
m N  ESDIS 26 

Washington, D 

~~ ~ 

ENT OF COMM Atmospheric Administration 



N O M  TECHNICCIL ~EMORRNDU~S 

Nationdl Environaental S a t e l l i t e ,  Datd, and Infornation Service 

The National Environmental Srctel:ite, Data, aiid Inforoation Service (NESDIS) Banages the Nation’s cxvil 
d d h  bdses for neteorbiogy, ocedllogrdphy, 

es, i t  develops and disseminates enviTonntrntd1 
he protection o f  l i f e  and property, national defense, the ndtiondl .  

dre dwi!able fron 

e? to Pb weber  m e  

cal Informatioii Service (#TIS), U.S. Dep~rsment 

Nancy Everson, Rpril 1982. (F582 

Decerber 1982, (PH83 156877) 

Nancy Everson, ilarch 1383. ( P b M  

towe and k D ,  FPOIW, Noveuber 1983* 

eo. G.R. SRi th ,  Septeluber 1984. 



QC 
87% 5 
I U4.3 
no, 2~ NOAA Technical Memorandum NESDIS 26 

REMOVING STRIPES IN GOES IMAGES BY 
MATCHING EMPIRICAL DISTRIBUTION FUNCTIONS 

M. P. Weinreb 
Satellite Research Laboratory 

R. Xie 
Satellite Meteorological Center 
Beijing, Peoples Republic of China 

J. H. Lienesch 
Satellite Research Laboratory 

D. S Crosby 
American University 
Washing ton, D . C . 

Washington, D.C. 
May 1989 

UNITED STATES Natlonal Oceanic and National Environmental Satellite, 
DEPARTMENT OF COMMERCE Atmospheric Administration Data, and Information Service 
Robert A. Mosbacher, Secretary William E. Evans 

Under Secretary Assistant Administrator 
Thomas N. Pyke, Jr. 



National Oceanic and Atmospheric Administration 
TIROS Satellites and Satellite Meteorology 

ERRATA NOTICE 

One or more conditions of the original doculment may affect the quality of the image, such 
as: 

Discolored pages 
Faded or light ink 
Binding intrudes into the text 

This has been a co-operative project between the NOAA Central Library and the Climate 
Database Modernization Program, National Climate Data Center WCDC). To vi'ew the 
original document contact the NOAA Central Library in Silver Spring, MD at (30 1) 
7 13-2607 x124 or Library.Reference@,noaa.gov. 

HOV Servilces 
Imaging Contractor 
12200 Kiln Court 
Beltsville, MD 20704- 13 87 
Janluary 26,2009 



CONTENTS 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1 . Introduction . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . Theory . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

3 . Results and Discussion . . . . . . . . . . . . . . . . . .  5 
3.1 Generation of Normalization Look-Up Table . . . . . . . .  5 
3.2 Application to Independent Sample . . . . . . . . . . . .  6 
4 . Conclusion . . . . . . . . . . . . . . . . . . . . . . . .  8 

Acknowledgments . . . . . . . . . . . . . . . . . . . . .  8 

References . . . . . . . . . . . . . . . . . . . . . . .  9 

Appendix . Normalization Look-Up Table . . . . . . . . .  24 

ii 



TABLE 

1. Normalization Look-Up Table from Data of May 18, 1988 .. 24 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Scanning geometry of GOES imagers . . . . . . . . . . 10 

Unnormalized GOES-7 image, May 18, 1988 . . . . . . . . 11 

Illustration of procedure to generate look-up table . . 12 

Location on globe of dependent and independent samples . 13 

Histograms of unnormalized image data, May 18, 1988 . . 14 

EDF 's  of unnormalized image data, May 18, 1988 . . . . . 15 

Unnormalized GOES-7 image, June 1, 1988 . . . . . . . 16 

Histograms of unnormalized image data, June 1, 1988 . . 17 

EDF 's  of unnormalized image data, June 1, 1988 . . . . . 18 

Histograms of normalized image data, June 1, 1988 . . . 19 

E D F ' s  of normalized image data, June 1, 1988 . . . . . . 20 

Normalized GOES-7 image, June 1, 1988 . . . . . . . . . 2 1  

Count differences for image data of June 1, 1988 . . . . 22 

Percent differences for image data of June 1, 1988 . . . 23 

iii 



Removing S t r i p e s  i n  GOES Images by Match ing 
Emp i r i c a l  D i s t r i b u t  i on Funct ions  

M.P. Weinreb, R. Xie+, J.H. Lienesch, and D.S Crosby* 
N a t i o n a l  Oceanic and Atmospher ic A d m i n i s t r a t i o n  

N a t i o n a l  Envi ronmenta l  S a t e l l i t e ,  Data, and I n f o r m a t i o n  S e r v i c e  
Washington, D.C. 20233 

ABSTRACT. The c u r r e n t  and f u t u r e  g e o s t a t i o n a r y  o p e r a t i o n a l  
env i ronmenta l  s a t e l l i t e s  (GOES) o f  t h e  N a t i o n a l  Oceanic and 
Atmospher ic A d m i n i s t r a t i o n  (NOAA) a r e  designed t o  produce 
v i s i b l e  images o f  t h e  e a r t h  w i t h  l i n e a r  a r r a y s  o f  e i g h t  
d e t e c t o r s .  Because t h e  v i s i b l e  channels a r e  n o t  c a l i b r a t e d  
r a d i o m e t r i c a l l y  i n  o r b i t ,  d i f f e r e n c e s  among ins t rument  ga ins  
assoc ia ted  w i t h  t h e  d i f f e r e n t  d e t e c t o r s  may cause a r t i f i c i a l  
s t r i p e s  t o  appear i n  t h e  images. I n  t h e  d a t a  p rocess ing  on 
t h e  ground, t h e  images a r e  "normal ized"  t o  remove t h e  s t r i p e s .  
Images f r o m  f u t u r e  g e o s t a t i o n a r y  s a t e l l i t e s ,  GOES I - M ,  w i l l  be 
normal ized  b y  t h e  method o f  match ing e m p i r i c a l  d i s t r i b u t i o n  
f u n c t i o n s  (EDF's).  I n  t h i s  paper we r e p o r t  on a s t u d y  o f  EDF 
match ing w i t h  d a t a  f r o m  GOES-7. 
generate a n o r m a l i z a t i o n  look-up t a b l e  f rom d a t a  taken on 
May 18, 1988, and t h e  t a b l e  was a p p l i e d  t o  image d a t a  ob ta ined 
two weeks l a t e r ,  on June 1, 1988. T h i s  s u c c e s s f u l l y  removed 
t h e  s t r i p e s  f r o m  t h e  image. The s e v e r i t y  o f  s t r i p i n g  was 
assessed q u a l i t a t i v e l y  f r o m  photographs o f  t h e  images and 
q u a n t i t a t i v e l y  w i t h  numer ica l  measures o f  s t r i p i n g  d e r i v e d  
f rom t h e  EDF match ing techn ique.  The techn ique i s  expected 
t o  be even more e f f e c t i v e  w i t h  d a t a  from GOES I - M  because o f  
improvements i n  i n s t r u m e n t a t i o n .  

The techn ique was used t o  

1. INTRODUCTION 

Both t h e  c u r r e n t  and f u t u r e  G e o s t a t i o n a r y  Opera t iona l  Envi ronmenta l  
S a t e l l i t e s  (GOES)  o f  t h e  N a t i o n a l  Oceanic and Atmospher ic A d m i n i s t r a t i o n  (NOAA) 
a r e  designed t o  c a r r y  ins t ruments  t h a t  image t h e  f u l l  d i s k  o f  t h e  ear th ,  o r  
s e c t i o n s  o f  it, i n  t h e  v i s i b l e  r e g i o n  o f  t h e  e l e c t r o m a g n e t i c  spectrum. Al though 
t h e y  a l s o  image i n  t h e  i n f r a r e d  reg ion ,  t h e  d i s c u s s i o n  i n  t h i s  paper w i l l  be 
c o n f i n e d  t o  t h e  v i s i b l e .  The c u r r e n t  s a t e l l i t e ,  GOES-7 (Ensor, 1978), s p i n s  a t  
100 rpm on a n o r t h - s o u t h  a x i s .  V i s i b l e  r a d i a t i o n  i s  de tec ted  w i t h  an a r r a y  o f  
e i g h t  p h o t o m u l t i p l i e r s  i n  a n o r t h - s o u t h  l i n e .  The f i e l d  o f  v iew f r o m  each 
p h o t o m u l t i p l i e r  i s  approx imate ly  0.8 km square on t h e  e a r t h  a t  t h e  n a d i r .  Wi th  
each r o t a t i o n  o f  t h e  s a t e l l i t e ,  e i g h t  p a r a l l e l  ad jacent  l i n e s  are  swept o u t  i n  
t h e  west - to -eas t  d i r e c t i o n .  A f t e r  each r o t a t i o n  a scan m i r r o r  i s  stepped t o  
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d i s p l a c e  t h e  f i e l d s  o f  v iew i n  t h e  n o r t h - s o u t h  d i r e c t i o n .  
r e q u i r e d  t o  f o r m  a complete image o f  t h e  e a r t h .  
GOES I - M  system (Komajda and McKenzie, 19871, i s  expected t o  become o p e r a t i o n a l .  
I n s t e a d  o f  sp inn ing ,  t h o s e  s a t e l l i t e s  w i l l  be t h r e e - a x i s  s t a b i l i z e d  and w i l l  
always p r e s e n t  t h e  same s i d e  t o  t h e  e a r t h .  Each GOES I - M  imager w i l l  u t i l i z e  a 
l i n e a r  a r r a y  o f  e i g h t  d e t e c t o r s ,  which w i l l  be s i l i c o n  photodiodes i n s t e a d  o f  
p h o t o m u l t i p l i e r s .  
1 km square on t h e  e a r t h  a t  n a d i r .  The imager w i l l  scan west- to-east  and 
e a s t - t o - w e s t  by  con t inuous  movement of a p l a n e  m i r r o r ,  and i t  w i l l  scan n o r t h -  
sou th  b y  s t e p p i n g  t h e  same m i r r o r .  D e s p i t e  d i f f e r e n c e s  i n  i n s t r u m e n t a t i o n ,  t h e  
c u r r e n t  and f u t u r e  GOES imagers have s i m i l a r  scanning geometr ies,  which a re  
d e p i c t e d  i n  f i g .  1. 

About 1800 s teps  a re  
I n  t h e  e a r l y  19901s, t h e  

The f i e l d  o f  v iew from a s i n g l e  d e t e c t o r  w i l l  be app rox ima te l y  

Hence fo r th ,  we w i l l  r e f e r  t o  each d e t e c t o r  and i t s  assoc ia ted  o p t i c s  and 
s i g n a l - p r o c e s s i n g  e l e c t r o n i c s  as a channel .  Each imaging i ns t rumen t  i s  t hen  
s a i d  t o  have e i g h t  v i s i b l e  channels.  When s t i m u l a t e d  w i t h  i n c i d e n t  r a d i a t i o n ,  
each channel  responds w i t h  an o u t p u t ,  measured i n  d i g i t a l  counts.  We use t h e  
t e r m  " g a i n "  t o  r e f e r  t o  t h e  r a t i o  o f  t h e  change i n  t h e  count o u t p u t  t o  t h e  
change i n  i n t e n s i t y  o f  t h e  i n c i d e n t  r a d i a t i o n .  The g a i n  depends on t h e  t r a n s -  
m i s s i v i t y  o f  t h e  o p t i c s ,  t h e  r e s p o n s i v i t y  o f  t h e  d e t e c t o r ,  t h e  a m p l i f i c a t i o n  o f  
t h e  e l e c t r o n i c s ,  and t h e  a n a l o g - t o - d i g i t a l  conve rs ion  f a c t o r ,  among o t h e r  t h i n g s .  
When t h e  i n s t r u m e n t  i s  i n  o r b i t ,  changes i n  ga in,  caused by  changes i n  any o f  
t hose  sources, may occur .  

I n  many systems, t h e  o u t p u t  i s  a l i n e a r  f u n c t i o n  o f  t h e  i n c i d e n t  i n t e n s i t y .  
Then t h e  g a i n  i s  independent o f  t h e  i n c i d e n t  i n t e n s i t y ,  and t h e  i ns t rumen t  ( o r  
channe l )  i s  s a i d  t o  be l i n e a r .  The v i s i b l e  channels o f  t h e  GOES I - M  imagers a r e  
des igned t o  be l i n e a r .  However, t h e  v i s i b l e  channels o f  GOES-7 a r e  n o t  l i n e a r .  
T h i s  i s  b y  des ign,  and i s  i n  a d d i t i o n  t o  any unintended n o n l i n e a r i t y .  I n  t h e  
a n a l o g - t o - d i g i t a l  conve rs ion ,  t h e  o u t p u t  i s  made approx ima te l y  equal t o  t h e  
square r o o t  o f  t h e  i n c i d e n t  i n t e n s i t y  t o  t a k e  advantage o f  t h e  increased sen; 
s i t i v i t y  o f  t h e  p h o t o m u l t i p l i e r s  a t  low i n t e n s i t y  l e v e l s  (Ensor, 1978; B r i s t o r ,  
1975). The re fo re ,  t h e  g a i n  i s  a dec reas ing  f u n c t i o n  o f  i n t e n s i t y .  (The photo-  
m u l t i p l i e r s ,  which t y p i c a l l y  o p e r a t e  i n  a s l i g h t l y  n o n l i n e a r  fashion, may a l s o  
add t o  t h e  n o n l i n e a r i t y . )  

Once a GOES i s  i n  o r b i t ,  i t s  v i s i b l e  channels cannot be c a l i b r a t e d  
r a d i o m e t r i c a l l y ,  because t h e r e  i s  no c a l i b r a t e d  source o f  v i s i b l e  r a d i a t i o n  on 
board.  T h i s  w i l l  a l s o  be t h e  case f o r  GOES I - M .  One o f  t h e  disadvantages of 
t h i s  i s  t h a t  s i n c e  t h e  g a i n s  (and o f f s e t s )  o f  t h e  e i g h t  channels may n o t  a l l  be 
equal  and may change i n  t ime,  a r t i f i c i a l  east -west  s t r i p e s  may appear i n  t h e  
images. S t r i p i n g  may a l s o  
a f f e c t  images f r o m  GOES I - M ,  a l t h o u g h  i t  i s  expected t o  be l e s s  severe. One 
reason f o r  t h i s  i s  t h a t  t h e  pho tod iode  d e t e c t o r s  o f  GOES I - M  a re  expected t o  be 
more n e a r l y  u n i f o r m  i n  t h e i r  behav io r  and more s t a b l e  i n  t i m e  than  t h e  photo-  
m u l t i p l i e r s  o f  GOES-7. 
f i n e l y .  The GOES-7 v i s i b l e  d a t a  a r e  packaged i n  s i x - b i t  words. T h i s  w i l l  be 
i nc reased  t o  t e n  b i t s  on GOES I - M .  
t h e  s t r i p i n g  f r o m  q u a n t i z a t i o n  e r r o r .  

F i g u r e  2 shows s t r i p i n g  i n  art image f r o m  GOES-7. 

Also,  t h e  d a t a  f r o m  GOES I - M  w i l l  be d i g i t i z e d  more 

The more b i t s  per  word, t h e  l e s s  s i g n i f i c a n t  

I n  o p e r a t i o n a l  d a t a  p r o c e s s i n g  a t  NOAAIs N a t i o n a l  Environmental  S a t e l l i t e ,  
Data, and I n f o r m a t i o n  S e r v i c e  (NESDIS)  , we compensate f o r  channel - to-channel  
d i f f e r e n c e s  i n  g a i n  w i t h  a p rocedure  c a l l e d  n o r m a l i z a t i o n ,  which i s  a p p l i e d  t o  
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t h e  d a t a  w i t h  look-up t a b l e s .  I t  i s  done a u t o m a t i c a l l y ,  con t inuous ly ,  and i n  
r e a l  t i m e  a t  t h e  ground s t a t i o n  a t  Wallops, VA, as t h e  d a t a  a r e  r e c e i v e d  f r o m  
t h e  s a t e l l i t e s  and t h e n  r e t r a n s m i t t e d  t o  users.  Look-up t a b l e s  a r e  generated 
o f f  l i n e  (and n o t  i n  r e a l  t i m e )  i n  t h e  main-frame computers a t  S u i t l a n d ,  MD. 
For  each s a t e l l i t e  ins t rument ,  a s i n g l e  t a b l e  i s  a p p l i e d  t o  a l l  image d a t a  f r o m  
t h e  e n t i r e  d i s k  o f  t h e  e a r t h .  Because c h a r a c t e r i s t i c s  of t h e  ins t ruments  change 
w i t h  t ime,  new look-up t a b l e s  a r e  generated o c c a s i o n a l l y ,  u s u a l l y  once a week o r  
l e s s  o f t e n .  The c u r r e n t  method o f  g e n e r a t i n g  t h e  o p e r a t i o n a l  look-up t a b l e s  ( J .  
Lienesch, NOAA/NESDIS, persona l  communication, 1980) has been i n  use s i n c e  t h e  
mid-1970's.  However, NESDIS p l a n s  t o  a p p l y  a d i f f e r e n t  method, namely, t h e  
match ing o f  e m p i r i c a l  d i s t r i b u t i o n  f u n c t i o n s  (EDF's), t o  generate t h e  t a b l e s  f o r  
GOES 1-M, because i t  i s  more e f f i c i e n t .  

Match ing o f  EDF's i s  a s tandard s t a t i s t i c a l  techn ique and has a l r e a d y  been 
a p p l i e d  t o  s a t e l l i t e  d a t a  f r o m  t h e  Landsat M u l t i s p e c t r a l  Scanner (MSS) (see, e.g., 
Horn and Woodham (1979)) .  I n  t h a t  work, a n o r m a l i z a t i o n  look-up t a b l e  i s  d e r i v e d  
and a p p l i e d  t o  t h e  same s e c t o r  o f  image data.  Our a p p l i c a t i o n  i s  d i f f e r e n t ,  
however, because we a r e  r e q u i r e d  t o  d e r i v e  a t a b l e  f r o m  a s i n g l e  "dependent" 
s e c t o r  on a p a r t i c u l a r  day and a p p l y  i t  f o r  weeks a f t e r w a r d s  t o  independent 
image d a t a  f r o m  a l l  over  t h e  e a r t h ' s  d i s k .  

I n  p r e p a r a t i o n  f o r  t h e  launch o f  GOES I, we have been s t u d y i n g  t h e  
f e a s i b i l i t y  o f  t h e  EDF matching techn ique b y  a p p l y i n g  i t  t o  d a t a  f r o m  GOES-7, 
which was t h e  o n l y  m u l t i - c h a n n e l  s a t e l l i t e  imager whose d a t a  were c o n v e n i e n t l y  
a v a i l a b l e  t o  us. Data f r o m  GOES-7 p r o v i d e  a severe t e s t  o f  t h e  method, because 
i t  i s  expected t h a t  t h e  d a t a  f r o m  GOES I - M  w i l l  be e a s i e r  t o  n o r m a l i z e  than t h e  
d a t a  c u r r e n t l y  a v a i l a b l e  f r o m  GOES-7, as we e x p l a i n e d  i n  p r e v i o u s  paragraphs. 
T h i s  paper r e p o r t s  t h e  r e s u l t s  f r o m  our  s tudy.  

2 .  THEORY 

The b a s i c  premise o f  n o r m a l i z a t i o n  i s  t h a t  i f  severa l  channels v iew t h e  
same scene, t h e i r  o u t p u t s  should be equal ,  and t h i s  shou ld  be t h e  case 
r e g a r d l e s s  o f  how b r i g h t  t h e  scene i s .  I n  a c t u a l  a p p l i c a t i o n ,  no two channels 
ever  v iew t h e  same scene. Instead,  we assume t h a t  w i t h  a l a r g e  ensemble o f  
measurements, t h e  d i s t r i b u t i o n  o f  t h e  i n t e n s i t y  o f  t h e  e a r t h  r a d i a t i o n  i n c i d e n t  
on each d e t e c t o r  w i l l  be s i m i l a r  (Horn and Woodham, 1979). (The d i s t r i b u t i o n s  
w i l l  n o t  be i d e n t i c a l ,  b u t  t h e  l a r g e r  t h e  ensemble, t h e  more s i m i l a r  t h e y  w i l l  
become.) 
o f  t h e  o u t p u t s  o f  each channel should be i d e n t i c a l .  

Wi th  t h a t  assumption, t h e  b a s i c  premise becomes t h a t  t h e  d i s t r i b u t i o n s  

I n  our  approach, we des ignate  one o f  t h e  channels as a r e f e r e n c e  channel .  
Then t h e  o u t p u t s  o f  t h e  o t h e r  channels a r e  a d j u s t e d  so t h a t  t h e i r  d i s t r i b u t i o n s  
a r e  t h e  same as t h a t  o f  t h e  r e f e r e n c e  channel .  A r e f e r e n c e  channel should meet 
c e r t a i n  c r i t e r i a .  When i t  views t h e  e a r t h ,  i t s  o u t p u t s  shou ld  f i l l  as much o f  
t h e  dynamic range o f  t h e  d a t a  system as p o s s i b l e  w i t h o u t  c l i p p i n g  a t  e i t h e r  t h e  
low o r  h i g h  ends. Also,  a r e f e r e n c e  channel should have low n o i s e  and a s t a b l e  
ga in,  one t h a t  does n o t  change r a p i d l y  w i t h  t ime.  Because t h e  c h a r a c t e r i s t i c s  
o f  t h e  s i l i c o n  photodiode d e t e c t o r s  o f  GOES I - M  a r e  expected t o  be s t a b l e  i n  
t ime,  a p a r t i c u l a r  channel may be usab le  as t h e  r e f e r e n c e  f o r  years,  and a 
s i n g l e  n o r m a l i z a t i o n  look-up t a b l e  may be e f f e c t i v e  f o r  months. 
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To generate a n o r m a l i z a t i o n  look-up t a b l e ,  we b e g i n  by s e l e c t i n g  a sample 
o f  f u l l - r e s o l u t i o n  unnormal ized ear th-scene d a t a  c o v e r i n g  as much of t h e  range 
o f  i n t e n s i t i e s  as p o s s i b l e .  For  GOES I -M ,  t h e  area w i l l  be r e c t a n g u l a r ,  ex tend ing  
s e v e r a l  thousand p i x e l s  b o t h  e a s t  t o  west and n o r t h  t o  south.  Corresponding t o  
t h e  incoming r a d i a n c e  f r o m  any p i x e l ,  t h e  i n s t r u m e n t  w i l l  respond w i t h  an o u t p u t  
x, i n  d i g i t a l  counts .  One can compi le  t h e  d i s c r e t e  d e n s i t y  f u n c t i o n ,  i .e.,  t h e  
h is togram, d e s c r i b i n g  t h e  r e l a t i v e  f requency  o f  occurrence o f  each p o s s i b l e  
count  va lue,  f o r  each channel. For  channel i, which i s  t h e  channel t o  be nor-  
mal ized,  l e t  t h e  h i s t o g r a m  be p i ( X ) .  An e m p i r i c a l  d i s t r i b u t i o n  f u n c t i o n  (EDF) 
P i ( X )  can t h e n  be generated; v iz . ,  

X 

The EDF i s  a l s o  known as a c u m u l a t i v e  h is togram o f  r e l a t i v e  f requency.  
I t  i s  a non-decreasing f u n c t i o n  o f  x, and i t s  maximum v a l u e  i s  u n i t y .  For  
convenience. however. we have chosen t h e  maximum v a l u e  t o  be 100%; ?.e., i f  t h e  
maximum p o s s i b l e  o u t p u t  i n  counts  i s  X, then  

P i ( X )  = 100%. 

I n  these terms, t h e  b a s i c  premise o f  n o r m a l i z a t  
v a l u e  x i n  channel i, t h e  normal ized  v a l u e  x '  shou ld  

P r ( x ' )  = P i ( x ) ,  

where t h e  s u b s c r i p t  r r e f e r s  t o  t h e  r e f e r e n c e  channe 

on i s  t h a t  f o r  each o u t p u t  
s a t  i s f y  

. I n  p r a c t i c e ,  n o t  o n l y  i s  
P r  nondecreasing, b u t  i t  i s  a l s o  m o n o t o n i c a l l y  i n c r e a s i n g  as a f u n c t i o n  o f  x '  
i n  t h e  domain o f  x '  where t h e r e  a r e  data.  Therefore,  i t  can be i n v e r t e d ,  
y i e l d i n g  t h e  s o l u t i o n  f o r  X I ,  

When i t  i s  a p p l i e d  s e q u e n t i a l l y  f o r  e v e r y  p o s s i b l e  count v a l u e  x, eq. (2)  
generates t h e  n o r m a l i z a t i o n  look-up t a b l e  r e l a t i n g  each x t o  an X I .  F i g u r e  3 
d e p i c t s  how t h e  procedure i s  a p p l i e d  i n  a c t u a l  p r a c t i c e  t o  generate one e n t r y  
i n  t h e  t a b l e .  ( A l s o  see Horn and Woodham (1979) . )  The f i g u r e  d e p i c t s  i d e a l i z e d  
EDF's f o r  t h e  r e f e r e n c e  channel and channel i. I n  t h e  f i g u r e  t h e  EDF's a re  con- 
t inuous ,  b u t  i n  p r a c t i c e  t h e y  a r e  d i s c r e t e ,  b e i n g  s p e c i f i e d  o n l y  a t  i n t e g e r  
va lues  o f  x. To f i n d  x i ' ,  t h e  normal ized  count  v a l u e  cor respond ing  t o  t h e  
observed count  v a l u e  o f  x i ,  t h e  f o l l o w i n g  i s  t h e  procedure:  F i r s t ,  f o r  t h e  
count  v a l u e  x i  i n  channel  i, f i n d  t h e  percentage v a l u e  f r o m  t h e  EDF o f  channel 
i. Then f i n d  t h e  p o i n t  on t h e  r e f e r e n c e  
c h a n n e l ' s  EDF w i t h  t h e  same percentage va lue.  
percentage can a l s o  be expressed as P r ( X 1 ' ) .  F i n a l l y ,  use t h e  EDF o f  t h e  
r e f e r e n c e  channel t o  f i n d  t h e  normal ized  count  v a l u e  x i ' .  
a c t u a l l y  d i s c r e t e ,  we w i l l  need t o  i n t e r p o l a t e  w i t h i n  t h e  EDF o f  t h e  r e f e r e n c e  
channel t o  f i n d  t h e  v a l u e  o f  x i ' ,  which must then be rounded t o  t h e  n e a r e s t  
i n t e g e r .  

I n  t h e  i l l u s t r a t i o n  i t  i s  P i ( X 1 ) .  
Accord ing t o  e q . ( l ) ,  t h a t  

S ince t h e  d a t a  a r e  

T h i s  techn ique n o t  o n l y  generates t h e  n o r m a l i z a t i o n  look-up t a b l e ,  b u t  i t  
S t r i p i n g  e x i s t s  a l s o  p r o v i d e s  y a r d s t i c k s  t o  measure t h e  s e v e r i t y  o f  s t r i p i n g .  
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when t h e  EDF's o f  channel i and the  reference channel are no t  i d e n t i c a l .  The 
d is tances  between them, along e i t h e r  t h e  abscissa o r  the  o rd ina te  i n  f i g .  3, 
measure the  degree o f  s t r i p i n g .  Henceforth, these distances w i l l  be c a l l e d  
count d i f f e r e n c e s  and percent  d i f ferences,  respec t i ve l y .  
eq. (2 ) ,  t he  count d i f fe rences  are  x - x ' ,  and the  percent  d i f f e rences  are 

I n  the  terminology o f  

P i ( x )  - P r ( X ) .  

3. RESULTS AND D I S C U S S I O N  

A no rma l i za t i on  look-up t a b l e  was generated from a dependent sample 
c o n s i s t i n g  of unnormalized da ta  from GOES-7 on May 18, 1988. 
app l i ed  t o  normal ize an independent sample o f  image data from GOES-7 two weeks 
l a t e r ,  on June 1, 1988. Both samples were produced a t  t he  same t ime o f  day, 
approx imate ly  1400 EDT (180021, when the  d i s k  of t he  ea r th  beneath the s a t e l l i t e  
was i n  f u l l  s u n l i g h t .  

The t a b l e  was 

3.1 Generat ion o f  no rma l i za t i on  look-up t a b l e  

The dependent sample cons is t s  o f  unnormalized data f rom a l l  p i x e l s  i n  a 
rec tangu la r  sec tor  1996 p i x e l s  east-west and 2400 p i x e l s  north-south,  loca ted  
near the  equator, as dep ic ted  i n  f i g .  4. An image o f  approximately 15% o f  t h a t  
sec tor  appears i n  f i g .  2, and, as we had po in ted  ou t  prev ious ly ,  i t  i s  s t r i ped .  
The s t r i p i n g  i s  most severe a t  t he  mid- and h i g h - i n t e n s i t y  l e v e l s  ( low and h i g h  
c loud) ,  which appear gray and whi te ,  respec t i ve l y ,  i n  the  photograph. 

f o r  each o f  t he  channels, h istograms were compiled from the  data i n  the  
f u l l  dependent sample. Each h is togram represents  GOES-7 output  data f rom 
598,800 (=1996 x 300) p i x e l s .  The t h r e e  panels i n  f i g .  5 show the  histograms 
f o r  channels 2, 5, and 6. The abscissae, l a b e l l e d  ' ( I n t e n s i t y  (Counts)", are t h e  
ou tpu t  l e v e l s ,  and t h e  ord ina tes ,  l a b e l l e d  "Frequency", are the f requencies o f  
occurrence of t he  outputs  a t  each l e v e l .  Based on the  c r i t e r i a  mentioned 
p rev ious l y ,  channel 2 was designated as the  reference.  
6 as examples because o f  a l l  t h e  channels t h e i r  histograms are the most d i f -  
f e r e n t  f rom the  reference channel 's .  The h is togram o f  channel 5 i s  d isp laced 
towards t h e  h igh  i n t e n s i t i e s  r e l a t i v e  t o  t h a t  o f  t he  reference channel, and i t s  
upper end i s  c l ipped.  It i s  a l so  broader than the  reference channel 's,  i n d i -  
c a t i n g  t h a t  t he  ga in  i n  channel 5 i s  g rea ter  o v e r a l l  than t h a t  o f  the  reference 
channel. With channel 6, t he  s i t u a t i o n  i s  reversed. The histogram i s  s h i f t e d  
towards the  lower i n t e n s i t i e s .  Also, i t  i s  compressed r e l a t i v e  t o  the  h is togram 
o f  t he  re fe rence channel, and the  da ta  do no t  f i l l  the  dynamic range of t he  da ta  
system, i n d i c a t i n g  t h a t  t h e  ga in  i n  t h i s  channel i s  lower o v e r a l l  than t h a t  i n  
t h e  re fe rence channel. A l l  t h ree  histograms are somewhat s i m i l a r  i n  shape; 
i.e., each channel has a h igh  frequency o f  occurrence o f  low- level  outputs,  
which correspond p r i m a r i l y  t o  ocean areas, and a decrease i n  frequency w i t h  
i nc reas ing  i n t e n s i t y .  However, t he  s i z e  o f  the  secondary peak a t  t he  h igh-  
i n t e n s i t y  end, corresponding t o  h igh  clouds, d i f f e r s  f rom channel t o  channel, 
and i t  i s  miss ing  e n t i r e l y  f o r  channel 6. Th is  suggests t h a t  t he  dependence of 
ga in  on i n t e n s i t y  ( o r  t h e  degree o f  n o n l i n e a r i t y )  va r ies  from channel t o  channel. 

We chose channels 5 and 

F igu re  6 shows the  EDFIs o f  channels 5 and 6, as w e l l  as the  EDF o f  channel 
2, t he  re fe rence channel, which were computed f rom the  histograms i n  f i g .  5. 
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The abscissa, labelled "Intensity (Counts)", is the output level, and the 
ordinate, labelled "Percentile", is the percentage of the data with outputs at 
or below that level. 

We applied eq. ( 2 )  to these EDF's and those of the other channels to 
generate the normalization look-up table, which is presented in the Appendix. 
It can be seen that the tabulated relationships between raw and normalized 
counts differ from channel to channel, and some of them are nonlinear. This is 
symptomatic of the differences in the dependence of gain on intensity among the 
channels. 

3 . 2  Application to independent sample 

The independent sample of unnormalized GOES -7 data was produced on June 1, 
1988, from a sector of 1996 x 2400 pixels located near the top of the globe, as 
depicted -in fig. 4. 
fig. 7. Again, there is striping, and it is most severe at the mid- and 
high-intensity levels. 
channels 2, 5, and 6. Like the histograms of May 18, they show channel-to- 
channel differences in position and width, and they are again similar to each 
other in shape. However, their shapes are unlike those of the May 18 histograms, 
due to the difference in location of the two images and the difference in the 
distribution of clouds. 

An image of approximately 15% of that sector is shown in 

Figure 8 shows the histograms compiled in each of 

The EDF's for channels 2, 5, and 6 are plotted in fig. 9. They are shaped 
differently from the EDF's of May 18. 
look-up table to be effective on June 1, the channel-to-channel relationships 
among the EDF's must be similar on the two dates; i.e., the relative (channel to 
channel) gain functions must be similar. Although it may not be obvious here, 
the results below demonstrate that this is in fact the case. 

However, for the May 18 normalization 

We normalized the data from June 1 by applying the May 18 look-up table, 
which is listed in the Appendix. 
malized data for channels 5 and 6. In position and shape they are now much more 
like the histogram of the reference channel, which is reproduced in the upper 
panel for comparison. 
of breaks; i.e., intensity levels with a zero frequency of occurrence. Breaks 
are caused by discontinuities, i.e., missing intensity levels, in the look-up 
tables. For example, the histogram for channel 6 has a break at the 21-count 
level, and there is a corresponding discontinuity in the look-up table at that 
level. 
the tables are generated from discrete data. Note also that breaks are espe- 
cially prevalent in the histogram of channel 6. 
histogram is compressed relative to the reference channel's, so the normalization 
procedure must stretch it out. With discrete data, this causes breaks. (The 
process may be visualized as the breaking of a "brittle" histogram under tension.) 
An interesting question is why breaks also occur in the histogram of channel 5, 
which the normalization procedure compressed overall. 
there are limited regions in the histogram where it was stretched. 

Figure 10 shows the histograms of the nor- 

An interesting feature o f  these histograms is the presence 

Breaks and discontinuities are the result of the round-off required when 

For this channel, the original 

The explanation is that 

Figure 11 shows the EDF's of the normalized data for all three channels. 
Normalization has made the differences among them practically insignificant. 
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(The EDF's o f  t h e  o the r  f i v e  channels behave s i m i l a r l y . )  
d i f f e r e n c e s  occur where t h e  EDF's o f  channel 5 o r  6 have steps, o r  f l a t  spots.  
These are  caused by  t h e  breaks i n  t h e  histograms and are, t he re fo re ,  an a r t i f a c t  
o f  d i g i t i  z a t  i on. 

The l a r g e s t  

F igu re  1 2  i s  t h e  normal ized image o f  t h e  same area as was shown i n  f i g .  7. 
The improvement i s  obvious, s ince  I t  i s  t h e  " a f t e r "  t o  t h e  "be fore"  o f  f i g .  7. 

t he  normal ized image has no s t r i p e s .  

As a q u a n t i t a t i v e  measure o f  t he  s t r i p i n g ,  we had p r e v i o u s l y  proposed t h e  
d i f f e rences ,  expressed i n  counts o r  i n  percent,  between t h e  EDF o f  t h e  re fe rence  
channel and those o f  each o f  t he  o the r  channels. The count d i f f e r e n c e s  f o r  t h e  
unnormal ized (raw) da ta  o f  June 1 are  p l o t t e d  i n  f i g .  13 (open symbols) f o r  
channels 5 and 6. 
where t h e r e  are  no data.)  I n  t h e  te rmino logy  o f  eq. ( 2 )  and f i g .  3, these are 

( A  few p o i n t s  a re  m iss ing  a t  t h e  low and h i g h  i n t e n s i t y  ends, 

p l o t s  o f  x - x '  vs x. 

F i g u r e  13 shows t h a t ,  f o r  t h e  unnormal ized data, t h e  d i f f e r e n c e s  between 
t h e  EDF o f  t h e  re fe rence  channel and the  EDF's o f  channels 5 and 6 a re  substan- 
t i a l ,  which i s  c o n s i s t e n t  w i t h  the  s e v e r i t y  o f  s t r i p i n g  seen i n  the  unnormal ized 
image ( f i g .  7!. 
f u n c t i o n s  o f  i n t e n s i t y .  I n  o t h e r  words, r e l a t i v e  t o  t h a t  o f  channel 2, t h e  
ou tpu t  vs i n c i d e n t  i n t e n s i t y  f u n c t i o n s  i n  channel 5 and 6 are non l i nea r .  

I n  add i t i on ,  i t  shows t h a t  those d i f f e r e n c e s  are n o t  l i n e a r  

The count d i f f e r e n c e s  i n  channels 5 and 6 f o r  t h e  normal ized da ta  of June 1 
are a l so  shown i n  f i g .  13 ( s o l i d  symbols). (The f i g u r e  has no p o i n t s  a t  i n t e n -  
s i t y  l e v e l s  where breaks occur i n  t h e  histograms o r  near t h e  low and h igh  
i n t e n s i t y  ends, where t h e r e  are no data.)  Normal iza t ion  g e n e r a l l y  reduced a l l  
t h e  count d i f f e r e n c e s  t o  0 o r  1 u n i t  i n  magnitude. The so le  except ions are  t h e  
values o f  -2  i n  bo th  channels a t  t h e  one-count l e v e l ,  b u t  t hey  are h a r d l y  s i g n i -  
f i c a n t ,  s ince  p r a c t i c a l l y  no da ta  are invo lved- -on ly  t h r e e  p i x e l s  i n  channel 5 
and one i n  channel 6. The count  d i f f e r e n c e s  i n  a l l  t h e  o the r  channels are 
e q u a l l y  smal l ,  c o n s i s t e n t  w i t h  t h e  l a c k  o f  s t r i p i n g  seen i n  t h e  image ( f i g .  1 2 ) .  

The d i f f e r e n c e s  expressed i n  percent  are p l o t t e d  i n  f i g .  14--open symbols 
f o r  t he  unnormal ized (raw) data,  and s o l i d  f o r  t h e  normal ized data.  I n  t h e  
te rmino logy  o f  eq. ( 2 )  and f i g .  3, t h e  p l o t s  i n  f i g .  14 are  o f  P i ( X )  - P r ( X )  v s  
x. Normal iza t ion  reduced t h e  percent  d i f f e r e n c e s  s u b s t a n t i a l l y .  Note t h a t  i n  
abso lu te  va lue  t h e  percent  d i f f e r e n c e s  tend t o  be l a r g e  when t h e  slopes o f  t h e  
EDF's a re  l a rge .  
occur near 16 and 42 counts f o r  channel 5 and near 12 and 34 counts f o r  channel 
6. By t h e  same token, t h e  r e l a t i v e l y  l a r g e  d i f f e r e n c e s  i n  the  normal ized da ta  
near t h e  12-count l e v e l  correspond t o  t h e  p o s i t i o n s  o f  s teepest  s lopes i n  t h e  
normal ized EDFIs. 

For t h e  unnormal ized da ta  t h e r e  are two such reg ions,  which 

F igures  11, 13, and 14 a l l  i n d i c a t e  t h a t  t h e  no rma l i za t i on  was success fu l  
i n  making t h e  EDF's o f  t h e  t h r e e  channels n e a r l y  i d e n t i c a l .  Th is  i m p l i e s  t h a t  
t h e  r e l a t i o n s h i p s  among t h e  EDF's remained e s s e n t i a l l y  t h e  same between May 18 
and June 1, as was surmised i n  an e a r l i e r  paragraph, d e s p i t e  t h e  changes i n  t h e  
images and t h e  EDF's themselves. Those r e l a t i o n s h i p s ,  i n  f a c t ,  depend o n l y  on 
the  r e l a t i v e  ga ins and o f f s e t s  among t h e  channels. 
ga ins and o f f s e t s  remain t h e  same, t h e  no rma l i za t i on  look-up t a b l e s  remain 

As l ong  as the  r e l a t i v e  
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effective. 
tiveness of the May 18 normalization look-up tables decreased only slightly with 
time over a six-week period. After six weeks, the count differences in the 
normalized data were still either zero or one unit at most intensity levels, 
the only exception being the emergence of a two-unit count difference at two 
intensity levels in channel 6. herefore, any changes in relative gains and 
offsets, which, e.g., might have resulted from seasonal variation of temperatures 
on the satellite, had to be smal over the period. 

Although we do not show the results here, we found that the effec- 

4 .  CONCLUSION 

This paper presents a case study in which a normalization look-up table 
generated from GOES-7 data of May 18, 1988, removed the stripes from an image 
obtained on June 1, 1988. This is strong evidence that normalization by EDF 
matching is an effective method for removing striping from visible images from 
GOES. 

The severity of the striping was determined qualitatively from photographs 
of the images and quantitatively with numerical measures of striping--the em- 
pirical distribution functions themselves and the count and percent differences 
among them. 

The method worked despite the nonlinearities in the outputs of the GOES-7 
visible channels and the substantial nonuniformities in gain. We expect it to 
work at least as well with data from GOES I-M, because the responses in the 
GOES 1-M channels are expected to be linear and more nearly uniform than those 
of GOES-7. 
effective for at least six weeks. Since the gains of the GOES I-M channels are 
expected to be more stable in time than those of GOES-7, we would expect a nor- 
malization table to remain valid for even longer periods with GOES I-M. 

Furthermore, we found that the same normalization table remained 
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FIGURE 2. Unnormalized GOES-7 image, May 18, 
1988. 
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FIGURE 3 .  Illustration o f  procedure to 
generate normalization look-up 
table (see text for explanation). 
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13 



35 

30 - 
v) 
U 
ru 
v) 
2 

C 25 

r" 20 * - 
t 15 
V z 
W 2 10 
W 
U 
LL 

5 

0 

I - ' .  . -  * . 

30 .. 
(b) 

- 
v) 
-0 
c 
m 
v) 
3 
0 c 
t 
I 

c 

2- u z 
W 
3 a 
W 
LI 
LL 

INTENSITY (COUNTS) 

35 

" 
0 8 16 24 32 40 48 56 

INTENSITY (COUNTS) 

F I G U R E  5. H i  stogr ams o f  unnormal i zed GOES-7 
image data ,  May 18, 1988. 
( a )  Channel 2. (b) Channel 5. 
( c )  Channel 6. 

14 



10c 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

FIGURE 6. Empirical d i s t r i b u t i o n  func t i ons  f o r  unnormalized GOES-7 image data, May 18, 1988. 



FIGURE 7. Unnormalized GOES-7 image, 
June 1, 1988. 
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FIGURE 9. Empirical distribution functions for unnormalized GOES-7 image data, June 1, 1988. 
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FIGURE 12 .  Normalized GOES-7 image, June 1, 
1988. 
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APPENDIX. NORMALIZATION LOOK-UP TABLE 

The no rma l i za t i on  look-up t a b l e  der ived  f rom the  emp i r i ca l  
d i s t r i b u t i o n  f u n c t i o n s  o f  May 18, 1988, i s  l i s t e d  i n  Table 1. To 
f i n d  t h e  normal ized inst rument  ou tpu t  f rom a raw inst rument  output ,  
one loca tes  t h e  raw i n t e n s i t y  i n  t h e  column l a b e l l e d  "Raw Counts" and 
reads across t o  the  column f o r  t h e  appropr ia te  channel under the  
labe l ,  "Normalized Counts i n  Channel". For example, i n  channel 6, 
f o r  a raw outpu t  o f  27 counts, t he  normal ized ou tpu t  i s  34 counts. 
Note t h a t  no rma l i za t i on  i s  an i d e n t i t y  opera t ion  i n  channel 2, s ince  
t h a t  channel i s  t h e  re fe rence channel. 

TABLE 1. Normal iza t ion  Look-Up Table from Data o f  May 18, 1988. 

Raw Normalized Counts i n  Channel 
Counts 1 2 3 4 5 6 7 8 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15  
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31  

0 
1 
2 
3 
4 
5 
6 
7 

9 
10 
12 
13 
14 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

a 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31  

0 
1 
2 
3 
4 
5 
6 
7 

8 
8 
9 

10 
10 
11 
12 
14 
15 
16 
17 
17 
18 
19 
19 
21 
21 
23 
23 
24 
25 
26 
27 

a 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

11 
12 
13 
14 
15 
16 
17 
19 
20 
21 
22 
23 
24 
26 
27 

29 
30 
31  
33 
34 
36 

28 

0 
1 
2 
3 
4 
5 
6 
7 

8 
8 
9 
9 

10 
10 
11 
12 
13 
15 
15 
16 
17 
18 

19 
20 
21 
23 
23 
24 
25 
26 

a 

i a  

0 
1 
2 
9 
9 
9 
9 
9 

10 
12 
13 
15 
16 
17 
18 
19 
20 
22 
23 
24 
25 
26 
27 
28 
30 
31  
32 
34 
35 
37 
39 
40 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
22 
23 
23 
24 
25 
26 
28 
28 
29 
31 
32 

0 
1 
2 
3 
4 
5 
6 
7 
9 
9 

11 
12 
13 
14 
15 
16 
17 
18 
19 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
32 
33 
34 

24 



TABLE 1 (CONTINUED) 

Raw 
Counts 

32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61  
62 
63 

1 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
57 
58 
59 
60 
61  
6 1  

2 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61  
62 
63 

Normalized Counts i n  Channel 
3 4 5 6 

27 37 27 42 
28 38 27 43 
29 39 28 45 
29 40 29 46 
30 41  29 47 
31 43 30 48 
31 44 30 49 
32 46 31 50 
33 47 32 51 
34 47 33 51 
34 48 33 52 
35 49 34 53 
36 49 35 53 
37 50 35 54 
38 51 36 55 
38 51 37 56 
40 53 38 57 
41  54 40 59 
43 55 41 61 
44 56 43 61 

57 44 61 
47 45 61 
48 61 47 61 
48 61  48 6 1  
49 61 48 61 
50 6 1  49 6 1  
5 1  6 1  50 61  
51 61  50 61  
52 61  51 61 
53 61 52 61 
54 61  53 61 
61  61  61  61 

46 59 

7 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
61 
61  
61 
61 
61  

8 

36 
37 
38 
39 
40 
41 
42 
44 
45 
46 
47 
48 
48 
49 
49 
50 
5 1  
53 
54 
55 
56 
57 
58 
59 
61 
61 
61 
61 
61  
61 
61 
61 

- 
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of natural and technological changes in the environment and to monitor and predict the state of the solid 
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