) 

IF (ABS(Y) .GT. 5 GOT0  2 

IF (ABS(X) .GT. 5 GOTO 2 

K N = K N + l  

GOT0 2 

PY(KN) = x 
PY(KN) = Y 

2 CONTINUE 

Step  4B CALL PLOT (plots ellipses) 

Step 4C CALL EDIT (Writes sequence numbers) 



S t e p  5 Draw concentric circles 

DO 3 1 = 1, NCIRCL 

R = J*RINCR 

XO=5.5 + R 

CALL CIRCLE 

CALL HORLIN 

3 CONTINUE 

END 

Data  Files 

There  a r e  no da ta  files. All input da ta  i s  hard-coded in t h e  program. 

Program Outputs 

See  Appendix D. 

Individual Routine Descriptions 

The system subroutines l isted in Section 3.2 are also used in this program. 

MAIN PROGRAM 

Purpose 

This routine computes t h e  off-nadir angle and azimuth of t h e  sensor for  each 

sample d a t a  and invokes t h e  ellipse subroutine and t h e  plott ing routines. 

Variables 

RSIZE 

MAXANG 

NDIANG 

RADANG 

PI 

H 

SNADCR 

AZIMUR 

XC 

radius of t h e  largest  concentric c i rc le  in inches 

maximum angle 

intervals of concentric circles in degrees 

conversion f a c t o r  

sensor height 
maximum sensor inclination angle 

sensor azimuth 

X coordinate of ellipse cen te r  in object  space 



YC Y coordinate o f  ellipse center  in object space  

SUBROUTINE ELLIPSE 

This routine calculates the s i z e  and positions o f  the  helical sky patterns. 

Variables: 

RADIUS = F*ALPHA 

SNADIR = q = cos-l(sinei 

AZIMUR sensor azimuth 

A major axis  

B minor axis  
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