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A MODEL FI]NCTION FOR OCEAN MICROWAVE
BRIGHTNESS TEMPEMTURF"g

F .  J .  I f e n t z

R e m o t e  S e n s i n g  S y s t e n s ,  S a u s a l i t o ,  C a l i f o r n i a  9 4 9 6 5

A b s t r a c t .  W e  d e r i v e  a  r e l s t i v e l y  s i m p l e ,  y e t

a c c u r a t e ,  r e l a t i o n s h i p  b e t w e e n  t h e  m i c r o w a v e

br igh tness  tenpera tu re  o f  the  ocean  and  conven-

t i o n a l  o c e a n o g r a p h i c  a n d  m e t e o r o l o g i c a l  p a r a -

m e t e r s .  T o  b e g i n  w i t h ,  t h e  b r i g h t n e s s  t e n p e r a -

tu re  o f  the  ocean  and  the  in te rven ing  a tnosphere

i s  e x p r e s s e d  i n  t e r n s  o f  i n t e g r a l s  f o r  t h e  r a d i a -

t i v e  s c a t t e r i n g  a n d  e n i s s i o n  f r o m  t h e  s e a  s u r f a c e

a n d  t h e  r a d i a t i v e  a b s o r p t i o n  a n d  e m i s s i o n  b y  t h e

a t m o s p h e r e .  S e  t h e n  f i n d  c l o s e d - f o r m  a p p r o x i n a -

t i o n s  f o r  t h e s e  i n t e g r a l s  a n d  o b t a i n  a  s i n p l i f i e d

n o d e l  f o r  t h e  r a d i a t i v e  t r a n s f e r  a n d  s c a t t e r i n g .

The  mode l  i s  reduced  to  a  func t ion  g i v ing  b r igh t -

n e s s  t e n p e r a t u r e  i n  t e r m s  o f  f i v e  v a r i a b l e s :

s e a - s u r f a c e  t e m p e r a t u r e ,  s e a - s u r f a c e  f r i c t i o n

ve loc i t y ,  a tmospher i c  oo lunnar  wa te r  vapor  con-

t e n t ,  a t m o s p h e r i c  c o l u n n a r  l i q u i d  w a t e r  c o n t e n t ,

and  su r face  a i r  t enpera tu re .  In  the  de r i va t ion

o f  t h e  m o d e l ,  t h e  a b s o r p t i o a  c o e f f i c i e n t  f o r  r a i n

c louds  and  the  w ind - induced  sea-su r face  emiss i v -

i ty  are found f ron SEASAT SIIMR observat ions.  The

r e m a i n d e r  o f  t h e  d e r i v a t i o n  i s  b a s e d  o n  w e l l -

accep ted  m ic rowave  theory .  The  node l  func t ioa  i s

re fe renced  to  the  f i ve  f requenc ies  and  49o  inc i -

dence angle at  which the SEASAT and Ninbus 7

S i l fm .  opera te .  I {hen  conpared  w i th  the  no re  p re -

c i s e  i n t e g r a l  f o r m u l a t i o n ,  t h e  n o d e l  f u n c t i o n

accuracy  i s  0 .2  K  s t  6 .6  G f l . z  and  g radua l l y  de -

g rades  to  2 .L  K  a t  37  GEz ,  ho r i zon ta l  po lax i z t -

t i on .  These  aocurac ies  a re  an  ave f ,age  ove r  an

ensemb le  o f  w inds  and  a tmospheres  rang ing  f rom a

s p e c u l a r  s u r f a c e  a n d  c l e a r  s k i e s  t o  a  2 L  n / s  w i n d

and  a  ve ry  heavy  c loud  laye r  con ta in ing  60  mg lcnz

o f  l i qu id  wa te r ,  bu t  exc lud ing  ra in .  An  uncer -

ta in ty  o f  abou t  10 f t  i n  the  w ind - induced  en iss i v -

i t y  i n t roduces  so rne  add i t i ona l  e r ro r  i n to  the

mode l  func t ion .  SeveraL  o f  the  de r i ved  node l

p a f , a m e t e r s  a r e  c o m p a r e d  w i t h  v a l u e s  o b t a i n e d  i n

o t h e r  e x p e r i n e n t s  a n d  t h e o r e t i c a l  i n v e s t i g a t i o n s .

The  f requency  ra t i os  o f  the  SMI IR- ia fe r red  absorp -

t i o n  c o e f f i c i e n t s  f o r  r a i n  c l o u d s  a r e  i n  v e r y

c l o s e  a g r e e m e n t  w i t h  t h a t  g i v e n  b y  M i e  s c a t t e r i n g

t h e o r y .  T h e  l a r g e - s c a l e  s e a - s u r f a c e  s l o p e  v a r i -

ance  found  f ron  the  SMMR da ta  i s  cons is ten t  w i th

the  s lope  va r iance  conpu ted  f rom a  sea  wave  spec -

t r u m ,  w i t h  t h a t  i n f e r r e d  f r o m  m i c r o w a v e  s c a t t e r -

o m e t e r  m e a s u r e n e n t s  a t  n a d i r ,  a n d  w i t h  t h e  C o r

and  Munk  va lue  deduced  f rom sun  g l i t t e r .  The

S M M R - i n f e r r e d  f o a m  c o v e r a g e  c o r r e l a t e s  b e t t e r

w i t h  w h i t e c a p  c o v e r a g e  t h a n  s t r e a k  c o v e r a g e ,
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i n d i c a t i n g  t h a t  t h e  i n c r e a s e  i n  b r i g h t n e s s  t e m -

p e r a t u r e  d u e  t o  s e a  f o a m  i s  n o r e  a  r e s u l t  o f

w h i t e c a p p i n g  t h a n  s t r e a k i n g .  A  l a y e r e d  d i e l e c -

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

q u e n c y  a n d  p o l a r i z a t i o n  v a r i a t i o n  i n  t h e  f o a n  r e -

f l ec t i v i t y  as  observed  by  the  SMMR.  The  cons is -

t e n c y  o f  t h e s e  r e s u l t s  s u p p o r t  t h e  p r e m i s e  t h a t

t h e  s e a - s u r f a c e  e m i s s i v i t y  i s  a o c u r a t e l y  r e p r e -

s e n t e d  b y  a  c o m p o s i t e  m o d e l  i n  w h i c h  t h e  e m i s s i o n

f ron  the  rough ,  foam- f ree  wa te r  i s  g i ven  by  two-

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

g i v e n  b y  a  l a y e r e d  d i e l e c t r i c  t h e o r y .

1 .  f n t r o d u c t i o n

A t  n i c r o w a v e  f r e q u e n c i e s ,  a i r c r a f t  a n d  s a t e l -

l i t e  r a d i o m e t e r s  c a n  m e a s u r e  t h e  o c e a n  b r i g h t n e s s

tempera tu re  (Tg )  to  w i th in  severa l  t en ths  o f  de -

g r e e s  K e l v i n  i n  r e l a t i v e  a c c u r a o y .  D u a l  p o l a r i -

za tLo t ,  rnu l t i - f requency  T t  observa t ions  a t  th i s

a c c u r a c y  c o n t a i n  s i g a i f i c a n t  i n f o r n a t i o n  o n  t h e

c h a r a c t e r i s t i c s  o f  t h e  o o e a n  s u r f a c e  a n d  i n t e r -

ven ing  a tnosphere .  The  u t i l i za t i on  o f  th i s  i n -

fo rna t ioa  requ i res  a  know ledge  o f  the  re la t i on -

sh ip  be tween  T ,  and  conven t iona l  oceanograph ic

a n d  m e t e o r o l o g i c a l  p a r a m e t e r s .  T h i s  T t  r e l a t i o n -

sb ip  has  been  e rp ressed  in  many  fo rms ,  rang ing

f r o m  c o n p l e r  s c a t t e r i n g  i n t e g r a l s  I I T e n t z ,  L 9 7 5 ,

T s a n g  e t  a 1 . ,  L 9 7 7 1  t o  s i n p l e  l i n e a r  e r p r e s s i o n s

I G r o d y ,  L 9 7 6 ,  W i l h e i t ,  1 9 8 0 ] .  O u r  o b j e c t i v e  i n

t h i s  p a p e r  i s  t o  d e r i v e  a  r e l a t i o n s h i p  t h a t  r e -

ta ins  the  accuracy  o f  the  in teg ra l  f o rnu la t i on

w h i l e  b e i n g  s i n p l e  e n o u g h  t o  p r o v i d e  f o r  r a p i d

n u m e r i c a l  c o n p u t a t i o n .  I n  t h i s  p u r s u i t ,  w e  d e -

v e l o p  a  m o d e l  f o r  a p p r o r i r n a t i n g  t h e  r a d i a t i v e

t rans fe r  and  soa t te r ing .  The  node l '  i s  reduced  to

a  s inp le  func t ion  con ta in ing  no  in teg ra l s .  The

u t i l i t y  o f  t h i s  m o d e l  f u a c t i o n  i s  t w o f o l d .

F i r s t l y ,  f o r  r e t r i e v i n g  e n v i r o n m e n t a l  p a r a m e t e r s

f rom an  a r ray  o f  Tg ' s ,  i t  p rov ides  the  'A -mat r i r '

o f  p a r t i a l  d e r i v a t i v e s  r e q u i r e d  b y  l e a s t  s q u a r e s

e s t i n a t i o n  t e c h n i q u e s  [ B i e r n a n  e t  a 1 . ,  1 9 7 8 ] .

S e c o n d l y ,  b e c a u s e  t h e  n o d e l  f u n c t i o n  i s  i n  t e r m s

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

s i g h t  i n t o  t h e  r e l e v a n t  p h y s i c s .

The  Tg  node l  func t ion  i s  re fe renced  to  the

f  i v e  f r e q u e n c i e s  ( 6 . 6 3 , 1 0 . 6 9 ,  1 8 ,  2 L , 3 7  G E z )

and  the  near l y  cons tan t  i nc idence  ang le  fo r  the

S E A S A T  ( 4 9 0  +  0 . 5 0 )  a n d  N i n b u s  T  ( 5 0 o  +  0 . 5 o )

s c a n n i n g  n u l t i c h a n n e l  m i c r o w a v e  r a d i o n e t e r s
( S M i l R ) .  E o r i z o n t a l  a n d  v e r t i c a l  p o l a r i z a t i o n

s t a t e s  ( h - p o l  a n d  v - p o l )  a r e  c o n s i d e r e d ,  g i v i n g  a

to ta l  o f  10  f requency /poLaxLza t ion  channe ls .  The

Tg  func t ion  can  be  in te rpo la ted  to  o the r  f requen-

c ies  and  inc idence  ang les ,  a l though  such  in te rpo -
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la t i ons  s re  no t  d i ssussed  he re in .  The  SEASAT

Sl l i lR data are used to der ive two nodel  compo-

nen ts :  t he  abso tp t i on  coe f f i c ieu t  fo r  ra in

c louds  and  the  w ind - induced  sea-su r face  emis -

s i v i t y .  The  rema iader  o f  t he  de r i va t ion  i s  based

on  we l l -accep ted  n i c ro rave  theory .  There  a re

f i ve  va r iab les  (a rgunen ts )  i n  the  func t ion :  sea -

su r face  tenpera tu re  T "  (K ) ,  sea -su r face  f r i c t i on

ve loc i t y  U .  ( cn l s ) ,  co lunnar  va te r  vapor  con ten t

Y  ( g l c m ' I ,  c o l u m a a r  l i q u i d  w a t e r  c o n t e n t  L

(g l cmt l ,  aad  su r faoe  a i r  t empera tu re  T "  (K ) .  The

a i r  t enpera tu ro  i s  o f  sesond-o rde r  i npo r tance

re la t i ve  to  the  o the r  fou r  va r iab les .  No te  tha t

the  re la t i onsh ip  be t reen  f r i c t i on  ve loc i t y  and

r ind  speed  i s  appro r ina te l y  l i nea r ,  and  Ur=

100  cn /s  co r respoads  to  a  2L  m l  s  w ind  measured  a t

an  a l t i t ude  o f  19 .5  n  i n  a  neu t ra l l y  s tab le  a t -

nosphere .  The  Tg  node l  func t ion  i s  deno ted  by

T r =  f ( T " ' U 1 ' V ' L ' T a )  ( 1 )

Equa t ions  Q7)  th rough  (30 )  i n  sec t ion  3  e rp l i -

ca te  the  func t ion .

In  de r i v ing  the  T "  func t ion ,  accu racy  i s  ou r

ma in  co rce tn .  A  node l  e r ro r  i s  ca l cu la ted  by

conpar ing  the  node l  T "  w i th  the  b r igh tness  tem-

pera tu res  computed  f ron  the  no re  p reo ise  in teg ra l

fotnulat ioa.  This error  is  0.2 K at  5.6 GHz and

inc reases  to  a  na r inun  va lue  o f  2 .L  K  s t  37  GHz ,

h-pol .  The error  is  an rms average ovef  an

ensenb le  o f  r i nds  and  a tmospheres  rang ing  f ron  a

specu la r  su r faoe  and  c lea r  sky  to  t  2L  n /s  v ind

and  a  ve ry  heavy  c loud  laye r  con ta in ing  6O mg lcnz

o f  l i qu id  wa te r .  These  e r ro r  f i gu res  do  no t

inc lude  any  e r ro r  i n  the  spec i f i ca t i on  o f  the

v ind - induoed  e rn i ss i v i t y .  A l so  we  d id  no t  cons i -

de r  ra ia  i n  the  e r ro r  ana lys i s .  The  accuracy  o f

t h e  f u n c t i o n  c a n  a l s o  b e  a s s e s s e d  b y  i t s  p e r f o r -

mance  in  re t r i ev iag  env i roamenta l  pa rane te rs  v ia

leas t  squa f ,es  es t ima t ion .  When  compared  w i th

su r face  observa t ions ,  the  rns  d i f f e rence  i s  0 .9  K

in  sea-su r face  tenpera tu re ,  1 .5  n /s  i n  w ind

speed ,  aad  0 .3  g l  cmz  in  wa te r  vapor  [Wen tz  e t

a l . ,  1981b ,  L9821 .  These  accurac ies  a re  fo r

a tnospher i c  cond i t i ons  rang ing  f rom o lea r  sk ies

to  heavy  c louds  and  poss ib le  l i gh t  ra ia .

Ia  add i t i on  to  de r i v ing  the  Tg  func t ion ,  re

a lso  conpare  severa l  o f  t he  node l  pa rane te rs  r i t h

va lues  ob ta i ted  e l se rhe re .  In  pa r t i ou la r ,  t he

ra in  c loud  absorp t ion  coe f f i c ien ts  de r i ved  f ron

the  S I IUR da ta  a re  compared  w i th  theore t i ca l  M ie

c o e f f i c i e n t s .  A 1 s o ,  t h e  f r a c t i o n a l  s e a  f o a m

coverage ,  the  foam re f l ec t i v i t y ,  and  the  la rge -

s c a l e  s e a - s u r f a c e  s l o p e  v a r i a n c e  a r e  c a l c u l a t e d

f ron  the  SMl {R- in fe r red  w ind - induced  emiss i v i t i es .

These  th ree  pa rane te rs  a re  then  oompared  w i th

va lues  ob ta ined  f ron  op t i ca l  measurements ,  radar

measurements ,  a  sea  wave  spec t rum,  and  theory .

The oonpar isons shor very good agreenent,  and the

n o d e l  p r o v i d e s  a  c o n s i s t e n t  d e s c r i p t i o n  o f  t h e

r e l e v a n t  p h y s i o a l  p r o o e s s e s .

Sec t ion  2  xev ievs  the  bas ic  rad ia t i ve  t raas fe r

and  sca t te r ing  theory  fo r  n i c rowave  b r igh tness
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t empera tu res .  In  seo t ion  3 ,  a  number  o f  approx i -

na t ions  a re  made  in  the  theory ,  and  the  Tg  node l

func t ion  i s  de r i ved .  Sec t ions  4  and  5  p rov ide

de ta i l s  on  the  a tnosphere  mode l  and  the  sea-

su r face  mode l ,  respec t i ve l y .  Our  conc lus ions  a re

g i v e n  i n  s e c t i o n  6 .

2 .  B r igh tness  Tenpera tu re  TheorY

In  th i s  sec t ioa  we  de r i ve  the  equa t ion  fo r  the

br igh tness  tenpera tu re  upwe l l i ng  f rom the  sea

surface through the iatervening atmosphere.  Ra-

d ia t i ve  en iss ion  and  sca t te r ing  by  the  sea  su r -

f a c e  i s  c o n s i d e r e d  a l o n g  w i t h  r a d i a t i v e  a b s o r p -

t i on  and  emiss ion  by  the  a tmosphere .  Eowever ,  we

do  no t  coas ide r  the  rad ia t i ve  sca t te r ing  in  the

a tnosphere  due  to  ra in  d rops .  Sec t ion  4  d i scus -

ses  the  e f fec t  o f  ra ia  on  S i l l lR  b r igh tness  temper -

a tu res .  t rhen  ta in  i s  p resen t ,  t he  SMI IR  b r igh t -

ness  tempera tu res  d i sag ree  w i th  those  computed

f ron  the  absorp t ion -emiss ion  appro r ina t ion  in

wh ich  Ray le igh  absorp t ioa  coe f f i c ien ts  a re  used .

Bowever ,  i f  M ie  absorp t ion  coe f f i c ien ts  a fe  used ,

ra the r  than  Ray le igh ,  the  conpu ted  b r igh taess

tempera tu res  fo r  ra in  a re  i n  nuch  c lose r  ag ree -

nen t  v i t h  the  observa t ion .  The  absorp t ion -en is -

s ion  appro r ina t ion  i s  g i ven  by  the  fo l l ow ing

d i f f e r e n t i a l  e q u a t i o a :

0 T g ( L 1  , e r l a k i  =  - a ( t i ) [ T B ( t i , e )  -  T s ( t i ) I  Q )

rhe re  Tg( t i , e )  i s  the  upve l l i ng  b r igh tness  ten -

pe ra tu re  o f  rad ia t i on  tha t  has  t rave l l ed  f ron  the

sea-su r face  a  d i s tanoe  l t t l  =  k i  a long  the  p rops -

ga t ion  vec to r  L t .  The  rad ia t i on  i s  i n  the  po la r -

i z a t i o n  s t a t e  e ,  v h i c h  f o r  o u r  c o n s i d e r a t i o n  i s

e i t h e r  b o r i z o n t a l  o r  v e r t i c a l .  T h e  d e r i v a t i v e  i n

( 2 1  i s  r i t h  r e s p e c t  t o  t h e  p a t h  l e n g t h  t i  a l o n g

L i .  The  absorp t ion  coe f f i c ien t  o ( t i )  and  the  a i r

tempera tu re  T " ( t i )  depend  on  the  vec to r  L i  bu t

no t  on  po la r i za t i on .

The boundary condi t ion for  Q, is  that  the

b r i g h t n e s s  t e m p e r a t u r e  a t  t h e  s u r f a c e  T g ( t 1 , e ) l g

equa ls  the  b r igh tness  tempera tu re  o f  the  su r face

emiss ion  p lus  the  b r igh tness  tempera tu re  o f  ra -

d ia t i on  soa t te red  by  the  su r faoe .  The  su r face  T t

i s  g i v e n  b y  P e a k e  t 1 9 5 9 1

T B ( t i , e )  l g  =  E ( t i , e )  T ,

+  ( 4 n  o o s  O i ) - t

+  o o  ( L r , 8 * , t r , e ) l  ( 3 )

w h e r e  E ( L i , e )  i s  t h e  s u r f a c e  e n i s s i v i t y  f o r  r a -

d i a t i o n  e n i t t e d  i n  t h e  d i r e c t i o n  t ,  a n d  i n  p o l a r -

i za t i on  s ta te  e .  The  su r face  tempera tu re  i s

deno ted  by  Ts .  The  quan t i t y  O i  i s  the  inc idence

ang le  be tween  the  p ropaga t ion  vec to r  t t  and  the

ear th  rad ius  vec to r  r  a t  t he  su r face  e lenen t

b e i n g  c o n s i d e r e d .  T h e  s c a t t e r i n g  i n t e g r a l  i n  ( 3 )

i s  o v e r  a l l  d i f f e r e n t i a l  s o l i d  a n g l e s  d L "  i n  t h e

J  u * ,  T B ( L S )  l 9  [ o o ( t r , e , t ' e )
2n
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upper  hen isphere  o f  2a  s te rad ians .  The  quan t i t y

TB(L ' )  l g  i "  t he  dovnre l l i ng  b r igh tness  tempera -
tu re  a t  the  su r face  coming  f ron  the  d i f f e ren t ia l

so l i d  ang le  d l r .  Th is  downwe l l i ng  b r igh tness

tempera tu f ,e  p ropaga tes  a long  L ,  and  i s  due  to

unpo la t i zed  a tmospher i c  en iss ion  and  cosmic  ra -

d i a t i o n .  T h e  t e r m  o 0 ( L r , e , L i , e )  i s  t h e  b i s t a t i c

no rma l i zed  radar  c ross  sec t ion  ( I {RCS)  fo r  e  po -

l sx i zed  rad ia t i on  inc iden t  a loag  t "  and  e  po la r -

i zed  rad ia t i on  sca t te red  a long  t r .  The  o the r
N R C S  i n  ( 3 )  i s  f o r  s c a t t e r e d  e r  p o l a r i z e d  r a d i a -

t i on ,  where  e .  i s  the  po la r i za t i on  s ta te  o r tho -

gona l  to  e .  The  NRCS equa ls  Peake 's  sca t te r ing

c o e f f i c i e n t s  t i m e s  t h e  c o s i n e  o f  t h e  a n g l e  O "

nade  by  - t "  and  r .  Asson ing  the rna l  equ i l i b r i un ,

K i r c h h o f f ' s  l a w  a l l o w s  t h e  e n i s s i v i t y  t o  b e  e r -
p ressed  as  a !  i n teg ra l  o f  t he  t lRCS.

E ( L i , e )  =  1  -  ( 4 n  c o s  o i ) - t  J  u * " [ o o ( t " , e , L i , e )
2n

a  o o  ( L s ,  e r ,  L i ,  e  )  I

I {entz:  Model  of  Ocean I [ icrovave Temperatures

( 4 )

t ( e r h a , h r )  =  
" r p [ -

d h  s e c  O  c ( h )  ]
( e )

The f i rs t  tern in (8)  is  the T,  component due to

su r face  emiss ion  and  soa t te r ing .  Th is  compoaen t

i s  a t t e n u a t e d  b y  t h e  t r a n s m i t t a n c e  r ( O i , O , E ) .

The  t ransn i t tanoe  func t ion  g i ven  by  (9 )  i s  the

a tnospher i c  t ransmi t tance  fo r  rad ia t i on  t rave l i ng

f rom h1  to  h2  a long  a  s lan t  pa th  tha t  makes  aa

ang le  O  v i th  r .  The  second  te rm in  (8 )  i s  the  T "

componen t  due  to  upwe l l i ag  a tnospher i c  en iss ion .

The  quan t i t i es  a (h )  and  T" (h )  a re  the  absorp t ion
coe f f i c ien t  and  a i r  t empera tu re  a t  a  he igh t  h .

The  su r face  b r igh tness  tempera tu re  Tg( t1 ,e ) lg  i s
g i v e n  b y  ( 3 )  w i t h  t h e  f o l l o w i a g  e r p r e s s i o n  f o r

the  downre l l i ng  b r igh tness  tenpera tu re :

h 2

J
h 1

The  downve l l i ng  T "  va r ies  acco rd ing  to  the
d i f f e r e n t i a l  e q u a t i o n

A T B ( t s ) / A L s  =  - c ( L " ) I T B ( L ' )  -  T a ( L s ) ]  ( 5 )

rhe re  TB( ts )  i s  the  b r igh tness  tempera tu re  o f  the

u tpo la r i zed  rad ia t i on  tha t  has  t rave l l ed  f ron  the

t o p  t o  t h e  a t m o s p h e r e  e  d i s t a n c e  l t " l  =  t ,  a l o n g

the  p ropaga t ion  vec to r  t " .  As  in  (2 ) ,  a ( t s )  and

Ta(Ls )  a re  the  absorp t ion  coe f f i c ien t  and  a i r

tempera tu re  a t  the  pos i t i on  spec i f i ed  by  Ls .  The
a tnosphere  i s  assuned  to  be  ho r i zon ta l l y  un i fo rn

and  e r tends  ve r t i ca l l y  to  aa  a l t i t ude  E .  The

bouadary  cond i t i on  fo r  (5 )  i s  tha t  the  b r igh tness

tempera tu re  a t  the  top  to  the  a tmosphere  Tg( t r )  l g
equa ls  the  b r igh tness  tempera tu re  o f  the  cosmic

r a d i a t i o n  T " .

T B ( t s )  l g  =  T "  ( 6 )

The  upwe l l i ng  b r igh tness  tenpera tu re  a t  the

top  o f  the  a tmosphere  Tg(L i ,e )  l g  i s  found  by
so lv ing  the  f i r s t -o rde r  d i f f e ren t ia l  equa t ions

Ql  and  (5 )  i npos ing  the  respec t i ve  boundary

cond i t i ons  (3 )  and  (6 ) .  I n  so l v ing  the  equa t ions

we t rans fo rn  f rom pa th  l eng th  va r iab les  L t  and  k "
to  the  he igh t  h  above  the  su r face .  Th is  t rans -

fo rmat ion  regu i res  tha t  the  abso lu te  de r i va t i ves

l a t t l 0 h l  a n d  l a t " / 0 h l  u e  s p e c i f i e d .  N e g l e c t i n g

the  ea r th  cu rva tu re ,  wh ioh  i s  qu i te  va l i d  fo r

inc idence  ang les  less  than  600  o r  70o ,  the  de r i v -

a t i v e s  a r e

lat l  aal = sec o,

rho re  j  =  i  o r  s .

U s i u g  ( 7 )  t o  s o l v e  ( 2 )  a n d  ( 5 )  g i v e s

T g ( L 1 , e )  l g  =  t ( O i , O , E )  T B ( t i , e )  l g

Tg (L " )  lO  =  t ( €s ,O , t r )  Tc

d h  s e c  0 "  o ( h )  T a ( h )  r ( O s , 0 , h ) (  10 )

The  f i r s t  t e rm i s  due  to  the  a t tenua ted  cosn ic

rad ia t i on ,  and  the  second  te rn  i s  due  to  the

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

In  summary ,  the  upwe l l i ng  b r igh tness  tenpera -

tu re  a t  the  top  o f  the  a tmosphere  can  be  ca lcu -

la ted  f ron  (8 )  and  i t s  suppor t i ng  equa t ions  g i ven

t h e  f o l l o r i n g :
1 .  The  observa t ion  vec to r  t i  and  po la r i za t i on

s t a t e  e .

2 .  The  ea r th  rad ius  vec to r  t .

3 .  The  sea-su r face  NRCS oo( t s ,e ,L i ,e )  and

o o  ( L " ,  e * , L g ,  e  )  .
4 .  The  su r face  tempera tu re  T r .

5 .  The  a tmospher i c  p ro f i l es  fo r  the  absorp -

t i o n  c o e f f i c i e n t  c ( h )  a n d  a i r  t e m p e r a t u r e  T " ( h ) .

6 .  T te  cosmic  b r igh tness  tempera tu re  T " .

3 .  S i n p l i f i e d  B r i g h t n e s s  T e n p e r a t u r e  M o d e l

Fuac t ion

In  th i s  sec t ion  we  app ly  a  aunber  o f  appro r i -

ma t ions  to  the  in teg ra l  b r igh tness  tempera tu re

equa t ion  (8 )  and  i t s  suppor t i ng  equa t ions .  Our

o b j e c t i v e  i s  t o  o b t a i n  a  s i m p l e  e q u a t i o n  f o r

b r igh tness  tenpera tu re  tha t  does  no t  con ta in

in teg ra l s .  The  f i r s t  appro r ina t ion  concerns  the

s c a t t e r i n g  i n t e g r a l  i n  ( 3 ) .  T h i s  i n t e g r a l  d e -

s c r i b e s  h o w  t h e  d o u n w e l l i a g  r a d i a t i o n  i s  s c a t -

te red  by  the  rough  sea  su r faoe .  The  sca t te r ing

o f  m ic rowaves  by  the  sea  su r face  has  been  the

s u b j e c t  o f  m a n y  i n v e s t i g a t i o n s .  I n  p a r t i c u l a r ,

Stogryn tL967l, l{u and Fung IL9721, and lTentz

t 1 9 7 5 1  r e p o r t e d  o n  t h e  e f f e c t  t h a t  s c a t t e r i n g  h a s

on  b r igh tness  tempera tu re .  Wen tz  tL977 l  de r i ved

paramet r i c  e rp ress ions  fo r  the  b i s ta t i c  NRCS tha t
appear  i n  (3 ) .  These  exp ress ions  a re  app l i cab le

t o  a l l  i n c i d e n c e  a n d  s c a t t e r i n g  a n g l e s ,  e r c e p t

near  g raz ing ,  and  a re  used  to  numer i ca l l . y  eva l -

ua te  the  sca t te r ing  in teg ra l .  An  ana lys i s  o f  t he

nuner i ca l  i n teg ra t ions  shows  tha t  an  accura te

tr
+ J

0

( 7 )

E
I+ J d h
0

s e c  O i  c ( h )  T " ( h )  t ( O i , h , E ) ( 8 )
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TABLE 1 .  B r igh tness  Tempera tu re  o f  D i f fuse ly  Soa t te red  A tnospher i c  Rad ia t i on

1 8 9 5

S c a t t e r i n g  I n t e g r a l In teg ra l  -  IO

SMITTR

Channel

mean
( K )

rms
( K )

nean
( K )

rms
( K )

o

(  s / c n )

6 . 6  V
6 . 6  E

1 0 . 7  V
1 0 . 7  E

1 8 V
1 8 8
2 L V
2 L E
3 7 V
3 7 E

0 . 2
0 . 4
0 . 5
1 . 2
1 . 3
3 . 6
1 . 9
6 . 0
L . 7
6 . 2

0 . 2
0 . 5
0 . 6
1 . 5
1 . 5
4 . 2
2 . 0
6 . 5
1 . 8
6 . 6

0 . 0
0 . 0
0 . 0
0 . 0
0 . 1
0 . 2
0 . 3
0 . 8
0 . 4
1 . 1

0 . 0
0 . 1
0 . 1
0 . 2
0 . 2
0 . 7
o . 7
1 . 8
0 . 7
2 . 4

- 3
0 . 7 0  r  1 0
1 . 1 8  x  1 0 - 3

- ?
1 . 3 4  :  1 0
2 .37  x  L0 - '
L .23 x  LO-t

- t
2 . 3 3  z  L 0
0 . 8 1  :  1 0 - 3
1 . ? 3  x  1 0 - 3

_ ?
0 . 7 5  x  1 0
1 . 8 2  r  1 0 - 3

c losed- fo rm appro r ina t ion  to  the  sca t te r ing  ia te -

g r a l  e r i s t s .

The  c losed- fo rn  appro r ina t ion  i s  ob ta ined  by

no t ing  tha t  the  sea-su r face  NRCS i s  h igh ly  d i rec -

t i o n a l .  F o r  a  f l a t  s p e c u l a r  s e a  s u r f a c e ,  t h e

a t n o s p h e r i c  r a d i a t i o n  s c a t t e r e d  i n  d i r e c t i o n  L i
i s  d u e  s o l e l y  t o  t h e  r e f l e c t i o n  o f  d o w n w e l l i n g

rad ia t i on  inc iden t  a long  the  p ropaga t ion  veo to r

tr

t r = L i - 2 ( X i ' x ) t (  1 1 )

where  r  i s  the  ea r th  rad ius  vec to r  no rma l i zed  to

un i t  l eng th .  Fo r  a  rough  sea  su r face  the  down-

w e l l i n g  r a d i a t i o n  i s  s c a t t e r e d  i n  a  v a r i e t y  o f

d i r e c t i o n s .  A s  a  r e s u l t ,  t h e  p o w e r  s c a t t e r e d  i n

d i r e c t i o n  t t  i s  p r i n a r i l y  d u e  t o  i n c i d e n t  p o w e r

con ing  f rom a  cone  oen te red  on  L r .  The  w id th  o f

the  cone  inc reases  w i th  su r face  roughness .  The

c losed- fo rm approx ina t ion  i s  found  by  expand ing

the  downwe l l i ng  b r igh tness  tenpera tu re  TB( ts )  l 0

abou t  the  p ropaga t ion  vec to r  k r .

T B ( L ' ) l o  =  T B ( t r )  l o  +  o ( t r , t s )

spher i c  T r .  The  sca t te red  componen t  i s  second-

o r d e r  r e l a t i v e  t o  t h e  r e f l e c t e d  c o m p o n e n t  b e o a u s e

o f  t h e  f o l l o w i n g  r e a s o n s .  F i r s t l y '  f o r  t r =  L r ,

the  NRCS i s  a  nax inun  wh i le  O( t r , t " )  i s  ze ro .

A1so ,  as  l t " - t r l  i nc reases  f ron  ze to ,  the  NRCS

d e c r e a s e s  r a p i d l y  r e l a t i v e  t o  t h e  s l o w e r  v a r i a -

t i on  o f  O(L r , t s )  abou t  ze to .  F ina l l y ,  t he  NRCS

is  appro r ina te l y  & r  even  func t ion  o f  the  inc i -

dence  ang le  d i f f e rence  € r -  Or ,  where  € ,  and  € , .

a re  the  inc idence  ang les  fo r  t ,  and  L r '  respec -

t i ve l y .  The  te rm 0 ( t r , t s )  i s  approx ina te l y  an

odd  func t ion  o f  € r -  Or .  Bence  the  in teg ra l  o f

the  NRCS t i nes  0 (L r ,Ls )  tends  to  be  sna l l .  Eow-

e v e r ,  t h e  i n t e g r a l  i s  s t i l 1  s i g n i f i c a n t  a n d  n e e d s

to  be  accoun ted  fo r .

We numer i ca l l y  eva lua te  the  sca t te r ing  in te -

g r a l  i n  ( 1 3 )  f o r  a n  e n s e m b l e  o f  w i n d  s t a t e s  a n d

a t m o s p h e r i c  c o n d i t i o n s .  F i v e  w i n d  s t a t e s  a r e

c o n s i d e r e d  r a n g i n g  i n  f r i c t i o n  v e l o c i t i e s  f r o n  2 0

t o  1 0 0  c m / s ,  w h i c h  c o r r e s p o n d s  t o  a  w i n d  s p e e d

range  f ron  6  to  21  n /s .  Ten  a tmospheres  a re

c o n s i d e r e d  r a n g i n g  f r o n  c l e a r  s k i e s  t o  a  v e r y

heavy  c loud  laye r  hav ing  a  co lumnar  l i qu id  wa te r

c o n t e n t  o f  6 0  n g /  c m 1 .  T h e  s c a t t e r i n g  i n t e g r a t i o n

i s  o v e r  a  l a r g e - s c a l e  s e a - s u r f a c e  s l o p e  d i s t r i b u -

t i o n .  B y  ' l a r g e - s c a l e '  w e  m e a n  t h o s e  o c e a n  w a v e s

hav ing  wave leng ths  la rge  compared  to  the  rad ia -

t i on  wave leng th .  The  s lope  va r iance  (S2  )  f o r  the

d i s t r i b u t i o n  i s  g i v e n  i n  s e c t i o n  5  a s  a  f u n c t i o n

o f  the  f r i c t i on  ve loc i t y  Us  and  SUI t tR  f requency .

The  resu l t s  o f  t he  numer i ca l  i n teg ra t ions  a re

s u m m a r i z e d  i n  T a b l e  1 , ' w h i c h  g i v e s  t h e  e n s e n b l e

mean  and  rms  va lue  o f  the  soa t te r ing  in teg ra l .  f o r

the  ten  SMUR channe ls  a t  an  inc idence  ang le  o f

4 9 o .  T h e  t a b l e  s h o w s  t h a t  d i f f u s e  s c a t t e r i n g  i s

a  s ign i f i can t  te rm in  the  Tg  equa t ion .  A t  21  and

37  GEz ,  h -po l ,  t he  d i f f use  sca t te r ing  con t r i bu tes

6  K  to  the  b r igh tness  tempera tu re .

An  ana lys i s  o f  t hese  resu l t s  shows  tha t  the

i n t e g r a l  i s  a p p r o r i n a t e l y  p r o p o r t i o n a l  t o  t h e

f r i c t i o n  v e l o c i t y  U * ,  t o  t h e  d o w n w e l l i n g  b r i g h t -

ness  tempera tu re  Tg( t r )  l g ,  and  to  the  sea-su r face

(L2)

where  0 (L r ,Ls )  i s  the  va r ia t i on  o f  the  downwe l l

l i n g  b r i g l t o l " s  t e n p e r a t u r e  r e l a t i v e  t o  T g ( t r ) l g ,

w h i c h  i s  g i v e n  b y  ( 1 0 )  w i t h  t ,  r e p l a c i n g  t r .

Subs t i t u t i ng  (12 ' )  i n to  (3 )  and  u t i l Lz in 'g  the

r e l a t i o n s h i p  ( + )  b e t w e e n  t h e  e n i s s i v i t y  a n d  t h e

NRCS yie lds

T B ( t i , e )  l g  =  E ( L i , e )  T ,  +  [ 1  -  E ( t 1 , e ) l  T g ( t t )  l 9

+  ( 4 n  c o s  € i ) - t

+  o o ( L r , 8 * , k i , e ) l ( 1 3 )

w h e r e  t h e  f i r s t  t e r m  i s  t h e  s u r f a c e  e m i s s i o n  1 9 ,

the  second  te rn  i s  the  re f l ec ted  a tnospher io  Tg ,

and  the  in teg ra l  i s  the  d i f f use ly  sca t te red  a tmo-

J  u * ,  o ( L r , L s )  [ o o  ( t r , s , L i , e )
2n
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r e f l e c t i v i t y  1 - E ( t i , e ) .  E e n c e ,  i n  o u r  n o d e L  w e

a p p r o x i m a t e  t h e  d i f f u s e  s s a t t e r i n g  i n t e g r a l  b y

I O  =  t  U *  T B ( L ' )  1 9  t 1  -  E ( t i , e ) l

Wentz :  Mode l  o f  Ocean  I [ i c rowave  Tempera tu res

( 1 4 )

w a t e r ,  d e n o t e d  t y  < r ! ) ,  ( T ; ) ,  a n d  ( T i ) ,  r e s p e c -

t i v e l y .  T h e  e f f e c t i v e  t e n p e r a t u r e  i s  d e f i n e d  a s

a  we igh ted  ave rage  o f  the  a i r  t enpera tu re  ove r

the  ve r t i ca l  e r ten t  o f  t he  cons t i t uen t .  The

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

st  i  tuent  .

p j  ( h )

The  oons tan t  to  i s  found  fo r  each  SMUR channe l  by

m i n i n i z i n g  t h e  e n s e n b l e  v a r i a n c e  b e t w e e n  I g  a n d
t h e  n u m e r i c a l l y  e v a l u a t e d  i n t e g r a l .  T a b l e  1

g i v e s  o  a l o n g  w i t h  t h e  m e a n  a n d  r m s  r e s i d u a l  o f

the  in teg ra l  m inus  fg .  The  accuracy  o f  the  Ig
m o d e l ,  a s  i n d i c a t e d  b y  t h e  r m s  r e s i d u a l ,  i s  a

s i zab le  improvement  ove r  the  e r ro r  caused  by

n e g l e c t i n g  t h e  d i f f u s e  s c a t t e r i n g .

E q u a t i o n s  ( 8 ) ,  ( 1 0 ) ,  ( 1 3 ) ,  a n d  ( 1 4 )  a r e  o o m -

b i n e d  t o  o b t a i n  a  s i n p l e r  e x p r e s s i o n  f o r  t h e

u p w e l l i n g  b r i g h t n e s s  t e n p e r a t u r e  m e a s u r e d  a t

a l  t i t u d e  H .

T B ( L i , e )  l g  =  r ( e i , o , E )  [ n t t r , e )  T ,

+  ( 1  +  t o U r ) [ 1  -  E ( L i , e ) l  T g ( t " ) l O J

T B ( k r ) l O  =  t ( e i , o , g )  T "

( 1 6 )

I n  d e r i v i n g  ( 1 6 )  w e  m a k e  u s e  o f  t h e  f a c t  t h a t  t h e

i n c i d e n c e  a n g l e  O ,  e q u a l s  € ,  b y  v i r t u e  o f  ( 1 1 ) .

T h e  r e n a i n i n g  s t e p  i n  t h e  s i n p l i f i c a t i o n  p r o -

c e s s  i s  t o  f i n d  c l o s e d - f o r m  e x p r e s s i o n s  f o r  t h e

a t m o s p h e r i c  i n t e g r a l s  a p p e a r i n g  i n  ( 1 5 )  a n d  ( 1 6 ) .

T h e  a b s o r p t i o n  c o e f f i c i e n t  a ( h )  i n  t h e  a t m o -

s p h e r i c  i n t e g r a l s  i s  t h e  s u m  o f  t h e  a b s o r p t i o n

c o e f f i c i e n t s  f o r  o x y g e n ,  w a t e r  v a p o r ,  a n d  l i q u i d

w a t e r

a ( h )  = c o ( h )  + c r r ( h )  + a 1 ( h ) ( 1 7 )

T o  s i n p l i f y  t h e  a t n o s p h e r i c  i n t e g r a l s  n e  n o t e

tha t  va r ia t  i ons  in  c ro  (h )  ,  a r r (h )  ,  and  o1 (h )  a re

p r i n a r i l y  d u e  t o  v a r i a t i o n s  i n  t h e  d e n s i t y
(g /cmt )  o f  oxygen ,  wa te r  vapor ,  and  l i qu id ,  de -

n o t e d  b y  p o ( h ) ,  p o ( h ) ,  a n d  p 1 ( h ) ,  r e s p e c t i v e l y .

T b e r e  i s  a l s o  a  s m a l l  d e p e n d e n c e  o n  a i r  t e m p e r a -

t u r e ,  p a r t i c u l a r l y  f o r  l i q u i d  w a t e r .  F a c t o r i n g

ou t  a  dens i t y  and  a  tenpera tu re  dependence  g i ves

c ( h )  =  p o ( h )  T o l T a ( h ) l  A o  +  p o ( h )  T v l T a ( h ) l  a v

+  p t ( h )  y t l T a ( h ) l  a r  ( 1 8 )

T j t T a ( h ) l  =  1  +  a j t T a ( h )  -  ( T ; ) 1 ,  j  =  o , v , 1  ( 1 9 )

The a i r  tenperature funct ion g iven by (19)  ac-
counts  for  most  o f  tbe a i r  tenoperature dependence
in  t he  abso rp t i on  coe f f i c i en t s .  The  f unc t i on  i s
re fe renced  to  t he  ensemb le -ave rage  e f f ec t i ve

tenperature o f  oxygen,  water  vapor ,  and l iqu id

The  ensemb le  ave rage  (T :>  i s  found  by  ave rag ing

T !  o v e r  t h e  e n s e n b l e  o f ' 6 0 9  a t n o s p h e r e s  d e s c r i b e d

i i  s e c t i o n  4 .  T h i s  a v e r a g i n g  g i v e s  v a l u e s  o f

253  K ,  279  K ,  and  275  K  fo r  oxygen ,  wa te r  vapor ,

a n d  l i q u i d  w a t e r ,  r e s p e c t i v e l y .  T h e  q u a n t i t i e s

a o ,  a v ,  a n d  6 1  a r e  c a l l e d  t h e  n o r m a l i z e d  a b s o r p -

t i o n  c o e f f i c i e n t s .  T h e y  h a v e  a  v e r y  s m a l l  d e p e n -

d e n c e  o n  a i r  t e m p e r a t u r e ,  a i r  p r e s s u f e ,  a n d ,  i n

the  case  o f  do ,  on  dens i t y  p r r (h ) .  I n  ou r  mode l

t h e y  a r e  a s s u m e d  c o n s t a n t s .  T h i s  a s s u n p t i o n  i s

a c c u r a t e  e r c e p t  f o r  a  r a i n  c l o u d .  f n  t h i s  c a s e

M i e  s c a t t e r i n g  b e c o n e s  i m p o r t a n t ,  a n d  
- a t  

a l s o

d e p e n d s  o n  t h e  r a i n  d r o p  s i z e  d i s t r i b u t i o n .  S e c -

t i o n  4  d i s c u s s e s  t h e  r a i n  c l o u d  c a s e  a n d  d e r i v e s

v a l u e s  f o r  t h e  t e m p e r a t u r e  s e n s i t i v i t i e s  Q '  a n d

t h e  n o r n a L i z e d ,  a b s o r p t i o n  c o e f f i c i e n t s  8 . . -

Under  the  assumpt ion  tha t  i ,  i s  cons tdn t ,  t he

t r a n s m i t t a r c e  t ( O i , O , g )  g i v e n  b i y  i n t e g r a l  ( 9 )  c a r

b e  s o l v e d  i n  t e r n s  o f  t h e  e f f e c t i v e  t e n p e r a t u r e

g i v e n  b y  ( 2 0 ) .

r ( o 1 , 0 ' [ )  =

exp [-sec €i(croto0z + -crrrTrrV + 6t f t l , ) l  (2Ll

7 i  =  1  *  a j t r ;  -  ( r ; )1  Q2 ' )

T h e  c o l u m n a r  c o n t e n t s  ( g / c n 2 )  o f  o x y g e n ,  w a t e r

v a p o r ,  a n d  l i q u i d  w a t e r ,  d e n o t e d  b y  0 2 ,  V ,  a n d  L

i n  ( 2 L ) ,  a r e  g i v e n  b y

p j ( h ) ( 23 )

I n  o u r  n o d e l  t h e  e f f e c t i v e  t e n p e r a t u r e s  T !  a r e. J
c a l c u l a t e d  f r o n

t i = t u - ( r " - { ,

( 2 0 )

Q 4 )

w h e r e  T u  i s  t h e  s u r f a c e  a i r  t e m p e r a t u r e ,  w h i c h  i s

a  n o d e l  v a r i a b l e ,  a n d  ( T u -  T l )  i s  t h e  a v e r a g e

d i f f e r e n c e  b e t w e e n  t h e  s u r f a c e  a i r  t e m p e r a t u r e

a n d  t h e  e f f e o t i v e  t e m p e r a t u r e .  T h e  e n s e n b l e

a v e r a g e s  ( T - -  T ? )  f o r  t h e  6 0 9  a t m o s p h e r e s  a r e
-t

3 6  K ,  1 0  K ,  a n d - 1 4  K  f o r  o x y g e n ,  v a p o r ,  a n d

l i q u i d ,  r e s p e c t i v e l y .
I n  o r d e r  t o  f i n d  a  c l o s e d - f o r m  s o l u t i o n  t o  t h e

r e n a i n i n g  a t n o s p h e r i c  i n t e g r a l s ,  w e  & p p r o x i m a t e

t h e  d e n s i t y  a l t i t u d e  v a r i a t i o n  i n  ( 1 8 )  b y  a  u n i t

s t e p  f u n c t i o n  d e n o t e d  b y  u ( " ' )

u u
t ;  = J dh p. i(h) ra(h) t  I  an'

" b r - f )

E
+  

J  d h  s e c  0 ,  c ( h )  T e ( h )  t ( O i , h , E )  ( 1 5 )

0

a
f

+  
J  d h  s e c  0 i  a ( h )  T a ( h )  t ( O i , 0 , h )

0

H

c j = J d h
0

p 3  ( h )  =  ( C j l H e  )  u ( B u  -  h ) (2s )



I n  ( 2 5 ) ,  E "  i s  t h e  e f f e c t i v e  h e i g h t  o f  t h e  a t m o -

s p h e r e .  S e c t i o n  4  d e s c r i b e s  t h e  d e r i v a t i o n  o f

He ,  wh ich  i s  a  cons tan t  fo r  a  g i ven  f requency .

T h e  t e m p e r a t u r e  f u n c t i o n  y 3 ( : ' : )  i n  ( 1 8 )  i s  a p -

p r o x i n a t e d  b y  i t s  e f f e c t i v 6  v a l u e  g i v e n  b y  Q 2 ) .

O n e  o t h e r  a p p r o x i n r a t i o n  i s  r e q u i r e d  b e f o r e  t h e

a t n o s p h e r i c  i n t e g r a l s  c a n  b e  s o l v e d .  T h e  a i r

t e m p e r a t u r e  T " ( h )  i n  ( 1 5 )  a n d  ( 1 6 )  i s  a s s u n e d  t o

d e c r e a s e  l i n e a r l y  w i t h  h .

T a ( h ) = T " - l h ( 2 6 )

where  T"  i s  the  a i r  t enpera tu re  a t  the  su r face

a n d  l u  i s  t h e  l a p s e  r a t e  t a k e n  t o  b e  5 . 9  K / k n ,

wh ich  i s  the  ave rage  va lue  fo r  the  609  a tno -

spheres .  The  accuracy  o f  these  approx ima t ions  i s

de te rn ined  in  sec t ion  4  by  conpar ing  the  Tg 's

c a l c u l a t e d  f r o m  t h i s  a p p r o r i n a t e  f o r m u l a t i o n  w i t h

t h e  T g ' s  c a l c u l a t e d  b y  n u n a e r i c a l l y  i n t e g r a t i n g

the Tt  equat ion.

Equa t ion  (18 )  w i th  the  above  th ree  appro r ina -

t i o n s  i s  s u b s t i t u t e d  i n t o  e q u a t i o n s  ( 1 5 )  a n d

( 1 6 ) ,  a n d  t h e  a t n o s p h e r i c  i n t e g r a L s  a r e  s o l v e d .

T h e  r e s u l t  i s  t h e  d e s i r e d  b r i g h t n e s s  t e m p e r a t u r e

n o d e l  f u n c t i o n :

T B ( t i , e )  l g  -  f  ( T s , U 1 , V , L , T a )  =

"  [ E f , ,  
+  ( l + o u . ) ( 1 - E ) t ( l - t ) ( T a - r d )  +  t r " l ]

+  ( 1 - t ) [ T a  -  , t ( E e - d ) ] Q 7 )

t  =  exp [ -seo  o1 (Eo to0 r  +  
- c lT rnV  

+  i r r r l , ) ]  (28 )

d = E e t ( t - L - r  l n t ) / ( l n r - r  l n t ) l  ( 2 9 )

T j = L + Q j ( T a - ( T a ) ) ,  j = o , v ,  I  ( 3 0 )

The  th ree  suppor t i ng  equa t ions  g i ve  the  a tmo-

s p h e r i c  t r a n s n i t t a r c e  t ,  t h e  e f f e c t i v e  e n i s s i o n

dep th  d  fo r  the  a tnosphere ,  and  the  a i r  t enpera -

t u r e  c o e f f i c i e n t  y r .  T h e  e n i s s i o n  d e p t h  d  e q u a l s

E" /2  :wh 'en  t  equa ls "un i t y .  As  t  goes  to  ze ro  fo r

h i g h l y  a t t e n u a t i n g  a t n o s p h e r e s ,  t h e  e m i s s i o n

d e p t h  t e n d s  t o  t h e  l i n i t  - 8 " / l n  t ,  r h i c h  e q u a l s

the  power  pene t ra t i on  dep th .  The  ave rage  g loba l

a i r  t enpera tu re  (T " )  and  lapse  ra te  l ,  a re  taken

to  be  289  K  and  5 .9  K /kn  based  on  the  ensenb le

average  o f  the  609  a tnospheres .  The  upwe l l i ng

a n d  d o w n w e l l i n g  a t m o s p h e r i c  b r i g h t n e s s  t e m p e r s -

tu re  conponen ts  a re  g i ven  by  (1 - ) [Ta - f (Ee-d ) ]

and  (1 - t ) (Ta - l , d ) ,  respec t i ve l y .  The  te rn  tT "  i s

t h e  a t t e n u a t e d  c o s m i c  r a d i a t i o n  i n c i d e n t  o n t o  t h e

sea  su r face ,  w i th  Ta=  2 .76  K .  The  fac to r  1+oU*

a c c o u n t s  f o r  t h e  d i f f u s e  s c a t t e r i n g  o f  a t n o -

spher i c  rad ia t i on  f ron  the  sea-su r face .  The

quan t i t i es  0a ,  V ,  and  L  a re  the  co lunnar  con ten ts

( g / c n 3 )  f o r  o r y g e n ,  w a t e r  v a p o r ,  a n d  l i q u i d

wa te r .  The  co lumnar  wa te r  vapor  and  l i qu id  wa te r

a r e  n o d e l  f u n c i o n  v a r i a b l e s ,  w h e r e a s  0 2  i s  a s -

s u n e d  c o n s t a n t  b e c a u s e  t h e  g l o b a l  v a r i a t i o n  o f

o x y g e n  a t t e n u a t i o n  i s  n e g l i g a b l y  s n a l l  a t  t h e

S IUMR f requenc ies .  The  o the r  node l  func t ion  va r -
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i a b l e s  a r e  t h e  s e a - s u r f a c e  t e m p e r a t u r e  T r ,  t h e

f r i c t i o n  v e l o c i t y  U 1 ,  a n d  t h e  s u r f a c e  a i r  t e n p e r -

a t u r e  T u .  T h e  s e a - s u r f a c e  e m i s s i v i t y ,  d e n o t e d

s i n p l . y  a s  E  i n  ( 2 7 r ,  i s  a  f u n c t i o n  o f  T ,  a n d  U t

g i ven  by  equa t ions  (35 ) ,  and  (38 )  th rough  (42 )  i n

s e c t i o n  5 .  V a l u e s  f o r  a l l  o f  t h e  n o d e l  f u n c t i o n

c o n s t a n t s  a r e  c o n t a i n e d  i n  t h i s  p a p e r .

T h e  i n t e r p r e t a t i o n  o f  t h e  c o l u m n a r  l i q u i d

w a t e r  c o n t e n t  L  n e e d s  s o u e  e r p l a n a t i o n .  W e  a s -

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

f o r  l i q u i d  w a t e r  i s  c o n s t a n t  f o r  a  g i v e n  f r e -

quency .  When  the re  i s  no  ra in  i a  the  f i e ld  o f

v i e w ,  E t  i s  i n d e e d  c o n s t a n t ,  e q u a l i n g  t h e

R a y l e i g h  v a l u e .  I n  t h i s  c a s e ,  L  i s  a n  a c c u r a t e

m e a s u r e  o f  t h e  o o l u m n a r  l i q u i d  w a t e r  c o n t e n t .

H o w e v e r ,  f o r  r a i n  c l o u d s ,  d ,  v a r i e s  c o n s i d e r a b l y

due  to  the  ra in  d rop  s  i ze  d i s t r i bu t ion .  Fo r

t h e s e  h i g h  a t t e n u a t i o n  c a s e s ,  t h e  q u a n t i t y  L

b e c o m e s  a  r e l a t i v e  i n d i c a t o r  o f  l i q u i d  w a t e r

absorp t ion  ra the r  thaa  an  abso lu te  measure  o f  the

c o l u m n a r  l i q u i d  w a t e r .  F o r  t h i s  r e a s o n ,  w e  r e f e r

t o  i t  a s  t h e ' e f f e c t i v e ' l i q u i d  w a t e r  c o n t e n t .

4 .  A tmosphere  Mode l

I n  t h i s  s e c t i o n  w e  d e t e r m i n e  v a l u e s  f o r  t h e

f o l l o r i n g  a t n o s p h e r i c  p a r a m e t e r s :  t e m p e r a t u r e

s e n s i t i v i t i e s  Q o ,  q r '  a n d  Q 1 ,  o x y g e n  o p a c i t y

6 o O r ,  w a t e r  v a p o r  a n d  l i q u i d  w a t e r  n o r m a l i z e d

a b s o r p t i o n  c o e f f i c i e n t s  
- c o  

a n d  
- c 1 1 ,  

a n d  e f f e c t i v e

co lumnar  he igh t  H" .  Fo r  each  SMMR f requency ,  the

t e n p e r a t u r e  s e n s i t i v i t i e s  a r e  f o u n d  f r o n  l e a s t

s q u a r e s  f i t s  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t s  v e r -

sus  tempera tu re .  T te  pa ramete rs  6 'o0 r ,  6 " ,  and  d1

a r e  d e t e r n i n e d  s o  a s  t o  m i n i m i z e  t h e  v a r i a n c e

be tween  the  mode l  func t ion  t ransmi t tance  (28 )  and

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

g ra l  equa t ion  (9 ) .  Un l i ke  the  co lunnar  wa te r

vapor  V  and  l i qu id  wa te r  L ,  t he  co lumnar  oxygen

0 2  i s  e s s e n t i a l l y  c o n s t a n t ,  a n d  i t  i s  n o r e  c o [ v e -

n ien t  to  work  w i th  the  p roduc t  o f  O2  t imes  
-co ,

ra the r  than  6o  separa te l y .  An  e f fec t i ve  co lumnar

he igh t  E "  i s  found  fo r  each  f reguency  by  n in i -

n i z ing  the  va r iance  be tween  the  node l  func t ion  T t

Q7 ,  and  the  more  accura te  Tg  S iven  by  (8 ) .  The

v a r i a n c e  n i n i m i z a t i o n s  a r e  d o n e  o v e r  a n  e n s e n b l e

o f  5 0 9  d i f f e r e n t  a t n o s p h e r i c  p r o f i l e s  d e r i v e d

f rom rad iosonde  f l  i gh ts  and  su r face  observa tons

o f  c loud  t ype  and  coverage .  The  p ro f i l es  exc lude

r a i n ,  a n d  a s  a  r e s u l t  t h e  e s t i n a t e d  d ,  c o r r e s p o n d

t o  t h e  R a y l e i g h  a b s o r p t i o n  c o e f f i c i e n t s .  T h e

f i n a l  s t e p  i n  e s t i n a t i n g  t h e  a t n o s p h e r i c  p a r a -

n e t e r s  i s  t o  a d j u s t  d 1  i n  o r d e r  t o  a c c o u D t  f o r

M i e  s c a t t e r i n g  f r o n  r a i n  d r o p s .  T h i s  a d j u s t m e n t

i s  b a s e d  o n  S M M R  o b s e r v a t i o n s  o f  r a i n  c l o u d s .

Accord ing  to  (19 )  the  tenpera tu re  depeudence

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

c r . ; ( T )  =  [ 1  +  a j ( T  -  ( T ; ) ) l  o r ( ( T ; ) )  ,

j  =  o r v r l (  3 1 )

where  T  i s  the  tempera tu re  o f  the  cons t i t uen t  and

( T 9 )  i s  t h e  e n s e m b l e - a v e r a g e  e f f e c t i v e  t e m p e r a -
J

W e n t z :  M o d e l  o f Ocean  M ic rowave  Tempera tu res
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Tempera tu re  Sens i t i v i t i es  o f  Absorp t ion  Coe f f i c ien tsTABLE 2.

Frequency

(GEz)

Oxygen, Qo

( K - t )

Vapor, $
(K - t )

L iqu id ,  Q1

( r - t )

6 . 6
LO.7

1 8
2L
3 7

-1 .14  r  10 - "
-1.L4 x L0-2
-L.14 x  10-2
- 1 . 1 3  x  1 0 - '
- 1 .11  x  10 -2

-0 .65  r  10 - '
- 0 .61  r  10 - "
-0 .36  r  10 -2
-0 .06  r  10 - '
- 0 .65  r  10 -2

-2.85 r  10- '
- 2 .82  x  10 - '
-2 .73 r  10-2
-2 .68  : r  10 - '
-2 .gg r  10- t

t u re  g i ven  in  sec t ion  3 .  The  tenpera tu re  seas i -
t i v i t i es  Q ;  a re  fouad  fo r  each  f requency  f rom a
leas t  squa?es  f i t  o f  (31 )  to  the  ac tua l  absorp -
t i o n  c o e f f i c i e n t s  c r r ( T ) .  T h e  f i t  i s  o v e r  t e n p e r -
a tu res  T  rang ing  f rSn  (T : )  -  20  K  to  (T? )  +  20  K
i n  1  K  s t e p s .  T h e  o x y g e i  c o e f f i c i e n t  

" i t f l  
i s

c o n p u t e d  a c c o r d i a g  t o  M e e t s  a n d  L i l l e y  I L 9 6 3 1 .
The  wa te r  vapor  coe f f i c ien t  c r r (T )  i s  conpu ted
us ing  the  exp ress ions  g i ven  by  Bar re t t  and  Chuag

t1 -962 l .  The  Ray le igh  sca t te r ing  appro r ima t ion

[ G o l d s t e i n ,  1 9 5 1 ]  i s  u s e d  t o  o a l c u l a t e  t h e  l i q u i d
w a t e r  c o e f f i c i e n t  o 1 ( T ) .  I n  t h e s e  c a l c u l a t i o n s

we le t  t he  a i r  p ressure  be  635  and  900  nb  fo r

oxygen  and  wa te r  vapor ,  respec t i ve l y .  The  wa te r

vapor  dens i t y  i s  ta t .en  to  be  10  g /n3 .  No te  tha t

t h e  t e m p e r a t u r e  s e n s i t i v i t y  i s  e s s e n t i a l l y  i n d e -
penden t  o f  t hese  cho ices  fo r  a i r  p ressu re  and

wate r  vapor  dens i t y .  The  va lues  fo r  Q ,  a re  shorn
in  Tab le  2  fo r  the  5  SMMR f requenc ies . -  The

l i q u i d  v a t e r  a b s o r p t i o n  i s  m o s t  s e n s i t i v e  t o

tenpera tu re  changes ,  the  o rygen  absorp t ion  i s
modera te l y  sens i t i ve ,  and  the  waper  vapor  absorp -

t i on  i s  near l y  i adependen t  o f  t enpera tu re .

The oxygen opaci ty doo2 and the nornaLized

absorp t ion  coe f f i c ien ts  do  and  E1  a re  fouad  by

n in in i z ing  ove r  an  ensemb le  o f  a tnospheres  the

var iance  be tveen  the  c losed- fo rn  node l  func t ioa

t ransn i t tance  (28 )  and  the  t ransn i t tance  g i ven  by

the  more  exac t  i n teg ra l  equa t ion  (9 ) .  The  ensem-

b l e  o f  a t n o s p h e r e s  i s  5 0 9  p r o f i l e s  o f  t e m p e r a -

tu re ,  p ressure ,  and  wa te r  vapor  measured  by  ra -

d iosondes .  In  add i t i on ,  su r face  observa t ions  o f

c loud  t ypes  and  coverage  a t  the  t i ne  o f  the

r a d i o s o n d e  f l i g h t s  a r e  u s e d  t o  s p e c i f i e d  l i q u i d

w a t e r  p r o f i l e s .  T h e s e  d a t a  a r e  f o r  t h e  e n t i r e

year  o f  L972  a t  th ree  i s lands :  Jan  Mayen  (sub-

a rc t i c ) ,  t he  Azores  ( tenpera te ) ,  and  T ru t  ( t ro -

p i c s ) .  T h e  6 0 9  a t n o s p h e r e s  a r e  r e p r e s e n t a t i v e  o f

the  seasona l  and  reg iona l  va r ia t i ons  e rpe r ienced

by  an  o rb i t i ng  rad ione te r  excep t  tha t  ra iny  days

are  exc luded .  A lso  p ro f i l es  hav ing  a  l i qu id

wa te r  con ten t  exceed ing  60  ng /cn2  a re  exc luded .

The  techn ique  fo r  cons t ruc t i ng  the  p ro f i l es  f ron

the  observed  da ta  i s  repor ted  by  Wentz  and  S tunp f

t 1 9 7 8 1 .  F ' o r  e a c h  r a d i o s o n d e  l e v e l  i n  a  g i v e n

p r o f i l e ,  t h e  a b s o r p t i o n  c o e f f i c i e n t s  f o r  t h e

oxyge t r ,  wa te r  vapor ,  and  l i qu id  wa te r  a re  oom-

pu ted  accord ing  to  the  re fe rences  g i ven  in  the

preced ing  pa rag raph .  The  th ree  absorp t ion  ooe f -

f i c ien ts  a re  sunned  to  ob ta in  the  to ta l  absorp -

t i o n  c o e f f i c i e n t  c ( h ) ,  a n d  t h e  i n t e g r a t e d  r a d i a -

t i ve  t rans fe r  equa t ion  (9 )  i s  then  used  to  con-

pu ted  the  t ransn i t tance .  A  S i l l lR  i nc idence  ang le

o f  49o  i s  assuned  fo r  these  computa t ions .  The

t ransmi t tance  mode l  func t ion  uses  the  co lunnar

wa te r  vapor  V ,  the  oo lumnar  l i qu id  va te r  L ,  and
the  su r face  a i r  t enpera tu re  Tu  ra the r  than  d i s -

c re te  p ro f i l es .  The  two  co lunnar  con ten ts  i a

te rns  o f  g l cm,  axe  found  by  in teg ra t ing  the  ra -

d iosonde  ra te r  vapor  and  l i qu id  wa te r  p ro f i l es

accord ing  to  (231 .  The  a i r  t enpera tu re  comes
f ron  the  su r face  observa t ions .  Eav ing  speo i f i ed

V, L,  aad T",  the only unknowns in t ransni t tance
nodel  funct ion are door,  dv,  and d1.  These ua-
knovns  a re  de te rn ined  by  m in in i z ing  the  va r iance
b e t w e e n  t h e  5 0 9  t r a n s n i t t a n c e s  c o m p u t e d  f r o n  ( 9 )

and  the  t ransmi t tances  computed  f ron  the  t rans -

m i t t a n c e  n o d e l  f u n c t i g n  ( 2 8 ) .  T a b l e  3  g i v e s

the i r  va lues  fo r  the  f i ve  SMMR channe ls .  The
va lues  fo r  61  a re  l abe led  'Ray le igh '  t o  i nd i ca te
tha t  they  app ly  to  sna l l  c loud  d rop le ts ,  bu t  no t

r a i n  d r o p s .

The  one  rena in ing  a tmospher i c  pa rane te r  to  be
spec i f i ed  i s  the  e f fec t i ve  he igh t  8 " .  Th is  pa ra -

mete r  i s  found  in  a  nanner  ana logous  to  tha t
desc r ibed  in  the  p reoed ing  pa rag raph .  The  in te -
g r a t e d  r a d i a t i v e  t r a n s f e r  e q u a t i o n  ( 8 )  i s  u s e d  t o
conpu te  b r igh tness  tenpera tu res .  A  h -po l  and
v -po l  Tg  a t  an  inc idence  ang le  o f  49o  a re  oon-
pu ted  fo r  each  p ro f i l e ,  g i v ing  a  to ta l  o f  1218

br igh tness  tempera tu res .  In  these  computa t ions

ve  assume a  specu la r  sea  su r face  a t  a  tenpera tu re

T" that  is  typical  for  the is laad and month under
c o n s i d e r a t i o n .  f n  s e c t i o n  5 ,  ( 3 8 )  g i v e s  t h e

specu la r  sea -su r face  emiss i v i t y  E"  as  a  func t ion
of  tenperature Tr.  The unknown nodel  fuact ion
parane te r  E"  i s  found  by  n in in i . z ing  the  va r iance
be tveen  the  1218  Tg 's  conpu ted  f rom in teg ra l

equa t ion  (8 )  and  the  Tg 's  oomputed  f ron  the  node l
func t ion  (27 ) .  The  va lues  o f  E "  fo r  the  f i ve

SUMR f reguenc ies  a re  g i ven  in  Tab le  3  a long  w i th
the  rns  res idua l  ATg  be tween  the  node l  func t ion

Tg and the Tg conputed f ron (8) .  At  the higher

f requenc ies  va te r  vapor  and  l i qu id  wa te r  a re  the

don ina te  absorp t ion  nechan isms .  S ince  the  bu lk

o f  the  ra te r  vapor  and  l i qu id  wa te r  i s  a t  an
a l t i t ude  lower  than  tha t  o f  o rygen ,  the  e f fec t i ve

h e i g h t  i s  l e s s  a t  t h e  h i g h e r  f r e q u e n c i e s .  T h e
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TABLE 3 .  A tmospher i c  Absorp t ion  Coe f f i c ien ts ,  E f fec t i ve  Ee igh t ,  and  Mode l  E r ro r
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Opac i ty Norma l i zed  Absorp t ion  Coe f f i c ien ts

Freguency Orygen, 
-oo0s 

Vapor,  6"

( G H z )  ( n i l l i n a p e r s )  m i l l i n a p e r s
El cnT-

E f feo t i ve  i l ode1

SMMR, al  Eeight  Eu Error  AT"

n i l l i n a p e r s  ( k n )  ( K )- 
rl.rl cnT-

Ray le igh ,  E1

mi11  inaoers- 
nglcn?--

6 . 6
L0.7

1 8
2 t
37

8 . 2 9
8 . 5 9
9 . 7 2

1 0 . 7  8
29 .O4

1  . 0 5
2 . 4 7

t3 .62
45  .45
23 .90

0 . 0 7 8
0 . 2 0 0
0 . 5 6 2
0 . 7 4 L
2 . 2 2 4

O . L L z
0 . 4 0 1
t . L 2 5
1 . 3 5 0
2 . 2 2 4

7 . 4
6 . 0
4 . 4
4 . 5
4 . 5

0 . 1 9
0 . 2 8
0 . 6 3
0 . 7 0
1  . 1 5

r m s  r e s i d u a l  A T ,  g i v e n  i n  T a b l e  3  i s  a  m e a s u r e  o f

the  a tmosphere  node l  aocuracy  as  compared  to  the

in teg ra ted  rad ia t i ve  t rans fe r  equa t ion .  The

node l  accu racy  i s  0 .2  K  a t  6 .6  GHz  and  g radua l l y

d e g r a d e s  t o  1 . 1  K  a t  3 7  G E z .

T h e  f i n a l  s t e p  i n  e s t i n a t i n g  t h e  a t m o s p h e r i c

p a r a n e t e r s  i s  t o  a d j u s t  t h e  l i q u i d  w a t e r  c o e f f i -

c i e n t s  E ,  t o  a c c o u n t  f o r  M i e  s c a t t e r i n g  f r o n  r a i n

d r o p s .  f h i s  a d j u s t m e n t  c o r r e c t s  t h r e e  p r o b l e n s

tha t  occu r  when  the  Ray le igh  coe f f i c ien ts  g i ven

in  Tab le  3  a re  used  to  re t r i eve  env i ronmenta l

pa rane te rs .  t he  f i r s t  p rob len  i s  tha t  the  co lum-

nar  l i qu id  ra te r  L  i n fe r red  f ron  the  18  GHz

c h a n n e l s  i s  t w i c e  a s  l a r g e  a s  t h a t  i n f e r r e d  f r o n

the  3?  Gf , z  channe ls .  Th is  i ncons is tency  i s

g raph ica l l y  shown in  F igu re  1 .  The  ve r t i ca l

a x e s  i s  t h e  c o l u n n a r  l i q u i d  w a t e r  r e t r i e v e d  b y

S I I U R  g e o p h y s i o a l  a l g o r i t h n  [ l { e n t z  e t  a 1 . ,  1 9 8 1 b ] '

when the 37 GHz channels are not  used.  The

h o r i z o n t a l  a x e s  i s  t h e  l i q u i d  w a t e r  r e t r i e v e d

when the 18 GHz channels are not  used.  The 102

po in ts  i n  the  f i gu re  co r respond  to  50  kn  reso lu -

t i o n  c e l l s  i n  t h e  v i c i n i t y  o f  H u r r i c a n e  E l l a

du r ing  SEASAT rev .  952 .  The  leas t  squares  f i t ,

sho rn  by  the  s t ra igh t  l i ne ,  has  a  s lope  o f  abou t

2  xa thex  thaa  un i t y .  S in i l a r  sca t te r  p lo ts  fo r

Eur r i cane  F ico  and  fo r  the  In te r t rop ica l  Conver -

gence Zone show that  L inferred f rorn 18 GEz is

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

37  GEz .  F ron  these  p lo ts  we  conc lude  tha t  the

ra t io  o f  t he  37  GEz  to  18  GEz  Ray le igh  absorp t ion

c o e f f i c i e n t  i s  a  f a c t o r  o f  2  t o o  l a r g e  f o r  r a i n

c l o u d s .  T o  o o r r e c t  t h i s ,  w e  m u l t i p l y  t h e  1 8  G E z

A t  v a l u e  a p p e a r i n g  i n  T a b l e  3  b y  a  f a c t o r  o f  2 '

A i so  the  2L  GEz  61  i s  i nc reased  based  on  an

i n t e r p o l a t i o n  b e t w e e n  t h e  n o d i f i e d  1 8  G H z  d 1  a n d

t l .e 37 GE,z 61.  Reprocessing the SMMR Tg's using

the  nod i f i ed  18  a ; l ; d  2L  GHz  d t  y ie lds  cons is ten t

l i q u i d  w a t e r  c o n t e n t s .  T h e  n o d i f i e d  1 8  a n d  2 1

GEz  61  a re  shown in  Tab le  3  under  the  co lumn

labe l i d  'S I I {MR '  to  i nd i ca te  tha t  they  a re  de r i ved

f ron  SMMR measurements  o f  ra in  c louds .  Ins tead

o f  i nc reas ing  the  18  Gt rz  
- t r1 ,  

we  cou ld  have  ha l fed

tbe  37  GHz  d t .  Tbe  resu l t i ng  l i qu id  wa te r  oon-

t e n t s  w o u l d  l t i f f  b e  c o n s i s t e n t  b u t  t h e i r  v a l u e s

w o u l d  b e  t w i c e  a s  l a r g e .  W e  d e c i d e d  t o  n o d i f y

the 18 GBz E1 rather than the 37 GEz d1 so that

the  37  GEz  d1  wou ld  rema in  equa l  to  the  Ray le igh

v a l u e ,  w h i c h  i s  o o r r e c t  f o r  c l o u d s  w i t h o u t  r a i n .

I {hen  the re  i s  no  ra in  i n  the  f i e ld  o f  v iew,  the

a t t e n u a t i o n  i s  r e l a t i v e l y  l i g h t ,  a n d  t h e  3 7  G E z

channe ls  don ina te  i n  the  re t r i eva l  o f  l i qu id

w a t e r .  F o r  t h i s  c a s e  t h e  r e t r i e v e d  v a l u e  f o r  L

w i l l  b e  c o r r e c t  b e c a u s e  t h e  3 7  G E z  d 1  e q u a l s  t h e

R a y l e i g h  c o e f f i c i e n t .  E o w e v e r ,  f o r  r a i n  c l o u d s ,

a s  i s  d i s c u s s e d  a t  t h e  e n d  o f  s e c t i o n  3 ,  L  b e -

c o n e s  a  r e l a t i v e  i n d i c a t o r  o f  l i q u i d  w a t e r  a t t e n -
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F i g .  1 .  A  c o m p a r i s o n  o f  t h e  d i f f e r e n t  a t m o s p h e r -

i c  l i qu id  wa te r  con ten ts  ob ta ined  f ron  the  18  Gt rz

and  37  GBz  SMMR ohanne ls  us ing  Ray le igh  absorp -

t  i o n  c o e f f i c i e n t s .
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ua t ion  ra the r  than  an  abso lu te  measure  o f  co lum-

n a r  l i q u i d  w a t e r .

The  second  p rob len  w i th  the  Ray le igh  coe f f i -

c ien ts  i s  shown in  F igu re  2 ,  i n  wh ich  the  e r ro r

in  the  re t r i eved  sea-su r face  tenpera tu re  (SST)  i s
p l o t t e d  v e r s u s  t h e  r e t r i e v e d  l i q u i d  w a t e r .  T h e

SST e r ro r  i s  the  SST re t r i eved  by  the  SMI {R  geo-

p h y s i c a l  a l g o r i t h n  m i n u s  t h e  v a l u e  m e a s u r e d  b y

expendable bathythernographs (XBT).  The l iquid

wa te r  con ten ts  a re  based  on  the  18  GEz  Ray le igh

coe f f i c ien ts .  T \ ,e  L2L  SMi lR  ve rus  XBT conpar i sons

cover  the  Nor th  and  T rop ica l  Pac i f i c  du r ing  the  3

month l i fe of  SEASAT. Al though there is  consid-

e r a b l e  s o a t t e r  i n  t h e  d a t a ,  t h e  f i g u r e  s h o w s  a

s n a 1 1  n e g a t i v e  c o r r e l a t i o n  b e t w e e a  t h e  S S T  e r r o r

and  the  SMMR- in fe r red  l i qu id  wa te r .  The  leas t

squares  f i t ,  shown by  the  s t ra igh t  l i ne ,  has  a

s l o p e  o f  - 0 . 0 1 1 2  K l ( n g l c m z ) .  T h i s  c o r r e l a t i o n

i n d i c a t e s  t h a t  t h e  S S T  r e t r i e v a l  a l g o r i t h n  i s

ove rcompensa t ing  fo r  l i qu id  wa te r  because  the

R a y l e i g h  a b s o r p t i o n  c o e f f i c i e n t  a t  6 . 6  G E z  i s  t o o

la rge  compared  to  the  18  GEz  va lue .  lVe  e l i n ina te

th i s  co r re la t i on  by  sub t rac t i ng  an  anoun t  Adr=

0.022 f ron tb.e 6.6 GEz Rayleigh 
-c1 

appear ing in

Tab le  3 ,  where

Adl  =  t (d rB lATs) / (aTB/Aor )1  AT" (32)

The  pa r t i a l  de r i va t i ves  a re  computed  f rom the  6 .6

GEz, v-pol  Tg nodel  funct ion (27) assuming a

l i q u i d  w a t e r  c o n t e r t  o f  1 0 0  m g l c m z ,  a n d  A T ,  i s

t h e  L . L 2  K  S S T  e r r o r  t h a t  o c c u r s  a t  1 0 0  n g / c n z .

T1o.e 6.6 GEz, v-pol  channel  is  used because i t  is

the  nos t  i n f l uen t ia l  channe l  i n  re t r i ev iag  SST.

The  co r rec t ion  g i ven  by  (32 )  p rov ides  the  co r rec t

6 . 6  t o  1 8  G E z  a b s o r p t i o n  r a t i o  a s s u m i n g  t h e

Ray le igh  va lue  fo r  18  GHz .  S ince  the  18  GHz

R a y l e i g h  c o e f f i c i e n t  i s  m u l t i p l i e d  b y  2  t o  o b t a i n

c o n s i s t e n t  l i q u i d  w a t e r s ,  t h e  c o r r e c t e d  6 . 6  G E z

c o e f f i c i e n t  m u s t  a l s o  b e  n u l t i p l i e d  b y  2  t o  p r e -

s e r v e  t h e  p r o p e t  6 . 6  t o  1 8  G f , z  r a t i o .  T h e  S S T ' s

re t r i eved  us ing  th i s  nod i f i ed  6 .6  GEz  c1  show no

c o r r e l a t i o n  w i t h  l i q u i d  w a t e r .
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F i g .  2 .  T h e  c o r r e l a t i o n  b e t w e e n  t h e  S M M R - i n f e r r e d  s e a - s u r f a c e  t e n p e r a t u r e  a n d  t h e
S M M R - i n f e r r e d  l i q u i d  w a t e r  c o n t e n t s  c a u s e d  b y  u s i n g  R a y l e i g h  a b s o r p t i o n  c o e f f i c i e n t s .

The  th i rd  p rob len  caused  by  the  Ray le igh  coe f -
f i c i e n t s  i s  t h a t  a  p o s i t i v e  c o r r e l a t i o n  b e t w e e a
the  S i lMR- in fe r red  w ind  speed  and  l i qu id  wa te r

o c c u r s .  T h i s  c o r r e l a t i o n  i s  e l i u i n a t e d  b y  s i n p l y
doub l ing  the  10 .?  GEz  Ray le igh  coe f f i c ien t ,  as
was  done  fo r  the  18  Gf , z  coe f f i c ien t .

In  F igu re  3  the  ra t i o  o f  E1  a t  a  g i ven  f re -
quency to the 37 GHz 6, ,  is  p lot ted versus f re-
guency.  The values of  A, l lAL$l ,  for  the Rayleigh

coe f f i c ien ts  and  fo r  the  SMI t f f i , - i n fe r red  coe f f i -

c i e n t s  a r e  s h o w n  b y  t h e  c i f c l e s  a n d  t h e  c r o s s e s ,

respec t i ve l y .  The  so l i d  cu rve  in  the  f i gu re  i s  a

t h e o r e t i o a l  a b s o r p t i o n  r a t i o  f o r  M i e  s c a t t e r i n g

in  a  ra in  c loud  [Tsang  e t  a l . ,  L9771 .  In  comput -

i n g  t h e  t h e o r e t i c a l  r a t i o ,  t h e  M i e  a b s o r p t i o n

c o e f f i c i e n t  i s  a v e r a g e d  o v e r  a n  e n s e n b l e  o f  c l o u d
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R A D I A T I O N  F R E Q U E N C Y  ( G H z )

F i g .  3 .  A  c o n p a r i s o n  o f  t h e  f r e q u e n c y  r a t i o  f o r

t h e  l i q u i d  r a t e r  a b s o r p t i o n  c o e f f i s i e n t s  o b t a i n e d

f r o n  R a y l e i g h  s c a t t e r i n g  t h e o r y ,  M i e  s c a t t e r i n g

theory ,  and  SMMR observa t ions .
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TABLE 4 .  Regress ion  Coe f f i c ien ts  fo r  Specu la r  B r igh tness  Tenpera tu re

l 90r

S 9

( K )

S 1 S 2

( K - ' )

S 3

( K - 2 )

S 4

( K /  d e  g )
SUMR

Channe I

6 . 6  V
6 . 5  E

1 0 . 7  V
1 0 . 7  s

1 8 V
1 8 H
2 L V
2 L s
3 7 v
3 7 F .

L . 3 7 5 9  r  1 0 2
0 . ? 1 0 7  r  1 0 2
L . 4 4 5 2  x  1 0 2
0 . ? 5 5 9  x  1 0 2
1 . 5 ? 5 0  x  1 0 2
O . 8 4 4 4  r  1 0 t
L6252 x 102
0 . 8 8 0 2  x  1 0 2
1 . 8 4 9 3  x  1 0 2
L . 0 5 2 4  x  1 0 2

2 . 3 6 8  x  1 0 - t
0 . 8 9 1  x  1 0 - a

-0 .336  r  10 -1
-0 .935  x  10 -1
-3.996 r  10-a
-3 .675 x  10-1
-4.gL6 r  10-1
-4 .546  x  10 -1

- 1- 7 .405  x  10
-7  . 666  x  10 - '

1 . 5 6 5  r  1 0 - "
1 . 0 0 0  x  1 0 - 2
2 . 0 7  5  r  1 0 - 2
L . 3 7 I  r  1 0 - 2
2 .285  r  10 -2
1  . 6 5 7  x  1 0 - '
2 .237  x  10 -a
L , 6 9 9  x  1 0 - 2
L . 6 9 4  r  1 0 - 2
1 . 7 1 8  x  1 0 - 2

- z . g L L  x  1 o - '  2 . o g
-L  . 47  6  r  1o -a  -L  . 28
- 2 . 4 9 7  x  1 o - a  2 . o s
-L.66L r  10- t  -L .32

- 2 . 0 4 8  r  1 o - a  2 . 0 8
- 1 . 5 6 8  r  1 o - '  - 1 . 4 0
- L . 7 7 5  x  1 0 - a  z . L o
-L.477 r  1o- '  -L .43

- 0 . 5 3 9  x  1 0 - '  z . L L
- 1 . 0 3 3  r  1 0 - a  - 1 . 5 9

and  ra in  d rops  hav ing  a  d rop  rad i i  d i s t r i bu t ion

t y p i c a l  o f  a  L 2  n n / h  r a i n  [ D e i r n e n d j  i a n ,  1 9 6 9 ] .

T h e  M i e  c o e f f i c i e n t s  d i f f e r  f r o n  t h e  R a y l e i g h

c o e f f i c i e n t s  b e c a u s e  r a d i a t i v e  s o a t t e r i n g  b e c o m e s

s i g n i f i c a n t  f o r  t h e  l a r g e r  r a i n  d r o p s .  T h e  r a -

t i o s  o f  n o d i f i e d  c o e f f i c i e n t s  c o n i n g  f r o n  t h e

S M M R  d a t a  a r e  i n  e x c e l l e n t  a g r e e n e n t  w i t h  t h e  M i e

r a t i o s .  B a s e d  o n  t h i s  a g r e e m e n t  w e  n a k e  t h e

f o l l o w i n g  c o n c l u s i o n .  f f  t h e  e m i s s i o n - a b s o r p -

t i o n  r a d i a t i v e  t r a n s f e r  e q u a t i o n  ( 2 ) ,  w h i c h  n e -

g l e c t s  t h e  s c a t t e r i n g  i n t e g r a l ,  i s  u s e d  t o  n o d e l

a  r a i n  c l o u d ,  t h e n  M i e  a b s o r p t i o n  c o e f f i c i e n t s ,

ra the r  than  Ray le igh ,  shou ld  be  used .

I t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  r a i n  p a r -

t i a l l y  f i l l i n g  t h e  f i e l d  o f  v i e w  c o u l d  a l s o  b e

respons ib le  fo r  the  non-Ray le igh  spec t ra l  b r igh t -

ness  tempera tu re  s igna tu re  observed  by  the  SUI I IR .

I n  a n y  c a s e ,  i t  i s  n e c e s s a r y  t o  n o d i f y  t h e

R a y l e i g b  c o e f f i c i e n t s  i n  o r d e r  t o  h a v e  t h e  m o d e l

accura te l y  rep resen t  the  observa t ions .

5 .  S e a - S u r f a c e  E n i s s i v i t Y  M o d e l

l b e  s e a  s u r f a c e  i s  m o d e l e d  a s  a  c o m p o s i t e  o f

foam- f ree  rough  wa te r  and  foan  pa tches .  The

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

F .  T h e  t o t a l  s e a - s u r f a c e  e m i s s i v i t y  E  i s  a n

area-we igh ted  sum o f  the  emiss i v i t y  E ,  fo r  the

r o u g h  w a t e r  a n d  t h e  e n i s s i v i t y  E 1  f o r  t h e  f o a n .

w h e r e  A E  i s  t h e  t o t a l  c h a n g e  i n  e m i s s i v i t y  d u e  t o

bo th  roughness  and  foam.  Equa t ion  (35 )  i s  used

i n  t h e  T g  n o d e l  f u n c t i o n  ( 2 7 ) .  A s  i s  d i s c u s s e d

b e l o w ,  t h e  s p e c u l a r  e m i s s i v i t y  E ,  i s  c o m p u t e d

f rom a  node l  g i ven  by  K le in  and  Sw i f t  LL977 l ,  and

the  exp ress ions  fo r  the  en iss i v i t y  change  AE a re

f o u n d  b y  r e g r e s s i n g  S M M R - i n f e r r e d  e n i s s i v i t i e s

w i t h  t h e  f r i c t i o n  v e l o c i t i e s  m e a s u r e d  b y  t h e

SEASAT mic rowave  sca t te romete r  SASS lWen tz  e t

L l , ,  1 9 8 1 a 1 .

T h e  s p e c u l a r  e m i s s i v i t y  i s  a  f u a c t i o n  o f  t h e

observa t ion  f requeacy ,  po la r i za t i on ,  and  inc i -

d e n c e  a n g l e  O t  a s  w e l l  a s  t h e  s e a - s u r f a c e  t e m p e r -

a tu re  and  sa l i n i t y .  The  f requenc ies  we  cons ide r

axe  6 .6  GEz  and  h igher ,  and  the  sa l ' i n i t y  depen-

d e n c e  i s  s m a l l .  F o r  e x a n p l e ,  i n  t h e  o p e n  o c e a n

t h e  s a l i n i t y  v a r i e s  f r o m  a b o u t  3 2  t o  3 7  o / o o .

T h i s  s a l i n i t y  v a r i a t i o n  t r a n s l a t e s  i n t o  a  s p e c u -

la r  Tg  va r ia t i on  o f  abou t  i 0 .1  K  o r  l ess .  Eence

w e  s i i p l y  a s s u m e  a  n o m i n a l  v a l u e  q f  3 4  o / o o  f o r

a l l  conpu ta t ions .  To  compute  E . ,  we  use  the

K le in  and  Sw i f t  L l977 l  equa t ions  fo r  the  sea-

w a t e r  d i e l e c t r i c  c o n s t a n t  e ,  w h i o h  i s  a  f u n c t i o n

o f  f requency ,  sea -su r face  tempera tu re ,  and  sa l i n -

i t y .  T h e  f o l l o w i n g  F r e s n e l  e q u a t i o n  r e l a t e s  t h e

s p e c u l a r  e m i s s i v i t y  t o  t h e  d i e l e c t r i c  c o n s t a n t :

q  c o s  O i  -  ( e  -  s i n ' O i ) ' S

E " = 1 -

f , = ( 1  - F ) E r + F E f

The rough water  en iss iv i ty  is  g iven by

E r = E " + A E r

E = 8 " + A E

A E = A E r + F ( E f - E " )

w h e r e  E ,  i s  t h e  e n i s s i v i t y  f o r  a  s p e c u l a r  w a t e r

su r f  ace  and  AF . r  i s  tbe  change  in  emiss i v i t y  due

to  roughness .  Conb in ing  (33 )  and  (34 ) ,  one  ob -

ta  i ns

1  c o s  € ,  +  ( e  -  s i n ' o i ) ' 5 G7)

where  the  pa rane te r  q  equa ls  un i t y  fo r  h -po l  and

equa ls  e  fo r  v -po l .  I n  o rde r  to  reduce  computa -

t i on  t ime  fo r  the  Tg  node l  funo t ion ,  we  f i nd  the

f o l l o w i n g  r e g r e s s i o n  t o  t h e  d i e l e c t r i c  c o n s t a n t

and  F resne l  equa t ions :

E r T .  =  s o  +  s 1 T  +  s 2 T 2  +  s 3 T 3  +  s . ( O i  -  
- 4 9 o )  

( 3 8 )

w-ne ie  T  =  Ts -273 ,L6 .  The  reg ress ion  on ly  app l i es

to  the  SMMR inc idence  ang le  range  o f  49o  +  0 .5o .

T h e  s  c o e f f i c i e n t s  a r e  f o u n d  b y  f i t t i n g  ( 3 8 )  i n  a

leas t  squares  sense  to  the  va lues  g i ven  by  the

Fresne l  egua t ion  and  a re  shown in  Tab le  4  fox

each  SMMR channe l .  D i f f e rences  be tween  the  spec -

( 3 3 )

(  3 4 )

(3s )

( 3 6 )
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Regress ion  Coe f f i c ien ts  fo r  Wind- Induced  En iss i v i t yTABLE 5.

SMIiR

Channel
b

( s / c n  d e g )
trl1

(  s / c n )

D 2

(  s / cn )
M1

( s / c n )

6 . 6  V
6 . 6  H

1 0 . 7  V
1 0 . 7  E

1 8 V
1 8 8
2 L V
2 L E
3 7 V
3 7 8

-0 .94  r  10 - t
0 . 8 8  x  1 0 - t

-L .g4 r  10- t
1 . 3 9  r  1 0 - t

- 1 . 6 8  x  1 0 - t
1 . 6 3  r  1 0 - 5

-L .1g  r  10 -5
1 . 8 2  r  1 0 - t

- 2 .54  r  10 - t
2 .24 z  L} - t

1 . 5 5  x  1 0 - r
4 . 5 8  r  1 0 - a

- 1
1 . 4 1  r  1 0
5 . 1 5  x  1 0 - '
2 .66 x  L} -a
? . 0 5  r  1 0 - '
2 . 6 8  :  1 0 - '
? . 6 0  :  1 0 - '
2 .80  x  10 -a

1 0 . 5 1  r  1 0 - '

4 .90  r  10 - '
6 .O2 z  LO- '
4 .6L x  L0- '
7 . 0 9  x  1 0 - a
2.66 x  L0- '
7 . 0 5  x  1 0 - '
2 .68 x  1 :O- '
? . 6 0  r  1 0 - '
2 .80  x  10 - '

1 0 . 5 1  r  1 0 - a

-0 .35  :  10 - '
0 . 7 9  x  1 0 - a

-O.43 x 10-'
1 . ? 3  r  1 0 - a

-O.64 r 10-a
2.2O x LO-a

-O.74 r  10- '
2 . 5 8  r  1 0 - '

- 1 .54  r  10 - '
3 .77  x  L } -a

u la r  b r igh tness  tempera tu re  E"T ,  g i ven  by  (38 )

and  tha t  g i vea  by  the  F resne l  equa t ion  a re  l ess

t h a n  0 . 1  K .

The  change  in  en iss i v i t y  AE due  to  roughness

and foan is  found by col locat ing SI IMR and SASS

measurements.  The SI IMR Tr 's  and the SASS norna-
l i zed  radar  c f ,oss  sec t ions  (NRCS)  a re  co l l oca ted

i r to  150  by  150  km ce l l s  fo r  two  Nor th  Pac i f i o

SEASAT passes (revs.  LL?O and 1135).  For each

ce l l  t he  SASS NRCS's  a re  conver ted  to  a  f r i c t i on

ve loc i t y  U*  [ Joaes  e t  a l . ,  L9821 ,  a t rd  the  SMMR
Tg 's  a re  conver ted  to  an  emiss i v i t y .  To  ob ta in

AE,  we  sub t rac t  the  speou la r  en iss i v i t y  f ron  the

SMMR- in fe r red  en iss i v i t y .  The  AE va lues  a re  then

regressed  ve rsus  the  SASS- in fe r red  f r i s t i on  ve lo -

c i t i e s .

The  SMI IR- in fe r red  en iss i v i t i es  E  a re  fouad  by

inve r t i ng  the  Tg  node l  func t ion  (27 )  suoh  tha t  E

is  exp ressed  in  te rms  o f  the  SUMR T ,  neasurenen t ,

the  SASS- in fe r red  U1 ,  the  sea-su r face  tenpera tu re

Ts ,  the  wa te r  vapor  V ,  and  the  l i qu id  ra te r  L .

The  a i r  t empera tu re  va r iab le  T "  i n  the  node l

func t ion  i s  se t  equa l  to  T " .  Va lues  fo r  T ,  cone
from the Nat ional  I t lar ine Fishery Service (Nl tFS)

SST nap for  the Northeast  Paci f ic  dur ing

Sep tenbe t  t978 .  Conpar i sons  o f  the  NMFS SST 's

w i th  buoy  and  sh ip  observa t ions  ind ica te  tha t  the

nap  i s  accu ra te  to  abou t  +1  C  fo r  the  t ime  and

reg ion  be ing  cons ide ted .  A  h i s tog ran  teohn ique

i s  u s e d  t o  i d e n t i f y  S M M R  o e l l s  t h a t  a r e  f r e e  o f
c louds  [ IVen tz  e t  a1 . ,  1981a ] .  f n  conpu t ing  E ,  we

o n l y  u s e  t h e s e  o l e a r  s k y  c e l l s  f o r  w h i c h  L  i s  s e t

to  ze ro .  The  ac tua l  l i qu id  wa te r  comtan ina t ion

i n  t h e s e  c e l l s  p r o b a b l y  d o e s  n o t  e x c e e d  3  n g l c m z .

To deternine the water vapor,  the Tt  nodel  funo-

t i on  i s  i n i t i a l i zed  us ing  the  NMFS SST,  the  SASS

Ut ,  and  ze ro  l i qu id  wa te r .  Then  the  ra te r  vapor

fo r  the  node l  func t ion  i s  i nc remented  upward  f rom

zero unt i l  the nodel  funct ion Tg equols the SI IMR

2L GEz ,  v -po l  measurement .  I n  ca lou la t i ng  the

node l  funo t ion  fox  2L  GEz ,  v -po l ,  re  assume tha t

AE inc reases  l i nea r l y  w i th  U '  hav ing  a  s lope  o f

2 .9  x  L } -a  s / cn .  T l i s  s lope  ag rees  we l l  w i th  the

s lope  f i na l l y  found  fo r  2 l  GEz ,  v -po l  g i ven  in

T a b l e  5 .  C o n p a r i s o n s  w i t h  r a d i o s o n d e s  i n  t h e
G u l f  o f  A l a s k a  i n d i c a t e  t h a t  t h e s e  c a l c u l a t e d
wate r  vapors  fo r  c lea r  sk ies  a re  accu ra te  to
w i t h i n  ! 0 . 2  g l c n  |  [ W e n t z  e t  a 1 . ,  1 9 8 1 b ] .  E a v i n g
spec i f i ed  Tg ,  U* ,  Ts ,  V ,  and  L ,  we  then  ca lcu la te
t h e  e n i s s i v i t y  E  a n d  c h a n g e  i n  e n i s s i v i t y  A E  b y
neans  o f  the  inve r ted  node l  func t ion .

The  en iss i v i t y  chaage  AE depends  on  the
inc idence  ang le  O i .  Fo r  v -po l ,  AE  dec resses  as
g ,  i n o r e a s e s ,  w h e r e a s  f o r  h - p o l ,  A E  i n c r e a s e s
w i th  i nc reas ing  g i .  I f e  node l  th i s  va r ia t i on  by

A E = A E + b U * ( o i - 4 9 )  ( 3 9 )

where  the  AE i s  the  en iss i v i t y  change  a t  e rac t l y

4 9 o .  T h e  b  c o e f f i c i e n t s ,  w h i c h  8 r e  g i v e n  i n
Tab le  5 ,  a re  de r i ved  by  numer i ca l l y  i n teg ra t ing

t h e  e n i s s i v i t y  i n t e g r a l  ( 4 )  f o r  t h r e e  i n c i d e n c e

a n g l e s :  4 8 . 5 o , 4 9 . 0 o ,  a n d  4 9 . 5 o .  T h e  v a r i a t i o n
o f  t h e  i n t e g r a l  f o r  t h e s e  t h r e e  i n c i d e n c e  a n g l e s

d e t e r n i n e s  t h e  b  v a l u e s .  T h e  r e l a t i o n s h i p  b e -
t w e e n  t h e  l a r g e - s c a l e  s e e - s u r f a c e  s l o p e  v a r i a n o e

u s e d  i n  t h e  i n t e g r a t i o n  a n d  t h e  f r i c t i o n  v e l o c i t y
i s  d i s c u s s e d  a t  t h e  e n d  o f  t h i s  s e c t i o n .  T h e
v a r i a t i o n  o f  t h e  f o a m  e n i s s i v i t y  c o n t r i b u t i o n

F  E g  v i t h  O ,  i s  m u c h  l e s s  t h a n  t h e  v a r i a t i o n  o f

the  rough  wa te r  con t r i bu t ion  (1 -F )E ,  and  i s  se t
to  ze ro  when  oonpu t ing  the  b  coe f f i c ien ts .  Each
SMlt tR- inferred AE is converted to a AE by neans of
the  above  exp ress ion .

F igu res  4  and  5  show AE p lo t ted  ve rsus  Ua  fo r
v -po l  and  h -po l ,  respec t i ve l y .  No te  tha t  d i f f e r -

e n t  v e r t i c a l  s c a l e s  a r e  u s e d  i n  t h e  t w o  f i g u r e s .

A l l  SMUR f requenc ies  a re  shown e rcep t  2L  GEz  fox

wh ioh  the  wa te r  vapor  pa r t i a l l y  nasks  the  sea-

s u r f a c e  e m i s s i v i t y  v a r i a t i o n s .  A  t o t a l  o f  1 1 9

c loud- f ree  SMMR ce l l s  a re  found  fo r  the  two  Nor th
Pac i f i c  passes .  The  h -po l  AE ve rsus  U3  s lope

inc reases  s ign i f i can t l y  w i th  f requercy .  The  v -
po l  s lopes  a re  l ea r l y  i ndependen t  o f  f requency

aad  a re  l ess  s teep  than  the  h -po l  s lopes .  Th is

f requency  and  po la r i za t i on  behav io r  o f  t he  s lopes

i s  c o n s i s t e n t  w i t h  t h e  t w o - s c a l e  s c a t t e r i n g  n o d e l

repor ted  by  Wentz  t19?51 .  A t  6 .5  and  10 .7  GEz ,
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F R I C T I O N  V E L O C I T Y  U .  ( C H l S )

F i g .  4 .  T h e  w i n d - i n d u c e d  s e a - s u r f a c e  e m i s s i v i t y

f o r  v e r t i c a l  p o l a r i z a t i o n  a t  f o u r  S M M R  f r e q u e n -

c i e s .

the  AE ve rsus  U .  cu rves  becone  s teeper  a t  t he

h i g h e r  f r i c t i o n  v e l o c i t i e s .  T h i s  i a c r e a s e  i n

s lope  may  be  dge  to  the  onse t  o f  wave  b reak ing  a t

the  h igher  w ind  speeds .  A t  the  h igher  f requen-

c i e s ,  a t n o s p h e r i c  c o n t a n i n a t i o n  p r o h i b i t s  t h e

p o s s i b i l i t y  o f  s e e i n g  t h i s  n o n l i n e a r  e f f e c t .  T b e

er ro r  ba rs  i n  the  f i gu res  ind ica te  the  uncer -

ta in ty  i n  AE and  U1  due  to  the  e r ro rs  i n  spec i -

f i n g  T g ,  T " ,  U * ,  Y ,  L ,  a n d  O i .  T h e s e  e x p e c t e d

er ro rs ,  wh ich  a re  assumed uncor re la ted ,  axe

0 . 4  K ,  1 C ,  5  c m l t ,  0 . 2  E l c m z ,  L  m g l c m l ,  a n d

0 . 1 o ,  r e s p e o t i v e l y .  T h e  e n i s s i v i t y  e r r o r  i n -

c r e a s e s  w i t h  f r e q u e n c y  b e c a u s e  o f  t h e  i n c r e a s i n g

s e n s i t i v i t y  t o  t h e  a t n o s p h e r i c  u n c e r t a i n t i e s .

T h e  s o l i d  c u r v e s  i n  t h e  t w o  f i g u r e s  a r e  b e s t  f i t s

t o  t h e  d a t a .  A t  6 . 6  a n d  1 0 . 7  G E z ,  t h e  c u r v e s  a r e

t w o  s t r a i g h t  l i n e s  c o n n e c t e d  b y  a  p a r a b o l a  s u c h

tha t  the  cu rve  and  i t s  f i r s t  de r i va t i ve  a re  con-

t i nuous .  A t  the  h igher  f requeno ies ,  a  s ing le

s t ra igh t  l i ne  i s  f i t t ed  to  the  da ta .  The  equa-

t i o n s  f o r  t h e  b e s t - f i t  c u r v e s  a r e  a s  f o l l o w s :

AE = m1U1

U* (  65 cn/s

AE  =  rneU*  +  0 .05 (n2  -  n r ) (U*  -  65 ; z

( 4 0 )

where  n1  and  m2 a re  the  s lopes  fo r  the  low  and

h i g h  w i n d  s p e e d  l i n e a r  s e g n e n t s .  T a b l e  5  g i v e s

these  t ro  s lopes  fo r  the  10  SMMR channe ls .  Fo r

the  th ree  h igher  channe ls  m,  equa ls  m2 .  The

s lopes  fo r  2L  GHz  a re  ob ta ined  f rom a  l i nea r

in te rpo la t i on  in  f requency  o f  the  18  and  37  GEz

s lopes .  The  above  th ree  equa t ions  a long  w i th

( 3 5 ) ,  ( 3 8 ) ,  a n d  ( 3 9 )  p r o v i d e  t h e  e n i s s i v i t y  f o r

the  node l  func t ion  Q7) .

There  a re  a  number  o f  secondary  pe famete rs

tha t  nay  a f fec t  AE.  F i r s t l y ,  A -E  p robab ly  depends

s l i gh t l y  on  T " .  The  va lues  shown in  F igu res  4

a n d  5  a r e  f o r  a n  S S T  r a n g e  f r o n  L 2  C  t o  2 8  C .

Fur the rno re ,  geomet r i c  op t i cs  p red ic t s  tha t  AE

shou ld  depend  on  the  d i rec t i on  o f  the  v ind  re la -

t i ve  to  the  observa t ion  az imu th  d i rec t i on .  Fo r  a

2 O  n / s  w i n d ,  a t  a n  i n c i d e n c e  a n g l e  o f  4 9 o ,  a n d

fo r  v -po l ,  t he  theory  p red ic t s  tha t  the  inc rease

in  T ,  due  to  su r face  roughness  i s  abou t  1  K

la rge r  when  v iewed  in  the  upw ind  d i rec t i on  than

w h e n  v i e w e d  i n  t h e  c r o s s w i n d  d i r e c t i o n .  F o r  h -

po l ,  t he  upw ind  Tg  inc rease  i s  abou t  0 .3  K  less

than  the  c rossw ind  va lue .  Tb is  upw ind -c rossw ind

d i f f e r e n c e  i s  b a s e d  o n  C o r  a n d  M u n k  t 1 9 5 4 1  o b s e r -

va t ion  tha t  the  upw ind  sea-su r face  s lope  va r iance

is  abou t  34% gxea te r  than  the  c rossw ind  s lope

var iance .  Aao the r  pa ramete r  tha t  i s  no t  cons i -

d e r e d  i s  t h e  f e t c h  o f  t h e  w i n d ,  w h i c h  c a n  a f f e c t

the  foam coverage .  The  dependence  o f  AE on  these

secondary  pa ramete rs  has  ye t  to  be  observed  ex -

p e r i n e n t a l l y ,  a n d  w e  d o  n o t  a t t e n p t  t o  m o d e l

then .  However ,  t hey  nay  con t r i bu te  to  some o f
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65  cn / s  (  U ,  (  75  cn / s

A E = n 2 U s - 2 0 ( n z - n r )

Ur  )  75 sn/s

(41 ) 0  2 5  5 0  7 5  1 0 0  0  2 5  5 0  7 5  1 0 0

FR tc r  toN vELoc t rY  u . ,  (c l '1 /s )

F i g .  5 .  T h e  w i n d - i n d u c e d  s e a - s u r f a c e  e m i s s i v i t y

f o r  h o r i z o n t a l  p o l a r i z a t i o n  a t  f o u r  S M M R  f r e q u e n -

c i e s .(42)
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( 4 3 )

(44',)

( 4 6 )

t he  da ta  sca t te r  shown in  F igu res  4  and  5 .

IYe  nex t  cons ide r  the  f rac t i ona l  a rea  F  o f  foan
c o v e r a g e .  T h e  e m i s s i v i t y  i n t e g r a l  ( 4 )  i s  u s e d  t o
renove  the  rough-wa te r  con t r i bu t ion  f ron  the
SMI IR- in fe r red  en iss i v i t i es ,  t he reby  Leav ing  on ly
the  foan  con t r i bu t ion .  Equa t ion  (33 )  can  be
r e w r i t t e n  a s

R - ( 1 - F e ) R r

F " = F ( l - R f / R r )

F
z
U

a
I

<  t )

O

=

J

z
o

F  I U

tr
U

F

L

L

w h e r e  R ,  R r ,  a n d  R l  a r e  t h e  r e f l e c t i v i t i e s  o f  t h e
to ta l  sea  su r face ,  the  rough  wa te r ,  and  the  foam,

r e s p e c t i v e l y .  T h e s e  r e f l e c t i v i t i e s  a r e  s i n p l y
o n e  m i n u s  t h e  c o r r e s p o n d i n g  e n i s s i v i t i e s .  T h e

t e r m  F "  i s  t h e  e f f e c t i v e  f r a c t i o n a l  f o a n  c o v e r -

a g e .  I f  t h e  r e f l e c t i v i t y  o f  f o a n  w e r e  z e r o ,  t h e n
F"  wou ld  be  the  ac tua l  f rac t i ona l  foam ooverage .
The  e f fec t i ve  coverage  can  be  ca lcu la ted  by  in -

v e r t i n g  ( 4 3 )

F"  =  (R r -  R ) /R r  (45 )

i n  wh i ch  t he  t o ta l  r e fec t i v i t y  R  i s  g i ven  by

R = 1 - E s - A - E

where  E"  cones  f ron  (38 )  and  AE oones  f ron  (40 ) ,

(4L r ,  and  {G2 l ,  The  re f l ec t i v i t y  R ,  o f  rough

w a t e r  i s  t h e o r e t i c a l l y  c o n p u t e d  f r o n  ( 4 )  a s s u n i n g

an  inc idence  ang le  o f  49o  and  a  sea-su r face  ten -
pe ra tu re  o f  290  K .  The  conpu ted  R ,  i s  then  re -
g r e s s e d  v e r s u s  f r i c t i o n  v e l o c i t y  t o  o b t a i n

R " = R r - M r U r ( 4 7 )

rhe re  R"  i s  the  specu la r  re f l ec t i v i t y .  TLe  re -
g r e s s i o n  c o e f f i c i e n t s  l { 1  a p p e a r  i n  T a b l e  5  f o r

each SMMR channel .

Ihe  so l i d  cu rves  i l  F igu re  6  shov  the  e f fec -
t i ve  foan  coverage  conpu ted  f ron  (45 )  th rough

G 7 )  p l o t t e d  v e r s u s  f r i c t i o n  v e l o c i t y .  T h r e e
curves  a re  shoyn :  the  ave rage  F"  fo r  5 .6  and  10 .7
G H z ,  F "  f o r  1 8  G H z ,  a n d  F "  f o r  3 7  G E z .  E a c h
curve is  an average of  h-pol  and v-pol .  The

va lues  conpu ted  fo r  F "  a re  near l y  i ndependeo t  o f
po la r i za t i on .  Fo r  a  g i vea  f requency ,  the  t yp i ca l

d i f f e rence  be tveen  the  f rac t i ona l  cove rage  in fe r -
red f ron v-pol  and that  inferred f ron h-pol  is
on ly  0 .005 .  Th is  c lose  ag reenen t  i nd i ca tes  tha t
the  ra t i o  Rg /R ,  i s  i ndependen t  o f  po la r i za t i on .

Furthermore the F" for  6.6 Gtrz d i f fers f ron the
1 0 . 7  G H z  v a l u e s  b y  0 . 0 0 2  o r  l e s s .  T h e  f i g u r e

shors  tha t  F "  i nc reases  a t  the  h ighor  f requen-

c i e s .  T t . i s  i n c r e a s e  i n p l i e s  t h a t  R f / R r  b e c o n e s
sma l le r  a t  t he  h igher  f requenc ies .  Eence  the  37
GEz  ou rve  shou ld  co r respord  nos t  c lose ly  to  the

ac tua l  f rao t iona l  foan  coverage .  A lso  in  F igu re

6  i s  the  foam coverage  tha t  was  deduced  f rom
pho tog raph ic  observa t ions  o f  foan  [Ross  and

Cardone ,  L9741 .  The  c rosses  deno te  the  wh i tecap

coverage  and  the  t r i ang les  deno te  the  vh i tecap
p lus  s t reak  coverage .  The  s tandard  dev ia t i on  o f

F R T C T t 0 N  V E L o C t T Y  U . '  ( C H l S )

F i g .  6 .  A  c o n p a r i s o n  o f  t h e  s e a - s u r f a c e  e f f e c -

t i v e  f o a n  c o v e r a g e  o b t a i n e d  f r o n  t h e  S M M R  d a t a ,

f ron  pho tog raph ic  neasurenen ts ,  and  f rom a  d i -
e l e c t r i c  l a y e r  t h e o r y .

the photographic measurenents is  about !5S. The
SMMR- in fe r red  F "  co r responds  more  c loso ly  to  the
w h i t e c a p  c o v e r & g e ,  i n d i c a t i n g  t h a t  i t  i s  t h e
vh i tecaps  ra the r  than  the  s t reaks  tha t  a f feo t  the
sea-su r face  emiss i v i t y .  The  a i r c ra f t  T ,  measure -
men ts  repor ted  by  Webs te r  e t  a l .  t L976 l  showed  no

a p p r e c i a b l e  v a r i a t i o n  a s  t h e  s t r e a k  c o v e r a g e
dropped  f ron  406  to  55 .  Meaawh i le ,  t he  wh i tecap

coverage  vas  abou t  4 t  and  showed  no  sys temat i c

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

ano the r  i nd i ca t ion  tha t  s t roaks  do  no t  s ign i f i -

can t l y  a l te r  the  sea-su r face  emiss i v i t y .  Th is

c o n c l u s i o n  d i s a g r e s s  w i t h  l { e b s t e r ' s  s t a t e m e n t

tha t  the  th in  s t reaks  a re  the  nos t  i npo r tan t  pa r t

o f  t he  rh i te  wa te r  s igna tu re .

Wentz  l L974 l  theore t i ca l l y  oonpu ted  the  re -
f l ec t i v i t y  o f  a  l aye r  o f  f oam on  top  o f  a  specu-
la r  sea -su r face .  The  foam-va te r  su r face  was
n o d e l e d  a s  a  l a y e r e d  d i e l e c t r i c  n e d i a  [ B r e k h o v -
sk i kh ,  1960 ] .  The  computa t ions  were  done  fo r  a  3
c n  t h i o k  f  o a m  l a y e r  a t  2 . 6 5  G E z  a n d  L 3 . 4  G E z .  A t

t h e  l o w e r  f r e q u e n c y  t h e  t h e o r e t i c a l  r e f l e c t i v i t y

ra t i o  R f /Rr  vas  0 .71  and  0 .68  fo r  rpo l  and  h -
po l ,  respec t i ve l y .  The  13 .4  GEz  the  ra t i os  re re

0 .19  and  0 .20 .  Eence  the  theory  ag rees  w i th  the

a b o v e  o b s e r v a t i o n  t h a t  t h e  r a t i o  i s  e s s e n t i a l l y

independen t  o f  po la r i za t i on .  Fu r the rmore ,  the

theory  co r rec t l y  p red ic t s  tha t  the  ra t i o  de -

c reases  w i th  f requency .  The  e f fec t i ve  foam cov -

e r a g e  a t  1 0 0  c n l s  i s  c a l c u l a t e d  f r o n  t h e s e  t h e o -

r e t i c a l  r e f l e c t i v i t y  r a t i o s  u s i n g  ( 4 4 )  a n d  i s

A WHITECAPS + STREAKS

X \^ /H l rEcAPs

O THEORY

6 . 6  s  1 0 " 7  G H z

0
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6.6 c{z

I 8  G H Z

I  905

|  0 . 7  G H Z

37 GHZ

FF

s h o w n  i n  F i g u r e  5  b y  t h e  t w o  s o l i d  c i r c l e s ,  o n e

f  o r  2 . 6 5  G E z  a n d  t h e  o t h e r  f  o r  L 3 . 4  G H z .  T o

c a l c u l a t e  t h e s e  t w o  v a l u e s ,  w e  s e t  t h e  a c t u a l

f o a m  c o v e r a g e  F  e q u a l  t o  t h e  e f f e c t i v e  c o v e r a g e

F "  a t  3 7  G E z .  T h e  t w o  t h e o r e t i c a l  v a l u e s  a r e  i n

r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  S M l | R - i n f e r r e d  v a l -

u e s .

As  nen t ioned  p rev ious ly ,  t he  eva lua t ion  o f  the

e m i s s i v i t y  i n t e g r a l  ( 4 )  a n d  t h e  s c a t t e r i n g  i n t e -

g r a l  i n  ( 3 )  r e q u i r e s  t h a t  t h e  l a r g e - s c a l e  s l o p e

v a r i a n c e  ( S 2 )  b e  s p e c i f i e d .  I n  o r d e r  t o  r e l a t e

t h e  e m i s s i v i t y  a n d  s u r f a c e  s c a t t e r i n g  t o  t h e

f r i c t i o n  v e l o c i t y  U 1 ,  w e  d e t e r n i n e  a  r e l a t i o n s h i p

b e t w e e n  ( S 2 )  a n d  U *  b y  c a l c u l a t i n g  t h e  r a t i o  o f

t h e  h - p o l  s e a - s u r f a c e  r e f l e c t i v i t y  t o  t h e  v - p o l

r e f l e c t i v i t y  I I V i l h e i t ,  1 9 7 9 ] .  T b i s  r a t i o  i s

g iven by

1 . 6

E

E

-  1 . 5

;
2 . ,
o  t . 4

;
N

a
o  I . d
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Rh/Rv = (R} /RI )  ( r  +  ch)711 + Gv)

GP =  IF / (1  -  F ) l  t n f l n ! )

( 4 8 )

( 4 e )

( 5 0 )

w h e r e  t h e  s u p e r s c r i p t s  d e n o t e  p o l a r i z a t i o n ,  w i t b

p  equa l ing  h  o r  v .  The  te rm GP i s  p ropor t i ona l

t o  t h e  f r a c t i o n a l  f o a m  c o v e r a g e '  w h i c h  i s  s n a l l

compared  to  un i t y .  Eence  GP i s  sma l l ,  and  (48 )

can  be  e rpanded  in  te rns  o f  GP.  E rpand ing  to

f  i r  s  t -order g ive s

nh/nv = (R}/RI) (t + ch - cv)

1 . 1

F R I C T I O N  V E L O C  I T Y  U , -  ( C T 4 l S )

F i g .  7 .  T h e  r a t i o  o f  t h e  h - p o l  s e a - s u r f a c e  r o -

f l e c t i v i t y  t o  t h e  v - p o l  s e a - s u r f a c e  r e f l e c t i v i t y

a t  fou r  SMI {R  f requenc ies .

each  SMMR f requency .  Because  o f  wa te r  vapor

con tan ina t ion ,  the  va lues  fo r  2L  GEz  a re  no t

d i rec t l y  conpu ted  f ron  the  SMI {R  Tg 's  bu t  ra the r

a re  in te rpo la t i ons  based  on  the  18  and  37  Gf l ' z

va lues .  The  r i gh t -hand  s ide  o f  (51 )  i s  ca lou -

l a t e d  f r o n  t h e  e n i s s i v i t y  i n t e g r a l  ( 4 ) .  T h e s e

conpu ta t ions  show tha t  the  re la t i onsh ip  be tween

t h e  r o u g h - w a t e r  r e f l e c t i v i t y  r a t i o  a n d  t h e  l a r g e -

s c a l e  s l o p e  v a r i a n c e  ( S 2 )  i s  n e a r l y  l i n e a r .

n l l n ] = E " + 8 1 ( s 2 >

1 0 07 52 51 0 07 5

The  above  conpu ta t ions  o f  e f fec t i ve  foam coverage

s h o w  t h a t  t h e  r a t i o  o f  f o a m  t o  w a t e t  r e f l e c t i v i -

t i e s  i s  n e a r l y  i n d e p e n d e l t  o f  p o l a r i z a t i o n ,  a n d

t h e  d i f f e r e n c e  b e t w e e n  G E  a n d  G v  i s  t y p i c a l l y

0 .5%.  Thus  a  ve ry  good  approx ima t ion  fo r  the

r e f l e c t i v i t y  r a t i o  i s

nh/nv = nlrn] (  s 1 )

T h e  r e f l e c t i v i t y  r a t i o  o n  t h e  l e f t - h a n d  s i d e

o f  (51 )  i s  found  f ron  the  SMMR- in fe r red  emiss i v i -

t i e s  d i s c u s s e d  a b o v e .

Rh/Rv = (1 -  E:  -  AEh) t$ -  Ev -  AEv) (52)

The  above  equa t ion  i s  used  to  compute  a  re f l ec -

t i v i t y  r a t i o  f o r  e a c h  o f  t h e  1 1 9  S M I I I R  c e l l s  f o r

the  two  Nor th  Pac i f i c  SEASAT passes .  The  SMMR-

i n f e r r e d  r e f l e c t i v i t y  r a t i o s  a r e  t h e n  r e g r e s s e d

v e r s u s  t h e  c o l l o c a t e d  S A S S - i n f e r r e d  f r i c t i o n

v e l o c i t i e s  U * .  F i g u r e  7  3 h o w s  t h e  r e f l e c t i v i t y

r a t i o s  p l o t t e d  v e r s u s  U *  f  o r  6 . 6 ,  L 0 . 7  ,  L 8 ,  a n d

37  GEz .  The  e r ro r  ba rs  i n  the  f i gu re  ind i ca te

the  uncer ta in t i es  i n  the  computa t ions  due  to  the

er ro r  sou rces  d i scussed  above  fo r  the  SMMR- in fe r -

r e d  e m i s s i v i t i e s .  T h e  s t r a i g h t  l i n e s  i n  F i g u r e  7

a r e  l e a s t  s q u a r e s  f i t s  t o  t h e  d a t a  p o i n t s .  T h e s e

l i n e a r  r e g r e s s i o n s  h a v e  t h e  f o r m

n h / n v = g o * g r U * ( 5 3 )

( 5 4 )

T t e  c o e f f i c i e n t  ! e  i s  t h e  r e f l e c t i v i t y  r a t i o  f o r

a  specu la r  sea  su r face  hav ing  s  ze to  (S2  ) .  TAe

coe f f i o ien t  E ' r  i s  found  f ron  reg ress ing  the  en is -

s i v i t y  i n t e g r a l  c o n p u t a t i o n s  v e r s u s  ( S 2 ) .  T h e

v a l u e s  o f  t h e  t w o  c o e f f i c i e n t s  a p p e a r  i n  T a b l e  6

for  each SMIt tR f reguency.  Under the assunpt ion

t h a t  ( S 2  )  e q u a l s  z e r o  w h e n  t h e  f r i o t i o a  v e l o c i t y

i s  z e x o ,  t h e  c o e f f i c i e n t  g e  i n  ( 5 3 )  s h o u l d  e q u a l

g o  i n  ( 5 4 ) .  C o n p a r i n g  t h e  t w o  v a l u e s  i n  T a b l e  6

s h o w s  t h a t  t h e  t w o  c o e f f i c i e n t s  d o  a g r e e  t o  w i t h -

in  the  expec ted  e r ro r .  Se t t i ng  ge  equa l  to  Eo

a n d  c o n b i n i n g  ( 5 1 ) ,  ( 5 3 )  a n d  ( 5 4 )  y i e l d s  t h e

d e s i r e d  r e l a t i o n s h i p  b e t w e e n  ( S z )  a n d  U j .

( S 2 )  =  ( g r l E r )  U .  ( 5 5 )

T h e  v a l u e  o f  t h e  g  r a t i o  i s  g i v e n  i n  T a b l e  6 .

These  va lues  &re  in  good  ag reenen t  w i th  those

repor ted  by  lY i l he i t  t L979 l .

T h e  v a l u e s  o f  ( S 2 )  g i v e n  b y  ( 5 5 )  f o r  t h e  f i v eThe  va lues  fo r  96  and  91  axe  g i ven  in  Tab le  6  fo r
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TABLB 6 .  Regress ion  coe f f i c ien ts  fo r  Re f lec t i v i t y  Ra t io

Frequency
(GEz)

Er8 o8 o g 1

(  s / c n )

g:- /Et
(  s /cn)

6 . 6
LO.7

1 8
2l
3 7

L . 4 7 L
t . 4 9 6
1 . 5 5 1
1  . 5 7 5
L . 7 0 5

L . 4 8 4
1  .506
1 . 5 5 5
L . s 7 7
1 . 7 1 0

- 2 . 5  z  ! O - a
- 4 . 8  x  1 0 - a
-6 .?  : r  10 - '
- 8 . 2  r  1 0 - a

-L6 .L  r  10 -a

- 0  . 701
-0 .700
-0 .837
-0 .906
- 1 . 3 1 6

3 . 5 7  x  1 0 - a
6 . 8 6  r  1 0 - '
8 .00 x  10- '
9 .05  r  10 - '

L2.23 x 10-'

SMMR f requenc ies  a re  shown by  the  so l i d  c i r c les
in  F igu re  8 .  fn  th i s  f i gu re  the  va lue  fo r  U .  i s
s e t  a t  5 0  c n l s .  T h e  s o l i d  l i n e  i n  t h e  f i g u r e  i s
the  s lope  va r iance  conpu ted  f rom an  e leva t ion
spec t run  o f  a  v ind - roughened  sea  su r face  IB je r -
kass  and  R iede l ,  L9791 .  The  SASS ind ica tes  tha t
the  cap i l l a ry  po r t i on  o f  th i s  spec t run  i s  a  fac -
to r  o f  2  too  la rge .  In  o the r  ro rds ,  the  cap i l -
l a ry  waves  seer  by  the  SASS in  the  open  ocean  a re
sma l le r  tha t  those  observed  in  the  wave tan t  ex -
p e r i n e n t s .  A c o o r d i n g l y  w e  d i v i d e d  t h e  o a p i l l a r y
por t i on  o f  the  B je r lass  spec t run  by  a  fac to t  o f  2
be fo re  comput ing  (S2) .  The  spec t run  i s  pa r t i -

t i oned  in to  a  l a rge -sca le  spec t rum and  a  sma l l -
sca le  spec t rum acoord ing  to  the  c r i t e r i a  tha t  the
s m a l l - s o a l e  h e i g h t  e q u a l s  t h e  r a d i a t i o n  w a v e -
leng th  d i v ided  by  8n  [Wen tz ,  L9751 .  The  la rge -
s c a l e  s p e c t r u m  c o n s i s t s  o f  s e a  w a v e s  h a v i n g  w a v e -
leng ths  la rge  conpared  to  the  rad ia t i on  v&ve-
leng th .  An  in teg ra t ion  ove r  th i s  spec t run  y ie lds
the  la rge -sca le  s lope  va r iance  shown by  the  so l i d
l i n e .  A l s o  s h o r n  i n  t h e  f i g u r e  i s  t h e  ( S 2 )

inferred f ron the SASS nadir  NRCS and the (Sr )
observed by Cor and I l {unt  t19541. The Cor and
Munk  va lue  co r responds  to  the  to ta l  s lope  va r i -
ance  and  hence  i s  p lo t ted  a t  1000  GEz .  A t  th i s
f r e q u e n c y  t h e  e n t i r e  s e a  s p e c t r u m  i s  c l a s s i f i e d
as  la rge -soa le .  The  f i gu re  shows  ve ry  good

a g r e e m e n t  a n o n g  t h e  v a r i o u s  e s t i n a t e s  o f  ( S 3 ) .

The  la rges t  d i sc repancy  i s  tha t  the  SMMR- in fe r red
s l o p e  v a r i a n c e  i n c r e a s e s  f a s t e r  w i t h  f r e q u e n c y
than  the  s lope  va r iaace  ob ta ined  f rom par t i -

t i on ing  the  wave  spec t run .
In sumnary,  the SMIIR and SASS observat ions

ar i  conb ined  to  ob ta in  the  w ind - induced  emiss i -
v i t y  a s  a  f u n c t i o n  o f  f r i c t i o n  v e l o c i t y .  T h e
e m i s s i v i t y  i a t e g r a l  ( 4 )  i s  t h e n  u s e d  t o  s e p a r a t e
the  foam emiss i v i t y  f ron  the  rough-wa te r  emiss i -
v i t y ,  t he reby  ob ta in ing  the  e f fec t i ve  f rac t i ona l
f o a m  c o v e r a g e .  T b e  e n i s s i v i t y  i n t e g r a l  i s  a l s o
used in conjunct ion wi th the SI{MR/SASS observa-
t i ons  to  de te rm ine  the  re la t i onsh ip  be tween  the
la rge -sca le  sea-su r face  s lope  va r iance  aad  the
f r i c t i o n  v e l o c i t y .  T h e  r e s u l t s  a r e  i n  g o o d

agreement  v i th  va lues  found  by  o the r  e rpe r i -
nen te rs .  I n  pa r t i cu la r ,  t he  foam coverage  ob -
se rved  by  the  SUI I IR  co r re la tes  reasonab ly  re l l
w i th  pho tog raph ic  measurements  o f  wh i tecap  cover -

a g e .  I n  t h e  c a s e  o f  f o a m ,  i t  a p p e a r s  t h a t  w h i t e -

caps ,  ra the r  than  s t reaks ,  a re  tespons ib le  fo r
the  inc rease  in  T " .  A l so  the  f requency  and
p o l a r i z a t i o n  v a r i a t i o n s  o f  t h e  f o a m  r e f l e c t i v i t y
in fe r red  f rom the  SMMR T" ,s  a re  i n  good  ag reement
w i th  tha t  p red ic ted  by  a  theore t i ca l  f oam laye r
node l .  F ina l l y ,  t he  S i lMR- in fe r red  la rge -sca le
s l o p e  v a r i a n c e s  a r e  c o n s i s t e n t  w i t h  t h e  s l o p e
var iances  conpu ted  f rom a  sea  e leva t ion  spec t rum,
w i th  tha t  i n fe r red  f ron  the  SASS nad i r  observa -
t ions,  and wi th the Cox and Munk value deduoed
f rom sun  g l i t t e r .  The  cons is tency  o f  these  re -
su l t s  suppor t  t he  p ren ise  tha t  the  sea-su r face
e n i s s i v i t y  i s  a c c u r a t e l y  r e p r e s e n t e d  b y  a  c o m -
pos i te  node l  i n  wh ich  the  emiss ion  f rom the  rough

a
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Channe I

l lodel  Accuracy
( K )

6 . 6  Y
6 . 5  H

1 0 . 7  V
1 0 . 7  E

1 8 V
1 8 H
2 t Y
2 L g .
3 7 V
3 7 g i

o . 2
0 . 2
0 . 3
0 . 3
0 . 7
0 . 9
0 . 9
1 . 5
1 . 3
2 . L

w a t e r  i s  g i v e n  b y  t w o - s c a l e  s c a t t e r i n g  t h e o r y  a n d

t h e  f o a m  e m i s s i o n  i s  g i v e n  b y  a  l a y e r e d  d i e l e c -

t r i o  t h e o r y .

6 ,  C o n c l u s i o n s

Our  bas ic  conc lus ion  i s  tha t  the  T t  node l

f u n c t i o a  ( 2 7 )  i s  a n  a o c u r a t e  r e p r e s e n t a t i o n  o f

the  ocean  b r igh tness  tenpera tu re .  The  node l

func t ion  i s  i n  c lose  ag feement  to  the  no re  p re -

c i s e  i n t e g r a l  f o r n u l a t i o n  ( 8 ) .  T a b l e  7  l i s t s  t h e

rns  d i f f e re rce  be tween  the  node l  func t ion  Tg  and

the  T"  g i ven  by  (8 ) .  These  d i f f e rences  a re  an

average  ove r  a r  ensenb le  o f  w inds  and  a tmospheres

r a n g i n g  f r o n  a  s p e c u l a r  s u r f a c e  a n d  c l e a r  s k i e s

to  a  2L  n /s  r i nd  and  a  ve ry  heavy  c loud  laye r

c o n t a i n i a g  6 0  n g / c m 2  o f  l i q u i d  v a t e r .  T h e  v a l u e s

in  Tab le  7  axe  a  roo t -sum-squared  o f  the  rns

accuracy  o f  the  d i f f use  soa t te r ing  func t ion  IO

(14)  and  the  rms  accuracy  o f  the  a tmosphere  node l

g i v e n  i n  T a b l e  3 .  N o t e  t h a t  t h e  I g  a c c u r a c i e s  i n

T a b l e  1  a r e  w i t h  r e s p e c t  t o  t h e  s c a t t e r e d  b r i g h t -

ness  tempera tu re  a t  the  su r face ,  whereas  the

node l  func t ion  i s  fo r  the  upwe l l i ng  Tg  a t  the  top

o f  the  a tnosphere .  Eence  when  oa lcu la t i ng  the

v a l u e s  f o r  T a b l e  ? ,  t h e  d i f f e r e n o e s  b e t v e e n  I n

a n d  t h e  s c a t t e r i n g  i n t e g r a l  a r e  f i r s t  n u l t i p l i e d

by  the  a tnospher i c  t ransn i t tance  t  be fo re  compu-

t i n g  t h e  r n s  s t a t i s t i c s .

A n o t h e r  n o d e l  e r r o r  i s  t h e  s p e c i f i c a t i o n  o f

the  sea-su r face  specu la r  b r igh tness  tenpera tu re

E r T "  S i v e n  b y  ( 3 8 ) .  K l e i n  a n d  S w i f t  t L 9 7 7 l  r e -

po r t  an  abso lu te  accu racy  be t reen  0 .1  and  0 .3  K

in  the  speou la t  T r .  The  na jo r  e f feo t  o f  t h i s

e r r o r  i s  t o  i n t r o d u c e  a  c o n s t a n t  b i a s  f o r  a  g i v e n

frequency into the noodel  funct ion.  Since the

e r r o r  i s  a  b i a s  r a t h e r  t h a n  b e i n g  r a n d o n ,  i t  i s

n o t  i n o l u d e d  i n  t h e  e r r o r  s t a t i s t i c s  i n  T a b l e  7 .

F o r  m o s t  a p p l i c a t i o n s  a  0 . 1  t o  0 . 3  K  c o n s t a n t

b ias  i n  the  n rode l  func t ion  i s  o f  no  se r ious

cons equenc e .

There  i s  no  d i rec t  way  to  de te rn ine  tbe  e r ro r

in  node l ing  the  w ind - induced  emiss i v i t y  AE be-
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cause  the  sea-su r face  sca t te r ing  theory  i s  no t

p rec i se  enough  to  compare  aga ins t .  The  same ca r r

be  sa id  abou t  the  e r ro r  i n  node l ' i ng  ra in  because

o f  the  co rnp lex i t y  o f  t he  theory  fo r  M ie  soa t te r -

i ng  f ron  an  a r ray  o f  ra in  d rops .  Eowever ,  an

ind ica t ion  o f  the  AE e r ro r  i s  ob ta ined  by  loo t ing

a t  t h e  m o d e l  f u n c t i o n ' s  p e r f o r m a n c e  i n  r e t r i e v i n g

w i n d  s p e e d  v i a  l e a s t  s q u a r e s  e s t i m a t i o n .  T h e

r e t r i e v a l  a c c u r a c i e s  a r e  a b o u t  1 . 5  m / s '  w h i c h

cor responds  to  a  10 f r  e r ro r  i n  AE [ I {en tz  e t  &1 ' ,

L9821 .

I n  a d d i t i o n ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e

made  ooncern ing  the  phys ics  o f  n i c rowaves  in te r -

ac t i ng  w i th  the  a tnosphere  and  sea  su r face .

1 .  lThen  the  absorp t ion -en iss ion  appro r ina t ion

t o  t h e  r a d i a t i v e  t r a n s f e r  e q u a t i o n  i s  a p p l i e d  t o

r a i n  c l o u d s ,  t h e  M i e  a b s o r p t i o n  c o e f f i c i e n t s

ra the r  than  the  Ray le igh  coe f f i c ien ts  shou ld  be

u s e d .

2 .  T h e  s e a - s u r f a c e  e m i s s i v i t y  i s  a c c u r a t e l y

r e p r e s e n t e d  b y  a  c o n p o s i t e  n o d e l  i n  w h i c h  t h e

e n i s s i o n  f r o n  t h e  r o u g h  w a t e r  i s  g i v e n  b y  t w o -

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

g i v e n  b y  a  l a y e r e d  d i e l e c t r i c  t h e o r y .

3 .  T h e  l a r g e - s c a l e  s e a - s u r f a c e  s l o p e  v a r i a n c e

in fe r red  by  the  SUMR is  cons is ten t  w i th  the  s lope

v a r i a n c e  c o n p u t e d  f r o m  a  s e a  w a v e  e l e v a t i o n  s p e c -

t run ,  w i th  tha t  i n fe r red  f rom mic rowave  sca t te ro -

mete r  neasurements  a t  nad i r ,  and  w i th  the  Cox  and

Munk  va lue  deduced  f ron  sun  g l i t t e r .

4 .  The  inc rease  in  Tg  due  to  sea  foan  i s  no re

a  resu l t  o f  wh i tecapp ing  than  s t reak ing .

5 .  A  l a y e r e d  d i e l e c t r i c  n o d e l  f o r  s e a  f o a m

pred ic ts  the  same f requency  and  po la r i za t i on

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

the SMMR.
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