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I .  SUMMARY 

An a n a l y s i s  o f  t h e  measurement o f  Ea r t h  R a d i a t i o ~  Budget components 

by both standard r ad iome t r i c  p r i n c i p l e s  and r a d i a t i o n  pressure p r i n c i -  

p l e s  has been c a r r i e d  o u t  i n  t h e  con tex t  o f  a  complete r a d i a t i o n  budget 

experiment. 

Sec t ion  2 o u t l i n e s  t h e  na tu re  and t h e  requ i r ed  measurement accuracy 

o f  an Ea r t h  Rad ia t ion  Budget Experiment. Sec t ion  3 i s  prov ided as a  

b r i e f  d e s c r i p t i o n  o f  t h e  remaining i n d i v i d u a l  s e c t i o n  t o p i c s .  Sec t ion  4 

covers t h e  phys i ca l  bas is  f o r  both r ad iome t r i c  and r a d i a t i o n  pressure 

measurements i n c l u d i n g  d iscuss ions o f  t h e  sources o f  e r r o r  i n  t h e  measure- 

ments. 

A summarization o f  t h e  advantages and disadvantages o f  t h e  c u r r e n t  

de tec to r  technology i s  conta ined i n  Sect ion  5. Sect i on  6 o u t  l i nes t h e  

actua l spacec ra f t  requ i rements f o r  a  g  l  oba l  experiment. Problems asso- 

c i a t e d  w i t h  t h e  process ing and a n a l y s i s  o f  raw r a d i a t i v e  measurements 

a r e  g iven  i n  Sec t ion  7 where it i s  shown t h a t  most o f  these problems 

a re  independent o f  t h e  d e t e c t i o n  technique i t s e l f .  

Sec t ion  8 con ta ins  a b r i e f  d i scuss ion  o f  t h e  p o t e n t i a l  b e n e f i t s  

o f  a  composite rad iomete r - rad ia t ion  pressure s a t e l l i t e .  Sec t ion  9 

concludes t h e  r e p o r t  w i t h  a  comp i l a t i on  o f  t h e  major  f i n d i n g s  as de te r -  

mined from ou r  own research and from d iscuss ions w i t h  personnel f rom 

var ious  ESA l abo ra to r i es  and o t h e r  s c i e n t i s t s .  I n  a d d i t i o n  t o  t h e  main 

f i nd i ngs  presented i n  t h e  l a s t  sect ion,  a  synopsis i s  prov ided a t  t h e  

end o f  a l l  o t h e r  sect ions.  



2. STATEMENT OF EARTH RAD l AT I ON BUDGET SC l ENT l F l C OBJ ECT I  VES 

Dur ing t h e  l a s t  severa l  years, i n  connect ion w i t h  t h e  new in te rna-  

t i o n a l  c l i m a t e  program a c t i v i t i e s ,  t h e r e  has been spec ia l  a t t e n t i o n  t o  

I 
new measurements o f  t h e  Ear th ' s  r a d i a t i o n  budget (COSPAR WG6, 1978). As 

a  base l ine  f o r  development o f  new measurement systems t h e  U. S. space 

program prepared t h e  f o l l o w i n g  statement o f  t h e  problem (Vonder Haar 

and Wal lschlaeger,  1978). Note t h a t ,  i n  general ,  t h e  requirements enu- 

merated by groups concerned w i t h  SEOCS (Sun-Earth Observatory and Clima- 

t o l o g y  Sa te l  l i t e )  and BIRAMIS (B i  Ian R a d i a t i f  Au Moyen D1un ~ i c r o a c c g -  

I  &rom&re) para l  l e l  t h e  requirements noted be low. 

O f  t h e  s o l a r  energy i n c i d e n t  upon Earth,  a  p o r t i o n  i s  r e f l e c t e d  t o  

space w h i l e  t h e  remainder i s  absorbed by t h e  Ear th  and i t s  atmosphere. 

The absorbed energy prov ides t h e  b u l k  o f  t h e  thermal energy t o  t h e  Ear th  

and i t s  atmospher ic system and u l t i m a t e l y  r e t u r n s  t o  space as em i t t ed  

o r  i n f r a r e d  r a d i a t i o n .  To ma in ta i n  t h e  thermal e q u i l i b r i u m  o f  t h e  Earth,  

t h e  inc iden t ,  r e f l e c t e d  and em i t t ed  components o f  t h e  Ea r t h ' s  r a d i a t i o n  

budget must be i n  balance. Meteoro log is ts  and c l i m a t o l o g i s t s  agree 

t h a t  t h e  s p a t i a l  d i s t r i b u t i o n s  o f  t h e  Ear th  r a d i a n t  energy budget and 

t h e  temporal v a r i a t i o n s  i n  these d i s t r i b u t i o n s  a r e  t he  fundamental 

phys ica l  d r i v e r s  o f  c l ima te .  The miss ion  f o r  t h e  Ea r t h  r a d i a t i o n  budget 

ins t ruments  then  i s  t h e  measurement o f  t h e  r a d i a t i o n  budget components, 

i.a., t h e  incoming s o l a r  r ad ia t i on ,  t h e  t e r r e s t r i a l l y  r e f l e c t e d  shortwava 

rad ia t i on ,  and t h e  t e r r e s t r i a l l y  em i t t ed  longwave r a d i a t i o n .  Measurements 

made by these  ins t ruments  w i l l  p r ov i de  monthly averages o f  t h e  r a d i a t i o n  



components on var ious  s p a t i a l  and temporal scales.  Areas o f  l o c a l i z e d  

warming ( p o s i t i v e  n e t  r a d i a t i o n )  o r  c o o l i n g  (nega t i ve  n e t  r a d i a t i o n )  

represen t  t h e  energy sources and s i n k s  t h a t  d r i v e  t h e  atmospher ic and 

oceanic c i r c u l a t i o n s .  These measurements a r e  expected t o  p rov ide  i m -  

proved understanding o f  c l i m a t e  and poss ib l e  p r o j e c t i o n s  o f  c l i m a t e  

t r ends  lead ing t o  improved management, p lanning, and u t i l i z a t i o n  o f  

food supp l i es  and n a t u r a l  resources. 

- 
Ihe miss ion  requirements f o r  Ea r t h  Rad ia t ion  Budget can be cafe- 

gorilzed as ( a )  s c i e n t i f i c  i npu t s  concern ing accuracy, r e p r o d u c i b i l i t y ,  

and p e r i o d i c i t y ;  ( b )  ins t rument  requirements; ( c )  spacec ra f t  i n t e r f a c e  

cons t ra i n t s .  

Cur ren t  s t ud ies  have focused on t h e  de te rmina t ion  o f  Ea r t h  r a d i a t i o n  

budget parameters a t  t h e  t o p  o f  t h e  atmosphere on monthly and l a r g e r  

t i m e  sca les  f o r  t h e  f o l l o w i n g  area r e s o l u t i o n s :  

1 .  250 by 250 Km reg ions  

2. 1000 by 1000 Km reg ions  i n  t h e  T rop i cs  

3. 10' L a t i t u d i n a l  Zones 

4. Equator t o  Po le  Grad ien t  

5. Goba l  

Values f o r  Ea r t h  albedo o r  shortwave r a d i a t i o n ,  longwave r a d i a t i o n  and 

n e t  r a d i a t i o n  (i.e., incoming s o l a r  r a d i a t i o n  minus shortwave and long- 

wave r a d i a t i o n )  should be determined f o r  t h e  reg iona l ,  and zonal s p a t i a l  

scales.  The n e t  r a d i a t i o n  should  be determined f o r  t h e  equator  t o  p o l e  

g rad ien t s  and g loba l  s p a t i a l  sca les.  R e a l i z a t i o n  o f  these goa ls  and 

t h e  accurac ies w i t h  which t h e  componentscan be measured a r e  a  f u n c t i o n  

o f  data i n t e r p r e t a t i o n  and a n a l y s i s  (decomposi t ion mefhods), o r b i t a l  

coverage and sampling ( s t a t i s t i c a l  s i g n i f i c a n c e ) ,  and ins t rument  design 

(random p l u s  b i a s  e r r o r s ) .  



The requ i r ed  minimum use fu l  m iss ion  accurac ies f o r  monthly averages 

a t  t h e  t op  o f  t h e  atmosphere have been compiled f rom va r i ous  s c i e n t i f i c  

s t ud ies  f o r  t h e  va r ious  s p a t i a l  sca les  and a re  shown i n  Table  2.1 

Table  2.1 

Ea r t h  Rad ia t ion  Budqet Minimum Usefu l  Accuracy Requirements 

- I Spacial  Scale 

250 x 250 Km Regions 

1000 x 1000 Km Regions i n  T rop i cs  

10' L a t i t u d i n a '  Zones 

Equator t o  Pole  Grad ien t  

Global 

-2 
Minimum Usefu l  Requirement--Wm 

Lonqwave Shortwave - Net 

Innaccuracies assoc ia ted  w i t h  data i n t e r p r e t a t i o n  and ana lys is ,  

sampling, and ins t rument  f a c t o r s  a l l  have t o  be inc luded i n  t h e  e r r o r  

budget. From these miss ion  requirements, t h e  ear th-v iewing ins t rument  

u n c e r t a i n t y  a l l o c a t i o n s  have t o  be formulated. For  wide f i e l d - o f - v i e w  

-2 
cha,lnels a requi rement  f o r  a s i n g l e  sample u n c e r t a i n t y  o f  +4 Wrn has 

been c i  t t d  by Woerner and Cooper ( 19771, l n c l  uded i n  t h e  4 ~ r n - ~  a re  a 

-2 - 2 
b ias  component o f  +I Wm and a random component o f  r3.0 Wm . 

The o v e r a l l  miss ion requirement f o r  t h e  s o l a r  cons tan t  measurement 

- 2 - 2 i s  an accuracy o f  21.5 Wm w i t h  a r e p r o d u c i b i l i t y  o f  t0.3 Wm . The 

design goal f o r  a s o l a r  cons tan t  rad iometer  i s  an accuracy o f  20.1 per-  

cen t  o f  f u l  l sca le  ( equ i va l en t  o f  21.37 ~ r n - ~ )  w i t h  a reproduc ib i  l iiy o f  

k0.02 percent.  Spec t ra l  measurements o f  t h e  s o l a r  ou tpu t  have been 

requested by COSPAR WG6 ( 1978) and range from accurac ies o f  0.5% 

t o  10% depend i ng on t h e  spec t ra  l reg  ion. 



Fu r the r  requirements a r e  imposed on t h e  ear th-v iewing systems i f  a 

"scanner" i s  used t o  d e l i m i t  small measurement regions. Scanner data 

m u l t i p l i e d  by i n f l uence  c o e f f i c i e n t s  f rom d i r e c t i o n a l  models a r e  summed 

and averaged t o  p rov ide  monthly averages f o r  t h e  250 by 250 Km reg ions.  

The no ise  equ i va l en t  rad iance (NEN) requirements f o r  shortwave and long- 

-2 - 1  -2 - 1  
wave channels a r e  1.00 Wm st- and 0.13 Wm s r  , respec t i ve l y .  

Most r e p o r t s  con ta i n  o n l y  t h e  t y p e  o f  requirements d iscuss ion  g iven  

I 
above. However, du r i ng  t h e  l a s t  severa l  years a g r e a t  deal o f  e f f o r t  

has been expended on d e f i n i t i o n  o f  Ea r t h  r a d i a t i o n  budget requi rements-  

The reader  must r e a l i z e  by now t h a t  t h e r e  a r e  d e f i n i t e l y  m u l t i p l e  re- 

quirements t o  s a t i s f y  m u l t i p l e  s c i e n t i f i c  demands. Recent statements 

adapted from t h e  U. S. program a re  inc luded i n  Appendix A. The ex i s t ence  

o f  t h e  mu I ti p l e requ i rements i nherent  l y comp l i c a t e s  assessment o f  compet i - 
t i v e  measurement systems. On t h e  o t h e r  hand, we apprec ia te  t h e  broad 

spectrum o f  r a d i a t i o n  budget data users! 

NOTE: [when requ i  rements a r e  discussed (as i n Appendix A )  t h e r e  

i s  a tendency t o  f o r g e t  t h a t  bo th  ins t ruments  and measurements have 

p r o p e r t i e s  -- and -- t h a t  they  a r e  n o t  necessa r i l y  t r ans fe rab le .  Thus, 

uncer ta in ty ,  a measurement p rope r t y  i s  o f t e n  improper ly  asc r ibed  t o  an 

instrument.  O r ,  p r e c i s i o n  and s e n s i t i v i t y ,  p r o p e r t i e s  o f  instruments,  

a r e  sometimes improper ly  used t o  desc r i  be measurements.] 

I n  a d d i t i o n  t o  t h e  accuracy, and temporal and s p a t i a l  scanning 

requ i  rements, an Ear th  r a d i a t i o n  budget measurement system has r e l a t e d  

l i f e t i m e  and f i e l d -o f - v i ew  requirements. It must per form i n  space f o r  

severa l  years ( i d e a l l y  3-5 years  o r  longer)  w h i l e  y i e l d i n g  a s t a b l e  data 

output .  I t  i s  s t ressed t h a t  SIMPLICITY i s  t h e  key f o r  t h e  achievement 

o f  a s i g n i f i c a n t  ins t rument  l i f e t i m e .  . 



Synops i s  

Requirements f o r  Ea r t h  Rad ia t ion  Budget measurements a re  wel l 

def ined.  A t i m e l y  measurement program should  begin  as soon as poss ib l e  

t o  be a  p a r t  o f  new i n t e r n a t i o n a l  c l i m a t e  i n i t i a t i v e s .  Because t h e  

sc ience requirements emphasize long data per iods  o f  s t a b l e  measurements, 

simple, r e l i a b l e  ins t rument  systems a r e  i n  demand. A l t e r n a t e  ways t o  

measure r a d i a t i o n  budget, us i ng  separate phys ica l  p r i n c i p l e s ,  would 

p rov ide  welcome s c i e n t i f i c  c r e d i b i l i t y  t o  +he o v e r a l l  c l i m a t e  data set.  



i. OBJECT I VES OF THE PRESENT STUDY 

The purpose o f  t h i s  study i s  t o  ca r r y  o u t  a de ta i l ed  comparison 

o f  two methods f o r  measuring the  Ear th 's  r a d i a t i o n  budget from space- 

borne sensors : 

( a )  A Radiometric Method 

(b)  A Radiat ion Pressure Method 

The a c t i v i t i e s  t o  be performed w i l l  inc lude t h e  fo l l ow ing  ( sec t i on  

numbers ind ica ted) :  

Basic (Sect ion 4 )  

A comparison o f  t h e  basic  physics p r i n c i p l e s  involved f o r  each 

o f  t he  two techniques s h a l l  be performed, h i g h l i g h t i n g  the  fundamental 

d i f fe rences  between t h e  two approaches. 

Sensor Implementation (Sect ion 5 )  

A review o f  ( e x i s t i n g  o r  p o t e n t i a l )  sensors f o r  each technique 

w i  l l be performed i nc l udi  ng a comparison o f  i nstruments/sensors mer i ts .  

a desc r i p t i on  o f  c r i t i c a l  areas f o r  each c lass  o f  instruments w i l l  be 

performed i n  view o f  t h e  mission requirements ( l ong  term measurements, 

accuracy o f  measurements, s t a b i l i t y  o f  sensors, space and t ime resolu- 

t ion ,  i n f l i g h t  c a l i b r a t i o n ) .  Actual data from previous measurements 

w i l l  be used i n  t h e  analys is .  



P l a t f o r m  and Space System Requirements (Sec t i on  6 )  

The impact o f  sensors upon t h e  p l a t f o r m  and t h e  space system 

w i l l  be i d e n t i f i e d  and analysed. T h i s  a n a l y s i s  ranges from subsystems 

leve l  (such as a t t i t u d e  measurement) up t o  t h e  complete system l eve l  

(sampl ing problems). Actua l  data and spec ia l  sampling s i m u l a t i o n  w i l l  

be used as needed. 

Data Ana iys is  Requirements (Sec t ion  7 )  

A comparison o f  t h e  two techniques w i l l  be performed as f a r  as 

data a n l a y s i s  on ground i s  concerned i n c l u d i n g  spec ia l  model requ i re -  

ments. Resu l t s  from wide f i e l d -o f - v i ew  f l a t  and sphe r i ca l  measurement 

systems w i l l  be considered. 

Poss ib le  Complementary M iss ion  (Sec t ion  8 )  

Dur ing t h e  course o f  t h e  s tudy it became apparent t h a t  t h e  

two separate methods o f  measurement be combined i n t o  a  s i n g l e  system. 

Resu l t s  from such a cons ide ra t i on  a r e  presented. I t  prov ides a t h i r d  

method. 

A p p l i c a b i l i t y  o f  t h e  Three Methods (Sec t i on  9) 

The r e s u l t s  ob ta ined  above w i l l  be discussed i n  v iew o f  t h e  

t h r e e  major  o b j e c t i v e s  o f  an Ea r t h  r a d i a t i o n  budget study: s o l a r  con- 

s tan t ,  g  loba I budget and zona l / regiona I budget. 

The comparison o f  t h r e e  methods t o  measure t h e  Ea r t h ' s  r a d i a t i o n  

budget w i l l  r e f l e c t  t h e  areas noted above. Wherever poss ib le ,  we w i l l  

c i t e  examples f rom pas t  measurements and/or computer s imu la t i ons  so 

t h e  comparison i s  t o  be deeply roo ted  i n  t h e  p resen t  s ta te -o f - the -a r t .  

Our comparison w i l l  show t h e  need f o r  a d d i t i o n a l  t e s t s  o f  t h e  t h r e e  

methods t o  p rov ide  i n f o rma t i on  p r e s e n t l y  unava i lab le .  We b e l i e v e  t h e  



presen t  s tudy w i l l  a i d  t h e  o r d e r i n g  these t e s t s  once form requirements 

and resources a r e  i d e n t i f i e d  by ESA. 

Synpos i s 

The o b j e c t i v e s  o f  t h e  p resen t  s tudy were s p e c i f i e d  by ESA a f t e r  

d i scuss ion  w i t h  t he  authors.  Dur ing t h e  course o f  t h e  work severa l  

new areas o f  i n q u i r y  were a l s o  examined. 



PHYS l CAL PR l  NC l  PLES OF THE MEASUREMENT METHODS 

4.1 Ins t rument  Terminology 

- 1 
A c l a s s i f i c a t i o n  o f  ac t i nome t r i c  rad iometers  f o r  measuring t h e  

va r ious  r a d i a t i v e  components ( i r r a d i a n c e s )  has been s tandard ized by t h e  

WMO and i s  g i ven  by Coulson (1975). Although t h e  termino logy which has 

been adopted was d i r e c t e d  p r i m a r i l y  f o r  ground and a i r c r a f t  based i n -  

struments, it i s  conven ien t l y  extended t o  spaceborne p la t fo rms .  The 

WMO c l a s s i f i c a t i o n  i nd i ca tes  t he  t y p e  o f  measurement r a t h e r  than  t h e  

method o f  measurement and c o n s i s t s  o f  t h e  f o l l ow ing :  

I nstrument 

Pyrhe l  iometer 

Pyranometer 

Py rgeometer 

Pyrrad iometer 

Net pyr rad iometer  

Measurement 

D i r e c t  s o l a r  r a d i a t i o n  a t  

normal inc idence (FOV subtends 

t h e  s o l a r  p o i n t  source) 

Hemispheric s o l a r  r a d i a t i o n  

(27~ s r  FOV) 

Hemispheric t e r r e s t r i a l  r a d i a t i o n  

 IT s r  FOV) 

Hemispheric t o t a l  r a d i a t i o n  

(2rr s r  FOV) 

Upward and downward t o t a l  

r a d i a t i o n  through a h o r i z o n t a l  

su r face  ( 4 ~  s r  FSV! 



Th i s  c l a s s i f i c a t i o n  a p p l i e s  s t r i c t l y  t o  t h e  measurement o f  i r r a d i a n t  

f l uxes ,  n o t  radiances; i t  does n o t  r e s t r i c t  t h e  band pass o the r  than 

t h e  bu l k  s o l a r - t e r r e s t r i a l  d i v i s i o n  ( -  4 um). I n  add i t i on ,  i n  o rde r  t o  

q u a l i f y  as a f l u x  instrument,  t h e  above c l a s s  o f  ins t ruments  must essen- 

t i a l l y  obey t h e  cos ine  response f unc t i on  law. 

I nso fa r  as s a t e l l i t e  p l a t f o rms  a r e  concerned, t h e  WMO c l a s s i f i c a -  

t i o n  i s  n o t  s t r i c t l y  a p p l i c a b l e  because f o r  Ea r t h  v iewing sensors, wide 

angle  FOV1s a re  s u b s t i t u t e d  f o r  hemispher ic FOVrs such t h a t  (FOV<Zrsr) 

i n  keeping w i t h  t h e  t rea tment  o f  t h e  Ea r t h  d i s k  as a "wide" p o i n t  source. 

Wide angle  v iewing, r a t h e r  than  hemispher ic v iew ing  i s  r equ i r ed  i n  o rde r  

t o  e l i m i n a t e  s t r a y  r a d i a t i v e  sources (sun, moon, s a t e l l i t e  panels, e tc . ) .  

However, it i s  convenient  t o  r e t a i n  t h e  WMO c l a s s i f i c a t i o n .  Because 

wide angle measurements represen t  bas i c  components o f  any Ear th  r a d i a t i o n  

budget system, a separate d iscuss ion  o f  them i s  g i ven  i n  Sec t ion  4.3. 

I t  must be s t ressed  t h a t  wide angle  s a t e l l i t e  measurements represen t  

i r r ad i ances  a t  s a t e l l i t e  a l t i t u d e  n o t  a t  t h e  t o p  o f  t h e  atmosphere. 

I n  a d d i t i o n  t o  t h e  i r r a d i a n c e  measurement instruments,  t h e r e  has been 

a wide range o f  ins t ruments  developed, p a r t i c u l a r l y  f o r  b u t  no t  l i m i t e d  

t o  spacecraf t ,  which measure 'co l l i mated o r  l i m i t e d  FOV mean e f f e c t i v e  

radiances. These w o u l d  i n c l ude  such systems as t h e  imaging telescopes 

developed f o r  geosynchronous s a f e l l i t e s  (GOES, METEOSAT, GMS): t h e  

scanning radiometers used on t h e  Nimbus 6 and 7 Ear th  Rad ia t ion  Budget 

(ERB) ins t ruments  and proposed f o r  t h e  U. S. ERBSS and ESA SEOCS 

missions, and t h e  h i gh  r e s o l u t i o n  imaging scanning radiometers f lown 

on t h e  NOAA and TIROS-N, ope ra t i ona l  s a t e l l i t e s  (SR, VHRR, AVHRR) 

and t h e  U. S. A i r  Weather Serv ice  DMSP s a t e l l i t e s .  These ins t ruments  

would a l s o  inc lude  ground and a i r c r a f t  t y p e  systems such as t h e  Barnes 



PRT-5 and PRT-6 ins t ruments  f o r  temperature sens in9 o f  t he  NESS ?.lu l  ti- 

scanning Radiometer (MSR); see Smith and Chen (1977). There apparen t l y  

i s  no standard o r  e a s i l y  adopted c l a s s i f i c a t i o n  f o r  t h e  l i m i t e d  FOV 

instruments.  I T  i s  worth not ing,  however, t h a t  an i r r a d i a n c e  t ype  

ins t rument  can be f i e l d  stopped t o  ach ieve t h e  l i m i t e d  FOV mode. I n  

i h i s  case t h e  cos ine  response c h a r a c t e r i s t i c s  can be mainta ined and 

exac t  mean e f f e c t i v e  radiances can be obtained. A separate  d iscuss ion  

.o f  ERB scanners i s  g i ven  i n  Sec t ion  4.4. 

An impor tant  p a r t  o f  r a d i a t i o n  budget s t ud ies  i s  t h e  s p e c t r a l  

na tu re  o f  t h e  r a d i a t i v e  components. Th is  i s  p a r t i c u l a r l y  impor tan t  f o r  

d i r e c t  incoming s o l a r  r a d i a t i o n  s i nce  t h e  v a r i a b i l i t y  o f  t h e  s o l a r  

source i s  no t  un i fo rm across t h e  t o t a l  s o l a r  band. Convent iona l ly ,  

t h e  so l a r spec t rum i s  d i v i ded  i n t o  UV, v i s i b l e ,  and near-IR components 

because each o f  these  reg ions p r i m a r i  l y  in f  I uences p a r t i c u  I  a r  components 

o f  t h e  atmospherefs r a d i a t i v e  dynamics ( r e s p e c t i v e l y  upper atmospheric 

chemist ry  and heat ing,  oceanic storage, t ropospher i c  hea t i ng ) .  

Again, t h e r e  i s  no convenient  c l a s s i f i c a t i o n  o f  ins t ruments  which 

denotes spec t ra l  t y p e  measurements ( o f  which t h e r e  a re  a wide v a r i e t y  

cover ing  UV t o  microwave). T h i s  has led t o  a  number o f  gener i c  terms 

over  t h e  years, such as UV dosimeters, spectro-photometers, albedometers, 

spectro-pyrohel  iometers, and spectro-pyranometers. Although spect ro-  

pyrhe l iometers  and spectro-pyranometers a r e  adequate d e f i n i t i o n s  f o r  

spacec ra f t  ins t rumentat ion,  t r a d i t i o n a l  termino logy has s imply  been 

f l u x  spectrometers f o r  i r r a d i a n c e  ins t ruments  and mu l t i - spec t ra l - rad iomete rs  

f o r  l i m i t e d  FOV instruments. The methodology used f o r  t h e  beam s p l i t t i n g  

(i.e., d i ch ro ics ,  g ra t ings ,  prisms, chemical react ions,  i n t e r f e rence  



f i l t e r s ,  m u l t i p l e  aperatures,  e tc . )  has n o t  been used as a means t o  develop 

a standard c l a s s i f i c a t i o n  scheme. I n  t h i s  s tudy we w i l l  be as s p e c i f i c  

as poss ib l e  when d iscuss ing  l i m i t e d  FOV o r  narrow band ins t rumentat ion.  

4.2 Radiometr ic  Methods 

There a r e  two broad types  o f  rad iomete r i c  de tec to r s  (Coulson, 1975; 

Hudson, 1969): 

I . Therma l de tec to r s  

2. Photodetectors  

Thermal de tec to r s  a r e  based on t h e  t r ans fo rma t i on  of  r a d i a n t  

energy t o  heat  energy, g i v i n g  r i s e  t o  a temperature change i n  a  se lec ted  

rece i ve r  m a t e r i a l .  The temperature change i s  then r e g i s t e r e d  accord ing 

t o  va r ious  e l e c t r o n i c  o r  thermometr ic p r i n c i p l e s .  For  t h e  purpose o f  

t h i s  d iscuss ion  we can c l a s s i f y  t h e  thermal de tec to r s  as f o l l ows :  

I .  Ca lo r imete rs  

2. Thermocouples 

3. Thermopiles - f l a t  p l a t e  

4. Thermopiles - c a v i t y  

5. Metal bolometers 

6. Semiconductor bolometers ( t he rm is te r s )  

7. Py roe l e c t r  i c de tec t0  r s  

The c a l o r i m e t e r  i s  a  dev ice  i n  which temperature change o f  a  hea t  

absorb ing substance (water, s i l v e r ,  metal s t r i p s ,  gas) i s  measured 

d i r e c t l y  (thermometers, b i m e t a l l i c  elements, gas pressure) .  These 

ins t ruments  are r e l a t i v e l y  simple, w i t h  slow response c h a r a c t e r i s t i c s ,  



The thermocouple i s  based on t h e  P e l t i e r  e f f e c t ;  t h e  p roduc t i on  o f  

an e l ec t r omo t i ve  f o r c e  (emf) across t h e  j u n c t i o n  o f  two d i s s i m i l a r  

meta ls  a t  d i f f e r e n t  temperatures. Although a  s i n g l e  thermocouple w i l l  

no t l t ransduce  o r  r e g i s t e r  a  s i g n i f i c a n t  emf, a  s e r i e s  c o n f i g u r a t i o n  

serves t o  amp l i f y  t h e  e l e c t r i c a l  vo l t age  needed t o  r e g i s t e r  an accurate  

measu rement. 

A the rmop i le  i s  developed from t h e  emf p r i n c i p l e  and cons i s t s  o f  a  

s e r i e s  o f  thermocouple p a i r s  ope ra t i ng  on t h e  bas is  t h a t  an N p a i r  s e r i e s  

produces N t imes  t h e  vo l t age  o f  a  s i n g l e  p a i r .  The thermop i le  i s  t h e  

most f r equen t l y  used de tec to r  i n  ground based rad iometry  and wide angle  

s a t e l l i t e  based r a d i a t i o n  budget measurements. Genera l ly ,  t h e  r a d i a t i o n  

r ece i ve r  o f  a  the rmop i le  dev ice  w i l l  c o n s i s t  o f  a  non-se lect ive m a t e r i a l :  

t h e  r a d i a t i v e  band pass i s  achieved by va r ious  t ypes  o f  c u t o f f  and/or 

i n t e r f e rence  (band pass) f i l t e r s  and windows. 

The bas i c  components o f  a  f l a t p l a t e  the rmop i le  de tec to r  would then  

c o n s i s t  o f  a  s e l e c t i v e  r a d i a t i v e  window, a  f l a t  black-body rece i ve r  

su r face  o f  known area and known a b s o r p t i v i t y  (near  1.0); a  the rmop i le  

i n  d i r e c t  con tac t  w i t h  t h e  r ece i ve r ;  and an e l e c t r o n i c s  component needea 

t o  measure t h e  vo l t age  p o t e n t i a l  ove r  t h e  the rmop i le  c i r c u i t .  I f  t h e  

r e c e i v e r  behaved i d e a l l y ,  it would absorb a l l  windowed r a d i a t i o n ,  would 

have equ i va l en t  response t o  equal amounts o f  r a d i a t i v e  o r  e l e c t r i c  power. 

and would n o t  be a f f e c t e d  by t h e  ac tua l  r e g i s t e r i n g  components. I n  

add i t i on ,  f o r a  t rue  f l u x  measurement, t h e  de tec to r  must respond i n  

p ropo r t i on  t o  t h e  cos ine  ang le  between t h e  r a d i a t i o n  stream and t h e  

normal t o  t h e  rece ived area (cos ine  response f u n c t i o n ) .  F i n a l l y ,  i f  t h e  

r e c e i v e r  i s  t r u l y  non-se lect ive,  it w i l l  ma in ta i n  a  un i fo rm spec t ra l  

a b s o r p t i v i t y  response as t h e  angu la r  d i s t r i b u t i o n  o f  incoming i n t e n s i t y  changes. 



To ach ieve near idea l  performance a c l a s s  o f  ins t ruments  i s  now 

used i n  an a t tempt  t o  min imize t h e  above problems. These a re  t h e  so- 

c a l l e d  c a v i t y  rad iometers  operated i n  t h e  passive o r  a c t i v e  ( s e l f -  

c a l i b r a t i n g / a b s o l u t e )  mode. Ti7e ph i losophy behind c a v i t y  rad iometry  

i s  t o  l i t e r a l l y  t r a p  photons i n  an enclosed c a v i t y  thus  inc reas ing  t h e  

probabi  l  i t y  f o r  absorptancel  (mi nirni zes t h e  e f f e c t  o f  su r face  coa t i ng  

degradat ion) ,  and decreasing t h e  p o t e n t i a l  f o r  angular  response v a r i a b i l i t y .  

Since t h e  compensating c a v i t y  radiometers o f  t h e  e l e c t r i c  s u b s t i t u t i o n  

s e l f - c a l i b r a t i n g  t ype  a r e  now used by t h e  WMO as performance standards 

instruments,  they  w i l l  be considered i n  more d e t a i l  (Sec t ion  4.5). 

The thermop i le  most commonly used today, generates i t s  own emf i n  

p r o p o r t i o n  o f  t h e  temperature change a t  a  "hott '  j u n c t i o n  o f  two se lec ted  

meta ls  having a la rge  d i f f e r e n c e  i n  t h e r m o e l e c t r i c  p repe r t i es .  The 

temperature change i s  c rea ted  when ( e a r t h )  r a d i a t i o n  v a r i e s  upon t h e  

de tec to r  su r face  o f  area A, e s s e n t i a l l y  upon t h e  a r ray  o f  "hot"  j unc t ions .  

A re ference leve l  i s  ob ta ined  from t h e  c o l d  j u n c t i o n s  connected t o  a  

l a rge  thermal mass sh ie lded  from v a r i a t i o n s  i n  i r rad iance .  

A t y p i c a l  the rmop i le  o f  t h e  t ype  f lown on Nimbus 6 and 7 and on 

Mar iner  6 and 7 has t h e  response expression: 

I 
- A E = E - E o -  ACF 

SoGS(T)Va 

I ~ e c e n t  t e s t s  a t  NBS (Geis t ,  persona I communication) have determined 
A = 0.9985. 



where, 

E i s  t h e  i r r a d i a n c s  (~m-') a t  t h e  channel ape r t u re  i n  an assigned 

spec t ra l  i n t e r v a l ,  e -g .  0.2 t o  5  urn (pyranometer mode) o r  0.2 t o  50 pm 

( py r rad  i ometer mode 1, 

- 2  
Eo i s  t h e  apparent  t a r g e t  i r r a d i a n c e  (Wm ) caused by emissions o f  t h e  

the rmop i le  and o t h e r  o p t i c a l  components, 

AC i s  t h e  d i g i t i z e d  channel ou tpu t  s i gna l  ( b i t s )  i n  counts  ( t h e  

d i f f e r e n c e  i n  counts w i t h  t h e  source exposed and w i i h  t h e  ape r t u re  covered 

w i t h  a  b l ack  p l a t e  a t  t h e  d e t e c t o r  t e r n p e r a t ~ r e ) ~  

So i s  t h e  t he rmop i l e  s e n s i t i v i t y  ( V W - ' ~ ~ - )  i n  a i r  a t  25'~; 

G i s  t h e  channel e l e c t r o n i c  g a i n  ( b i t s  . V - ' 1  a t  t h e  thermopile, 
I I S(T)  i s  t h e  r a t i o  o f  t h e  thermopi l e  s e n s i t i v i t y  a t  t h e  p e r t i n e n t  

temperature t o  i t s  s e n s i t i v i t y  a t  25 '~ )  

V i s  t h e  vacuum t o  a i r  r a t i o  ( t h e  r a t i o  o f  t h e  the rmop i le  s e n s i t i v i t y  a  

i n  a  vacuum t o  i t s  s e n s i t i v i t y  i n  a i r ) ,  

F i s  t h e  f i l t e r  f a c t o r  and i s  t h e  r a t i o  of t h e  t o t a l  i r r a d i a n c e  o f  t h e  

source i n  t h e  assigned spec t ra l  i n t e r v a l  ( A  - A  f o r  each channel t o  t h e  
1 2  

ac tua l  i r r a d i a n c e  reading t h e  de tec to r :  

where, 

€(A)  i s  t h e  source spec t ra l  i r r a d i a n c e  and T(A) i s  t h e  spec t ra l  s e n s i t i v i t y  

f ~ n c t i o n  o f  t h e  channel, i.e., p r i m a r i l y  t h e  t ransmiss ion  o f  t h e  qua r t z  

window (Suprasil-W hemisphere), The thermop i les  a re  assumed t o  be s p e c t r a l l y  

non-se lect ive 



The convent iona l  t h e r m i s t o r  bolometer i s  based on t h e  change o f  

r es i s t ence  o f  a m e t a l l i c  m a t e r i a l .  I f  two res i s t ence  elements a re  p laced 

i n  a s imple c i r c u i t  (Wheatstone b r i dge )  such t h a t  t h e  f i r s t  i s  exposed t o  

t h e  r a d i a t i v e  source whereas t h e  second i s  shaded (ambient c o n d i t i o n s  

be ing s i m i l a r )  t h e  temperature d i f f e r e n c e  between them w i l l  generate an 

e l e c t r i c  imbalance r e g i s t e r e d  on a po ient iometer .  

T h i s  methodology led e v e n i u a l l y  t o  t h e  semi and super conductor 

C 
bolometers (superconductors a r e  n o t  considered here because o f  t h e  near 0 K 

temperature environments r equ i r ed ) .  Semiconductors such as s i n t e r e d  manganese, 

coba l t ,  and n i c k e l  ox ides  demonstrated a remarkable improvement i n  bolometer 

technology (over  m e t a l l i c  e lements) because o f  t h e i r  marked improvement i n  

0 
nega t i ve  temperature c o e f f i c i e n t  o f  r e s i s t i v i t y  ( >  4% per  C). Rapid t ime  

response performance i s  e a s i l y  achieved by f a b r i c a t i o n  o f  ex t remely  t h i n  

f l a k e  elements. Al though t he rm is to r s  a r e  no longer  u t i  l  i zed d i  r e c t  l y  f o r  

modern spacecra f t  i r r ad i ance  measurements, they a r e  s t i l l  used t o  mon i t o r  

c a v i t y ,  o p t i c s ,  and va r i ous  o t h e r  ins t rument  component temperatures f o r  

i n f l i g h t  c a l i b r a t i o n  purposes. 

The f i n a l  category  o f  thermal de tec to r s  and one o f  pr imary importance 

I 
t o  modern s a t e l l i t e  ins t rumenta t ion  i s  t h e  p y r o e l e c t r i c  de tec to r .  The opera- 

t i o n a l  p r i n c i p l e  a t  work f o r  t h i s  t y p e  o f  de tec to r  i s  again  based on heat ing,  

b u t  i n  t h i s  case t h e  temperature change e f f e c t  induces c r y s t a l  s t r u c t u r e  

m o d i f i c a t i o n  o f  t h e  p y r o e l e c t r i c  element. P y r o e l e c t r i c  c r y s t a l s  absorb 

heat  which i n  t u r n  leads t o  changes i n  t h e  c r y s t a l  l a t t i c  spacings, t hus  

mod i fy ing  t h e  e l e c t r i c  p o l a r i z a t i o n  o f  t h e  c r y s t a l  i t s e l f .  T h i s  change of  

t h e  e l e c t r i c  f i e l d  i s  i n  d i r e c t  p r o p o r t i o n  t o  t h e  r a t e  o f  change o f  tempera- 

t u r e  and can be measured by p l a c i n g  t h e  c r y s t a l  i n  an e l e c t r i c  c i r c u i t .  Be- 

cause of  t h e  d i f f e r e n t i a l  response proper ty ,  modulat ion o f  t h e  r a d i a t i v e  



sour re  i s  requ i  red. T h i s  necess i ta tes  t h e  use o f  r a d i a t i o n  choppers, f o r  

purposes o t h e r  than t h e i r  standard a p p l i c a t i o n  as o p t i c a l  modulators f o r  

unwanted s i gna l  suppression; see Hudson (1969).  Al though choppers can 

compl i ca te  t h e  weight, power and mechanical requirements on a s a t e l l i t e ,  

t h e  f a s t  response performances and t h e  excel  t e n t  s e n s i t i v i t y  c h a r a c t e r i s t i c s  

o f  p y r o e l e c t r i c  de tec to r s  make them h i g h l y  compe t i t i ve  w i t h  t h e  photocon- 

d u c t i v e  t ype  de tec to rs .  Table  4.1 p rov ides  a l i s t  o f  p y r o e l e c t r i c  m a t e r i a l s  

and t h e i r  assoc ia ted  p rope r t i es .  O f  t h e  h i gh  c u r i e  p o i n t  ma te r i a l s ,  L i t h i um  

Tan ta l a te  prov ides t h e  o v e r a l l  bes t  performance. The scanner component o f  

t h e  ERB instruments,  f l own on Nimbus 6 and 7, i nc ludes  such defocussed pyro- 

e l e c t r i c  de tec to rs ,  as does t h e  scanner f o r  t h e  proposed ERBSS instrument,  

which has been accepted as t h e  ope ra t i ona l  U.S. e a r t h  r a d i a t i o n  budget in -  

strument f o r  t h e  1980's; see Smith e t  a l .  (1975), Jacobowitz e t  a l .  (19781, -- -- 
Vonder Haar and Wal lsch laeger  (1978). 

Photodetectors  a re  mos t l y  frequency s e l e c t i v e  and opera te  on a funda- 

men ta l l y  d i f f e r e n t  p r i n c i p l e  than  t h e  heat  a c t i v a t e d  de tec to rs .  I n  t h i s  case 

t h e  i nd i v i  dua l  c o l  l i s  ions o f  photons, f rom t h e  i ncomi ng rad i a i i  on streams, onto, 

t h e  photodector  element, g i v e  r i s e  t o  t h e  re lease  o f  e l e c t r o n s  and t hus  an 

e l e c t r o n i c  c u r r e n t .  These de tec to r s  a r e  cha rac te r i zed  by ext remely  f a s t  re -  

sponse t imes and h i gh  spec t ra l  s e n s i t i v i t y  b u t  do n o t  p rov i de  an abso lu te  

measurement. I t  should  be noted t h a t  t h e  quantum e f f i c i e n c y  o f  photodetectors  

i s  q u i t e  low (general  l y  l ess  than  10%) and t h e  excess photons do g i v e  r i s e  t o  

hea t ing  o f  t h e  m a t e r i a l .  Not s u r p r i s i n g l y ,  t h e  s e n s i t i v i t y  o f  most o f  these 

m a ~ e r i a l s  i s  temperature dependent thus  r e q u i r i n g  some t ype  o f  s t a b i l i z i n g  

thermal c o n t r o l  f o r  accura te  measurements. Coulson (1975) p rov ides  a con- 

veni!nt c l a s s i f i c a t i o n  and d!scussion: 



TABLE 4.1 

- 
Dielectric Pyroelec. S p x i  f i c  Loss 

Ccr?stant Coef f . z Z  ( 2  9 1 )  --- Tc!!?el~t_ ---,I !-I_ 1.; e a -  L- 

C)t:iec;or 

I 
Lead Zirconate 
Ti tanate I 

Curie 

Lithium 
i\liobate 

F:a"Li-i a1 Ter: ik 
____-I___- - 

Strcntiuin 
Sari urn 
Giobate 50/50 

T r i - g l  ycene 
S u b p l  a te  I 



1 .  Pho tovo l t a i c  de tec to r s  

2. Photoconduct ive de tec to r s  

3. Photodiode de tec to r s  

4. Photoem i ss i ve de tec to r s  

The p h o t o v o l t a i c  de tec to r s  a r e  e s s e n t i a l l y  se l f - gene ra t i ng  vo l t age  

response m a t e r i a l s  when exposed t o  shortwave r a d i a t i o n ;  t h e  selenium c e l l  

i s  an example. Other m a t e r i a l s  such as indium ant imonide, indium arsenide, 

and g a l l i u m  arsenide can be used i n  t h i s  mode. Al though p h o t o v o l t a i c  e l e -  

ments a r e  n o t  gene ra l l y  app l i ed  t o  s a t e l l i t e  based r a d i a t i o n  measurements, 

they  have found t h e i r  way on to  s a t e l l i t e  p l a t f o rms  f o r  power genera t ion  

(e.g. t h e  s i l i c o n  s o l a r  c e l l ) ,  and as l i g h t  meters f o r  automat ic  ga in  ad- 

justment u n i t s  such as used f o r  n i g h t t i m e  shortwave imaging on t h e  DMSP 

type  s a t e l l i t e s .  

A common s a t e l l i t e  d e t e c t o r  used f o r  narrow-band nea r - i n f r a red  and 

i n f r a r e d  measurements i s  t h e  photoconductor.  These m a t e r i a l s  undergo 

e l e c t r i c a l  c o n d u c t i v i t y  changes when exposed t o  r a d i a t i o n .  They a re  g e n e r a l l y  

r equ i r ed  t o  per form a t  f a i r l y  low temperatures.  M a t e r i a l s  such as lead 

s u l f i d e  (PbS), lead se len ide  (PbSe), and mercury-cadmium-tel lur ide (HgCdTe) 

a re  app rop r i a t e  t o  t h i s  technology. For example, t h e  i n f r a r e d  de tec to r s  

on t h e  SMS/GOES and GMS (Japanese geosynchronous s a t e l l i t e )  V i s i b l e  I n f r a r e d  

Spin  Scan Radiometer (VISSR) ins t ruments  a re  HgCdTe elements. They a re  

a l s o  found on spectrometer t ype  ins t ruments  such a s t h e  proposed SEOCS 

scanning rad iometer  due t o  t h e i r  h i gh  s e n s i t i v i t y  over  narrow band passes 

(See Hoffman, 1978). A wide s e l e c t i o n  o f  m a t e r i a l s  a r e  a v a i l a b l e  which 

g e n e r a l l y  cover a  good p o r t i o n  o f  t h e  most i n t e r e s t i n g  reg ions  o f  t h e  

t e r r e s t r i a l  r a d i a t i o n  spectrum. Table  4.2 f rom Coulson (1975) p rov ides  

a b r i e f  l i s t  o f  photoconduct ive m a t e r i a l s  and t h e i r  assoc ia tes  response 

I 



TABLE 4.2 

T y p i c a l  I'nl~tes gi Ol)trali t ,g Pnrat11~1er.s o$ Photucot1dttciir.c Cells,: 

Operating 

Lend aulficte 
Lead sulfide 
Lead 5ulfide 

Lend selr~~itle 
Lend selenide 
Lead selenide 

.is given by Bolz and Tuve 11973). 

I 



I 
c h a r a c t e r i s t i c s .  F i gu re  4.1 ( a ! s o  f rom Coulson) p rov ides  a comparison o f  

t h e  spec t ra l  s e n s i t i v i t i e s  o f  va r i ous  photoconduct ive de tec to r s  t o  va r ious  

thermal de tec to r s .  

The s i l i c o n  photcdiode I S  capable o f  ope ra t i ng  i n  e i t h e r  a photo- 

conduc t i ve  mode o r  a  p h o t o v o l t a i c  mode depending on whether i t  i s  supp l ied  

a  b i as  vo l tage .  I t  has t h e  advantage o f  r e q u i r i n g  coo l i ng .  Three o f  

t h e  t e n  diodes do n o t  p rov ide  as f a s t  response t imes as t h e  photo m u l t i p l i e r s ,  

bu t  they a r e  ab le  t o  opere te  a t  f requenc ies below t h e  b i nd ing  fo rce  f r e -  

quency l i m i t s  r equ i r ed  by t h e  photoemissive m a t e r i a l s .  

The photoemissive t ype  de tec to r s  a re  a c t i v a t e d  i n  t h e  same fash ion  as 

the  p h o t o v o l t a i c  and photoconduct ive m a t e r i a l s  b u t  ins tead o f  t h e  e l e c t r o n s  

remaining w i t h i n  t h e  element and a l t e r i n g  t h e  vo l t age  p o t e n t i a l  o r  conduct ive 

p rope r t i es ,  they a r e  e j ec ted  from t h e  ma te r i a l  and c o l l e c t e d  on a  charged 

sur face  (anode), t hus  g i v i n g  r i s e  t o  t h e  r equ i r ed  e l e c t r i c  c u r r e n t .  An 

improvement o f  t h i s  bas i c  des ign ( the photomu l t i p  I ie r )  i s  t o  acce le ra te  t h e  

i n i t i a l  e l e c t r o n  stream ( i n  a  vacuum) by a  h i g h  i n t e n s i t y  e l e c t r i c  f i e l d  

towa,rd a  secondary t a r g e t  where i n  t u r n  an even g r e a t e r  number o f  e l e c t r o n s  

I 
a r e  released, and t hus  an a m p l i f i c a t i o n  o f  t h e  de tec to r  s e n s i t i v i t y .  T h i s  

process i s  repeated u n t i l  t h e  des i r ed  s e n s i t i v i t y  i s  achieved. Photomul t i -  

p l i e r  tubes may a l s o  be o f  t h e  gas t ype , i n  which t h e  f reed  e l e c t r o n  stream 

serves t o  i o n i z e  t h e  gas and y i e l d  o rde r  o f  magnitude increases s e n s i t i v i t y  

over t h e .  vacuum t y p e  systems. Gas t ype  p h o t o m u l t i p l i e r s  s u f f e r ,  however, 

f rom sho r t e r  l i f e t i m e s  and slower response c h a r a c t e r i s t i c s .  

An i n t e r e s t i n g  aspect  o f  t h e  photoemissive m a t e r i a l s  (e.g. l i t h i um ,  

cesium) i s  t h a t  they  p rov ide  t h e i r  own near i n f r a r e d  c u t o f f j  due t o  t h e  

I 



FIGURE 4.1 

'''I 2 3 4 5 6 7 8  
WAVELENGTH ( p m  ) 

r 4 1. Spectral rrnsitivity of various rypes of detectors, espressed in terms oi D -  
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~ d e :  7icK; (1)) lead telluride: 7i iK;  iE)  indium sntimonide (.photoconductive 
8 1 :  77°K; (F) indiunl ~~lr i rnonide  I photovoltaic mode) : 77°K; !G> indiiun an:i- 

nonit 'photoelectron~sgnetic mode): '19:3'K: (H) golddoped gern~iirlium: 77°K: 
I) thermistor bolomerer; ( J )  ~hernlocouple: :Ii) Golay cell. 



I 
b i nd i ng  fo rces  requ i r ed  t o  re lease  e lec t rons .  E i n s t s i n  expressed t h e  

requ i r ed  r e l a t i o n  as: 

hv r e+ (4.3) 

where t h e  photon energy hv must overcome t h e  b i nd ing  energy e$ (ez u n i t  

e l e c t r i c a l  charge, + t h e  m a t e r i a l  work f u n c t i o n ) .  Most m a t e r i a l s  a r e  

n o t  a c t i v a t e d  by wavelengths above 1.0 um thus  r e s t r i c t i n g  t h e  photo- 

m u l t i p l i e r  t o  t h e  UV and v i s i b l e  p a r t  o f  t h e  s o l a r  spectrum. F igure  4.2 

from Coulson (1975) g i ves  t h e  s e n s i t i v i t y  as a  f u n c t i o n  o f  wavelength 

f o r  a  v a r i e t y  o f  p h o t o m u l t i p l i e r  tubes. 

P h o t o m u l t i p l i e r s  were se lec ted  f o r  t h e  v i s i b l e  rad iometers  on t h e  

GOES and GMS t ype  ins t ruments  (VISSR) because t h e  r a p i d  scan r a t e  (100 rpm) 

o f  these s a t e l l i t e s  r equ i r es  ext remely  f a s t  de tec to r  responses. I n  these 
I 

systkms, l i g h t  i s  focused by t e l e s c o p i c  o p t i c s  t o  separa t ion  pr isms and 

then  p iped ( v i a  f i b e r  o p t i c s )  t o  an a r ray  o f  p h o t o m u l t i p l i e r s .  I n  con- 

t r a s t  t h e  bas i c  imaging systems used on t h e  o l d e r  NOAA ope ra t i ona l  

s a t e l l i t e s ,  i.e., t h e  scanning rad iometers  (SR, VHRR) use t h e r m i s t e r  

bolometers f o r  t h e  v i s i b l e  measurements. 

4.2.1 Wide Field-Of-View l r r ad iance  Instruments (Pyranometers, 

Pyrgeometers, Pyr rad iometers)  

Most c l i m a t e  requirements f o r  Ea r t h  r a d i a t i o n  budget measure- 

ments can be met by d i r e c t  measurement o f  i r r a d i a n t  f l u x e s  by spaceborne 

detectors .  These f l u x e s  a r e  conven ien t l y  labe led KC (shortwave incoming, 

K+ (shortwave emitted--0,2- 4.0 pm), L4 (longwave emitted--4.0 - 100.0 um). 

94  = K+ + L4 ( n e t  emi t ted ) ,  Q* = K+ - Q 4  ( n e t  g loba l  r ad ia t i on ) .  These 

measurements represen t  t h e  r a d i a n t  sources o r  ex i tances,  o r  a  combinat ion 

the reo f ,  o f  ?he bas i c  g loba l  components, The degree o f  r ep resen ta t i on  

o f  t h e  Ea r t h  components i s  a  f u n c t i o n  o f  inhomogeneity o f  t h e  Ea r t h  f i e l d s ,  



FIGURE 4.2 

Fig. $2 .  Typic:il sensitivity u a function of n-avelenxth fur i2rioti.q types of photo- 
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(12.51; curve 11 : -4g-O-CS (101 : S-1). 



con ten t  o f  t h e  f i e l d s ,  and h e i g h t  o f  t h e  s a t e l l i t e .  These f a c t o r s  w i l l  

be considered i n  t h e  data a n a l y s i s  s e c t i o n  f o r  bo th  methods under s tudy.  

The bas ic  p r i n c i p l e  f o r  measurement o f  power (P I  i n p u t  t o  a  p e r f e c t l y  

absorbing, cos ine  response de tec to r  ( f l a t  b l ack  body) i s  denoted by: 

where, 

I (e,@) i s  t h e  angu l a r  l y  dependent rad i ' an t  i n tens i  t y  ( ~ s r - l  1, 

fi i s  t h e  s o l i d  angle  subtended by t h e  des i red  Ear th  f i e l d  (norma l l y  

t h e  e n t i r e  d i s k )  w i t h  respec t  t o  t h e  de fec to r  and de f ined  as t h e  de tec to r  

f i e l d -o f - v i ew  (FOV) .  I t  i s  composed o f  a  zen i t h  angle  (ang le  between 

t h e  r a d i a t i o n  stream vec to r  and t h e  normal t o  t h e  r e c e i v e r )  and an 

azimuth angle  8. 

. The i r r a d i a n c e  ( E l  i s  g i ven  by: 

where, 

2 
A i s  t h e  area ( m  1 o f  t h e  d e t e c t i n g  surface. 

Note t h a t  i f  t h e  sur face o f  t h e  r ad iome t r i c  de tec to r  i s  a  sphere, 

cos 8 = I a t  a l l  t imes. Note a l s o  t h a t  E  i s  determined a t  t h e  s a t e l l i t e  

a l t i t u d e  and t hus  it i s  r equ i r ed  t o  i n f e r  f l u x  a t  t h e  t o p  o f  t h e  atmosphere 

2 
Since fi = A e / r  w i t h  Ae t h e  area o f  t h e  Ea r t h  f i e l d  and r t h e  d i s t ance  

between Ear th  and t h e  s a t e l l i t e  de tec to r ,  t h e  measured i r r ad i ances  from 

2 
t h e  same Ea r th  f i e l d  v a r i e s  by ( I / r  1. Most wide f i e l d -o f - v i ew  systems 

do n o t  use o p t i c s  t o  "gather more radiance1'; t h e i r  f i e l d s  a r e  l i m i t e d  by 



stops t h a t  de f i ne  an instantaneous geometr ic FOV. I t  gene ra l l y  extends 

from hor i zon  t o  hor i zon  and p o l e  t o  pole,  thus  subtending a t o t a l  ang le  

0 
o f  approx imate ly  125 a t  o r b i t a l  a l t i t u d e s  near 1000 Km. 

, . .  . , .- Fc,r a ;cm~ i b;,3a.c pane i z d $ . ; e t  i -  i ;  s,tr ; c I z-: -  -.- 
- ..-zr-v+ ! ,v:* ... - - . . - - .  - 

~ p d  3n.i; psi r o f  K t ,  L+, Qr,  o r  (2" excep i  The 13+, Q* p a i r  s ince :  

(K f ,  L+ known) 

(K+,  Q+ known) 

(KC, Q* known) 

(L+, Q+ known) 

(L+, Q* known) 

The measurement p a i r  i s  o p t i o n a l  bu t  t h e  s o l u t i o n  i s  b a s i c a l l y  d i c t a t e d  

by tAe ach i evab l e measurement accuracy. Broad band pyranorneters a r e  more 

a p p l i c a b l e  than  pyrogeometers s i nce  h i g h l y  accura te  i n f r a r e d  windows a re  

d i f f i c u l t  t o  design o r  exceeding ly  expensive t o  manufacture. The standard 

shortwave window i s  a  qua r t z  hemisphere which has good longwave c u t o f f  

p rope r t i es .  Al though a l l  qua r t c  domes a re  somewhat ca tacaus t i c ,  t h e  

grade I l l  Suprasil-W fused s i l i c a  hemispheres used on Nimbus ERB i n s t r u -  

ments and t h e  planned ERBSS ins t rument  i n d i c a t e  good square wave p r o p e r t i e s  

f rom 0.15 t o  4.5 pm; see F igure  4.3 f rom Vonder Haar and Wal lschlaeger (1978).  

Longwave windows such as prepared from diamond subs t ra tes  can be f ab r i ca ted  

f o r  square wave t y p e  t ransmiss ion,  b u t  cu to f f  a t  approx imate ly  50 pm, thus  

e l i m i n a t i n g  55% o f  t h e  t e r r e s t r i a l  i n f r a r e d  r a d i a t i o n .  S impler  f  i l t e r s  

such as t ha l i um  bromide coa t i ngs  do n o t  p rov ide  good c u t o f f  p r o p e r t i e s .  





Since a Q+ measurement r equ i r es  no windows o r  f i l t e r s ,  t h e  s imp les t  

broad band budget system wculd inc lude  a pyrohel iometer ,  pyranometer, and 

pyr rad iometer .  

I n t e r f e rence  o r  band pass f i l t e r s  such as Scho t t  g l ass  shortwave 

f i l t e r s  o r  germanium subs t ra te  longwave domes a r e  n o t  germain t o  t h i s  

r e p o r t  and w i l l  n o t  be discussed. 

4.2.2 Radiance Measurements f rom a Scanner 

Ce r t a i n  s c i e n t i f i c  o b j e c t i v e s  r e q u i r e  h i gh  a rea l  s p e c i f i c i t y  

o f  t h e  Ea r t h  r a d i a t i o n  budget. Use o f  a smal l  FOV t o  o b t a i n  these data 

i s  ve ry  analogous t o  t h e  problem o f  imaging t h e  Ea r t h  f i e l d  from geo- 

synchronous s a t e l l i t e  te lescopes. However, r a d i a t i o n  budget spec t ra l  

bands a r e  u s u a l l y  d i f f e r e n t  f rom imaging bands ( p r i m a r i l y  shortwave 

and longwave windows) and g e n e r a l l y  conform t o  t h e  broad reg ions  noted 

i n  t h e  p rev ious  sect ion.  

O r b i t a l  measurements o f  r e f l e c t e d  and emi t ted  r a d i a t i o n  from e,g. 

50 x 50 Km spots  p rov ide  a de te rmina t ion  o f  t h e  t o t a l  r a d i a t i o n  budget 

over  a spo t  v i a  a measurement o f  t h e  a n g u l a r l y  dependent rad iance (N), 

and an in fe rence  o f  t h e  t o p  o f  atmosphere i r r a d i a n c e  E(x,y) f rom N ( o r  

combinat ions o f  N 's l ;  see Raschke e t  a l .  (1973). T h i s  can be expressed by: 

where, 

E(x,yl i s  t h e  i n t eg ra ted  f l u x  corresponding t o  a p o s i t i o n  x,y on 

t h e  sphere extending t o  t h e  t o p  o f  t h e  atmosphere, 

N(9 ,9 ,$r) i s  en a n g u l a r l y  dependent radiance, 
0 5 



x(eo,8 ,m) i s  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  f u n c t i o n  o f  s o l a r  
S 

zen i t h  angle  (Bo), s a t e l l i t e  z e n i t h  angle  (0 1, and r e l a t i v e  azimuih 
S 

angle i n  t h e  p lane  tangen t  t o  t h e  sphere centered a t  t h e  e a r t h  and 

i n t e r s e c t i n g  (x,y). 

The more general deconvolu t ion problem o f  determin ing r a d i a t i v e  

f l u x e s  a t  t h e  t op  o f  t h e  atmosphere f rom wide angle, h i gh  a l t i t u d e  

s a t e l l i t e  p l a t f o rms  i s  discussed i n  Sec t ion  7. 

Obviously, i f  t h e  b i - d i r e c t i o n a l  r e f l e c t i o n  c o e f f i c i e n t s  a r e  un- 

known o r  approx imate ly  w i t h  some uncer ta in ty ,  t h e  de te rmina t ion  o f  ? 

d i r e c t i o n a l  r e f l e c t a n c e  ( R )  i s  known o n l y  w i t h i n  some unce r t a i n t y  

l i m i t .  R i s  def ined: 

where, 

H i s  t h e  s o l a r  cons tan t .  

I n  add i t i on ,  t h e  albedo (.A) s u f f e r s  f rom t h i s  u n c e r t a i n t y  and s ince :  

and i f  o n l y  one o r  several  measurements a r e  a v a i l a b l e  f o r  t i m e  i n t e g r a t i o n ,  

t h e r e  i s  a  f u r t h e r  sampling unce r t a i n t y .  These a r e  t h e  so c a l l e d  f l u x  

model problems discussed i n  va r i ous  references. 

Thus, w h i l e  t h e  phys ica l  p r i n c i p l e s  o f  scanner measurements are c l e a r ,  

t h e  i n a b i l i t y  t o  measure f rom a  wide v a r i e t y  o f  narrow angles, coupled w i t h  

our  l i m i t e d  knowledge o f  t h e  a n i o s t r o p i c  r e f l e c t a n c e  and emi t tance by land 

and c loud  f i e l d s ,  t h e r e  i s  a  p r a c t i c a l  measurement problem i n  a t t emp t i ng  t o  

acqu i re  h i g h l y  a rea l  s p e c i f i c  r a d i a t i o n  budget data.  



The ac tua l  de tec to r s  used i n  t h e  scanners may range, as noted pre- 

viousl ly, over a  v a r i e t y  o f  p y r o e l e c t r i c ,  photoemissive and photoconduc- 

t i v e  detectors .  I n  general, each de tec to r  system can be ra ted  by i t s  

Noise Equ iva len t  Radiance (NEN). A standard express ion o f  t h e  charac- 

t e r i s t i c s  a f f e c t i n g  noise:  

wherd, 

NEP i s  t h e  de tec to r ' s  no i se  equ i va l en t  power, 
I I A F  i s  t h e  no ise  equ i va l en t  bandwidih and i s  equal t o  0.5 Ts, 

where Ts i s  t h e  i n t e g r a t i o n  time, 

Ke i s  an e l e c t r o n i c s  no ise  f a c t o r ,  

Ao i s  t h e  c o l l e c t i n g  area o f  t h e  de tec to r ,  

n i s  t h e  s o l i d  angle  f i e ld -o f -v iew,  

€0 
i s  t h e  e f f e c t i v e  o p t i c a l  e f f i c i e n c y  f o r  t h e  de tec to r  system 

Km i s  chopping f a c t o r  f o r  convers ion from a  peak t o  peak t o  rms 

s i gna l .  

4.2.3 Cav i t y  De tec to rs  f o r  Measurement o f  D i r e c t  So la r  l r r ad i ance  

I  n  r ecen t  years a  new c  l ass o f  rad iometers  has become ava i lab I e  

f o r  f i e l d  measurements. These a re  t h e  so-ca l led abso lu te  c a v i t y  rad io -  

meters. The "new" Cav i t y  Radiometer World Radiometr ic  Reference (WRR) 

Scale a t  WRC-Davos, has taken a  p l ace  a long  s i d e  t h e  p re -ex i s t i ng  I n t e r -  

na t i ona l  Py rhe l i ome t r i c  Scale IPS-1956 ( t o  which it i s  re fe rencsd)  and 

I 
such rad iome t r i c  sca les  as t h a t  used by The Nat iona l  Bureau o f  Standtirds 

(NBS). Absolute c a l i b r a t i o n s  a r e  now r e f e r r e d  t o  an appro\led s e t  o f  
I 

WMO ' ins t ruments  c o n s i s t i n g  o f  t h e  f o l  lowing: 



I. PACRAD 

2. CROM 

3. ACR 

4. PMO 

This group of instruments coincides with the Solar Constant Reference 

Scale -- See Brusa, Gillham and Crommelynek (1977). Several candidate 

radiometers for satellite applications are given below: 

I . Eclectic Satel 1 i te Pyrhel iometer (ESP) developed' by J . 
Hickey of Eppley Labs 

2. Active Cavity Radiometer (ACR-IV) developed by R. Willson 

of JPL 

3. Primary Absolute Cavity Radiometer (PACRAD) developed by 

J. Kenda l l of JPL 

4. PMO developed by Frohlich and Brusa of Physikalisch -- 
Meteorologisches Observatorium (PMO), Davos, Switzerland 

5. CROM developed by Crommelynch of lnstitut Royal Meteorologigue 

de Be l gi que, Brussels 

6. A High Speed Active Cavity Radiometer (HSACR) approach was 

studied by the University of Wisconsin 

From a space measurement point of  view they offer potential for 

highly accurate, longlife data, primarily because their rrcavity" design 

maximizes detector absorptance and minimizes angular dependence, and 

because of their compensation mode self-calibrating characteristics. 

Presently, the first successful satellite cavity radiometer experiment 

is being carried on the Nimbus 7 satellite. The radiometer is of the 

Eppl ey/Gu lton type, schematical ly showr in Figure 4.4. For earth radiation 

budget purposes, there is still a question if the more complex cavities 
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can w i ths tand  t h e  trauma o f  launch and longt ime space operat ions,  and 

whether t h e i r  response t i m e  w i l l  be f a s t  enough t c  measure t h e  changing 

Ea r t h  f i e l d s .  Gul ton I n d u s t r i e s  o f  Albuquerque, New Mexico es t imates  

t h e  Nimbus-7 c a v i t y  response t ime  (channel IOC) as approx imate ly  one 

second. 

The bas i c  p r i n c i p l e s  o f  ope ra t i on  o f  c a v i t y  rad iometers  a re  g iven  

by a  d iscuss ion  from Vonder Haar and Wal lsch laeger  (1978) and stem from 

a design rev iew f o r  t h e  ERBSS instrument.  

The advantages o f  t h e  c a v i t y  de tec to r s  over  t h e  f l a t  p l a t e  de tec to r s  are:  

I .  Improved r e c e i v e r  absorptance (hence b e t t e r  longwave 

response, and l c ss  s e n s i t i v i t y  t o  c o a t i n g  degradat ion.  

2. The c a v i t i e s  can be c a l i b r a t e d  e l e c t r i c a l l y .  F l a t  p l a t e  

r ece i ve r s  may a l s o  incorpora te  t h i s  fea tu re .  

The disadvantages o f  t h e  c a v i t y  de tec to r s  a re :  

I .  Volume 

2. Weight 

3. Power (depends on mode o f  ope ra t i on )  

4. Time cons tan t  and 

5. A s h u t t e r  may be requ i r ed  

The ACR-IV c a v i t y  rad iometer  made by JPL i s  g e n e r a l l y  operated i n  t h e  

a c t i v e  mode, i.e., t h e  i r r a d i a n c e  i n c i d e n t  on t h e  pr imary c a v i t y  i s  propor-  

t i o n a l  t o  t h e  d i f f e r e n c e  i n  t h e  e l e c t r i c a l  power app l i ed  t o  t h e  secondary 

and pr imary c a v i t i e s .  The app l i ed  e l e c t r i c a l  power ma in ta ins  a  cons tan t  

heat  f l o w  from each c a v i t y  t o  t h e  housing o r  heat  s i n k .  With t h e  s h u t t e r  

closed, bo th  pr imary and secondary c a v i t i e s  a r e  exposed t o  about t h e  same 

i r r ad iance  and t h e  power d i f f e r e n c e  i s  minimized. With t h e  s h u t t e r  open, 



� he scene Tr rad iance i n c i d e n t  on t h e  p r imary  c a v i t y  reduces t h e  e l e c ~ r i c 3 !  

heat  on t h a t  c a v i t y  necessary t o  m a i n t a i n  t h e  c0nstsn.t hea t  f l o w  t o  the  

housing. The change i n  t h e  p r imary  c a v i t y  e l e c i r i c a l  power i s  then  pro- 

p o r t i o n a l  t o  t h e  i n c i d e n t  i r r b d i a n c e .  I n  t h e  pass ive  mode, n i c k e l  r e s i s -  

tance sensors measure t h e  temperature  d i f f e r e n c e  between t h e  two c a v i t i e s ;  

t h a t  d i f f e r e n c e  be ing  p r o p o r t i o n a l  t o  t h e  incoming scene i r r a d i a n c e .  

The ESP ( E c l e c t i c  S a t e l l i t e  Py rhe l iomete r )  o f  Eppley/Gul ton employs a  

t o r o i d a l  wire-wound thermopi le ,  n e a r l y  i d e n t i c a l  t o  t h e  f l a t  p l a t e  thermo- 

p i l e  r e c e i v e r ,  t o  measure t h e  temperature  d i f f e r e n c e  between t h e  two c a v i t i e s .  

I n  t h e  a c t i v e  mode, heat  i s  a p p l i e d  t o  t h e  secondary c a v i t y  t o  n u l l  t h e  

the rmop i le  o u t p u i .  Eppley f e e l s  no s h u t t e r  i s  necessary as t h e  ~ h e r m o p i l e  

sensor i s  bo th  l i n e a r  and s e n s i t i v e  over  t h r e e  decades and can measure ve ry  
I 

smal l  temperature  d i f f e r e n c e s .  

Because o f  t h e  b e t t e r  absorptance o f  t h e  c a v i t i e s ,  t h e  s p e c t r a l  response 

I 
i s  e s s e n t i a l l y  f l a t  t o  beyond 50 micrometers.  T h i s  i s  n o t  t r u e  o f  t h e  f l a t  

d i s c  r e c e i v e r  which has increased r e f l e c t a n c e  a t  longer  wavelengths regard- 

l ess  o f  t h e  c o a t i n g  used. The e l e c t r i c a l  c a l i b r a t i o n  f e a t u r e  o f  t h e  c a v i t i e s  

a l l o w s  a d d i t i o n a l  c a l i b r a t i o n  p o i n t s  when r o t a t e d  t o  look a t  space, regard- 

l ess  o f  t h e  mode o f  o p e r a t i o n .  A Langley funded s tudy i s  now underway a t  

JPL t o  determine t h e  p o t e n t i a l  f o r  c a v i t y  d e t e c t o r s  t o  opera te  i n  a  wide 

f i e l d  mode. T e s t i n g  o f  a  c a v i t y  d e t e c t o r  w i t h  a  wide f i e l d  v iew l i m i t e r  

was performed a t  JPL by Kendal l  i n  1977. These t e s t s  show a  response 

s l i g h t l y  above a  cos ine  response which was probably  caused by s c a t t e r i n g  

i n  t h e  v iew l i m i t e r  t h a t  was used. 

I n  i t s  s i m p l e s t  form, t h e  t h e r m o p i l e  d e t e c t o r  may be cons idered as a  

two t e r m i n a l  dev ice  whose o u t p u t  i s  a  v o l t a g e  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  

in  i r r a d i a n c e s  i n c i d e n t  on t h e  d e t e c t o r  a c t i v e  r e c e i v e r  and re fe rence  



r s c e i v e r  sur faces.  I n t e r n a l  l y ,  it may be copsidered as an a r r a y  c f  f-herrno- 

couplas.  ! t  i s  cons t ruc ted  by wrapping a  c o i l  o f  constantan w i re  around 

an aluminum heat  s i n k  where a  p o r t i o n  o f  t h e  constantan w i r e  i s  copper 

p l a t e d  t 3  form t h e  thermocouples. I n c i d e n t  r a d i a t i o n  i s  absorbed i n  a  

blackened 0.25-inch (6.35 mm) d iameter disc-shaped r e c e i v e r  surface, changing 

i t s  temperature, and i n  tu rn ,  genera t ing  a  p ropo r t i ona l  n e t  ou tpu t  vo l t age  

from t h e  thermocouple a r r a y .  

I t  i s  t o  be emphasized t h a t  t h i s  t ype  o f  de tec to r  i s  now i n  use, w i t h  

proven performance, i n  t h e  Ear th  Rad ia t ion  Budget (ERB) exper iment aboard 

I 
Nimbus-6. The ERB Sola r  Channel 3, which c o n s i s t s  o f  a therrnooi le de tec to r  

exposed To t h e  sun a l l  o f  t h e  t ime, has e x h i b i t e d  no s i g n i f i c a n t  degradat ion 

a f t e r  two years i n  o r b i t  ( <  4 0 . l $ ) .  To ro ida l  wire-wound thermopi les  w i t h  

approx imate ly  t h e  des i red  area have been made f o r  use on t h e  ESP, a  ve r s i on  

of  which i s  inc luded as one o f  t h e  channels o f  t h e  Nimbus-7 ERB (see s e c i i o n  5 )  

Tests  performed on t h e  ESP w i t h  i r r a d i a n c e  l e v e l s  up t o  1.2 s o l a r  

0 
constants  showed a  temperature change o f  less than  I  C and l i n e a r  response 

over  t h r e e  decades. The t o r o i d a l  c o n f i g u r a t i o n  prov ides a  h i g h l y  un i fo rm 

response over  t h e  d i s c  r ece i ve r .  T h i s  t ype  o f  the rmop i le  de tec to r  has a  

balanced re ference r e c e i v e r  w i t h  t h e  heat  s i n k  between t h e  a c t i v e  and 

re ference receTvers. T h i s  balance and heat  s i n k i n g  technique minimizes 

t h e  e f f e c t  o f  any conduct ive thermal t r a n s i e n t s  and a l l ows  a  r e l a t i v e l y  

f a s t  t i m e  constant .  The temperature d i f f e rence ,  AT, between t h e  a c t i v e  and 

re fernece rece ive rs ,  i s  n o t  a l lowed t o  reach h i gh  values f o r  h i gh  i n c i d e n t  

f l u x  leve ls ,  reduc ing t h e  e f f e c t s  o f  temperature dependent r e s p o n s i v i t y  non- 

l i n e a r i t i e s .  The d e s i r a b l e  q u a l i t i e s  o f  wire-wound thermopi les  a r e  good 

l i n e a r i t y ,  low temperature c o e f f i c i e n t ,  long-term s t a b i l i t y ,  and s t r u c t u r a l  

i n t e g r i t y .  I t  should be noted t h a t ,  f o r  of f -normal a x i s  image po in t s ,  t h e  



d e t e c t o r  p resen ts  a  c ross -sec t j3n  which v a r i e s  ss ?be cos ine  o f  :ne o f f - a x i s  

angle.  Hence, t h e  c i r c u l a r  wire-wound t h e r m o p i l e  d e ~ e c t o r  i s  sai; io have s 

c o s i n e  response c h a r a c t e r i s t i c .  

Whi le e x a c t  data  a r e  n o t  a v a i l a b l e ,  es t ima tes  have been made o f  t h e  

weight  and power increases assoc ia ted  w i t h  t h e  use o f  c a v i t y  rad iometers  

r a t h e r  than  t h e  f l a t  p l a t e  the rmop i le .  Wi thout  a  s h u t t e r ,  t h e  weight  o f  

each channel w i t h  increase by 0.395 kg o r  0.87 Ibs .  T h i s  e s t i m a t e  i s  based 

on use o f  90 percen t  o f  t h e  a v a i l a b l e  volume by a  m a t e r i a l  w i t h  t h e  d e n s i t y  

o f  aluminum. The a v a i l a b l e  volume i s  a  c y l i n d e r  o f  5.7 cm diameter and 6.35 cm 

3 
h e i g h t  and a  volume o f  162.6 cm . l i  t h e  c a v i t y  d e t e c t o r  can be operz ted 

i n  t h e  pass ive  mode, t h e r e  i s  no need f o r  a d d i t i o n a l  power over  ?he r  a l r e a a y  

a l l o c a t e d  per  channel. I n  t h e  a c t i v e  mode, i t , i s  es t imated t h a t  each c a v i i y  

channel w i l l  r e q u i r e  approx imate ly  0.5 wa t ts .  Use o f  c a v i t y  d e t e c t o r s  i n  

f o u r  Ear th - look ing  channels would r e q u i r e  an a d d i t i o n a l  1.58 kg o r  3.48 I b s  

i n  weight  and up t o  2.0 w a t t s  o f  power. 

S ince shortwave channels do n o t  r e q u i r e  s p e c t r a l  response p a s t  5.0 

micrometers, a  good compromise m i g h t  be t h e  use o f  pass ive  c a v i t y  d e t e c t o r s  

f o r  t h e  t o t a l  channels and t h e  f l a t  p l a t e  t h e r m o p i l e  f o r  t h e  shortwave 

channels. T h i s  would increase t h e  weight  by 0.79 kg and n o t  a f f e c t  t h e  power. 

4.3 Rad i a t  i o n  Pressure Method 

The use o f  r a d i a t i o n  p ressure  f o r  t h e  measurement o f  r a d i a t i v e  

f l u x  begins w i t h  t h e  E i n s t e i n  mass-energy conserva t ion  p r i n c i p l e :  

which can a l s o  be expressed f o r  a  s i n g l e  photon hv: 



t hus  r e v e a l i n g  t h e  equ iva lence between photon energy and momentum. When 

t h i s  momentum i s  imparted t o  a  secondary o b j e c t  ( p a r t i c l e )  o f  mass ( M I ,  

conserva t ion  p r i n c i p l e s  r e q u i r e  t h e  r e s u l t a n t  f o r c e  t o  produce an a c c e l e r a t i o n .  

Van de H u l s t  (1957) expresses t h i s  t r a n s f e r  w i t h  r e s p e c t  t o  an e x t i n c t i o n  

c ross -sec t ion  o f  t h e  exposed p a r t i c l e :  

where, 

fi i s  t h e  momentum removed from a  r a d i a t i v e  beam and t r a n s f e r r e d  t o  a 
r 

p a r t i c l e ,  and 

i s  t h e  e x t i n c t i o n  c ross -sec t ion  d e f i n e d  as:  

where, 

'abs 
z a b s o r p t i o n  cross-sect ion,  

'sca 
E s c a t t e r i n g  cross-sect ion,  

and i s  a  f u n c t i o n  o f  complex index o f  r e f r z c t i o n ,  p a r t i c l e  o r i e n t a t i o n ,  and 

t h e  p o l a r i z a t i o n  o f  t h e  i n c i d e n t  beam. 

For p e r f e c t  absorbers Cext = 'sca 
. I f  we d e f i n e  t h e  a c t u a l  c ross -  

s e c t i o n  C, then  ( I  - 'ext 
/ C) d e f i n e s  t h e  t r a n s m i s s i v i t y  of t h e  p a r t i c l e .  

When t r e a t i n g  r a d i a t i o n  p ressure  systems such as t h e  D5B (CASTOR) S a t e l l i t e  

o r  t h e  proposed B l R A M l S  system (see Tess ie r ,  1977 and Onera, 19781, t h e  

e f f e c t i v e  e x t i n c t i o n  c ross -sec t ion  e f f i c i e n c y  i s  1.0 and t h u s  t h e  t r a n s -  

m i s s i v i t y  i s  0.0. T h i s  p r o p e r t y  need n o t  hold,  however, and leads t o  



r s f h e r  i n t e r e s t i n g  s p e c u l a t i o n  concern ing p a r t i a l l y  t r a n s p a r e n t  s a t e l l i t e s  

designed f o r  band pass measurements. The fir momentum imparted t o  t h e  ex- 

posed p a r t i c l e  rep resen ts  a  f o r c e  exer ted  i n  t h e  d i r e c t i o n  o f  p ropaga t ion  

o f  t h e  i n c i d e n i  beam and r e s u l t s  i n  r a d i a t i o n  pressure.  

I f  we cons ide r  g r a z i n g  inc idence  on a  p a r t i c l e  s u r f a c e  where 8 i s  t h e  

ang le  between t h e  i n c i d e n t  beam and t h e  normal t o  t h e  p a r t i c  i e  surface,  r 

must be m o d i f i e d  accord ing t o  cost?, r e s u l t i n g  i n :  

- 
'ex t 

i > r  absorbing p a r t i c l e s ,  and: 

/ / - 
Mr a 'ext - text ( cos 9 I 

l a 
f o r  non-absorbing p a r t i c l e s .  The r e s u l t a n t  v e c t o r  f o r c e  (FS on a  p a r t i c l e  

o f  mass (MI by a  r a d i a t i v e  f l u x  (No) i s  t h u s  

and t h e  a c c e l e r a t i o n  ($1 i s  thus:  

- 1 
l h e r c  we d e f i n e  WoC a s  t h e  r a d i a t i o n  pressure.  

I f  we extend t h i s  p r i n c i p l e  t o  a  sphere o f  r a d i u s  ( r ) ,  and c o n s i d e r i n g  

t h e  i n t e g r a l  p r o p e r t i e s  o f  a  sphere we can d e f i n e  t h e  e f f e c t i v e  c ross -sec t ion .  



'I ile f i r s t  d e f i n e  i n e  :GI lowing: 

A - A b s o r p t i v i t y  o f  t h e  c o a t i n g  

R - T ~ t a l  r e f l e c t i v i t y  o f  t h e  coa t i ng  

R - Specu l'ar r e f  l  e c t  i v  i i y  component s 

R D i f f u s e  r e f l e c t i v i t y  component 
d  

T  - T r a n s m i s i v i t y  o f  c o a t i n g  ( ze ro )  

E f E m i s s i v i t y  o f  coa t i ng  

The f o l l o w i n g  r e l a t i o n s h i p s  app ly :  

A + R = 1.0 s i nce  T = 0.0 

R s + R  = R  
j 

E <  A - 

We assume t h a t  Rd and E a r e  r ep resen ta t i ve  of  p e r f e c t l y  d i f f u s e  pro- 

cessek ( o r  nea r l y  so ) .  Sign i f i c a n t  depar tu res  from i so t r opy  w i l  l genera l l  y 

lead t o  e r r o r s  i n  t h e  measurements. We now d e f i n e  t h e  e f f e c t i v e  a b s o r p t i o ~  

,. 
cross-sec t ion  o  A l l  absorbed photons p a r a l l e l  t o  a  d i r e c t i o n  n  a long A ' 

paths designated by p rov i de  a  composi t e  i n  i t i a  l imp" l  se f o r c e  p ropo r t i ona l  

t o  o  where 
A ' 

2 
where oA = ( n r  1 A and 8 de f i nes  t h e  angle  between and t h e  vec to r  from 

I 
t h e  den te r  of t h e  sphere t o  t h e  i n c i d e n t  p o i n t  a t  t h e  su r face  o f  t h e  sphere. 

Note t h a t  t h i s  ang le  serves as t h e  d e c l i n a t i o n  ang le  component o f  t h e  s o l i d  



a ,-, , , .- I , a - i n t a g r a i i o n .  Note a  I so t h a t  bo th  t r a n s v e r s a  fo rces  (norma I -0 r l )  

i n t e g r a t e  t o  zero s i n c e  they  symmet r i ca l l y  oppose f o r  any s e l e c i i o n  sf 

or thogonal  axes. 

R e f l e c t i n g  energy a l s o  leads t o  impulse f o r c e s .  Specular r e f l e c t i o n  

impar ts  i n c i d e n t  impulses and r e f l e c t i n g  impulses. As i n  t h e  a b s o r p t i o n  

case, t h e  t r a n s v e r s e  f o r c e s  cancel  and we cons ide r  o n l y  t h e  components 

p a r a l l e l  t o  s. The inc idence impulse i s  p r o p o r t i o n a l  t o  cosO 2s i s  t h e  r e -  

f l e c t i n g  impulse. I n  a d d i t i o n ,  t h e  component o f  t h e  r e f l e c t i o n  f o r c e  

oara l  l e  I t o  i s p r o p o r t i o n a l  t o  cos20 as seen i n  t h e  f o  l  lowi  ng diagram. 



The i n t e g r a l  form needed t o  determine t h e  specular  c ross -sec f ion  o i s :  
s  

Using t h e  double angle  i d e n t i f y  f o r  cos20: 

Note t h a t  an impulse f o r c e  along a  r a d i a l  vec to r  r i s  p ropo r t i ona l  t o  

2 2 
2cos 9 and i t s  component a  long n i s  cos8[2cos 81. 

o r  4.14 y i e l d s :  

where, 

I n t e g r a t i n g  e i t h e r  4.13 

T r e a t i n g  t h e  d i f f u s e  r e f l e c t i o n  case, bo th  t h e  i n c i d e n t  and r e f l e c t i o n  

impulses a r e  p r o p o r t i o n a l  t o  cose. The r e f l e c t i o n  impulse, however, i nvo lves  

a  hemispher ic i n t eg ra t i on ,  symmetric about t h e  normal t o  a  r a d i a l  vec to r  

extended t o  t h e  p o i n t  o f  incidence. I f  we cons ider  o n l y  p e r f e c t l y  d i f f u s e  

r e f l e c t i o n ,  we can determine a  p a r t i c u l a r  d i f f u s e  r e f l e c t i o n  pressure (P  1 
Rd 

w i t  -espect t o  t h e  r a d i a l  d i r e c t i o n :  



whars we no te  t h a t  Q / ? T  repr;sents t h e  we.ighting c;f Ed l o r  a  p a r t i c u l a r  

d i r e c t i o n  over t h e  ZIT s r  hemisphere o f  r e f l e c t i o n  and ( 8 ' , $ ' )  rep resen t  t h e  

angu la r  q u a n t i t i e s  desc r i b i ng  t h e  hemisphere o f  r e f l e c t i o n .  Th i s  i n t e g r a l  

y i e l d s  

R = (woc- l )  . R~ - cos e 
PC! 2 

Consider ing t h e  p r o j e c t i o n  o f  t h i s  impulse i n  t h e  fi d i r e c t i o n  and 

i n t e g r a t i n g  over  ZIT s r  f o r  both i n c i d e n t  and r e f l e c t i o n  processes y i e l d s :  

I d 

The l a t e r  i n t e g r a l  express ion y i e l d s  1/3, thus :  

where, 

S i m i l a r l y ,  cons ider ing  d i f f u s e  emission we f i n d :  



which does n o t  represen t  

a source term, r a t h e r  a  p a r a s i t i c  term. 

Thus, t h e  t o t a l  source re ferenced c ross -sec t ion  ( a )  i s  g iven  by:  

I 
where we d e f i n e  K as t h e  c o a t i n g  p rope r t y  c o e f f i c i e n t  and C as t h e  ac tua l  

c ross -sec t ion  o f  t h e  sphe r i ca l  r ece i ve r .  The a c c e l e r a t i o n  term along'n i s  

where S = K C/  M which we d e f i n e  as t h e  s e n s i t i v i t y  c o e f f i c i e n t  o f  t h e  

rece ive r ;  see G i r a r d  (1978)and Levadon (1978) f o r  d iscuss ions.  Note t h a t  

spec t ra l  dependence i s  n o t  cons idered here; spec t ra l  dependence i n  t h e  d i f f u s e  

r e f l e c t i o n  term must be minimized t o  avo id  measurement unce r t a i n t y .  The 

degree o f  p o l a r i z a t i o n  o f  t h e  r a d i a t i v e  source does n o t  a f f e c t  t h e  measure- 

ment (see Mainguy e t  a1.,1978). 

We now cons ider  a l l  angu la r  r a d i a t i v e  sources W (O,$)and t h e  r e s u l t a n t  
0 

acce le ra t i on  component a long an a r b i t r a r y  (nomina l )  x f  a x i s .  

C lea r l y ,  i f  Wo(0,4) i s  cons tan t  f o r  a l l  (8,() then Sx, = 0. Cons ider ing 

t h e  bas i c  sources ( so l a r ,  t e r r e s t r i a l ,  l unar ) ,  t h e r e  w i l l  be non-zero acce lera-  

t i o n s  a long x f  and assoc ia ted or thogonal  components y '  and z ' .  The summation 

o f  a c c e l e r a t i o n  components y i e l d s  t h e  e f f e c t i v e  r a d i a t i o n  pressure induced 



I 

a c c e l e r a t i o n  3 a long  a pa th  fl, Since t h e  i n t e g r a l  q u n S i t y  i n  4 .22  r e -  

oresents  t h e  n e t  f l u x  W, we say f i n a l  l y  t h a t  i n e  v e c t o r i a l  i r r 3 3 i 3 n s s  t e r ~  W 

i s  g i v e n  by 

An 2bsorbing-re+lecting-emliting sphere t h u s  ~ l s c s d  i n  a  d r33- f ree  

r a d i a t i v e  environmen? w i l l  undergo an a c c a l e r a t i c n  i a )  a l o r ~  a 3 a t n  ( p i ) ;  

see Pas t re  and J u l l i e t  (1977) and B a r l i e r  e i  a l .  (1975).  I f  we d e f i n e  t h i s  

a c c e l e r a t i o n  v e c t o r  ($1 as (a:, a '  a ' )  i n  some a r b i t r a r y  nominal c o o r d i n a t e  
Y '  z 

system, we have a  means by r a d i a t i o n  p ressure  t o  determine an e q u i v a l e n t  

f l a t - p l a t e  f l u x  on a  s p h e r i c a l  r e c e i v e r  whose r a d i o m e t r i c  response f u n c t i o n  

would be 1.0. 

Since t h e  p r o p e r t i e s  o f  t h e  a c c e l e r a t i o n  v e c t o r  a r e  conserved under a  

c o o r d i n a t e  t rans fo rmat ion ,  we can r o t a t e  t h e  a r b i t r a r y  c o o r d i n a t e  system t o  

an (x ,y , r )  i n e r i i a l  c o o r d i n a t e  system i n  which t h e  r - a x i s  extends r a d i a l l y  

f rom E a r t h  c e n t e r  t o  t h e  s a t e l l i t e ,  t h e  y -ax is  para1 l e l  t o  t h e  E a r t h  s p i n  

ax is ,  and t h e  x -ax is  be ing  t h e  assoc ia ted  c ross  p roduc t  i n  a  r i g h t  handed 

sense. We now have an a c c e l e r a t i o n  v e c t o r  component ar such t h a t  

where W i s  t h e  same n e t  r a d i a t i v e  f l u x  t h a t  would be measured a t  any po in+ 

by a  47~ s r  f l a t  p l a t e  n e t  py r rad iomete r  a t  e q u i v a l e n t  s a t e l l i t e  a l t i t u d e  

assuming e r r o r - f r e e  c o n d i t i o n s .  T h i s  i s  an i n t r i g u i n g  f e a t u r e  o f  t h e  r a d i a t i o n  

p ressure  measurement, i .e . ,  it represen ts  a  f u l l y  i n t e g r a t e d  va lue  o f  n e t  

r a d i a t i o n .  Accord ing ly ,  t h e  area-mass-coating s e n s i t i v i t y  f a c t o r  ( S )  serves 

as t h e  c o n t r o l  parameter f o r  measurement accuracy;  see Duhumel and Marchal (1978) 

and Mainguy k t  a l .  (1979) f o r  d e t a i l e d  d iscuss ions. .  



The measurement o f  ac tua l  r a d i a t i o n  components (I<+, K f ,  i f ,  Of, 

from a sphe r i ca l  r a d i a l l o n  pressure s a t e l l i t e  i s  a  5-par t  problem: 

I .  Sk in  c o a t i n g  o r  t r a n s f e r  f r u n c t i o n  p r o p e r t i e s  

2. Measurement o f  a c c e l e r a t i o n  

3. Removal o f  p a r a s i t i c  f o r ces  

4. Decomposing r a d i a t i v e  induced acce le ra t i ons  i n t o  i r r a d i e n t  f l u x e s  

a t  t h e  s a t e l  l  i t e  

5. Deconvolu t ion o f  t h e  s a t e l l i t e  f l u x e s  t o  t o p  o f  atmosphere f l u x e s  

Because t h e  problems i nd i ca ted  i n  P a r t  5 a r e  i n h e r r e n t  i n  any wide 

angle  measurement ( r a d i o m e t r i c  o r  r a d i a t i o n  pressure)  they  w i l l  be discussed 

separa te ly  i n  Sec t ion  7. 

Since t h e  i n t eg ra ted  response o f  a  sphere i s  equ i va l en t  f o r  p e r f e c t l y  

absorbing o r  p e r f e c t l y  r e f l e c t i n g  (specu la r )  s k i n  p rope r t i es ,  i t seems 

reasonable t o  s e l e c t  a  c o a t i n g  which y i e l d s  i h e  fewest degradat ion problems. 

For tuna te ly ,  un i form degradat ion o f  t h e  coa t i ng  w i l l  n o t  immediately lead t o  

use less measurements. Some o f  these problems a r e  addressed du r i ng  t h e  LZEEBE 

s tud ies,  e.g., see LARC (19751, and a re  under study f o r  BIRAMIS; see G i ra rd  

1978). 

The measurement o f  a c c e l e r a t i o n  i t s e l f  i s  a  t echn i ca l  problem i n  e l e c t r o - '  

s t a t i c s .  The CACTUS (Capteur Accelerometr ique Capaet i f  T r i a x i a l  U l t r a s e n s i b l e )  

ins t rument  suspends a rhod ium-p l a t i  num proo f  mass ( 4  cm diameter b t  l  I  w i t h i n  

a  4.017 cm diameter c a v i t y  w i t h  3 p a i r s  o f  " f o r c i n g  e lect rodes" ;  see Bernard 

e t  a l .  (1977). F i gu re  4.5 from Berhard e t  a l .  i l l u s ? r a t e s  t h e  CACTUS -- -- 

schemat ica l l y .  Accuracy o f  measurements depends c r i t i c a l l y  on t h e  c e n t e r i n g  

and symmetry o f  t h e  c a v i t y .  The ambient r a d i a t i o n  fo rces  and p a r a s i t i c  

fo rces  lead t o  displacement o f  t h e  s a t e l l i t e  w i t h  respec t  t o  t h e  b a l l .  T h i s  

I 



FIGURE 4.5 

Principle of  the accelerometer. 



I 
,displacenien? r e s u l i s  i n  capac i tence changes a long  t h e  axes of t h e  acce le ro -  

meter. The change i n  v o l t a g e  p o t e n t i a l s  determined by 3 p a i r s  o f  " d e t e c t i o n  

e lec t rodes"  r e s u l t s  i n  be ing a b l e  t o  m o n i t o r  ins tantaneous or thogonal  

va lues o f  a c c e l e r a t i o n  o f  t h e  s a t e i l i t e .  The combinat ion o f  f o r c e s  a l s o  

leads t o  to rques  o r  t w i s t i n g  f o r c e s  lead ing t o  s p i n .  I f  t h e  t ime  cons tan t  

o f  t h e  acce lerometer  i s  much g r e a t e r  than  t h e  s p i n  t i m e  cons tan t ,  thess  

torques a r e  i n s i g n i f i c a n t .  Furthermore, c o n t r o l l e d  s p i n n i n g  i s  nomina l l y  

r e q u i r e d  t o  overcome i n e r t i a l  fo rces,  t o  min imize thermal g r a d i e n t s  and t o  

maximize a t t i t u d e  s t a b i l i t y .  

The p a r a s i t i c  i o r c e s  a f f e c t i n g  acce lerometer  measurements can be c l a s s i -  

f i e d  as e x t e r n a l  forces,  and s a t e l l i t e  o r  acce lerometer  induced f o r c e s .  

These a r e  g i v e n  by Mainguy (1978). see F i g u r e  4.6 f o r  an i I  l u s t r a t i o n  from 

Bernard -- e t  a l .  (1977) and inc lude :  

Ex te rna l  Forces: 

I .  Atmospheric drag 

2. Lunar f l u x e s  ( r e f l e c t e d  and e m i t t e d )  

3. S o l a r  wind ( f r e e  p ro tons )  

S a t e l l i t e  and Accelerometer Induced Forces 

I . Photon i c  t h r u s t s  (due t o  temperature grad ieents a long t h e  c o a t i  ng 

o r  i n t e r n a l l y )  

2 .  Loren tz  f o r c e s  

a )  Charges on t h e  s a t e l l i t e  

b )  Charges on t h e  ba l l  

3. I n e r t i a l  a c c e l e r a t i o n s  ( b a l  l  mass c e n t e r  does n o t  correspond 

t o  s a t e l l i t e  mass c e n t e r )  



FIGURE 4.6 
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4. G r a v i t a t i o n a l  forces 

a )  G r a v i t y  f i e l d  g r a d i e n t  

b )  Mass a t t r a c t i o n  

5. Magnet ic f i e l d  f o r ces  

6 ,  Residual gas f o r ces  i n  t h e  c a v i t y  

A l l  o f  these p a r a s i t i c  f o r ces  can be complete ly  o r  p a r t i a l  l y  overcome by  

va r  i ous s t r a t e g  i es. 

Atmospheric drag f o r ces  a r e  e l im ina ted  by go ing t o  h igh  o r b i t a l  

a  I t i tudes ( >  1030 K n ) .  The charge bu i l.dup f o r ces  can be ni  n  ii!i zed by 

b r i n y i n g  t h e  b a l l  l n  con tac t  w i t h  t h c  accelerometer cage periodically. 

Fhoton ic  fo rces  nay be t h e  most d i f f i c u l t  t o  t r e a t  a l though t h e  acce lcra-  

t i o n  l eve l s  assoc ia ted w i t h  them a re  f a i r l y  low. Most o f  t h e  o t h e r  

f o r ces  a r e  n o t  se r ious  and a r e  e x p l i c i t l y  d iscussed by Mainguy (1978). 

The e x t r a c t i o n  o f  r a d i a t i o n  components f rom t h e  a c c e l e r a t i o n  vec to r  

has two sources o f  geometr ic e r r o r .  F i r s t  o f  a l l ,  t h e r e  a r e  e r r o r s  

assoc ia ted w i t h  t h e  r o t a t i o n  o f  t h e  accelerometer coord ina te  system 

due t o  u n c e r t a i n t i e s  i n  t h e  a t t i t u d e .  T h i s  s imply  p laces a  c o n d i t i o n  

on t h e  accuracy o f  t h e  a t t i t u d e  determinat ion.  Unce r t a i n t y  i n  t h e  

a t t i t u d e  measurements t r a n s l a t e s  t o  e r r o r s  ( d i r e c t l y  p ropo r t i ona l  t o  

t h e  cos ine  o f  a t t i t u d e  angle  u n c e r t a i n t i e s )  a long t h e  f l u x  o r  r a d i a l  

a x i s  du r i ng  t h e  coord ina te  r o t a t i o n  (see Mainguy e t  a l . ,  1978). A 

second, more ser ious  geometr ic e r r o r ,  r e s u l t s  f rom t h e  displacement o f  

t h e  nominal z-axis f rom t h e  i n e r t i a l  r a d i a l  o r  r -ax is .  Since t h i s  

r e l a t i o n s h i p  i s  cons tan t l y  varying, due t o  s a t e l l i t e  s p i n  and a t t i t u d e  

precession, t h e  e r r o r  bar  magnitude ( r e s u l t i n g  f rom t h e  d o t  p roduc t  o f  

t h e  nomi na I a c c e l e r a t i o n  llnoisell v e c t o r  i n t o  t h e  i n e r t i a l  "f lux" a x i s )  



w i l l  vary  accord ing ly .  The r e s u l t a n t  e r r o r  can be considered random i f  

t h e  nominal coord ina te  system v a r i e s  quasi-randomly w i t h  respec t  t o  t h e  

i n e r t i a l  coord ina te  system. 

The response t ime  o f  t h e  CACTUS accelerometer i s  slow. How much 

t h i s  problem can be overcome i n  t h e  f u t u r e  i s  open t o  quest ion.  I t  i s  

ev i den t  t h a t  t h e  slow response t i m e  c rea tes  d i f f i c u l t i e s  i n  es t ima t i ng  

t h e  s o l a r  t r a n s i t i o n s  through t h e  e a r t h ' s  t e rm ina to r  (see Duhumel and 

Marchal, 1978). 

Actua l  c a l c u l a t i o n s  o f  t h e  i n d i v i d u a l  f l u x  components f rom t h e  

acce le ra t i ons  i n  an i n e r t i a l  coo rd i na te  system a re  c a r r i e d  o u t  d i r e c t l y  

and ' i n d i r e c t l y .  The s o l a r  i r r a d i a n c e  term (KC) i s  deduced from s o l a r  

t e r m i n a t o r  cross ings.  Longwave emission (L+) can be moni tored du r i ng  

t h e  h igh t ime pe r i od  whereas determin ing r e f l e c t e d  shortwave (K+) re-  

q u i r e s  t h e  assumption o f  longwave constancy over  a 24-hour per iod.  Thus 

n i g h t t i m e  L f  i n  con junc t i on  w i t h  KS es t imates  Kf as a r es i dua l .  

Ana lys is  o f  Ea r t h  r a d i a t i o n  budget components from CACTUS measurements 

a r e  descr ibed by La la  e t  a l .  (1977,19781, B a r l i e r  (19781, Bouttes (19781, 

and Boudon gtt. (1978). 

Synopsi s 

T h i s  s e c t i o n  covered a wide range o f  ma te r i a l .  The referenced 

a r t i c l e s  p rov i de  many a d d i t i o n a l  d e t a i l s  about va r ious  ins t ruments  used 

t o  measure r a d i a n t  power and t h e i r  unde r l y i ng  phys ica l  p r i n c i p l e s .  

Because readers o f  t h i s  r e p o r t  a r e  l i k e l y  t o  be less f a m i l i a r  w i t h  t h e  

r a d i a t i o n  pressure method, a more lengthy d e s c r i p t i o n  was provided. 

Note t h a t  fundamental ly d i f f e r e n t  ins t rument  systems (e.g., thermal 

vs. photon) have been used t o  measure r a d i a n t  power f o r  many years. 

Rad ia t ion  pressure measuring systems add y e t  another dimension t o  ou r  

i nstrurnent ar ray.  



5. SENSOR IMPLEMENTATION 

sec t i on  presents  a d iscuss ion  o f  t h e  e x i s t i n g  and p o t e n t i a l  sensor candi-  

dates t o  measure t h e  r a d i a t i o n  budget i n  t h e  1980rs. F i r s t ,  we review 

t h e  t a rge t s .  F igure  5.1 shows t h e  t ime  v a r i a t i o n  o f  t h e  Ea r t h  r a d i a t i o n  

f i e l d  as would be measured by a f l a t - p l a t e  de tec to r .  

I t  i s  essen t i a l  t o  cons ider  t h e  bas ic  r a d i a t i o n  budget accuracy 

requirements (abso lu te  accuracy, r e p r o d u c i b i l i t y  o r  p r e c i s i o n  and per iod -  

i c i t y )  as w e l l  as t h e  spec ia l  requirements o f  c a l i b r a t i o n  and system 

s t a b i  J i t y  and l i f e t i m e .  I n  add i t i on ,  cons ider  t h e  requirements imposed 

by va r ious  sensors on t h e  spacecra f t  systems (see Sect ion 6 ) .  We 

m a t r i x  t h e  candidate sensors aga ins t  these requirements i n  Tab le  5.1. 

A r e l a t i v e  index i s  used ranging from I = no problem t o  10 = major 

problem; TBD i nd i ca tes  t o  be determined. 

Table  5.1 inc ludes  a convo lu t i on  o f  many f ac to r s .  I t  does no t  

necessa r i l y  p rov ide  in fe rences  regard ing  t h e  conc lus ions o f  t h e  p resen t  

study. These conc lus ions  a r e  g iven  i n  Sec t ion  9 where a d d i t i o n a l  

f a c t s  a r e  cons idered beyond sensor p o t e n t i a l  ( e . g . ,  a b i l i t y  t o  meet 

sampling needs, a n a l y s i s  complexi ty,  r e l a t i v e  cost, redundancy). A t  

t h i s  p o i n t  it s u f f i c e s  t o  no te  t h e  c r i t i c a l  problems encountered by 

t h e  p o t e n t i a l  sensors. 

Aside from t h e  c a v i t y  l i f e t i m e  (TBD), t h i s  c l a s s  o f  sensors 

s u f f e r s  f rom a d i f f i c u l t y  i n  f i l t e r i n g .  F i l t e r  wheel movement mus? 

w a i t  f o r  t h e  de tec to r  t o  respond. Permanent f i l t e r s  impa i r  a space 

.- - -- - -- 





I Tab le  5.1: Sensor R e l a t i v e  M e r i t  M a t r i x  

D i r e c t  S o l a r  
Tota  l  I 

1 Req . 
I 

A 
R  

Spec t ra l  
A 

,Cav i t y  WFOV P y r o e l e c t r i c  RP Photodetector  
Thermopi le Scanner Acce l  erometer Scanner 

Overal l  R. 8 .  

E a r t h  R a d i a t i o n  
Ref l  ec ted 

A 5 

P e r i o d i c i t y  

R  
Em i t t e d  

A 

C a l i b r a t i o n  

4 

5 

I - IR  
6-So l a r  

(Ground & 
I  n f  l  i g h t )  

L i f e t i m e  TBD 

Spacecraf t  
Demands 

S tab i  l i t y  
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re fe rence  check o f  t h e  c a v i t y .  Thermopiles such as t h e  wide f i e l d - o f -  

view (WFOV), have overa l - I  medium t o  good m e r i t  rank. They do s u f f e r  

f rom thermal t r a n s i e n t s .  Even though t h e i r  l i f e t i m e  i s  p o t e n t i a l l y  

very  long, They d i e  when t h e  s ~ a c e c r a i i  d ies .  

P v r o e l e z t r i c  d e ~ e c + o r s  a r e  h ~ e d  +3 , - ' -aracter j  zs 3 +/c ica ! 5;-n'i9- 

system (e.g. Nimbus-7). I T  i s  d i f f i c u l t  t o  c a l i b r a r e   he s o ? a r  s i de  o f  

these de tec to r s  i n  an a b s o f u ~ e  sense, e s p e c i a l l y  af-rer launch. New 

methods a r e  under study, yeT pas t  exper ience leaves u n c e r t a i n t i e s  o f  

i 10 -15%.  The scanner i s  d e f i n i t e l y  s u b j e c t  t o  spacecra f t  a t t i t u d e  v a r i a -  

b i l i t i e s  and t h e  sensors a r e  s e n s i t i v e  t o  microphonics.  

A r a d i a t i o n  pressure sensor (acce lerometer  i n  smal l  s a t e l l i t e  w i t h  

la rge  A/M r a t i o )  has severe d i f f i c u l t i e s  de te rmin ing  t h e  d e t a i l e d  spec t ra l  

d i s t r i b u t i o n  o f  t h e  r a d i a t i o n  f l u x .  T h i s  impacts spec t ra l  s o l a r  measure- 

ment as we1 I  as s imple separa t ion  o f  Ea r t h  energy i n t o  albedo and i n f r a r e d  

components. Spacecraf t  s t a b i l i t y ,  a r i s i n g  f rom a v a r i e t y  o f  pe r t u rba t i ons ,  

due t o  spacecra f t  shape, s ize,  and mass a r e  o t h e r  concerns. The requ i r ed  

I 
o r b i t  a l t i t u d e s  ( %  I000 Km) excludes h i gh  r e s o l u t i o n  measurement 

s p e c i f i c i t y .  

Sensors o f  t h e  pho tode tec to r  t y p e  a r e  n o t  w e l l  s u i t e d  f o r  measuring 

t o t a l  em i t t ed  r a d i a f i o n  f rom t h e  Ear th .  T h e i r  overa l  I accuracy and 

r e p r o d u c a b i l i t y  i n  a d d i t i o n  t o  t h e i r  l i f e t i m e  a r e  a l s o  i n  quest ion.  

Some f a c t o r s  o f  common concern among several  sensors a r e  t h e  degrada- 

t o n  (by age o r  contaminat ion)  o f  su r face  coat ings,  f i l t e r  o p t i c s ,  e tc .  

The scanners e s p e c i a l l y  s u f f e r  from these  problems. The u n f i l t e r e d  

c ~ \ . / i t i e s  have much less  o f  a  problem. The angular  response i s  o f  concern 

I 
o n l y  f o r  t h e  WFOV the rmop i le  (scanner a n a l y s i s  d i f f i c u l t y  due t o  l i m i t e d  

angu la r  coverage i s  not a sensor p rope r t y  - See Sec t ion  7 f o r  d i scuss ion) .  



Obviously,  scanners use many separate measurements TO assemble t h e  larse-  

s c a l e  r a d i a t i o n  budget p i c t u r e  and thus  impose g r e a t e r  demands on s a t e l l i t e .  

data  s to rage  and t ransmiss ion  systems. On t h e  o t h e r  hand, WFOV and RP 

sensors lack  t h e  measurement s p e c i f i c i t y  i n  space t o  meet c e r t a i n  sc ience 

r z z c l r = ~ e n i s .  

I +  i s  i n s t -  ~ , - ~ i v e  tc i I l u s t r a t e  t n e  perCornance ~f T ~ C  v ~ r i t 7 1 1 ~  q i - l = ~  

sensors inc luaed i n  t h e  above d iscuss ion.  F igure  5 .5  i l l d s t r ~ - k e s  a 

t ime  s e r i e s  o f  t h e  channel 3 t o t a l  s o l a r  channel on Nimbus-6. T h i s  

de tec to r  responds over  t h e  bandpass 0.2-50 y m  unobst ructed by imaging 

o p t i c s  f i l t e r s  o r  windows. The de tec to r  i t s e l f  i s  a wirewound t he rmop i l e  

(see Jacobowitz e t  a l . ,  1975). The graph c o n s i s t s  o f  d a i l y  averaged 

percen t  d e v i a t i o n s  from a d i s t ance  co r rec ted  s o l a r  mean value. Nbte w i t h  

t h e  excep t ion  o f  a few o u t l i e r s  i n  December, 1975, t h e  peak t o  peak 

2 
excurs ions a r e  less than  0.2% o r  approx imate ly  2.75 W/m . Although t h e  

r e l a t i v e  accuracy ( p r e c i s i o n )  o f  Nimbus-6 s o l a r  channels appear very  good, 

t h e  abso lu te  performance i nd i ca ted  some problems. Discuss ion i s  g i ven  

i n  Hlicket e t  a l . ,  1977. 

F i gu re  5.3. prov ides i n i t i a l  r e s u l t s  f rom t h e  Nimbus-7 Experiment Team 

f o r  t h e  channel IOC a c t i v e  c a v i t y  radiometer.  The f i r s t  5 months i n d i c a t e  

- 2 
excurs ions no l a r g e r  than  approx imate ly  2 Wm (O. l5$) .  

F igure  5.4 p rov ides  3 years o f  monthly mean a c c e l e r a t i o n  data from 

t h e  CACTUS a c c e l e r a t i o n  on b a r d  t h e  058 sate1 l i f e .  I t  i s  impor tant  t o  

no te  t h a t  t h e  v a r i a t i o n t l u e t o  earth-sun d i s t ance  i s  e a s i l y  detected. 

N o t i  ng t h a t  s o l a r  parameter changes on t h e  o rde r  o f  0.5% ( w i t h  respecT 

t o  a mean annual s o l a r  cons tan t )  w i l l  t h e o r e t i c a l l y  lead t o  s i g n i f i c a n t  

c l i i a t i c  d r i f t ,  t h e  va l ue  o f  m u l t i p l e  and independent s o l a r  measurements 

becomes c l e a r .  I t  i s  d i f f i c u l t  t o  a s c e r t a i n  from a s i n g l e  sensor 
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whether a 0.3-0.5% d r i f t  i s  i ns t rument  related o r  r e a l  . Con f i rmat ion  b y  

o r  disagreement w i t h  a  second system measures t h e  l i k l i h w d  of d e t e c t i n g  

a c t u a l  s o l a r  v a r i a b i l i t y .  



6 .  PLATFORM AND SPACE SYSTEM REQUIREMENTS 

Four t o p i c s  a r e  considered as apropos t o  a  d iscuss ion  on ac tua l  

i n f  I i g h t  requ i  rements: 

I. O r b i t a l  c o n f i g u r a t i o n  

2. A t t i t u d e  de te rmina t ion  

3. C a l i b r a t i o n  procedures.  

4. L i f e t i m e  

The ac tua l  o r b i t a l  c o n f i g u r a t i o n  se l ec ted  f o r  an RP miss ion  i s  

a f f e c t e d  by t h e  same c o n s t r a i n t s  as t h a t  o f  t h e  1980's ERBS program. 

I n  p r i n c i p l e ,  i f  an exac t  model o f  t h e  d i u r n a l  modulat ion o f  t h e  re-  

f l e c t e d  and em i t t ed  e a r t h  energy terms were known, a  s i n g l e  p o l a r  o r b i t -  

i n g  sun synchronous sate1 l i t e  would accomplish t h e  requ i r ed  g l oba l  sampl- 

ing. I n  f ac t ,  one o f  t h e  more e l u s i v e  d e s c r i p t i o n s  o f  t h e  e a r t h  energy 

budget i s  t h e  d i u r n a l  modulat ion.  As a  r e s u l t  systems o f  s a t e l l i t e s  

a r e  a c t u a l l y  r equ i r ed  t o  e f f e c t i v e l y  and thorough ly  mon i t o r  t h e  hea t  

exchange process. A summary o f  t h e  r equ i r ed  o r b i t a l  c o n f i g u r a t i o n  f o r  

a s i ng l e ,  double, t r i p l e  and quadrup le  s a t e l l i t e  system i s  g i ven  i n  

Table  6.1 as c a l c u l a t e d  by Campbell and Vonder Haar (1978). Note 

t h e r e  a r e  va r i ous  op t i ons  when cons ider ing  t h e  f i r s t  t h r e e  sate1 I  i t e  

ensembles. 

A second nav iga t i ona l  cons ide ra t i on  i s  t h e  knowledge o f  sate1 l i t e  

A 

a+t i tude .  I f  we cons ider  a  measurement vec to r  P Tn some a r b i t r a r y  

accelerometer frame o f  reference, we r e q u i r e  t h e  d o t  p roduc t  o f  t h a f  

vec to r  w i t h  t h e  z-axis ( f l u x  a x i s )  considered i n  an i n e r t i a l  frame o f  

reference. T h i s  frame o f  re fe rence  can o n l y  be es tab l i shed  w i t h  a  



Table 6.1: Optimal Satellite Orbits For 
Radiation Budget Purposes 

No. of SateIiites/3rbit Confiqurations 

SS indicates sun-synchronous 
Numeric indicates orbital inclination 

l 

4 

Note that any configuration that is weighted 
heavily toward sun-synchronous observations 
is subject to the theoretical diural model 
employed to estimate 24-hour totals. 

or S S 
50-60 

or 80-50 
SS-SS 

or 80-80-80 

or 80-60-50 
SS-SS-50 

SS-SS-80-50 

The first option in the 3 satellite systsm 
(80-80-80) would be an extremely difficult 
orbital configuration to achieve. Orbital 
injection maneuvers would have to be very 
accurate. 



d e f i n i t i o n  o f  t h e  s a t e l l i t e  a x i s  w i t h  respec t  t o  t h e  Earth.  'Ne can ex- 

A 
press t h e  t ransformed f l u x  vec to r  ( F )  s ince:  

where 0 i s  t h e  angle  subtended between t h e  a c c e l e r a t i o n  vec to r  i n  t h e  

accel  rometer frame o f  re fe rence  and t h e  z -ax is  i n  t h e  p lane con ta i n i ng  1 
t h e  two vec to rs .  

I f  we express t h e  above i n  d i f f e r e n t i a l  form and d i v i d i n g  both s ides  

2 

be F, we f i n d :  

% e r r o r  ? = [taneael + o 

A 
The above assume P con ta i ns  no e r r o r .  S u b s t i t u t i n g  t h e  present  s p e c i f i c a t i o n  

0 0 
va lue  f o r  68 = 0.3 a t  0 = 45 , we f i n d  t h a t  t h e  percentage e r r o r  i n  t h e  

f l u x  due t o  a t t i t u d e  i 'mprecision i s  on t h e  o rde r  o f  0.5%. T h i s  va lue  i s  

s l i g h t l y  h igher  than  t h e  accepted p r e c i s i o n  ( r e l a t i v e )  accuracy s p e c i f i e d  

by COSPAR WG6 (1978). Our recommendation i s  t o  improve t h i s  s p e c i f i c a t i o n  

by a  f a c t o r  o f  2. 

As noted by Crommelynek (1978) a  simple, low c o s t  s a t e l l i t e  i s  h i g h l y  

des i r ab le  f o r  r a d i a t i o n  budget mon i to r ing .  The usual advantage gained 

by s i m p l i c i t y  i s  long l i f e ;  t h i s  appears t o  be t h e  case w i t h  t h e  BlRAMlS 

concept. Our con ten t i on  i s  t h a t  a  s i g n i f i c a n t l y  long s a t e l l i t e  l i f e t i m e  

i s  one o f  t h e  keys t o  s p e c i f y i n g  t h e  t r a n s i e n t  na tu re  o f  t h e  g loba l  energy 

budget. I n  t h i s  ins tance  a  s i g n i f i c a n t  l i f e t i m e  i s  tanamount t o  an I l - y e a r  

s o l a r  cyc l e .  Whi le we understand c l e a r l y  t h e  p o t e n t i a l  increase i n  costs ,  



necessary t o  augment t h e  s a t e l l i t e  w i t h  enough power c a p a b i l i t y  t o  achieve 

an I l - y e a r  l i f e  span, we suggest t h a t  a  cont inuous data s e t  i s  worth 

t h e  i nvestrflent. 

I t  should be noted t h a t  t h e  r e l a t i v e  cnange i n  h e a ~  exchange i s   he 

pr imary mechanism by which g l oba l  c l i m a t i c  models a r e  forced, n o t  by 

abso lu te  l eve l s .  A cont inuous data s e t  w i t h  minimal b i a s  v a r i a b i l i t y  i s  

f a r  more s u i t a b l e  t o  c l i m a t i c  s t ud ies  than  a  data s e t  r e t a i n i n g  i n t e r -  

comparison problems. Pe r t u rba t i ons  as a  r e s u l t  o f  changing ins t ruments  may 

we l l  swamp any ac tua l  p e r t u r b a t i o n s  conta ined i n  t h e  t i m e  se r i es .  

Some f i n a l  comments a re  needed on t h e  s u b j e c t  o f  ins t rument  c a l i b r a -  

t i o n .  The c a l i b r a t i o n  o f  a  s a t e l l i t e  d e t e c t o r  i s  a  process which begins 

long before t h e  s a t e l l i t e  i s  launched and does n o t  t e rm ina te  u n t i l  t h e  

s a t e l l i t e  o r  ins t ruments  e v e n t u a l l y  f a i l .  P r e f l i g h t  s e n s i t i v i t y  and ga in  

c a l c u l a t i o n s  a r e  n o t  s u f f i c i e n t  i n fo rmat ion  as most rad iometers  undergo 

changes i n  t h e i r  response p r o p e r t i e s  a f t e r  launch. I t  i s  thus  customary 

t o  i nc l ude  as p a r t  o f  any ins t rument  system, an i n f l i g h t  c a l i b r a t i o n  pro- 

cedure. H i s t o r i c a l l y ,  t h i s  has meant v iewing t a r g e t s  o f  known p r o p e r t i e s  

such as space, t he rma l l y  c o n t r o l l e d  shu t te rs ,  t h e  sun o r  moon, e x e r c i s i n g  t h e  

e l e c t r o n i c s  w i t h  known s tep  funct ions,  and/or app l y i ng  t h e  method o f  t r ans -  

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

As COSPAR WG6 (1978) po in ted,  t h e  abso lu te  c a l i b r a t i o n  o f  rad iometers  

w i t h  r ad iome f r i c  techniques i s  n o t  t h e  des i red  s o l u t i o n .  Ins tead t h e  

p r i n c i p l e  o f  e l e c t r i c  s u b s t i t u t i o n  was suggested and now i s  t h e  approved 

approach u t i l i z e d  f o r  t h e  two Nimbus ERB experiments. I n  add i t i on ,  t h e  

channel IOC a c t i v e  c a v i t y  on Nimbus-7 i s  cons t ruc ted  w i t h  a  redundant 

hidden c a v i t y  i n t e r f a c e d  t o  t h e  same thermopi le .  Th i s  c a v i t y  i s  p e r i o d i -  

c a l l ?  exposed t o  t h e  s o l a r  source and t h u s  p rov ides  a  check on t h e  degrada- 

t i o n  o f  i t s  mate. L im i t ed  exposure insures l i m i t e d  UV and p ro ton  damage 



and a shared thermop i le  insures  t r u e  equivalence. Thus, t h e  c a v i t y  

approach has dual c a l i b r a t i o n  op t ions .  I t  i s  a l s o  impor tan t  t o  note 

t h a t  t h e  r ad iome t r i c  approach u t i l i z e s  an i n t e r n a t i o n a l l y  accepted 

rad iome t r i c  sca le  (World Radiometr ic  Reference, WRR), see F r o h l i c h  (1976). 

T h i s  scale,  i n  tu rn ,  i s  re ferenced t o  p re -ex i s t i ng  r ad iome t r i c  sca les  

such as t h e  I n t e r n a t i o n a l  Py rhe l i ome t r i c  Scale (IPS-1956) and o t h e r  

r ad iome t r i c  re fe rences  such as t h a t  used by t h e  U.S. Na t iona l  Bureau of  

Standards. 

* I  
Al though t h e  r a d i a t i o n  pressure approach has no base sca le  t o  which 

t o  r e f e r ,  it i s  n o t  devoid o f  soph i s t i ca ted  c a l i b r a t i o n  procedures. I n  

f ac t ,  t h e  accelerometer can employ a procedure analogous t o  t h a t  o f  

e l e c t r i c a l  s u b s t i t u t i o n ,  i.e., mass r e d i s t r i b u t i o n .  I n  t h i s  case, known 

i n t e r n a l  fo rces  a r e  imposed on t h e  system thus  induc ing t h e  accelerometer 

t o  respond. Dev ia t ions  f rom t h e  t h e o r e t i c a l  response would r e f l e c t  

s e n s i t i v i t y  changes i n  t h e  accelerometer i t s e l f .  Since t h i s  procedure 

i s  t h e  o n l y  independent check on accelerometer performance, it i s  suggested 

t h a t  a mass r e d i s t r i b u t i o n  subsystem be g i ven  t h e  h i ghes t  s c r u t i n y .  

I 
I 

6..l Notes on t h e  S a t e l l i t e  Subsystems 

Data record ing  and t ransmiss ion,  thermal env i  fonment and power a r e  

a d d i t i o n a l  f a c t o r s  invo lved  w i t h  any t o t a l  measurement system. For sys- 

tems such as t h e  ERBSS, NASA (Woerner e t  al., 1977) has completed an 

ex tens ive  study o f  subsystem and i n t e r f a c e  requirements. ESA has done 

t h e  same f o r  SEOCS and BIRAMIS. Thus, o n l y  t h e  f o l l o w i n g  f a c t s  o f  spec ia l  

i n t e r e s t  a r e  inc luded i n  t h e  p resen t  r epo r t .  I t  should be !noted immediately 



t h a t  bandwidth requiremenis f o r  data t ransmiss ion  a re  low due t o  t h e  non- 

spec t ra l  na tu re  o f  t h e  r a d i a t i o n  pressure s a t e l l i t e .  Thus, t h e r e  i s  

no need t o  pursue t h i s  t o p i c .  

BlRAMlS requirements i nc l ude  t h e  need f o r  no moving p a r t s  on t h e  

spacecraf t .  I n  add i t i on ,  t h e  s o l a r  c e l l s  used f o r  power genera t ion  per-  

t u r b  t h e  BlRAMlS coat ing,  a  f a c t  t h a t  has been inc luded i n  e r r o r  ana l ys i s  

(Mainguy e t  al., 1979). 

So la r  measurements us i ng  any o f  t h e  rad iometers  may r e q u i r e  a  

spec ia l  sun sensor t o  determine when t h e  sun i s  p r e c i s e l y  on-axis. Such 

devices a r e  commonly a v a i l a b l e  and may be considered p a r t  o f  t h e  d i r e c t  

s o l a r  measurement ins t rumenta t ion .  Gimbals o r  o t h e r  methods t o  make f i n e  

adjustments t o  t h e  rad iometer  o r i e n t a t i o n  p rec lude  movement o f  t h e  e n t i r e  

s a t e l l i t e .  

Synopsis 

Orb i t s ,  a t t i t u d e ,  c a l i b r a t i o n  i n  space and long l i f e t i m e  a r e  key 

e a r t h  r a d i a t i o n  budget measurement requirements placed on s a t e l l i t e s  and 

t h e i r  subsystems. I n  c o n t r a s t  t o  o t h e r  missions,payload weight  and data 

r a t e  demands a r e  modest. 

Special  e f f o r t s  t o  determine t h e  i n f l i g h t  c a l i b r a t i o n  and intercom- 

pa r i son  of  t h e  rad ia t i ,on  budget ins t ruments  have been a  p a r t  o f  a l l  con- 

cep tua l  s tud ies.  I n  add i t i on ,  t h e  concept o f  a  system o f  s a t e l l i t e s  t o  

measure r a d i a t i o n  budget, t hus  a t t a c k i n g  t h e  t i m e  and space sampling 

problem, has requ i r ed  use o f  new and complex s i m u l a t i o n  s tud ies .  Work 

i s  con t i nu i ng  i n  a l l  these areas f o r  mid-1980 experiments. 

I 



DATA ANALYSIS REQUIREMENTS 

Although rad iome t r i c  measurements and r a d i a t i o n  pressure measurements 

i nvo l ve  d i f f e r e n t  de tec t i on  p r i n c i p l e s  and c a l i b r a t i o n  methodology, bo th  

i nvo l ve  s i m i l a r  a n a l y s i s  procedures. For t h e  sake o f  s i m p l i c i t y ,  t h e  

a n a l y s i s  o f  c a l i b r a t e d  raw measurements ( t h e  response c h a r a c t e r i s t i c s  

o f  t h e  de tec to r  o r  r a d i a t i o n  r e c e i v e r  a r e  assumed t o  be known a t  t h i s  

p o i n t )  f a l l s  i n t o  f o u r  broad ca tegor ies :  

a. Nav iga t iona l  c o r r e c t i o n  

b. F l ux  deconvolu t ion 

c.  S t a t i s t i c a l  averages 

d. Post  hoc v e r i f i c a t i o n  

I * 
a. Nav iga t iona l  Co r rec t i on  

Presumably t h e  o r b i t a l  c h a r a c t e r i s t i c s  o f  any s a t e l l i t e  a re  known 

we l l  enough t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  s a t e l l i t e  m i s l o c a t i o n  e r r o r s .  

Nominal accurac ies prov ided by range, range-ra te  t r a c k i n g  techniques p rov ide  

o r b i t a l  f i x e s  on t h e  o rde r  o f  30 a r c  seconds du r i ng  t h e  course o f  an o r b i -  

t a l  per iod.  Th i s  t r a n s l a t e s  t o  a  l o c a t i o n  e r r o r ' o f  0.15 km f o r  a  1000 km 

s a t e l l i t e  o r b i t ,  which i s  considered i n s i g n i f i c a n t  f o r  budget purposes. 

S a t e l l i t e  a t t i t u d e  on t h e  o t h e r  hand represents  a  p o t e n t i a l  f i r s t  o rde r  

e r r o r  source f o r  e i t h e r  t ype  o f  s a t e l l i t e  system. L e t  us cons ider  t h r e e  

types o f  s a t e l l i t e  a t t i t u d e  c h a r a c t e r i s t i c s :  I )  f i x e d  w i t h  respec t  t o  

a  c e l e s t i a l  re ference;  2 )  s t a b l y  precess ing w i t h  respec t  t o  a  c e l e s t i a l  

reference; 3 )  i r r e g u l a r  o r i e n t a t i o n  wiTh respec t  t o  a  c e l e s t i a l  re ference.  



Type I and 2 systems a re  f a r  more d e s i r a b l e  than type  3 systems i n  r h a t  

t h e  l a t t e r  case requ i r es  accurate  on-board a t t i t u d e  sensors. The f i r s t  

two cases may o r  may no t  i nvo l ve  on-bcard a t t i t u d e  sensors. Th i s  i s  

because i f  t h e  c h a r a c t e r i s t i c s  o f  t h e  a t t i t u d e  a re  we l l  def ined, t h e  

o r i e n t a t i o n  v e c t o r  can be so lved f o r  as a f u n c t i o n  o f  t ime  from t h e  data 

base i t s e l f .  I d e a l l y ,  t h e  s a t e l l i t e  a t t i t u d e  would be r e l a t i v e l y  s t a b l e  

and t h e  s a t e l l i t e  i t s e l f  would c a r r y  on-board a t t i t u d e  sensing de tec to rs .  

There a r e  two troublesome aspects o f  va r y i ng  a t t i t u d e  con ta i n i ng  a 

random e r r o r  term. Assume t h e  a t t i t u d e  vec to r  i s  descr ibed b\f 

I 

where Ao ( t )  represents  t h e  mean precess ing a t t i t u d e  vec to r  and { ( t )  

represents  an unknown random component. The l a t t e r  component t r a n s l a t e s  

t o  e r r o r s  i n  t h e  angu la r  response f u n c t i o n  app l i ed  t o  a r ad iome t r i c  

instrument.  I n  t h e  case o f  an accelerometer on a r a d i a t i o n  pressure 

s a t e l l i t e ,  t h i s  unknown leads t o  e r r o r s  i n  t h e  r o t a t i o n  from t h e  nominal 

(measurement) re fe rence  frame t o  t h e  i n e r t i a l  ( f l u x )  re ference frame. 

Angular c o n d i t i o n s  t h a t  app ly  t o  o r b i t a l  accuracy no longer  apply  t o  

a t t i t u d e  accuracy except a t  t h e  s u b - s a t e l l i t e  p o i n t .  Assuming t h a t  t h e  

r a d i a t i v e  source reg ion  needs t o  be s p e c i f i e d  t o  an accuracy o f  I  km 
& 

t h e  A r ( t )  component must be no g r e a t e r  than 2 a r c  minutes f o r  a 1000 km 
L 

s a t e l l i t e .  I n  cons ider ing  t h e  A ( t )  component, it must be r e a l i z e d  t h a t  
0 

i f  t h e  t ime  v a r i a b i l i t y  i s  l a rge  and n o t  p e r i o d i c  ( t hus  r e q u i r i n g  occa- 

s i ona l  d iscont inuous a t t i t u d e  maneuvers), a t e r r e s t r i a l  r a d i a t i v e  source 

reg ion  w i l l  va ry  accord ing t o  a f i x e d  s a t e l l i t e  p o s i t i o n  s i nce  t h e  e a r t h  

cannot be considered as a p o i n t  source. Th i s  problem can be somewhat 

overcome du r i ng  a deconvolut ion,  bu t  w i t h  respec t  t o  an idea l  system, 



presents  an aggrava i ing  v a r i a b i l i t y  term. I n  ?he case o f  a  r a d i a t i o n  
-L. 

p ressure system, i f  t h e  A o  (t) component i s  f i x e d  o r  s l ow l y  precess ing 

accord ing t o  known c h a r a c t e r i s t i c s ,  it can be so lved f o r  by u t i l i z i n g  a  

p a i r  o f  t r a n s i t  t ime  measurements (day/n ight ,  n igh t /day )  and assuming 

constancy o f  t h e  s o l a r  source ove r  a  h a l f  o r b i t a l  per iod.  T h i s  i s  some- 

wh3t sdvsntagcous over  a  r ad iome t r i c  system such as t h e  ESB instrument,  

i n  : ~ h i c h  mechanical maneuvering i s  r equ i r ed  f o r  repeated views o f  t h e  sun. 

O f  course, i f  t h e  maneuvering c h a r a c t e r i s t i c s  and t h e i r  e f f e c t  on t h e  

s a t e l l i t e  a r e  known p e r f e c t l y ,  t h e  same p r i n c i p l e s  wou'ld apply t o  a  

r ad iome t r i c  system. T h i s  i s  gene ra l l y  n o t  t h e  case. 

b. F lux  Deconvolut ion 

The d i f f i c u l t y  w i t h  wide f i e l d -o f - v i ew  measurements, w i t h  respec t  

t o  e a r t h  f l u x e s  (measurements which cha rac te r i ze  bo th  WFOV rad iome t r i c  

and r a d i a t i o n  pressure measurements) i s  t h e  t r ans fo rma t i on  o f  s a t e l l i t e  

a l t i t u d e  f l u x e s  t o  normal ized cons tan t  a l t i t u d e  f luxes ,  p re fe rab l y  a t  

an a l t i t u d e  synonymous w i t h  t h e  t o p  o f  t h e  atmosphere; see F igure  7.1 from 

Houghton (1979) f o r  an exp lana t ion .  Th i s  i s  an essen t i a l  process i n  

case of an e c c e n t r i c  o r b i t  o r  i n  making comparisons t o  o t h e r  meas,urements. 

Although it would be p o s s i b l e  t o  mon i t o r  r a d i a t i v e  modulat ion o f  t h e  e a r t h  

system a t  an a r b i t r a r y  cons tan t  a l t i t u d e  reference, i t would be d i f f  i c u  I f  

t o  apply  such measurements t o  c l i m a t e  o r  general c i r c u l a t i o n  models which 

a r e  p resen t l y  designed accord ing t o  s p e c i f i c  zonal s t r uc tu res .  Fur ther -  

more, it would be nea r l y  imposs ib le  t o  develop a  use fu l  h i s t o r i c a l  record, 

i n v o l v i n g  va r ious  s a t e l l i t e s  and s a t e l l i t e  systems, w i t h o u t  norma l i z ing  

t o  a  cons tan t  re fe rence  leve l ,  i.e., t h e  t op  o f  t h e  atmosphere, The 

f o l l o w i n g  d iscuss ion  o u t l i n e s  an a n a l y t i c a l l y  based deconvolu t ion model 

which would be used t o  t r ans fo rm  r a d i a t i v e  f l u x e s  f rom t h e  s a t e l l i t e  

a l t i t u d e  sur face  t o  t h e  t o p  o f  t h e  atmosphere sur face.  



F igure  7.1 

1!1 - ~~u~tr:t:ng !he prob!em of  re!Zri-g the cutgcicg radiative flux at ;he top of the irr:~s;hr.rr 1.3 
rne~suremtnrs s t  3 typ~cal s3reliiie altitude. 



A r e l a t i o n s h i p  e x i s t s  between t o p  o f  atmosphere f l u x e s  and s a t e l l i t e  

a l t i t u d e  f l u x e s  i f  c e r t a i n  assumptions a r e  s a t i s f i e d .  E s s e n t i a l l y  t h e  two 

dimensional  i n t e g r a l  equa t ion  r e l a t i n g  sources t o  measurement can be i n -  

verted,  p rov ided  t h a t  t h e  average emission o r  r e f l e c t i o n  c h a r a c t e r i s t i c s  

depend o n l y  on t h e  r e l a t i v e  p o s i t i o n  o f  t h e  source f l u x  and measurement 

sensor. T h i s  assumption i s  adequately s a t i s f i e d  f o r  i n f r a r e d  f l u x  w i t h  

respec t  t o  a  t i m e  average. I t  i s  n o t  adequate f o r  r e f l e c t e d  f l u x  s i n c e  

t h e  s t r o n g  b i d i r e c t i o n a l  r e f l e c t a n c e  c h a r a c t e r i s t i c s o ' f  t h e  e a r t h  a r e  

c o r r e l a t e d  w i t h  v a r i a t i o n  i n  s u r f a c e  and atmospher ic r e f  l e c t i  ng features.  

Wi th  respec t  t o  zonal averages, t h i s  d i f f i c u l t y  can be overcome by t h e  

a p p l i c a t i o n  o f  an angu la r  r e f l e c t a n c e  model. 

A f l u x  m(9 ,@ ,t) i s  determined a t  t h e  s a t e l l i t e  w r t  l o c a t i o n  ( 8  ,$ ) 
S S s  S 

a t  t i m e  t. T h i s  measurement can be expressed i n  terms o f  a  f l u x  s(8  ,@ ,t) 
a  a  

a t  t h e  t o p  o f  t h e  atmosphere w r t  l o c a t i o n  ( 8  ,$ and a  we igh t ing  f u n c t i o n  
a  a  

The w e i g h f i n g  f u n c t i o n  can be cons idered as a  m u l t i p l e  o f  two terms: a  

d e t e c t o r  angu la r  response ' func t ion  h ( y ) ,  which depends on t h e  re1 a t i v e  

p o s i t i o n s  o f  ( 8  ,I$ and 8 ,I$ 1; and an a n i s o t r o p i c  b i d i r e c t i o n a l  normal i -  
a  a  s s 

r a t i o n  f a c t o r  ~ ( 8  ,I$ ,0 ,$ ,TI, which i n v o l v e s  t h e  dependence on a b s o l u t e  
a a s s  

p o s i t i o n :  

rn(8s,$st) = 



where: 

A -L - I 
y = cos (re + rs), 

re = source vec to r  

, -  = sa te  l l i t e  v e c i o r  
S 

C l e a r l y  a t i m e  average i s  needed t o  o b t a i n  a  reasonable measure 

where: 

Now l e t  us assume t h a t  i n  t h e  average, t h e  source f l u x  i s  n o t  c o r r e l a t e d  

w i t h  t h e  va r y i ng  p a r t  o f  ~ ( t )  = x 0 ( t )  + ~ ( t )  where x ( t )  i s  nea r l y  
0 

cons tan t  c l o s e  t o  one. Thus: 

and t h e r e f o r e  s u b s t i t u t i n g :  

T h i s  i n t e g r a l  equat ion can be i nve r t ed  s i nce  sphe r i ca l  harmonics a r e  

e igen- func t ions  of t h e  ope ra to r  h (y )dQ.  1 



- - 
Expanding m, n, an3 s i n  s p h e r i c a l  harmonics: 

d s i n g  t h e  a d d i t i o n  theorem f o r  s p h e r i c a l  harmonics (See Ar fken,  1970): 

Where 

Thus t h e  measurement becomes: 

P ' s  a r e  Legendre p o l y n o m i a l s  and Y ' s  a r e  s p h e r i c a l  harmonics.  



Comparing t h e  s e r i e s  expansion o f  ( e8, $,I, t h e  corresponding c o e f f i c i e n t s  

can be found: 

F i na l  l y :  

Thus, a reasonably accurate  measurement o f  t?~( e5, mS ) w i  I I determi ne t h e  

source f u n c t i o n  s ( 8  ,$ 1 i f  h(X) and x ( t )  a r e  known. 
a a o 

c )  S t a t i s t i c a l  Averages 

The process o f  c r e a t i n g  t e r r e s t r i a l  r a d i a t i v e  averages needs 

one word o f  cau t ion .  I n  t h e  deconvolut ion,  it was noted t h a t  f o r  a g iven  

t ime  constant,  t h e  average emission and r e f l e c t i o n  c h a r a c t e r i s t i c s  need 

t o  be descr ibed i n  o rde r  t o  p r o p e r l y  i n v e r t  t h e  i n t e g r a l  equa t ion  r e l a t i n g  

nominal measurements t o  atmospher ic f l uxes .  A t i m e  cons tan t  (A tbd )  

assoc ia ted w i t h  t h e  angu la r  model app l i ed  t o  t h e  deconvolut ion,  



represents  a l i m i t i n g  averag ing t ime. I n  con junc t i on  w i t h  t h i s  t ime  

constant,  i s  a sampling d i s t r i b u t i o n  o f  measurements f o r  g i ven  zones. 

I d e a l l y ,  t h i s  d i s f r i b u t i o n  would be f l a t ;  i f  not,  t h e  s i gna l  t o  no ise  

c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  zones w o ~ l d  dary. Thus, a second t ime  

cons tan t  ( A t  may need t o  be imposed t o  reduce t h e  maximum n/s r a t i o  
s n 

TO a "not  t o  exceed" s p e c i f i c a t i o n .  The s e l e c t i o n  o f  op t ima l  o r b i t s  as 

discussed i n  Sec t ion  6 minimizes t h e  l a t e r  problem. 

d) Post  hoc V e r i f i c a t i o n  

Exact v e r i f i c a t i o n  o f  a s e t  o f  independent r a d i a t i o n  measurement 

a f t e r  t h e  ana l ys i s  has cons idered a l l  o f  t h e  phys ica l  and numerical steps 

needed t o  generate ene rge t i c  u n i t s ,  would r e q u i r e  a second s e t  o f  inde- 

pendent measurements considered t o  be an exac t  reference. O f  course, 

t h i s  i s  n o t  now poss ib l e  f rom remote p la t fo rms ,  a l though f u t u r e  space 

s h u t t l e  miss ions p resen t  an o p p o r t u n i t y  t o  independent ly v e r i f y  r a d i a t i o n  

budget missions. On t h e  o t h e r  hand, two independent se t s  o f  measurements 

us ing  fundamental ly d i f f e r e n t  de tec t i on  p r i n c i p l e s ,  p rov ide  a much more 

powerful  data  base than any s i n g l e  se t .  To these authors,  one o f  t h e  

most va luab le  aspects o f  a r ad ia t i on  pressure s a t e l l i t e ,  would be i t s  

a b i l i t y  t o  mon i to r  t h e  r a d i a t i v e  ou tpu t  o f  t h e  sun as an independent 

check on modern s a t e l l i t e  c a v i t y  radiometers.  I n d i c a t i o n s  o f  p e r t u r b a t i o n s  

and/or anomalous s o l a r  a c t i v i t y  cannot be complete ly  t r u s t e d  when con- 

s i d e r i n g  a s i n g l e  instrument.  Two independent measurements o f  t h e  same 

phenomona u t i l i z i n g  d i f f e r e n t  measurement p r i n c i p l e s  reduces t h e  p r o b a b i l i t y  

f o r  e r r o r  dramat ica l  l y .  
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Synopsis 

I n  recen t  years t h e  impact o f  assumptions and necessary approxima- 

t i o n s  du r i ng  data a n a l y s i s  has been recognized as a p o t e n t i a l  major  con- :,a# 

t r i b u t o r  t o  o v e r a l l  u n c e r t a i n t y  i n  s a t e l l i t e  exper iment r e s u l t s .  For 

t h i s  reason t h e  fo rego ing  d iscuss ion  has been presented i n  a general  

sense, a p p l i c a b l e  t o  a l l  s a t e l l i t e  exper iments under s tudy.  We have 

no t  discussed here a powerful  t o o l  t o  exp lo re  t h e  impact o f  ana !ys is ,  

namely t h e  computer s i m u l a t i o n  o f  a space exper iment.  Methods used t o  

" f l y  t h e  s a t e l l i t e  i n  t h e  computer" p r i o r  t o  s a t e l l i t e  launch should be 

t h e  o f  f u r t h e r  study. 



8. POSSIBLE COMPLEMENTARY SYSTEMS 

The appeal o f  t h e  BlRAMlS concept stems from i t s  i nhe ren t  s i m p l i c i t y ,  

an impor tant  f a c t o r  f o r  longterm c l i m a t e  app l i ca t i ons .  Tb i s  requirement 

has been s p e c i f i c a l l y  addressed by COSPAR Working Group 6 i n  t h e i r  re-  

p o r t  on "Observing Systems f o r  Rad ia t i on  Budget StudiesT1. I n  add i t i on ,  

by use o f  a l t e r n a t e  phys ica l  p r i n c i p l e s  than  convent iona l  radiometry,  

w i t h  a t t endan t  d i f f e rences  i n  engineer ing,  it o f f e r s  an a l t e r n a t e  o r  

"second way" t o  measure t h e  r a d i a t i o n  budget. A l l  h i gh  accuracy and 

p r e c i s i o n  space measurements, e s p e c i a l l y  a t  t h e  beginn ing o f  t h e  c l i m a t e  

program, w i l l  f a l l  under heavy s c r u t i n y  by s c i e n t i s t s .  For t h i s  reason 

alone, a v a i l a b i l i t y  o f  a l t e r n a t e  concepts must be exp lored.  A comple- 

mentary measurement program would t hus  i n v o l v e  sensors o f  bo th  t h e  rad io -  

m e t r i c  and r a d i a t i o n  pressure types. Such a system cou ld  s imply  be a 

mix  o f  t h e  separate  exper iments f l y i n g  a t  t h e  same t ime. 

Thus, f u r t h e r  study should  be d i r e c t e d  toward a composite sensors, 

one t h a t  s imul taneous ly  measures t h e  r a d i a t i o n  budget (perhaps o n l y  

I 
t h e  d i r e c t  s o l a r  energy as a s t a r t  by employing both p r i n c i p l e s .  We 

b e l i e v e  t h e  BIRAMIS design concept, i n  con junc t i on  w i t h  a smal l  c a v i t y  

s i m i l a r  t o  t h e  IOC channel on Nimbus-7, p rov ides  a composite sensor 

independent ly measuring bo th  r a d i a t i o n  pressure and r a d i a t i o n  f l u x .  

Since t h e  A/M r a t i o  would be high, t h e  a c t i v e  elements o f  t h e  rad iometer  

cou ld  be i n s i d e  t h e  sphere. The most a t t r a c t i v e  aspect o f  such a com- 

p o s i t e  concept i s  t h e  p o s s i b i l i t y  t o  determine, from t h e  two separate  

'prag, personal communication ( 1979) 



measurements, bo th  t h e  des i red  i n c i d e n t  r a d i a t i o n  and t h e  absorptance 

o f  t h e  sphere's coat ing.  As was shown i n  Sect ion 4, va r y i ng  absorptance 

p r o p e r t i e s  in t roduces u n c e r t a i n t y  i n  bo th  methods when deployed indepen- 

den t l y ,  and requ i r es  e x t r a  i n f l i g h t  c a l i b r a t i o n  procedures. Assuming, 

f o r  example, t h a t  t h e  b l ack  honeycomb c o a t i n g  i s  t h e  common sur face  f o r  

both measurements, a  composite sensor system would e l i m i n a t e  t h e  ma,jor 

concern about absorptance change. 

The composite concept can a l s o  be cons idered f o r  a  d i r e c t  measure- 

ment o f  g loba l  n e t  r a d i a t i o n .  The g loba l  average power r e f l e c t e d  and 

em i t t ed  through a  su r face  a t  s a t e l l i t e  a l t i t u d e  measured r a d i o m e t r i c a l l y  

by a  p l a t e  i s  equ i va l en t  i n  p r i n c i p l e  t o  t h a t  measured by a  sphe r i ca l  

r a d i a t i o n  pressure r e c e i v e r  u t i l i z i n g  a  t r i - a x i a l  accelerometer.  

Sampling requirements (See Sec t ion  6 )  would be t h e  same as f o r  o t h e r  

systems. Values o f  n e t  r a d i a t i o n  f rom such a  composite system, f l y i n g  

i n  o r b i t s  near 1000 Km, would p rov i de  reg iona l  and r a d i a t i o n  g r a d i e n t  

in fo rmat ion  o f  use f o r  c l i m a t e  purposes. I t s  i n t e r p r e t a t i o n  a t  these 

sca les  would r e q u i r e  spec ia l  t r ea tmen t  as shown i n  Sec t ion  7 and Campbell 

and Vonder Haar ( 1978). 

D i r e c t  s o l a r  energy measurements f rom a  r a d i a t i o n  pressure s a t e l l i t e  

a r e  determined from low o r b i t s  by us ing  t e rm ina to r  c ross i ng  data f o l l ow -  

i n g  Suomi e t  a l .  (1967). On a  composite system a d d i t i o n a l  approaches a r e  

poss ib l e  s i nce  t h e  two separate  measurements cou ld  be designed t o  have 

d i f f e r e n t  t i m e  constants,  etc., thus  p r o v i d i n g  improved means t o  separate 

Ea r t h  r a d i a t i o n  f rom d i r e c t  s o l a r  r a d i a t i o n .  

F i n a l l y ,  s i n c e  d i r e c t  s o l a r  measurements a r e  so impor tan t  t o  t h e  

c l i m a t e  program, t h e  composite method s a t e l l i t e s  cou ld  be deployed i n t o  

f a r  Ea r t h  o r b i t s  o r  s imply  sen t  o u t  o f  Ear th  o r b i t  a t  p e r i o d i c  i n t e r v a l s .  



Synops i s  

1 o r k  d u r i n g  t h e  course o f  t h e  p resen t  s tudy has led us t o  propose t o  

ESA t h a t  a  BlFiAMlS w i t h  t h e  b l ack  honeycomb c o a t i n g  c a r r y  severa l  smal l  

c a v i t y  radiometers.  These few llactivell honeycomb c e l l s  would a l l ow  t h e  

complementary measurement o f  r a d i a t i o n  budget and/or d i r e c t  s o l a r  ou tpu t  

by t h e  two d i f f e r e n t  phys ica l  p r i n c i p l e s  from t h e  same s a t e l  l i t e .  



9. APPLICABILITY OF THREE RADIATION BUDGET MEASUREb4ENT METHODS 

Previous s tud ies  such as t h a t  by COSPAR Working Group 6 (1978) have 

prov ided general  surveys o f  va r i ous  approaches t o  t h e  r a d i a t i o n  budget 

measurement problem. The p resen t  work i s  more d e t a i l e d  and cu lminates 

i n  t h e  f o l l o w i n g  conc lus ions  concerning t h e  a p p l i c a b i l i t y  o f  ( a )  t h e  

r ad iome t r i c  method ( b )  t h e  r a d i a t i o n  pressure method and ( c )  t h e  composite 

method t o  t h e  pr imary r a d i a t i o n  budget requirements. 

A. Conclusions About Phys ica l  P r i n c i p l e s  and Bas ic  Concepts 

I .  Both modern rad iometry  and t h e  r a d i a t i o n  pressure concept 

a r e  based on independent b u t  sound phys ica l  p r i n c i p l e s .  

2 .  Ana lys is  o f  t h e  D5B-CACTUS data demonstrated t h e  ex i s t ence  

o f  t h e  r a d i a t i o n  budget compone~ts  i n  t h e  a c c e l e r a t i o n  data. I t  i s  * 

impor tant  t o  no te  t h a t  t h i s  system was n o t  designed f o r  an e a r t h  r a d i a t i o n  

budget experiment, b u t  was an atmospher ic dens i t y  experiment. I t  demon- 

s t r a t e d  p roo f  o f  concept f o r  t h e  r a d i a t i o n  pressure method. 

3.  A r a l y s i s  has shown t h a t  acce le ra t i ons  due t o  va r i ous  

p a r a s i t i c  fo rces  can be overcome f o r  t h e  r a d i a t i o n  pressure method. The 

development o f  a su r face  c o a t i n g  ( e i t h e r  po l i shed  aluminum o r  b l ack  honey- 

comb l i g h t  t r a p s )  w i t h  t h e  r equ i r ed  r a d i a t i v e  p r o p e r t i e s  does n o t  appear 

t o  represen t  a major  problem. 

4. Because o f  t h e  v a r i a b l e  angular  d i s t r i b u t i o n  o f  t e r r e s t r i a l  

r ad i a t i on ,  accu ra te  knowledge o f  t h e  accelerometer o r i e n t a t i o n  (space- 

c r a f t  a t t i t u d e )  i s  r equ i r ed  so as t o  p rope r l y  t r ans fo rm  t o  a f l u x  re-  

presentat ion.  The same i s  t r u e  f o r  a f l a t  p l a t e  rad iometer  system, 

a l though f o r  a d i f f e r e n t  reason. I n  t h i s  case, t h e  response f u n c t i o n  o f  



t h e  r e c e i v e r  (cos ine  response c h a r a c t e r i s t i c s )  d i c t a t e s  knowledge of  

t h e  r ece i ve r  p l a t e  o r i e n t a t i o n  w i t h  respec t  t o  t h e  r a d i a t i v e  source. 

5. The s e n s i t i v i t y  o f  t h e  RP system i s  c o n t r o l  led by t h e  A/M 

r a t i o .  The area f a c t o r  ( A )  i s  l i m i t e d  i n  terms o f  a g iven  launch 

veh ic le .  The l i m i t a t i o n  may be re laxed  i f  a space s h u t t l e  launch i s  

cons i dered . 
6. The s e n s i t i v i t y  o f  t h e  r ad iome t r i c  system depends p r i m a r i l y  

on i s o l a t i o n  f rom t r a n s i e n t  thermal and r a d i a t i o n  f i e l d s  a r i s i n g  f o r  

t h e  s a t e l l i t e  and f i e l d  stops. 

B. Conclusions About E r r o r  L i m i t s  

I .  The p r e s e n t - c a v i t y  rad iometer  on Nimbus-7 has demonstrated 

h igh  abso lu te  and h i gh  r e l a t i v e  accuracy. 

2. The p resen t  BlRAMlS Payload Study (Onera, 1979) i n d i c a t e s  

measuremnt e r r o r  l e v e l s  which a re  marg ina l  f o b  abso lu te  s o l a r  mon i t o r i ng  

when considered by themselves. Ea r t h  component accuracy i s  s a t i s f a c t r o y  

i n  te!ms o f  e x i s t i n g  accuracy requirements assuming no problems w i t h  t h e  

accelerometer s e n s i t i v i t y  and p r e c i s e  knowledge o f  s a t e l l i t e  a t t i t u d e .  

I 3 .  The d i r e c t  n e t  r a d i a t i o n  measurements prov ided by a 

r a d i a t i o n  pressure d e t e c t o r  may be more accurate  i n  a r e l a t i v e  sense than  

der i ved  n e t  r a d i a t i o n  measurements prov ided by separate  radiometers.  

4. The response t imes  o f  modern radiometers a r e  high. The 

a c t i v e  c a v i t y  and t h e  WFOV t he rmop i l e  channels on Nimbus-7 respond on t h e  

o rde r  o f  I  second. P y r o e l e c t r i c  de tec to r s  respond on t h e  o rde r  of 10 
2 

nanoseconds. 

5 .  The response t i m e  o f  accelerometers appears t o  be low ( =  20 

seconds). T h i s  may lead t o  problems i n  i s o l a t i n g  t h e  d i r e c t  s o l a r  term 

a t  t e rm i  na to r  excurs ions. 



C. Conclusions About Sensor Implementation 
I 

I .  The r a d i a t i o n  pressure s a t e l l i t e  i s  a r e l a t i v e l y  s imple and 
I 

long l i f e  system. 
I 

1 2. Some rad  iometers have a s h o r t e r  I i f e t  i me because o f  mov i ng 

p a r t s  and op t i c s ;  o t he rs  have long l i f e t i m e s .  
I 

3. U n l i k e  t h e  rad iometer  method, t h e  RP method prov ides no 

simple method f o r  spec t ra l  separa t ion  o f  t h e  n e t  r a d i a t i o n  budget. 

D. Conclusions About P l a t f o r m  and Space System Requirements 

I. Regardless o f  t h e  d e t e c t i o n  technique, m u l t i p l e  s a t e l l i t e  

systems a r e  r equ i r ed  f o r  r a d i a t i o n  budget mon i t o r i ng  t o  s o l v e  sampling 

problems. 

2. Knowledge o f  t h e  a t t i t u d e  o f  e i t h e r  s a t e l l i t e  system i s  

requ i red. We suggest t h a t  t h e  RP a t t i t u d e  accuracy speci  f i c a t i o n  o f  0.3' 

0 
be improved by a f a c t o r  o f  two o r  t h e  o rde r  o f  0.15 . Th i s  would y i e l d  

a f l u x  t rans fo rmat ion  e r r o r  o f  no more than  0.26%. 

3 .  We suggest t h a t  because o f  t h e  s i m p l i c i t y  i n  des ign o f  t h e  

RP system and thus  t h e  p r o b a b i l i t y  f o r  a long l i f e  mission, t h a t  power 

cons idera t ions  be considered which would extend t h e  l i f e t i m e  f o r  a s i n g l e  

miss ion t o  an I l - yea r  pe r i od  (complete s o l a r  c y c l e ) .  

4. Al though t h e  RP method lacks an accepted c a l i b r a t i o n  standard, 

it can u t i l i z e  an analog t o  t h e  e l e c t r i c  s u b s t i t u t i o n  p r i n c i p l e s  employed 

by a l thermopi l e  system, i .e., s u b s t i t u t i o n  o f  known mass r e d i s t r i  b u t i o n  

f o r ces  on t h e  accelerometer b a l l .  

E. Conclusions About Data Ana lys is  Requirements 

I. Both s a t e l l i t e  techniques r e q u i r e  p r e c i s e  knowledge o f  t h e  

a t t i t u d e / o r b i t  c o n f i g u r a t i o n  f o r  nav iga t i ona l  t rea tment  o f  t h e  data. 



2. Est imates o f  t o p  o f  atmospher ic f  luxes (e.g., deconvol u t i o n )  

and space-time averag ing ace problems common t o  e i t h e r  measurement tech- 

nique. 

F. Conciusions About t h e  Composite Approach 

I. The na tu re  o f  t h e  honeycomb c o a t i n g  design f o r  t h e  4P method 

prov ides a means t o  develop a composite system ( rad iome te r - r ad ia t i on  

pressure)  i n  which one o r  more o f  t h e  honeycomb elements i s  rep laced by 

I a c a v ~ t y  u t i l i z i n g  a s i m i l a r  b l ack  su r face  coa t ing .  

2. A composite approach n o t  o n l y  o f f e r s  redundant measurements 

b u t  a means t o  so l ve  f o r  two independent p rope r t i es ,  i.e., n e t  r a d i a t i o n  

and c o a t i n g  absorptance changes. 

3 .  The redundancy o f  t h e  composite system suggests t h e  o p t i o n  

o f  f a r  e a r t h  o r b i t s  f o r  p rec i se  s o l a r  cons tan t  mon i to r ing .  

Aside from d e t a i l s  d i scuss in  i n  e a r l i e r  sect ions,  t h e  r e l a t i v e  com- 

pa r i son  o f  t h e  t h r e e  methods p o i n t s  o u t  t h e  f o l l o w i n g  areas i n  need o f  

f u r t h e r  study: 

I .  The l i m i t i n g  accuracy and response t ime  o f  an accelerometer. 

2. The accuracy and r e l i a b i l i t y  o f  p y r o e l e c t r i c  c a v i t i e s .  

3.  A computer s i m u l a t i o n  o f  t h e  de te rmina t ion  o f  t h e  e a r t h  r a d i a t i o n  

budget v i a  t h e  r a d i a t i o n  pressure technique u t i l i z i n g  r e a l i s t i c  t e r r e s t r i a l  

r a d i a t i o n  budget data. 

Synopsis 

T h i s  in tercompar ison s tudy  t o  t h e  two bas i c  methods t o  measure t h e  

ea r t h ' s  r a d i a t i o n  budget, t h e  r ad iome t r i c  and t h e  r a d i a t i o n  pressure 

approaches, has led t o  t h e  suggest ion t h a t  a t h i r d ,  composite approach 



be g iven  deta i led  s tudy as we l I .  We conc l ude t h a t  c l i mate requ i rements 

f o r  n e t  r a d i a t i o n  budget data (a )  can be met today by a system o f  rad io -  

m e t r i c  sensors on s a t e l l i t e s ,  ( b )  can most probably  a l s o  be met by a 

system of  r a d i a t i o n  pressure detectors ,  and ( c )  may De met most c r e d i b l y  

by a composite system us ing  bo th  p r i n c i p l e s  t o  independent ly measure t he  

same s i g n a l s  from sun and ea r t h .  

Because t h e  r a d i a t i o n  pressure method i s  gene ra l l y  less f a m i l i a r  

t o  s c i e n t i s t s  a t  t h i s  t ime, we devoted more a t t e n t i o n  +o it i n  t h e  p resen t  

study. A review o f  t h e  conceptual  and d e f i n i t i o n  s t ud ies  completed f o r  

ESA t oge the r  w i t h  a rev iew o f  t h e  p roo f  o f  concept r e s u l t s  f rom t h e  D5B 

s a t e l l i t e  demonstrated t o  o u r  s a t i s f a c t i o n  t h e  v i a b i l i t y  o f  t h i s  approach 

as app l i ed  t o  c e r t a i n  r a d i a t i o n  budget requirements o f  t h e  c l i m a t e  study 

p rog rams. 

O f  course, a d d i t i o n a l  s tudy i s  needed on c e r t a i n  aspects o f  a l l  t h r e e  

methods and these  needs a r e  noted i n  e a r l i e r  sect ions.  Furthermore, it 

i s  h i g h l y  adv isab le  t o  s u b j e c t  each o f  t h e  t h r e e  methods t o  a complex 

computer s i m u l a t i o n  o f  e a r t h  r a d i a t i o n  budget measurement. Th is  should 

be done a f t e r  e a r l y  sensor and spacec ra f t  s t ud ies  a r e  completed, b u t  

be fo re  ins t rument  development begins. The procedure has been c a r r i e d  

o u t  t h e  ERBSS w i t h  e x c e l l e n t  r esu l t s .  
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APPENDIX A 

INSTRUMENT ACCURACY AND PRECISION REQUIREMENTS (U,S. PROGRAM) 

Instrument system end-to-end accuracy and p r e c i s i o n  requirements 

and goals  a re  g iven  i n  Table  A.I. The f o l l o w i n g  d e f i n i t i o n s  a r?  used 

i n  s t a t i n g  t h e  ins t rument  performance requirements:  

Systemat ic E r r o r  

The non-random u n c e r t a i n t y  o f  a  measurement w i t h  re fe rence  t o  

a  recognized standard source o r  t r a n s f e r  standard, t o  which a l l  s i m i l a r  

measuring channels i n  t h e  o v e r a l l  program a r e  referenced, o r  w i l l  be 

re ferenced i n  t h e  f u t u r e .  I n  o t h e r  words, t h i s  i s  t h e  r es i dua l  e r r o r  

between t h e  l i m i t i n g  mean o f  t h e  measured q u a n t i t y  and t h e  " t rue1'  

va lue as es tab l i shed  by t h e  s tandard source o r  t r a n s f e r  standard used. 

I n  these requirements systemat ic  e r r o r  i s  s t a ted  i n  terms o f  e r r o r  bounds. 

Systemat ic E r r o r  D r i f t  

The v a r i a t i o n  o f  t h e  systemat ic  e r r o r  ( de f i ned  above) w i t h  t ime  

f o r  per iods  exceeding one month f o r  t h e  same r a d i a t i v e  f l u x  f i e l d ,  i n -  

c l u d i n g  both shortwave and longwave energy. 

R e p r o d u c i b i l i t y  (commonly c a l l e d  P r e c i s i o n )  

The random u n c e r t a i n t y  o f  a  measurement. I n  t h e  f o l l o w i n g  

requirements p r e c i s i o n  i s  s t a t e d  f o r  3 sigma l i m i t s .  The p r a c i s i o n  

va lues s h a l l  be i n t e r p r e t e d  as measurement random e r r o r  v a r i a t i o n  over  

any one-month i n t e r v a l  du r i ng  t h e  miss ion f o r  a l l  channels except  t h e  

s o l a r  mon i to r  channel. Inc luded a r e  random e r r o r s  between measurements 

w i t h i n  an o r b i t ,  f rom o r b i t  t o  o r b i t ,  and from day-to-day over  a  one-month 

per iod.  Any e r r o r  v a r i a t i o n  w i t h  a  t i m e  p e r i o d  exceeding one-month s h a l l  

be considered a  sys temat i c  e r r o r .  





f o r  i d e n t i c a l  r a d i a t i v e  f l u x e s  a t  t h e  spacecraf t .  A goal s h a l l  be t o  

reduce these systemat ic  e r r o r  d r i f t s  t o  t he  f o l l o w i n g  design goals :  



Tab le  A . 1  

REQUIREMLNTS --- - - 

CHANNEL DESCRIPTION r w N G E ( l )  ' PRECISION(5~ (3uVALUE) ERROR SYSTEWTIC BOUNDS : PROPORTIONAL SYSTEM ERROR COMPONENT ''' 
.. 1 

I J 
I 

Nonscanner : 
WFOV t o t a l  (AEM) 

(TIROS) 
80 t o  660 
75 t o  620 

( w/m2 

t 1.5 p lus 

i 0.3% o f  IT 35 t o  400 
17 t o  370 

Zero t o  490 

Zero t o  460 

(2 )  (2)  

F 2.0 p lus 

(w/m2) 

F + d I - I : 

* @ + a ( ~ ~  - 190d  
MFOV 

Shortwave (TIROS) 
lero 295 I 

t 0.3% of I R  Zero t o  275 

Scanner (w/ni2 sr )  

( w/m2 1 
+ E ( ~ I ~  - 1 ~ 0  

(3 )  : 

Total  Zero t o  500 

Longwave Zero t o  180 

Shortwave Zero t o  425 

--- 
2 -  

Solar Monitor (w/lll 1 
1290 t o  1440 
1367 Average I - ----- 

(3 )  

Brackets { 1 denote 
design goals. 

See Notes on next page. 

I - 100g 

* 0.5 plus 

(6) , (w/ni2 s r )  

k 2 . 0  ( k 1 . 5 )  
F 0.3% of PT . 

i 0.7 plus : 
t 0.3% o f  PE : 

i 0.7 plus 
+ 0.3% o f  PR 

------------ 
(w/m2 

+ 4.2 {*2.81 

1 2.5 {-+ 1.5) 

k 2 . 5  { t -2 .1 )  

-- 

( w/m2 

.k 7.0 (1 1.4) 



(1)  Ranges shown a r e  Earth-v iewing IT and IR, except f o r  the  s o l a r  izon i tor  

Note t h a t  a l l  channels w i l l  v iew space 2nd the  Sun. The ranses o f  I F  

f o r  the nonscanner t o t a l  and shortwave ..channels a re :  

WFOV = AEM ..... 80  t o  400 W/m 2 

TIROS . . . 75 t o  375 w/m2 

MFOV = AEM . . . . . 35 t o  175 U/n 2 

TIROS ... 17 t o  90 i4/m2 

AEM 3.4 

(1.51 

TIROS 3.5 

(1.71 

AEM 3.1 

(2.31 

TIROS 3.8 

f2.81 

( 3 )  iE 2 190 & IR  2 100 

For WFOV, V = 5.0 W/m 2 

For MFOV, V = 3.3 W/m 2 

Ii( = Ear th  r e f l e c t e d  s o l a r  i r r a d i a n c e  w i t h i n  the  FOV a t  spacec rz f t  a l t i t u d e ,  N/m 2 

IE = Ear th  emi t ted  longwave i r r a d i a n c e  w i t h i n  the  FOV a t  spacecra f t  a l t i t u d e ,  
2 !d/m IT' IE + IR 



?R 
= Earth reflected solar  radiance w i t h i n  the FOV, Y/mf-sr 

s Earth emitted radiance within the FOV, w/mW- s r  

I 

6)  , :nere i s  a sc ien t i f i c  requirement for  monitoring the spatial  differences 

1 (sol-etime~ called the "gradients") of the mnthly mean f l u x  densities fo r  

bo th  emitted and solar  reflected exiting radiation. Errors i n  the inferred 

~ p t i a 7  gradients would not result  from fixed s y s t e ~ s t i c  neasurement errors;  

however, errors i n  the inferred spatial gradients would be expected to resul t  

from systematic measurement errors which are correlated with the irradiances 

~ e i n g  measured. This requirement 1 imi t s  the acceptable systematic er ror  

sensit ivi t ies w i t h  respect to  the irradiances within the FOV of the nonscanner 

total channel. Denoting by to the actual systemztic error of e i ther  non- 

scanner total  channels a t  IT = IO and the actual systematic error a t  any IT 

( w i t h i n  the appropriate range given i n  Table A - I )  by CT, the Contractor 

sna i l  demonstrate by analysis and testing that  
I 

ke ~ot 'es ( 2 )  and ( 3 )  for  definitions of d ,  l o ,  and IT. Denoting the actual 

2 ystematic error of e i ther  nonscanner shortwave channel a t  I E  = 190 N/m and 

2 Ip * 100 W/m by V o ,  and the actual systematic error a t  any IE ,  I R  combination 

h1:hin the appropriate ranges given i n  Table A-1 and Note ( 2 ) )  by V ,  the Con- 

tractor shall demonstrate by analysis and test ing t h a t  

h W e  ( 3 )  fo r  definitions of IE, IR ,  and of a and b for  minimum requirements 

dt'd for  design goals. 
I 



( 5 )  The precision values given shall be interpreted as randon measurement error 

variation over any one-month interval d u r i n g  the mission. Included 

are random errors between measurement within an o r b i t ,  from orb i t  t o  o rb i t ,  

and from day to day over a one-month period. Any error variaticns w i t h  

t ine periods exceeding one month shai 1 be considered as systematic errors.  

( 6 )  The scanner systern3tic error bounds specified in Table A-1 are for  the 

nominal Earth-viewing radiances : 

2 Total channel - Total radiances = 115 W/m - s r  
2 Shortwave channel - SW radiance = 38 W/m - s r  

2 Longwave channel - LW radiance = 76 W/m - s r  

For a l l  Earth-viewing radiances, the scanner systematic error bounds are,  

for the minimum requirements: 
2 2.0 W/m - s r  Total channel, i the larger of 

.7L of PT 

SW channel, + the larger of 2 2.5W/m - s r  
3.5% 0: PR 

LW channel, 2 the larger of 2 2.5 W/m - s r  

2.0% of PE 

SW channel, + the larger of 

I 
LW channel, 2 the farger of 

IT, IE, and IR are defined in Note ( 3 ) .  

and, for  the design goals: 

2 Total channel, 2 the larger of 1.5 W/m - s r  

1.3;: o f  PT 

2 2.1 W/m - s r  

2.02 0: PR 

2 1.5 W/m - st. 

1.0" o f  PE 


