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Publicat ions present ing the  ana lys i s  of a i r c r a f t  and SKYLAB da ta  (for- 

warded e a r l i e r  by separa te  mail) were presented a t  t h e  Vniversity of Hichi- 

gan Remote Sensing of Jhvironnent Conference, held i n  Lansing, Xichigan, i n  

April. '3.0 papers were presented; one e n t i t l e d  "A Remote Sensing Study of 

P a c i f i c  i. . x i c a n e  AVA", by D. Rosa, B. Au, W. Erokn, and J. P!cFadden d e a l t  

with the  corparison of s a t e l l i t e  and a i r c r a f t  nwasurewmts of sur face  rouch- 

ness.  The o ther ,  e n t i t l e d  "Hulti-Frequency radiometr ic  Neasurencnts of Foam 

and a Kono-?!olecular Slick", by B. Au, J. Kenney, L. Martin, and D. Ross, 

d e a l t  with a i r c r a f t  measuke~ents  obtained during the  pre-SKYLAB a i r c r a f t  

E f f o r t s  i n  Progress: 

A f u r t h e r  ana lys i s  of the  AVA wind and wave da t a  obtained by the  a i r c r a f t  

has been p a r t i a l l y  completed i n  co l labora t ion  wi th  t h e  Universi ty  of flamburg, 

and a paper present ing these  r e s u l t s  is i n  preparation. The earrphasis i n  t h i s  

paper i e  on the  ca lcu la t ion  of momentum t r a n s f e r  r a t e s  from t h e  atmosphere t o  

the ocean by means of t he  observed wave spec t r a  and wind speeds. Br i e f ly ,  t he  . , 
momentum f l u x  t o  a le  wave spec t r a  i a  r e l a t e d  t o  t he  t o t a l  wave e n e r w ,  t he  

energy level of t h e  higher  frequency (short)  waves, and the  pos i t ion  of t%e 

peak of t h e  energy rpec tnm as follows: 
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where A = Const = 4.2 

B = Const = 1.05 1012 

z = Psynolds f l ux  t o  the h i r h  frequency waves h f 

a = Air densi ty  

a - P h i l l i p s  constant as  de temincd  from the  observed wave spec t ra  

U10 - Surface wind speed a t  10 meters 

- f,U 1 0 

f m  
=- = non-d@ensional'peak frequency of t he  wave spectrum 

t3 
A4 

E = g 2 ~ / ~ l o 4  = non-diwmsional t o t a l  energy of t h e  wave spectrum 

Preliminary r e s u l t s  of t he  ca l cu la t ion  of t h i s  p a r m e t e r  fox AVA data ,  

when corepared t o  o ther  da t a  a t  both l a t e r  and comparable (high) winds, sug- 

ges t  t h a t  t he re  is  an increased l s v e l  of momentum f l u x  f o r  higher  winds a t  

a l l  f e t ch  lengths f o r p n d n g  seas.  Thos AVA spec t ra ,  however, obtained 

near  ';he periphery of t h e  storm (where observed sur face  winds were 40 knots) 

show momentum t r ans fe r  r a t e s  s i g n i f i c a n t l y  l e s s  than one would expect f o r  

such high wind conditions.  It is t e n t a t i v e l y  concluded t h a t  t h e  presence of 

n x l l  a t  a frequency very near  t h e  wind-wave peak frequency Is responsible  

f o r  t h i s  r e s u l t .  It should a l s o  be noted t h a t  v i s i b l e  est imates  01 white- 

cap coverage were a l s o  considerably l a v e r  than would be expected, supporting 

the previous calculat ions.  



One implication of these  r e s u l t s  is  t h a t  t he  energy l e v e l  of t h e  hizh 

frequency waves i n  the equilibrium r e g i ~ n  is  not a unique funct ion of the 

surlcce wind. l o  p u t  i: d i f f r r ; : l t ly ,  scr.:tc?ri::z cross sec t ions  of t he  occzn 

surface may not be n m i q u e  fuactiun of t;ie s ~ r f i i c c  rid, tut rz ther  a r e  re-  

duced ( f o r  a given wind) i n  t he  presence of swel l  a t  frequen:ies nearby the  

peck frequency. The Sh'lLN; neasurements of t iurricane AVA included both 

underdeveloped and decaying conditions i n  a reas  of high wind. It is not  

cbvious, however, from the SKYLM da ta  i n  AVA t h a t  ag cleasurenents a r e  pa r t i c -  

u l a r ly  s e n s i t i v e  t o  t h e  shape c h a r a c t e r i s t i c s  of the wave spectrum. This r a y  

be due t o  inpropt r  cor rec t ions  of a0 f o r  aspect  angle of viewing r e l a t i v e  t o  

the surface wind d i rec t ion ,  a t tenuat ion ,  inproper  processing of the S I X W  

da ta  i t s e l f ,  o r  the  f a c t  t h a t  t he  sca t te r i r .p  c ros s  sec t ions  s a t u r a t e  a t  wind 

speeds of 30 knots,  o r  so. Analysis underway of AS;FE PjlDSCAT and wave da t a  

obtained by the  Houston a i r c r a f t  program may resolve t h i s  discrepancy. 

Additional e f f o r t s  cu r r en t ly  i n  progress  concern reprocessing the  wind 

da t a  co l lec ted  by the  MOAA a i r c r a f t  t o  remove m a l l  e r r o r s  in wind direc-  

t i o n  and processing of a ircraf t -obtained microwave data .  The f i n a l  ground 

t r u t h  da t a  package should be d i s t r i bu ted  wi th in  30 days. Laser da t a  from 

the  I3ouston a i r c r a f t  has recent ly  been received f o r  t h e  SL4 period. Unfor- 

tunately,  there  appears t o  have been a problem with t h e  record board of t he  

JSC reproduce machine which duplicated t h e  tapes,  o r  t he  board was overdriven 

with too  high vol tage inputs .  In  e i t h e r  case, the  tapee w i l l  have t o  be made 

again. 
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ABSTRACT 

. X i c r o w a v e  r a d : o a e t r i c  m e a s u r e m e n t s  h a v e  . 
b e e n  made o f  b o t h  a  s u r f - z o n e  and  o f  s n  o c e a h  
r e g i o n  w h e r e  s - a l l - s c a l e  r o u g h n e s s  was s u p -  
p r e s s e d  by a n  a r t i f i c i a l  a o n o - n o l e c u l a r  s l i c k .  ' 

The  foam c e a s u ~ e a e n t s  s h o v  n e a r  i d e n t i c a l  f o a a  
t e m p e r a t u r e s  a t  g.35 a?d 1 4 . 5  GHz, b u t  l a r g e  
v a r i a t i o n s  a :  1 . L  GXz. The r e s u l t a c t  =ax ioum 
foam e a i s s i v i t i e s  a t  n a d i r  r a n g e  f r o 3  0 . 5 7  a t  
1 .4 CHz t o  0 . 2 4  a t  1 4 . 5  C X z .  The p r e s e n c e  o f  
t h e  m o n o - n o l e c c l a r  s l i c k  03  t h e  o c e z n  s o r f a c e  
ha:  t h e  snme e f f e c t  a s  a  d e c r e a s e  i n  s u r f a c e  
r o u g h n e s s .  F o r  h o r i z o n z a l  p o l a r i z a t i o n ,  t h e  

' e m i s s i o n  d e c r e a s e d  b e l o v  t h a t  o f  t h e  s u r r o c n d -  
i n g  o c e a n  f o r  a l l  v i e v i n z  a n g l e s .  A t  v e r c i c a l  
p o l a r i z a t i o n ,  t h e  e a i s s i o n  d e c r e a s e d  b e l o v  a z d  
i n c r e a s e d  e b o v e  a  v i e - d i n g  a n g l e  o f  a p p r o x i ~ a t e l y  
6 0  d e g r e e s .  The c S a c g +  i n  t e n p e r a t u r e  was ob- 
s e r v e d  a t  L o t h  8.35 a n 2  1 4 . 5  Ciiz, b e i n g  b a r e l y  
detectable a t  1 . 4  CHz. 

1. INTRODCCTION 

T h e  d e p e n d e n c e  o f  t h e  m i c r o w a v e  b r i g h t n e s s  t e a p e r a t u r e  on  s e a  s t a t e  a n d  s u r f a c t  
wind f x e l d s  i s  u n d e r  a c t i v e  i n v e s t i g a t i o n  a l d  h a s  l e d  t o  t h e  p r o s p e c t  o f  r e m o t e l y  
d e t e r m i n i n g  t h e s e  p a r a n e t e r r  f r o m  a s a t e l l i c e  on  a n  a l l - w e a t h e r  b a s i s .  T h e  u s e f u l -  
n e s s  o f  s e a  s t a t e  and wind  f i e l d  d a t a  ( i n  d a t a  s c a r c e  a r e a s )  would  b e  o f  i m n e n s e  
v a l u e  t o  b o t h  m e t e o r o l o g i s t s  and  o c e a n o g r a p h e r s  a l i k e .  Two o c e a n o g t a p k i c  e f f e c t s  
t h a t  p l a y  i m p o r t a n t  r o l e s  i n  t h e  d e p e c d e n c o  o f  t h e  m i c r o w a v e  s i g n a l  o n  t h e  s ea  s u r -  
f a c e  a r e  s ~ a l l - s c a l a  wave s t r u c t u r e  and f o a s .  

The  d e p e n d e n c e  o f ' t h e  o b s e r v e d  s i c r o w a v e  s i g n a l  o n  s e a  s u r f a c e  s t r u c t u r e  m a n i -  
f e a t s  i t s e l f  t h r r u q h  t h e  e n i s s i o n  and  r e f l e c t i o n  f r o n  d i e l e c t r i c  ~ e d i a  w i t h  a l l  
r c a l e r  oC s u r f a c e  r o u g h n e s s .  T h e r e  i n c l u d e  n o t  o n l y  t h c  r e l a t i v e l y  smooch  w i c d  w i v e  
and s w e l l  much l a r g e t  t h a n  t h e  observing'srave;e'ngth. b J  t - a l s o  t i r e  c a p i l l a r y  .%rid' u l  t r  
Z r z r L t y  v a v a s  p r e s e n t  on  t h e  s e a  s u r f a c e  a t  l o w  s u r f a c e  wind s p e e d s .  C u r r e n t  ~ o d c L s  

f  t h e  me8 s u r f a c e  i n c l u d e  r o u g h n e s s  b o t h  l a r g e r  a n d  s n a l l e r  t h a n  t h e  o b s e r v i n g  wave 
! r r g l h ,  b u t  t h e  e f f e c t  o f  s m a l l - s c a l e  s t r u c t u r e  on  t h e  r a d i o m a t r i c  s i g n a l  h a s  y e t  c6 
b t  e x p s r i s e n t a l l y  v e r i f i e d .  

Foam is  a p o t e n t i a l l y  more  u s e f u l  p a r a n e t e r  t o  t h a  r e m o t e  s e n s i n g  o f  t h e  o c e a c  
a u t f a c r  by  n i c r o v a v e  r a d i o m e t r y .  Beyond a n  i n i t i a l  s t a r t  v e l o c i t y  o f  7 m / s e c .  f o a z  
:overage  i n c r e ~ s e s  w i t h  s u r f a c e  wind  s p e e d .  T h e  exact  m a g n t t u d e  o f  t h e  s i g a a l  



iR~vease  depend, 3:: o b s a r v i n g  f r e q u e n c y ,  a r e a l  c o v e r a g e  o f  foam i n  t h e  o n t c n n n  b e a z  
and foam p r o p e r t i e s .  3 0 t h  the d e p e n d e n c e  o f  f o a n  c o v e r a g e  v i t h  v i c C  s p e e d  a n d  t h c  
radloaetrfc p r o p e r t i e s  of t o a n  srr  areas o f  a c t i v e  r e s e a r c h .  Of p r i r . a r y  i n t a r c s c  
is t h e  incre&s& i n  te~lperature . i i t h  f r e q s e n c y  a n d  t h e  v a r i a t i o n  * i i t S  vievi?.g a n a l e  
and polariza iioz. 

L x p e r i n e n t a l  i n f o r m a t i o n  a b o u t  b o t h  of t h e s e  phenomena has been o b t a i n e d  b:g the 
' N a v a l  R e s e a r c h  L a b o r a t o r y  i n  a  s r r i e r  of  a i r b o r n e  m u l t i - f r e q u e n c y  r a d ~ o a e k e r  m e a s u r e  

,qcncs.  I n  o n e  s e t  o f  o t s e r v a t i o n s ,  10.; a l t i t c d e  ~ e ~ s u r e z e ? : a  - . f r c  ytle of n s u r f -  
t o n e  a t  a  varic:;.. o f  v i e v i n ;  a c g i e s .  I n  :he o t h e r  s e z .  r . easur+: tn rs  : ;ere  r .adc o f  a? 
o c e a n  r e g i o n  i n  v h i c h  t h e  s n a l l - s c a l e  r o u g h n e s s  t.aL b e e n  s c p ? : e s s e d  b y  on a r t i f i c i a l  
a o n o - i = o l e c u l a r  l i c k .  T h i s  s u ? p r e s s i o n  e n a b l e d  c o n p a r i s o n  t o  k c  z a d e  b e t w e e n  s n  

~ ~ A s u r f q c e  X a v l a g  a l l  s c a l e s  6 :  r o q p h n e s s  p r e s s n t  ens' h a C . t n b ~ j ~ i t + h c '  e 
S c a l e  s t r u c t u r e .  4 

The  z ~ a s u r e z e n t s  i n  t h e s e  exper i : . ez t s  v e r e  ~ . ~ d e  -~li t b  a th ree  f requenc ; .  . n c n -  
, s c a n t i n g .  e i r b 0 r r . e  r a d i o ? . e t e r  s ) r s t e z  r = c z t ~ C  on  a h'..: C-130 a i r c r a f t .  T h e  a c t e x n o s  

.... ..,, a::! war.  :,a.;ntsL o -  3 h y d r a u l i c a l l y  . c o n -  111 ';;a\': i ; t a r . : i ; r l  s a v e n - C e z r e e  bza-->iC- ' -  
rolfed :la::'or;l c h a t  a l l o x r :  vi2:;ir.; n ~ ; e s  f r o n  z r C f r  ouz  t o  8 0  d e g r e e s  t o  b e  ob-  
t a i n e d .  The a n t e n n a s  a t  Ku(!.&.5Glz) a n d  S - b a n d ( S . 3 5 t % z )  w e r e  h o r n - f e d  d i e l e c t r i c  
l e n s e s  w h i l e  t h e  L-band( l .4GEz)  a n t c n n z  v a s  a  d i p o l e - f e d  e i g h t  f o o t  d i a c e t e r  p a r a -  
b o l o i d .  P e r i o d i c  c a l i b r e t i o n  of  t h e  r a i i o a e t e r s  was p r o v i d e d  by n o i s e  C i o d e s  c o u p l e  
i n t o  t h o  r e f e r e a c c  a r n  of  t h e  r a d i o z . c t e r s .  S i c u 1 : a n e o u s  d u a l - p o l a r i z a t i o n  a e a s u r e -  
,mea ts  w e r e  n a d e  a t  EU- and  X-band, c h i l e  s i n g l e  p o l a r i z a t i o n  ( e i t h e r  h o r i r o a t a l  o r  
v e r t i c a l )  v a s  o b s e r v e d  a t  L-band.  Ds:a v e r e  r e c o r d c ?  b o t h  on  a n a l o g  s t r i p - c h a r t  f o r  
i n s t a n t  m o n i t o r i n g  p u r p o s o s  and a l s o  oa ~ s g n c t i c  t z z e  f o r  l a t e r  d i g i t a l  p r o c e s s i n g .  
J e n s i t i v i t y  of  t h e  r a d i o r e : e r s  w j t h  a  o n e  s e c o n d  i n t e g r a t i o n  t i n e  war  0 . 2 1 ,  0.08 a n d  
0.05 *E f o r  L, X a n d  KU-bands r e s p e c t i v e l y .  . 

. . 3 .  SLICK NEASURf?lEXTS . . A 

To d e t e r m i n e  t h e  e f f e c t  o f  s m a l l - s c a l e  r o u g h n e s s  o h  t h e  r a d i o m e t r i c  s i g n a l ,  o n e  
n e t h o d  i s  t o  s u p p r e s s  t h e  s m a l l - s : a l e  w a v e s  i n  a  s p e c i f i c  a r e a  on  t h e  o c e a n  s u r f a c e .  
A l t h o u g h  v a r i o u s  t y p e s  9' o i l s  damp c n a l l - s c a l e  v a v e s ,  f o r  s u f f i c i e n t  o i l  : h i c k c e s s ,  
o i l s  h a v e  a  r a d i o n e t r i c  c f f e c t  o f  t h e ' i r  own. T h i s  e f f e c t  c a y  o v e r w h e l n  a n y  c h a n p e  
d u e  t o  t h e  damping  of  t h e  s m a l l - s c a l e  s t r u c t u r e .  To e l i a i c a t e  t h i s  p r o b l e a ,  o l e y l  
a l c o h o l  was u s e d  f o r  t h e . e x p e r i m c a t .  It f o r a s  a  m o n o - n o 1 e c u l a r . s l i c k  OF. t h e  o c e a n  
s u r f a c e  w h i c h  i s  t o o  t h i n  t o  h a v e  a  r a d i o n e t r i c  e f f e c t ,  y e t  d a o p s  o u t  t h e  c a p i l l a r y  
and u l t r a - g r a v i t y  waves .  

T h e  o l e y l  8 l c o h o l  v a s  l a i d  by  t h e  NOAA T - b o a t  i n  t h e  A t l a n t i c  O c e a n  a b o u t  f i v e  
a i l e s  i r o n  X i a n i ,  F l o r i d a .  A t o t a l  of n i n e  p a s s e s  a l o n g  t h e  l e n g t h  o f  t h e  s l i c k  
was a a d e ,  w i t h  m e a s u r e m e n t s  b e i n g  t a k e n  a t  a n g l e s  f r o m  n a d i r  o u t  t o  8 0  d e g r e e s .  
3 a s e d  on  l a s e r  g e o d i l i t e  d a t a ,  t h e  s i g n i f i c a n t  wave  h e i g h t  w a s  a b o u t  2.4 m e t e r s .  
S u r f a c e  w i n d s  w e r e  8 m e t e r s / s e c ,  s u f f t c f e c t  t o  p r o d u c e  some f o a n  p a t c h e s  o n  t h e  s e a  
s u r f a c e .  C o r r e s p o n d i n g  35-an p h o t o g r a p h s  o f  t h e  s e a  s u r f a c e  a t  a  r a t e  o f  o n e  p e r  
s e c o n d  w e r e  u s e d  t o  c o n f i r n  t h e  a r e a l  e x t e n :  o f  t h e  s l i c k .  

-The r a d i o m e t e r  b u t p u t s  a s  8 f u n c t i o n  o f  time f o r  a  v i e w i n g  a n g l e  o f  z e r o  d e -  
g r e e s  a r e  s h o r n  f o r  h o r i z o n t a l  p e l a r i z a t i o n  i n  F i g .  1 a n d  v e r t i c a l  p o l a r i z a t i o n  i n  
P i g .  2. T h e  s l i c k  a p p e a r s  a s  a  2 ,  C d e c r e a s e  i n  a n t e n n a  t e m p e r a t u t e  a t  b o t h  X- a n d  
Xu-bands and  f o r  b o t h  p o l a r i z 8 t i o n s ,  v i t h  n o  d e t e c t a b l e  e f f e c t  a t  L-band'. T h e  c h a a g  
I n  t e m p e r a t u r e  w i t h  a n g l e  f o r  b o t h  p o l a r i z a t i o n s  i s  s u n m a r i z e d  i n  F i g .  3 f o r  K - b a n d  
r h e  s l i c k  d e c r e a s e s  t h e  o b s e r v e d  t e t p e r a t u r e  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  a l Y  
a n g l e s ,  b u t  p r o d u c e s  a n  i n c r e a s e  i n  t e t p e r a t u r e  f o r  v e r t i c a l  p o l a r i z a t i o n  n e a r  8 0  
d e g r e e s .  R e s u l t s  o b t a i n e d  on  3 A p r i l  1 9 7 3  b.2.r l i g h t e r  s e a  s t a t e  c o n d i t i o n s  a r e  
similar,  b u t  v i t h  a s l i g h t  d e c r e a s e  i n  n a g n i t u d e .  T h e  r e s u l t s  f o r  b o t h  d a y s  a re  
r u r a a r i r e d  i n  Z i g s .  C a a d . 5 ,  v h i c h  show t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  p o l a r -  
i z a t i o n s  d u a  t o  t h e  s l i c k  a s  a  f u n c t i o n  o f  v i e w i n g  a a g l e .  T h e  d i f f e r e n c e  b r t w e e n  
l ? o l a r i t a t i o n s  i n c r e a s e s  w i t h  i n c r e a s i n g  v i e w i n g  a n g l e  a n d  s h o v s  a  s l i g h t l y  l a r g e r  
a f f r c t  a t  I,- t h a n  X-band. S u r f a c e  r o u g h n e s s  t h u s  h a s  l i t t l e  i n f l u e n c e  o n  t h e  
C e a p e r a t u r e  c h a n g e  d u e  t o  t h e  s l i c k  u n t i l  l a r g e  v i e w i n g  a n g l e s  a r e  o b t a i n e d .  

To i n v e s t i g a t e  t h e  r a d i o s e t t i c  p r o p e r t i e s  o f  foam a s  a  f u n c t i o n  o f  f r e q u e n c y  
.ad p o l a r i z a t i o n ,  i t  is  e s s e n t i a l  t h a t  t h e  foam b e  i d e n t i c a l  i n  e a c h  c a s e .  T h i s  



d a s  a c c o ? . p l i s h ~ d  i n  t h e  f i c l d  obser , :a : io:~a 5~ c a k i 5 ~  n c a s u r e n e n t s  s i = ~ l t a n c o ~ s l y  a t  
f h c e c  E r c q u ~ n c i e s  and ;t b o t h  h o r i z o c r a l  aaC v e r t i c a l  ? ~ l a r i r a t i o n  a t  X- a n d  #,-band 
a y  v s i n s  i d e n t i c a l  s e v e n  d e g r e e  b c a ~ v i C : h s  f o r  a 1 1  n n t e n e a s ,  d i f i e r e n t  f o a n  c o v e r a g e  
Aoong b c a c s  a r c  e l i c i a a t , e d  ar:d c o c p t r i s u n  c a : :  the?. b e  z ~ l c .  To c 5 : ~ i r .  :.out f o s n  

c o r r r e q c  a n d  s u f f i c i e n t l y  t h i c k  f o a n ,  o > s e r v r c l o z s  t :c:~ eonduct.d p a r a l l e l  t o  a s u r f . .  
. o z a .  ?ha r . e n s r t e r e n t :  v c r e  t . 2 2 ~  i r o -  an a l t i t u - ! s  e f .LSL)  necqrs n c  a n g l e s  E r o o  c a i i  
~ u t  t o  5 3  d e g r e e s .  

T h e  r e s u l t s  f o r  a 1 1  v i e z i n g  a n g l e s  a r e  s u c ~ s r i z e C  i n  'is. 15, c 5 i c b  s h o v s  t h e  
M a x i n u -  f o s n  + z i s s i v i : y  ~ t  ~ , , - b a z ?  a s  2 i 2 n c : i o n  o f  -.*iezi-z ~ z ; : e  f o r  b o t h  p o l a r : -  
: z a c ? o n s .  " 'he r e s u l t s  a t  S- and  L-bacd a r e  n o t  s h o v n  .as  t h e  :<-band v a l u e s  a r e  w i t h i n  
LIZ o f  t h o s e  a t  I:,-bend a n d  t h o s e  a t  L-band a r e  s i c i l a r  i n  shape. o n l y  O e c r e s s e d  i n  
M a g n i t u d e .  F o r  c o a p r r i s o n  p u r p o s s s ,  t h e  e c p i r i c a l  - o d e 1  a s  p u t  f o r t h  b y  S t o g r y n  i s  

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

T h e  moxinum v a l u e  o f  t h e  e x p e r i m e n t a l  e n i s s i v i t y  a t  n a d i r  i s  0 .84 ,  l e s s  t h a n  
: t h e  t h e o r e t i c a l  n a x i m a a  o f  1 . 0  f o r  a  p e r f e c t  e m i t t e r .  T h e  r e s u l t s  f o r  a 1 1  o f  t h e  
' f r e q u e n c i e s  a r e  shown i n  F i g .  11, w h i c h  s h o v s  t h e  o b s e r v e d  foam e m i s s i v i t i e s  a s  a  
f u n c t i o n  o f  f r e q u e n c y  f o r  n a d i r  v i e v i n q  a n g l e . '  T h e  c n ? i r i c a l  o o d e l  o f  S t o g r g n  i s  
a g a i n  s h o v n  f o r  c o c p a r i s o n .  One i n p o r t a n t  f e a t u r e  i s  t h e  i n c r e a s e  i n  e z ~ i s s i v i t y  o f  
f o a n  f r o m  L- t o  X-band a n d  t h e  f l a t n e s s  o f  t h e  c u r v e  f r o m  X- t o  Ku-band. 

5 .  CONCLUSIONS 

T h e  a b s e n c e  o f  s n a l l - s c a l e  v a v e s  on  t h e  o c e a n  s u r f a c e  c h a n g e s  t h e  n i c r o u a v e  
e n i s s i o n  a t  8 .35  and  1 4 . 5  CHz, and  h a s  a  b a r e l y  d e t e c t a b l e  e f f e c t  a t  1 . 4  CHI .  A t  
h o r i z o n t a l  p o l a r i z a r i o c ,  t h e  c h a n s e  i n  e x i s s i o n  i s  o b s e r v e C  a s  a d e c r e a s e  i z  s i g n a l  
f o r  e l l  v i e u i n ~  a n g l z s .  F o r  v e r t i c a l  p o l c r i z a t i o n ,  t h e r e  i s  a  d e c r e a s e  i n  e s i i s i ~ n  
f o r  a n g l e s  l e s s  t h a n  6 0  d e g r e e s  and a n  i n c r e a s e  i n  s f g n a l  b e p o e d .  T h e  n a g n i t - i c  o f  
t > e  c h a n g e  i n  e n i s s i o n  i n c r e a s e s  v i t h  i n c r e a s i n g  s u r f a c e  r o u g h n e s s ,  p a r t i c u l 3 : l y  f o r  
r c r t i c z l  p o l a r i z a t i o n  a t  l a r g e  v i e w i n g  a r i ~ l c s .  T h e  z e e s u r e a e n t s  s h o r  t h a t  t b e  s e a  
s u r f a c e  b e c o s a s  e f f e c t i v e l y  s - o o c h e r  v h e n  t h e  s o a l l - s c a l e  v a v e s  e r e  d r a p e d ,  i n  t h a t  
;hey h a v e  a n  e x a c t  o p p o s i t e  e f f e c t  t o  a n  i n c r e a s e  i n  s u r f a c e  r o u g h n e s s .  P u r t S e r  
e x p e r i n e n t s  a r e  r e q u i r e d  t o  d e t e r a f n e  w h e t h e r  t h e  i n c r e a s e  i n  e n i s s i o n  f r o 3  s n a l l -  
s c a l e  r o u g h n e s s  i s  i n d e p e n d e n t  o f  t h r  u n d e r l y i n g  l a r g e - s c a l e  r o u g h n e s s ,  o r  w h e t h e r  
s n a l l - s c a l e  w a v e s  become i n p o r t a n t  o n l y  a f t e r  l a r g e - s c a l e  r o u g h n e s s  i s  p r e s e n t .  I n  
any c a s e ,  i t  i s  e v i d e n t  t h a t  s c a l l - s c a l e  r o u g h n e s s  i s  i = ? o r t a z t  t o  t h e  e r ~ i s s i o n  f r a x  
t h e  s e a  s u r f a c e  a z d  n u s t  be  i n c l u d e d  i n  a z y  t h r o r e c i c r l  a o d e l .  

T h e  p r e s e n c e  o f  foam on  t h e  s e a  s u r f a c e  i s  r e s p o n s i b l e  f o r  l a r g e  i n c r e a s e s  i~ 
r i c r o x a v e  e z f s s i o n  a c  a l l  o f  t h e  f r e q u e n c i e s  i n v e s t i g a t e d .  T h e  e m i s s i o n  v a r i e s  v i t h  
a r e a l  c o v e r a g e  a n d  f o a n  p r o p e r t i e s ,  b u t  i s  less a t  1.1 CHz t h a n  a t  t h e  h i g h e r  f r e q -  
u e n c i e s .  The  v a r i a b i l i t y  a t  L-band i s  c a u s e C  p r i a a r i l y  by  v a r i a t i o n s  i n  j o a s  d e p t h ,  
v R i c h  a r r  s o r e  inpor :anc  a t  t h e  l o n g e r  wavelengths. The  e n i s s i o n  f r o m  t h e  f o a a  i s  
i c s s  t h a n  f r o a  a  p e r f e c t  e m i t t e r ,  b u t  i t  i s  w i t h i n  1 6 %  o f  t h a t  v a l u e  a t  1 6 . 5  GSz. 
t e r  :he t h i c k  f o a t  o f  c h i t  e x p e r i c t n : ,  t h e  e n i s s i v i t y  o f  f o a n  i n c r a a s e r  g r a t ~ a l l y  
f r o 0  1 . 4  t o  8.35 G H r ,  v $ t h  n e $ l i b l e  i n c r e a s e  f r o a  8 . 3 5  t o  1 4 . 5  C H ? .  I n  g e n e r a l .  t h e  
o b s e r v e d  foam e = i s s i v i t i e s  d i s a g r e e  w i t h  t h e  e m p i r i c a l  m o d e l  o f  S t o g r v n ,  5 e i e g  u p  t o  
10  *g  s r e a t e r  i n  m a g n i t u d e  t h a o  him o o d e l .  

t o r  t h e  c o n d i t i o n s  o f  t h i a  e x p e r i m e n t ,  v h e r e  r e l a t i v e l y  c h i c k  foam vas o b s e r v e d  
t h e  f r e q u e n c y  d e ' p e n d e n c e  o c c u r s  b e t v e e n  L-land X-band. N o r e  a x p e r i n e n t a l  work  i s  
r e q u i r e d  t o  d e t e r e i n e  i f  t h i s  f r e q u e n c y  C e p e n d e n c e  h o l d s  i n  g e n e r a l .  I t  i s  u n l i k e l y  
t h a t  t h r  e m i s s i v i t y  o f  t o a n  v o u l d  h a v e  t h e  same f r e q u e n c y  d e p e n d e n c e  o. m a 8 n i t u d e  f e  
the  f o a m  p a t c h e s  a n d  s t r e a k s  on  t h e  s e a  s u r f a c e  d u r i c s  h i g h  v i n d  c o n d i t i o a s .  F o r  t h  
t h i n n e t  f o a a  p a t c h e s  and s t r e a k s ,  t h e  c h a z s e  i n  r o i s s i v i t y  would m o s t  l i k e l y  o c c u r  
a t  h f ~ h e r  f r e q u e n c i e s .  
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moderate surface r ~ ~ g h n e s s ,  Frequency = 8.35 G H Z ,  
3 a n d  11 April 1973. 



F I G U R E  6. XNTESXX TE>!PEIXTCRES ALO>!C SCR?-Z3!tZ. 
Horizontal p o l e r i z a t i o n ,  F r e q u e n c i e s  - 8 .35  and 
1 4 . 5  GHz, Viewing angle = 2 8 ' ,  6 June 1973. 



F I G U R E  7 .  AXTEXSA TEXPERATURZS ALONG SURF-ZOSE,  
V e r t i c a l  p o l a r i z a t i o a ,  Freqr..encies = 1 . 4 ,  8 . 3 3  
and 1 4 . 5  Cdz, V i e w i n g  a n g l e  28., 6 June 1 9 7 3 .  
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FIGURE 8 .  SCATTER D I A G R A X  OF TEXFERXTUBE 
I N C R E A S E  DUE TO F O X X  AT L- AND Ku-BANDS 
Vertical p o l a r i z a t i o n ,  Viewing o n g l e  =: 
28.. 6 J u n e  1 9 7 3 .  
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Vertical polarixation, V i e w i n g  a n g l e  - 
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FIGURE 10. ENISSIVITY OF FOXY VERSVS VXEWINC AXGLE.  
Horizontal and v e r t i c a l  p o l a r i z a t i o n ,  Frequency = 
1 4 . 5  GHz, 6 June 1973. 
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FIGURE 11. EHISSIVITY QF FOAX VERSUS F R E Q U E N C Y .  
Viewoing angle = O 0 ,  6 June 1973. 
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ABSTRACT 

Aircraft, SKYLAB, NOAA-2, ATS-3, a;ld NIXBUS-5 
recently obtained a variety of measurenents of Pa- 
cific Eurricane XJA. These measurements are uzusu- 
ally broad in scope and include satellite observed 
passive microwave emissivitxes at 13.9 + 19.5 G ~ z ,  
active microwave scattering cross-sectlons at 13.9 
GHz, and near infrared and visible images. Essen- 
tially simultaneous aircraft measurements of w ~ n d  
mpeed. waves, whitecaps, 1.4 and 13-15 CXz passive 
microwave emissivities, 1.4 GHz active microwave 
images. sea surface temperatures, pressure fields, 
and aerosol size distribut~ons were also cStair.ed. 
A brief description of sensors and platforms is 
presented along with some in-depth details of re- 
sults obtained. These results confirm the sensi-- 
tivity of microwave enissivity to foam snd liquid 
water in the atmosphere. Wave rteasurenents from 
the aircraft show significant differences in the 
rhape of the energy spectrrt when compared to other 
fetch-limited spectra. Whereas fetch-limited spec- 
tra are sharply peaked, the hurricane spectra re- 
m t e  from the eye are broad, indicatinq che pre- 
sence of swell and increased energy transfer within 
the spectrum due posstbly to non-l~near interaz- 
d o n s ,  while those n;.lr the eye are sharply peaked. 

The SKYLAB RADSCAT, operating at 13.9 GHz in a 
cross-track mode, obtained microwave measurements 
of a portion of the storm in both the active and 
the passive mode. Prelininary results show that 
the scattering cross-sections increase when viewing 
the hurricane despite an expected att~%iation due 
to rain. passive-measurements increase as expected 
and are in seneral asreement with NIMBUS-5 measure- 

Aircraft measurements o f  microwave brightness 
-aturea at L band show 8n increase which is 



,largely'due to foam and whitecaps while those at X 
and KU band are contaminated by rain. Active co- 
herent L-band rcdar inages of swell produced by tha 
hurricane were obtained enroute to the storm. These 
images indicate a strong interaction takes place be- 
tween long and short gravity waves. 

Flight level wind speeds were obtained by means 
of an inertial navigation system and represent a sig- 
nificant increase in accuracy from past measurements 
'of hurricane winds. Maximum winds encountered in 
the eye wall measured 137 knots, the highest ever 
for a Pacific hurricane, which had a record low cen- 
tral pressure of 914 mb. 

The use of extensive and coordinated satellite 
and aircraft measurements has provided an unprece- 
dented opportunity to study the dynamics of a hurri- 
cane. 

-1. INTRODUCTION 

The development and application of remote sensing techniques to the study of 
manas environment has increased considerably in recent years. Perhaps the greatest 
return on monies invested in this area has been in use of satellites in observing 
and predicting weather. One aspect of weather phenomena which is currently being 
studied in qreat detail is tropical cyclones. A tropical cyclone is an intense 
vortex of high winds and large moisture concentrations which can have a devastating 
effect on man as they pass from water to land accompanied by high wind forces, in- 
ordinately high water (surge) levels, and large amounts of rain. Because cyclones 
are generally born in remote ocean areas, they have remained a little understood 
phenomena. In recent years, however, aircraft have been used to study many aspects 
of the storms by means of a variety of in-situ measurements. More recently, sate,- 
lites equipped with imaging systems have been of great utility ic detecting the 
birth of cyclones and predicting the path they are most likely to follow during 
their lifetime. 

This paper describes a number of measurements of some unique aspects of a cy- 
clone obtained from aircraft and a variety of sgacecraft an2 represents an unprece- 
dented opportunity to evaluate the capability of remote sensing instrumentation to 

* dntritute to the study of such phenomena. 

i 2. BACKGROUND 

! The NASA SKYLAB experimental satellite was the catalyst needed to'gel this ex- 
periment. Intended as a meins of evaluating the Radar-Radiometer sensor packages 
.board SKYLAB, an aircraft program was initiated to fly beneath the SKYLAB and mea- 
sure an extensive number of environmental parameters which might affect the signa- 
ture of the earth viewing satellite sensors. One of the aircraft involved was a 
National Oceanic and Atmospheric Administration (NOAA) C130 Hercules normally 
equipped to study hurricanes and other weather-oriented phenomena. For the SKYLAB 
program, a number of additional sensors were installed and are shown in Table I 
along with the parameter intended to be studied and expected accuracy. Figure 1 
shows the NOAA aircraft with passive microwave radiometers extended out the rear 
-go i~or. 

A. the NOAA SKYLAB underflight program was getting underway, the first Pacific 
Borricane of the season was forming and was named AVA, (Figure 2 ) .  As one of the 
objectives of the SXYLAB program was to observe hurricanes, a data gathering pass 
-8 planned for 6 June 1973, using the SL 193 Radar-Radiometer in the solar inertial 
acmnning mode. Unfortunatsly, a more extensive look at the hurricane with other 
811YLAB sensors could not be arranged because of conflicting priorities. Indeed, the 
NASA system was literally turned upsid. dam in order to schedule this limited pass. 



The NOAA C130 deployed.to Acapulco the morning of 6 June, refueled and com- 
menced its flight into the storm at 21072. Figure 3 shows the track of the air- 
craft along with isolines of fllght level (500 ft.) winds measured with a Litton 
LTN-51 inertial .system using the true airspeed output from a Kollsman differential 
pressure transducer. As a result of a measurement of an extraordinarily low cen- 
tral pressure of 915 nb obtained by an Air Force Reconnaissance aircraft approxi- 
amtely three hours prior to our entry into the storm, it was decided a low level 
(500 ft.) pene-ration into the eye would be unwise: The portion of the track shown 

. in Figure 3 from 2156 to 2315 was therefore flown at 10,000 feet. Low level (500 
ft.) measurements of wind speed and direction, wave heights, whitecap densities, 
and microwave emissivities were obtained during the period 2107-2156, and again 

- . from 2325 to 2356. Microwave measurements, which require the cargo door to be open 
with extended radiometers, were not taken during the latter time period because of 
.the reduced safe+ factor associated with high turbulence in conjunction with open 
carq.> doors. 

Figure 4 is an example of laser altimeter profiles of waves in an area of 65 
. knot flight level winds. Figure 5c shows the spectra of this segment, mapped to 
fixed coordinates, along with a spectra of high waves measured in the North Sea 
(Ross, et al. 1970). Also shown are spectra (Panel a, b) obtained at other regions 
within the storm plotted togethe-- with spectra of the same total energy obtained in 
the N-Sea and the North Atlantic. There are some significant differences between 
these sets of spectra. Those obtained near the eye (Fig. 5b. c) are sharply peaked 
and agree well with the N-Sea spectra which are severely fetch limited. The third 
spectrum was obtained approximataly 110 nautical miles from the eye and shows con- 
siderably more low frequency enersy than the North Atlantic spectrum which was es- 
aentially fully developed. In addition, this spectrun shows a reduced level of en- 
ergy on the high frequency side of the peak. We attribute this difference to non- 
linear interactions betwean the high frequencies and swell of frequencies near the 
peak which results in a broadening of the hurricane spectrum. Figure 6 shows the 
variation of wind speed and significant wave height wlth radial distance from the 
eye. The dashed line shows expected surface (20 meter) winds assuming a logarith- 
mic variation in wind between the surface and flight altitude (Cardone, 1969). The 
significant wave height.is known to vary as the square of the wind speed for fully 
developed seas. It can be seen in this figure that this relationship does not hold 
in a hurricane because of the fetch and duration limited character of the hurricane 
wind field. 

Observations of microwave brightness temperature were obtained during the per- 
iod 2107-2147. The data at the higher microwave frequencies are strongly affected 
by the presence , rain as on%-minute average values at vertical incidence vary in- 
consistently from 130" to 145 , and 140° to 200° for X and KU Band respectively. 
Brightness temperature vs. incidence angle for this segment at L-Band is shown in 
Pigure 7 along with data for a low wind condition obtained 11 June. It cgn be seen 
M a t  there is a systematic increase in brightness temperatures of about 4 K at all 
incidence angles. Inspection of simultaneous vertical photography reveals little 
thin foam streaking presumably because of the swell content of the seaway and the 
percentage of whitecap coverage is approximately 10 percent. Based on the results 
of Au, at al. (19741, presented elsewhere in this symposium, we atpibute this in- 
crease to the whitecap (foam) coverage. Thus, a sensitivity of .4  K/% whitecap 
coverage is obtained. 

. Enroute to the storm, coherent side-looking radar operating at a frequency of 
1.35 GHz ( A  = 25 cm) was used to obtain surface imagery. A series of wave-like 
patterns i s  apparent in this imagery which appears to be a combination of locally 

-generated wind waves mixed with swell coming from the hurricane. This imagery, to- 
gether with a vertical photograph obtained simultaneously, was digitized and sub- 
jected to two-dimensional Fourier analysis. Figure 8 shows the optical image of 
the two-dimensional Fourier transform at the top, along with a densitometer trace 
obtained along the axis of the principal direction (lower left, and center). Also 
mhown is a composite hindcast wave spectrum constructed by using the wave spectra 
obtained at 21472 along with a spectrum obtained in the Atlantic Ocean for a wind 
mpeed of approximately 22 knots. Surface winds at the time of this image were vis- 
m l l y  estimated to be 20 knots, which was substantiated by sun glint analysis of 
ATS-3 Satellite imagery (Strong, 1973). The position of Lre laser wave measure- 
w n t a  8nd of the hurricane relative to tha radar imagery is shown in the iruet in - - .- -.-. -. .- .. ,- --. - -- - . . - 



t h e  upper r i g h t  c o r n e r  of t h e  f i g u r e .  Good agreement  between t h e  wave l e n g t h s  o f  
t h e  p r i n c i p a l  wave components can be seen.  Tha t  t h e  r a d a r  is  imaging t h e  waves is 
e v i d e n t ;  n o t  s o  e v l d e n t  i s  t h e  s c a t t e r i n g  mechanism which a l l o w s  d e t e c t i o n  o f  waves 
longer  than  t h e  b a c k s c a t t e r i n g  B a a g  waves (Crombie, 1 9 5 5 ) .  I t  h a s  bee7 demonstra- 
t e d  i n  s e v e r a l  l a b o r a t o r y  and f l e l d  exper iments  ( c f .  Shemdin, e t  a l . ,  -1972, Mitsu- 
yasu  (1971))  t h a t  p resence  o f  a  s w e l l  i n  a  wind s e a  w i l l  r educe  t h e  a m p l i t u d e  o f  
t h e  wind-wave energy peak by an  amount which i s  dependent  upon t h e  energy  and f r e -  
quency r e p a r a t i o n  of t h e  s w e l l .  Longuet-Higgins (1969) d e s c r r b e s  t h i s  i n t e r a c t i o n  
which r e s u l t s  i n  s h o r t e r  waves peaking n e a r  t h e  c r e s t  o f  t h e  l o n g e r  wave a s  i t  pass -  
es by. The long waves -hut modulate t h e  Bragg waves which, i n  t u r n ,  modulate  t h e  
r e t u r n  o f  t h e  r a d a r  energy r e s u l t i n g  i n  a n  image of  t h e  longer  waves. S i n c e  more 
t h a n  one long wave component i s  seen i n  t h e  image, it h a s  been sugges ted  ( S t i l w e l l ,  
1974) t h a t  t h i s  modulation is  acconpl i shed  by i n t e r a c t i o n  between a l l  waves l o n g e r  

. t h a n  t h e  Bragg waves. The r a d a r  imagery t h e r e f o r e  may c o n t a i n  u s e f u l  a n p l i t u d e  a s  
w e l l  as wave l e n g t h  and d i r e c t i o n  in format ion  i f  t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  f o r -  
m e r  can be e s t a b l i s h e d .  Unfor tuna te ly ,  t h e  r a d a r  power supply gave o u t  s h o r t l y  a f -  
ter  t h i s  segment was completed s o  t h a t  no imagery o f  t h e  l o c a l  h u r r i c a n e  wave f i e l d  
was o b t a i n e d  d u r i n g  t h e  eye p e n e t r a t i o n .  

4. SATELLITE RESULTS 

Imagery an2 microwave d a t a  f r o 3  a v s r i c t : ~  cf  satcllFtes were o b t a i n e d  o f  t h e  
h u r r i c a n e  i n  v a r i o u s  s t a g e s  of developr?.ent. .; -,.. ..--: - T -  - .-- -'- ,.. - - ;- - s : t e l l i t e  s t u d i e s  

. . -  is shown i n  Table  11. F i g u r e  9  is a composite c f :,- - . . . - ., .-:.:..:ng t h e  t r a c k  of 
. . . . . . .. ,.,; -- SKYLAB a s  it passed n e a r  t h e  storm. U-f c rz . x :  t - r  1:. _-.:. _ - .. -. . . . : - . ,.., r a t h e r  

fast, and a l though  t h e  S K Y W B  ante2r.a s=:::n.~.? =o 5.2' :r.=-fc:;zz an- - le ,  c - l y  a  smal l  
p o r t i o n  of d a t a  was o b t a i n e d  i n  t h e  h igh  wind p e r i p h e r y  of t h e  storm. T h i s  d a t a ,  
a l o n g  w i t h  NI.XBUS 19.5 Gi Iz  neasurer.o?.ts of t h e  s9=c partLon of t 5 e  s t o r n ,  a r e  shown 

' i n  F i g u r e  9  f o r  t h e  i n c i d e n c e  a n g l e s  of 4 P t o  52.5". Also  shown a r e  r a i n f a l l  r a t e s  
i n f e r r e d  from t h e  19.5 GHz NI!43L:S-5 rad iomete r  ( X i l h e r t ,  1974) .  . 

The purpose o f  t h e  S 193 Radar-Radioxeter is  t o  i n f e r  s u r f a c e  wind f i e l d s  from 
measurements of t h e  microwa-~e b a c k s c a t t e r .  The p a s s i v e  p o r t i o n  of t h e  i n s t r u n e n t  
i s  in tended  t o  p rov ide  a  b a s l s  f o r  c o r r e c t i n g  t h e  r e t u r n  r a d a r  c r o s s - s e c t i o n  (3 ) 
due  t o  a t t e n t u a t i o n  by l i q u i d  water .  The i n f e r e n c e  o f  s u r f a c e  w ~ n d  s p e s d  is f u k h e r  
complicated because t h e  ampli tude of t h e  b a c k s c a t t e r e d  comporent 1s s e n s r t i v e  t o  
t h e  r e l a t i v e  d i r e c t i o n  of t h e  wind vec tor .  J o n e s  (1974) ,  f r o a  d a t a  o b t a i n e d  w i t h  
an a i r c r a f t  system a t  v e r t i c a l  p o l a r i z a t i o n ,  r e p o r t s  a  d i f f e r e n c e  o f  a b o u t  5  db be- 
tween t h e  ugwind and cross-wind d i r e c t i o n s  f o r  a  wind speed of 14 m / s  and i n c i d e n c e  
a n g l e  o f  40 , v e r t i c a l  p o l a r i z a t i o n .  The up-downwlnd asymmetry he observed  o f  1-2 
db i s  f u r t h e r  ev idence  of s h o r t  wave modulat ion by l o n g e r  waves. E s t i m a t e s  o f  wind 
d i r e c t i o n  a l o n g  t h e  f o o t p r - n t  were mzde a s  p r e v i o u s l y  d e s c r i b e d  and r e s u l t e d  i n  
positive c o r r e c t i o n s  of 2-4 dS. A b a c k s c a t t e r e d  component due  t o  r a i n f a l l  is n o r  
accounted  f o r  i n  t h e  d a r a  w h i c h a r e  su-zmarized i n  Tab le  111. 

It can be s e e n  from p a n e l  a  df F i g u r e  10 t h a t  i f  a  c o r r e c t i o n  were a p p l i e d  t o  
a0 v a l u e s ,  due t o  r a i n  a t t e n t u a t i o n ,  t h a t  t h e  o0 f o r  b o t h  p o l a r i t z t i o n s  would i n -  
crease w i t h  increasing wind speed between 1857:15 and 1858:OO. Neglec t ing  t h e  v a l -  
ae a t  1858:16, a 0  would t h e n  d e c r e a s e  a t  1858:31, f o l l o w i n g  t h e  d e c r e a s i n g  t r e n d  i n  
surface wind. A t  t h e  45O i n c i d e n c e  a n g l e  ( p a n e l  b ) ,  r a i n f a l l  rates were markedly 
reduced and o0 q u a l i t a t i v e l y  a g r e e s  w i t h  t r e n d s  i n  t h e  wind speed. a 0, i n  b o t h  
cases, h a s  been c o r r e c t e d  f o r  wind d i r e c t i o n  w h i l e  no  such  c o r r e c t i o n W h a s  been ap- 
p l i e d  to o O. A s  w i t h  t h e  coheren t  r a d a r  images,  t h e  u0 is a measure o f  t h e  ener-  
gy contentHHof r e s o n a n t  Bragg waves - n e a r  c a p i l l a r y ,  o r  c e n t i m e t e r ,  wavelengths  i n  
t h e  c a s e  of t h e  S 193 r a d a r .  P h i l l i p s  (1966) u s i n g  d imens iona l  arguments  shows 
t h a t  t h e  h igh  f requency  end ( f i  > f m ) *  of  t h e  g r a v i t y  wave spectrum should  r e a c h  a  
maximum, o r  e q u i l i b r i u m ,  v a l u e .  Inc reased  e n e r g y  t r a n s f e r  i n t o  t h i s  s p e c t r a l  re- 
g i o n  would s imply r e s u l t  i n  i n c r e a s e d  energy  l o s s  th rough  wave break ing .  P i e r s o n  
Uid S t a c y  (1973) s u g g e s t  t h r e e  forms f o r  t h e  b e h a v i o r  of t h e  h i g h  f requency  end o f  
t h e  spectrum, i n c l u d i n g  t h e  u l t r a - g r a v i t y  and c a p i l l a r y  r e g i o n s ,  which <re wind 
.peed dependent  and r e s u l t  i n  i n c r e a s e d  wave energy  l e v e l s  f o r  a l l  i n c r e a s i n g  winds. 
Uasselmann, e t  al.  (19731, show t h a t  t h e  P h i l l i p s  e q u i l i b r i u m  c o n s t a n t  d e c r e a s e s  
with i n c r e a s i n g  f e t c h  i n d i c a t i n g  long  wave-short wave i n t e r a c t i o n  is  i m p o r t a n t  i n  
the behavior  o f  t h e  h i g h  f requency  t a i l  o f  t h e  spectrum. 

0% i s  thm'frequency a t  which the peak energy  occurs .  
--- - -- -.. - .- 



Prom the observations of SKYLAB measurements obtained in hurricane AVA, it is 
tempting to attribute the observed o0 variations to corresponding variations in en- 
ergy level of wind speed dependent Braqg waves. On the basis of this limited data 
set* the considerable potential for errors associated with the corrections required 
for attenuation, relative wind direction, and backscatter due to rain, and an un- 
known sensitivity of o0 at high wind speeds, we reject this step at this particular 
time. A final conclusion must await additional data obtained for high sea states 
during St4 and a better estimate of azimuth dependegce of a, for different wind 
rpeeds and both polarizations. 

5 .  CONCLUSIONS 

It can be concluded from this data set that the use of remote sensors could be 
a useful tool in the monitoring and study of tropical cyclones. The potential for 
such sensors listed by observational category is as follows: 

1. Active microwave - Both cross-sectional as well as imaging microwave sys- 
tems can be used to map aspects of the wave field of a hurricane. High frequency 
rystems, such as the SKYLAB RADSCAT, may have reduced utility in areas of heavy 
rain, while low frequency imaging systems will be limited primarily by the required 
high data rates. 

2. Passive microwave - Aircraft and satellite measurements at 1.4, 8.35, 14, 
and 19.5 GHz show the higher frequencies to be capable of determining liquid mois- 
ture budget while the lower frequencies could be useful for determining the atmos- 
phere-ocean enersy exchange budget because of a sensitivity to energy loss occur- 
ring through tt- wave spectrum. Hcdever, because of diminished sensitivity at 1.4 
GHz, a frequ; y somewhat higher, but less than 6 GHz, would be more appropriate. 

3. Visible: 

. a. Satellites - Visible region imagery has been extremely useful in posi- 
tioning the hurricane, calculating its forward velocity, and est,imating the degree 
of asymmetry of the hurricane. 

b. Coherent - Red laser light can be used with good results from low 
aircraft altitudes to profile surface waves despite heavy rain and spray, and the 
wave measurements can be used to bound the role of nomenturn transport to the ocean. 

c. Photographic - Observations of whitecap density, which is related to 
abmentum transfer and the wave spectrum, can be obtained. Thin foam streak direc- 
tion relative to the eye of the hurricane could give an estimate of inflow angle of 
the surface winds. , 
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TABLE I. NOAA C130 AIRCRAFT INSTRUMENTATION 

Parameter Instrument Accuracy 

Wind Speed/Direction LTN- 51 2 2.0 kt8 Inertial Navigation System 

Sea Surface Tempera- Barnes PRT-5 
ture 2 1.o0c 

nicrowave Emissivity 1.4, 8.5, 14 G H z  Radiometers 1.0O~ 

Wave Heights and Laser Altimeter 
Lengths 2 1t or 3" 

Wave Length and Coherent Ridar 1.35 G H z  
Direction 2 10% 

White Caps and Foam 35 mm Vertical Camera 2 20% of Observation 
Liquid Water Content Johnson Williams Hot-wire 2 15%. 

TABLE 11. SUMNARY OF SATELLITES USED TO STUDY HURRICANE AVA 

Satellite Imagery Tine Microwave Data Use 

1. ATS Visible - , Positioning, Cloud cover 

. 2. WIMBUS-5 Microwave 19.5 G H t  Positioning, Rainfall rate 

x, w . . 

. 3. WOAA-2 Visible - Positioning, Asymmetry - . . 
Infrared . Cloud Cover 

: 4. SxYLM Photography 13.5 GHz Surface Winds 

. . 
5 DPP Visible 

Infrared 

we Rainfall Distributions 

Positioning, Cloud cover, 
Asymmetry 

Cloud Heights - 



TUIS 111. SLIUHARX OF SATELLITE ODSERV&TICNS 

UIIIBPS-5 S193 5193 5193, 5193, ti- Cor- Xnci- 
r- 19.5 GHX Tm - 9~ %J ~ I M  va0 i -  ree dence 

m t h  t i o n  Angle 
Tim (OK) (aua/hr) (OK) ('10 (db) (db) (ktrl  (Deg.) (-9.) (db) (Dcg.) 



FIGURE 1. NOAA RESEARCH FLIGHT FACILITY C130 AIRCRAFT SHOWING 1.4 GHZ 
PASSIVE RADIOMETER IN TXE VERTICAL INCIDENCE FLIGHT POSITION. 

- . - .  . - .  .. . * -- . . . , -. . - . . - - . . - . 



?IGURE 2. NOAA-2 VISIBLE REGION VIEW OF 
PACIFIC HURRICANE AVA ON 6 JUNE 1973- 
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TIGORE 3. PLIGHT TRACK OF NOAR C130 AND ISOLINES OF 150  M 
WIND SPEEDS IN REAR QUADWITS OF PACIFIC HURRICANE AVA. 
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PIGURE 4. LASER &~SUR!ZMENTS OF SURFACE WAVE CONDITIONS NEAR THE CENTER OF PaXFIC 
lWlUUCANE AVA. F l i g h t  level  w i n d s  a v e r a g e d  for 1 minute w e r e  65 kt.. . . 
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?IGORt 5. HURRICANE AVA W A n  SPECTEU COMPARED TO OTHER 
8 P e R A  OF SIHILILR ENERGY CONTENT AND WIND SPEEDS. 
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?I GORE 6. RADIAL PROFILE OF WIND SPEEC AND S I G W r  : L'NT 
WAVE HEIGHT FOR PACIFIC HURRICANE AVA. 



INCIDENCE ANGLE 
FIGURE 7 .  L-BRND VERTICALLY PCLARIZED BRIGHTNESS TEMPERATURES 

FOR HURRICAXE AVA AND LOW WIND CONDITIONS OF 11 JUNE. 
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FIGURE 8. TWO-D1ME:ISIONAL FOURIER ANALYSIS OF COHERENT RADAR IMAGERY AND 
VERTICAL PHOTOGRAPHY OF HURRICA?iE AVF. GENERATED WAVES COXPARED . 

TO A COAWOSITE OF LASER WAVE MEASUREMENTS AT 1 3 O ~ ,  106% 
AND FOR A FULLY DEVELOPED 11 M/S WIND SPEED. 



PIGORE 9. COMPOSITE VIEW OF PACIFIC HURRICANE AVA SHOWING 
PROXZMITY OF TEE SKYLAB SUBORBITAL TRACK. 
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