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Abst rac t  

During the p a s t  seyeral y e a r s ,  many radars   have 
obse rved   t he -d i s t inc t  and i n t e r e s t i n g   f e a t u r e s   a s s o c i -  
a t ed   w i th   t he  Gulf  Stream  and i t s  boundaries. Some of  
these  Gulf Stream rada r   f ea tu re s   have  small s c a l e ,  I 

with   d imens ions   comparable   to   and   s l igh t ly   g rea te r  
than   long   grav i ty   waves .   Other   fea tures   a re   l a rger ,  
with  dimensions much g rea t e r   t han   t he   l eng th  of  long 
g r a v i t y  waves. This s tudy   descr ibes   radar   c ross  
s e c t i o n   v a r i a t i o n s   w i t h i n   t h e   G u l f  Stream and j u s t  
ou t s ide ,   s een   w i th  a "scatterometer"  type  measurement. 

The s i g n i f i c a n t   f e a t u r e s   o f   t h i s   r a d a r   c r o s s  
s e c t i o n   d a t a  were t h a t   t h e  Gulf  Stream  always  had a 
h i g h e r   c r o s s   s e c t i o n   p e r   u n i t  area ( i n t e r p r e t e d  here 
as a grea te r   roughness)   than   the  water on the   cont i -  
n e n t a l   s h e l f .  A l so ,  a s t e e p   g r a d i e n t   i n   c r o s s   s e c t i o n  
was o f t e n   s e e n  a t  the  expected  locat ion  of   the  western 
boundary.  There  were  also  loriger  scale (10 t o  20 km) 
g r a d u a l   f l u c t u a t i o n s   w i t h i n   t h e  stream o f   s i g n i f i c a n t  
magnitu,de. These  roughness   var ia t ions are c o r r e l a t e d  
w i t h  t h e   s u r f a c e   s h e a r  stress t h a t   t h e   l o c a l  wind 
imposes  on t h e  sea. Us ing   t he   ava i l ab le   su r f ace   t ru th  
information  regarding  the  wind  speed  and  direct ion,   an 
assumed  Gulf   Stream  veloci ty   prof i le ,   and  high  resolu-  
t ion   ocean   sur face   t empera ture   da ta   ob ta ined  by t h e  
Very  High  Resolution  Radiometer  onboard a NOM-NESS 
p o l a r - o r b i t i n g  s a t e l l i t e  (data  provided by Dr. Richard 
Legeckis  of XOAA-NESS), th i s   s tudy   demonst ra tes   tha t  
the computed s u r f a c e  stress v a r i a t i o n   b e a r s  a s t r i k i n g  
resemblence  to   the  measured  radar   cross-sect ion 
v a r i a t i o n s .  

1. In t roduct ion  

The western  boundary  of  the  Gulf  Stream  has  the 
unusual   p roper ty   o f   genera t ing   s t rong   fea tures   (bo th  
small, and   l a rge   s ca l e )   i n   r ada r   images .  An imaging 
r a d a r   d e t e c t i o n  of t h e  Gulf Stream i n  1972 was repor ted  
by  Moskowitz [l]. These showed l a r g e   s p a t i a l   s c a l e  
and  small-scale   (narrow  f i laments)   cross-sect ion 
v a r i a t i o n s   t h a t  are independent  of  the wave imaging 
c h a r a c t e r i s t i c s .  Also,  r a d a r   a l t i m e t r y   ( a t   1 3 . 9  GHz) 
from a i r c r a f t  and  observat ions  f rom  the GEOS-3 and 
Skylab   spacecraf t   have   revea led   def in i te   d i f fe rences  
in   t he   r ada r   c ros s   s ec t ion   be tween   t he  Gulf  Stream  and 
the   con t inen ta l   she l f .   Pub l i shed   da t a   and   quan t i t a t ive  
ana lys i s   o f   these   observa t ions  are ve ry   l imi t ed  [ Z ] .  

The Marineland Test [3 ] ,   conduc ted   du r ing   t he   f i r s t  
ha l f   o f  December 1975,  provided new d a t a  on these  
Gulf Stream r a d a r   f e a t u r e s .   I n   p a r t i c u l a r , t h i s  test 
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employed the J P L  and ERIM a i r b o r n e   s y n t h e t i c   a p e r t u r e  
imaging  radars (SAR) and seve ra l   su r f ace   i n s t rumen t s .  
A l l  f i v k   f l i g h t s  of the JPL L-Band obse rved   s ign i f i can t  
v a r i a t i o n s   a n d   o s c i l l a t i o n s  of t h e   s u r f a c e   r a d a r   c r o s s  
s e c t i o n  as de tec ted  by a "scatterometer"  measurement 
mode. This sca t te rometer  mode of  measurement  led  to 
some unant ic ipated  observat ions:  the Gulf  Stream  often 
has  a s ign i f i can t ly   h ighe r   r ada r   c ros s - sec t ion   (pe r  
un i t   a r ea )   t han   t he  water on the c o n t i n e n t a l   s h e l f  
between  shore  and  the  cont inental   s lope.  These d i f f e r -  
ences are o f t e n  accompanied  by  large-scale  (spatial)  
var ia t ions   near   the   boundary .   This   repor t  w i l l  concen- 
t r a t e  on these v a r i a t i o n s .  The p r i m a r y   d a t a   f o r   t h i s  
e f f e c t  i s  t h e   s t r i p   c h a r t   r e c o r d   o f   t h e   r e c e i v e d  power 
h i s t o r y   t h a t  was kept  continuously  on a s e l e c t e d   f l i g h t  
l i n e .  Comparisons w i l l  o f t e n   b e  made be tween   t he   s t r i p  
char t   recording  and  the  features   observed  s imultaneously 
i n  the SAR images.   Also,   infrared sa te l l i t e  photographs 
(obtained  by  the  very  high  resolut ion  radiometer   on  the 
NOM-NESS s a t e l l i t e ) ,   o p t i c a l   p h o t o s   t a k e n  from t h e  
CV-990, and  other   sources   of   re la ted  information  have 
been  examined  whenever  available. 

1 2 

Much of   the   in te rpre ta t ion   o f   our   da ta  i s  based  on 
the  concept  of  a Bragg scat ter ing,   where  radar   echo 
s t r e n g t h  i s  determined by t h e  number of  ocean  waves 
w h i c h   h a v e   c r e s t s   a l i g n e d   w i t h   r a d a r ' s   l i n e   o f   s i g h t  
and  have  crest-to-crest  spacing  which i s  equa l   t o  
one-half   of  the  peak-to-peak  spacing  of  the  electro- 
magnet ic   rad ia t ion  141.  Thus, t h e  L-band r a d a r   w i t h  25- 
cm wavelength  basical ly   observes  the popula t ion  of 
ocean waves which  have  wavelengths  of [12.5 cm/sin 
(angle   o f   inc idence) ]   and   have   d i rec t ions   d i rec t ly  
toward o r  away from t h e   a i r c r a f t .   F o r   s i m p l i c i t y ,  the 
ocean  waves  with  these  wavelehgths  and  directions w i l l  
b e   c a l l e d   t h e  "Bragg waves. 

The Bragg surface  wavelength i s  ac tua l ly   one   va lue  
i n  a continuous  spectrum  of the randomly  rough  surface. 
The s t r e n g t h   ( r a d a r   c r o s s   s e c t i o n   p e r   u n i t   a r e a )  of  t h e  
s igna l   backsca t t e red  by a small patch  of  the  ocean  (say 
a r e s o l u t i o n   c e l l   o f   t h e  SAR) w i l l  b e   p r o p o r t i o n a l  
t o   t h e   l o c a l  number o f   s h o r t   g r a v i t y  waves  of t h e  
proper   l ength   and   d i rec t iona l   a l ignnlen t ,   and   the i r  
maximum h e i g h t s .  The modulation  of  these  shorter  waves 
by   t he   l a rge   g rav i ty  waves i s  t h e   b a s i s   f o r   t h e  
sca t t e r ing   d i f f e rences   obse rved  as waves i n  a 
r a d a r  image. I n   t h e   s c a t t e r o m e t e r  mode descr ibed  
below,  only the t o t a l   c r o s s   s e c t i o n   i n t e g r a t e d   a c r o s s  
the   l a rge   i l l umina ted   a r ea   ( s ee   F ig .  2) is being 
observed ,   a t   any   ins tan t .   This   p rovides   an   observa t ion  
of the   average   "dens i ty"   o f  Bragg  wavelengths  and i s  
i n t e r p r e t e d  as the  degree  of  roughness  of  the 
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i l lumina ted  area. The phys ica l   quan t i ty  that c o n t r o l s  
these populations  of  Bragg  waves is the wind stress. 

The scatterometer  measurements were a l s o  
compared wi th   t he   syn the t i c   ape r tu re   r ada r   images .  
The r e l a t ionsh ip   be tween   t he   e f f ec t s   s een  on t h e  
s t r i p   c h a r t   a n d   t h e  image is genera l ly  complex. 
There are l a rge   d i f f e rences   be tween   t he   spa t i a l  
sca les   o f   c ross -sec t ion   var ia t ions   observed   wi th  
t h e s e  two techniques. The s t r ip  c h a r t  measurement 
method is more s e n s i t i v e   t o   c h a n g e s   i n   c r o s s - s e c t i o n  
magnitude as smal l  as a few t e n t h s  of a dB, whereas 
the r a d a r  image   g ives   very   p rec ise   loca t ion ,   a l ign-  
men t ,   and   f i ne r   spa t i a l   s i ze . in fo rma t ion .   A l so ,   t he  
s e p a r a t e   f l i g h t s  w i l l  be   analyzed  separately  because 
o f   t he   d i f f e ren t   cha rac t e r   o f   t he   obse rved   e f f ec t s   and  
because   o f   t he   ava i l ab i l i t y   o r   l ack  of t h e   i n f r a r e d  
s a t e l l i t e  da ta .  

Observed  radar   cross   sect ions  were  found  to   be 
co r re l a t ed   w i th   an   e s t ima ted   su r f ace  stress. Surface  
stress estimates accounted   for   sur face   winds ,   d i f fe r -  
en t ia l   modula t ion   of  the s u r f a c e  wind by the  Gulf 
Stream, and air-sea t empera tu re   d i f f e rences .   Su r face  
winds were measured by sur face   ins t ruments  a t  t h e  , 

Marineland Test si tes,  and w e  assumed t h a t   t h e s e  were 
uniform  everywhere i n   t h e  t es t  area. The Gulf S t r eam 
s u r f a c e   v e l o c i t y  was modelled,  with a p r o f i l e   p u b l i s h e d  
earlier by Von Arx [ 5 ] .  Sea  temperatures were es t imated  
from VHRR (Very High Resolution  Radiometer)  data 
provided  by D r .  Richard  Legeckis  of NOM-NESS. A i r  
temperatures  were given  by  the  surface  instruments .  
The sea temperatures  given by t h e  VHRR provided 
a s u b s t a n t i a l  improvement  over sea temperatures 
e s t ima ted   i n   ou r  earlier r e p o r t  [ 6 ] .  

These  es t imated  surface stresses were compared 
w i t h   t h e   r a d a r   b a c k s c a t t e r   d a t a   f o r  December 4 and 15,  
1975  (other  days  weren' t   studied,  since  the  Marineland 
Test area was under   c louds ,   p revent ing   the   acquis i -  
t i o n  of surface  temperature  information).   These 
r e s u l t s  show t h a t   b o t h   l a r g e  scale trends  (over a 
range  of 250 km) and h a l l  sca l e   f ea tu re s   (on   t he  
order   o f   t ens   o f   k i lometers )   in   the   radar   da ta   cor -  
re la tes   ex t remely  w e l l  w i th   t he   squa re   roo t  of t h e  
computed s u r f a c e  stress. 

The resu l t s   p resented   here   imply   tha t   the  back- 
sca t te red   radar   c ross   sec t ion   measured  by t h e   r a d a r  i s  
p ropor t iona l   t o   t he   su r f ace  stress which i s  seen   t o   be  
a func t ion  of the   loca l   wind ,   the   sur face   cur ren t ,   and  
the   su r f ace   t empera tu re .   I f   t he   d i s t r ibu t ion   o f  two 
of these   quant i t ies   can   be   measured   or   es t imated ,   then  
t h e   t h i r d   c a n   b e   i n f e r r e d ,   u s i n g   t h e  measurement 
technique   and   in te rpre ta t ion   d i scussed   in   the   fo l lowing .  
Further   evidence  that  sea-air tempera ture   d i f fe rences  
should  be  considered  along  with  the  wind  and  current 
i n t e rac t ion   can   be   found   i n  some recen t   c ros s - sec t ion  
measurements  (from  nadir)   across  the Gulf Stream made 
by t h e  SKYLAB a l t imeter .   This   da ta  shows t h a t  a .  
v a r i e t y  of e f f e c t s  is observable ,   ind ica t ing  a sens i -  
t i v i t y   t o   t h e   m e t e o r o l o g i c a l   c o n d i t i o n s .  The d a t a  
analyzed  by  Parsons  [2]  cannot  be  fully  explained by 
j u s t   c o n s i d e r i n g   t h e  wind v e c t o r  and t h e   l o c a l   c u r r e n t  
information.   This   implies   that   surface  temperature  
inf luences  the  surface  roughness .  

2 .  Instruments   and  Fl ight   Pat terns  

Imaging  Radar 

The r ada r   da t a   p re sen ted   he re  was o b t a i n e d   i n  
f i v e   f l i g h t s   o f   t h e  J P L  L-Band imaging  radar  onboard 

the NASA Cv-990.3 The d a t a  is bas i ca l ly   s ca t t e romet ry ,  
w h e r e  r a d a r   e c h o   s t r e n g t h   i n  terms of a b a c k s c a t t e r  
r a d a r   c r o s s   s e c t i o n   p e r   u n i t  area o f   t he   su r f ace  is 
measured. The v a r i a t i o n s  of radar  echo are monitored 
along a g r o u n d   t r a c k   p a r a l l e l   t o   t h e   a i r c r a f t ' s   l i n e   o f  
f l i gh t .   A l so ,   r ada r   echo   s t r eng ths  are provided by two 
d i f fe ren t   bu t   s imul taneous  modes. The normal  imaging 
mode records  the f u l l   s i g n a l   i n f o r m a t i o n  on a s i g n a l  
f i lm   r eco rde r  o n   b o a r d   t h e   a i r c r a f t .   A f t e r   t h e   f l i g h t ,  
these s i g n a l   f i l m s  are converted  to   high-resolut ion 
images ,   us ing   an   op t ica l   cor re la tor .  The "scat terometer"  
mode s imply   records   to ta l   rece ived  power r e t u r n i n g  from 
a n   a r e a  whose s p a t i a l   w i d t h  is determined  by  the 
azimuthal  beamwidth  of the  antenna  (usual ly  4.0 km) 
b u t  whose  range  spread  depends  on  the  transmitted  pulse 
width  (usually  0.55 km). The incidence  angle  can  be 
a d j u s t e d   w i t h   t h e   s e t t i n g  of a range  gate.  The echo 
s t rength  recorded  on a s t r i p   c h a r t  is real time on 
b o a r d   t h e   a i r c r a f t .  

An overview  of  the JPL imaging  radar,  emphasizing 
both  modes of   scat terometry,  i s  shown i n   F i g u r e  1. 
Parameters a r e   g i v e n   i n   T a b l e  1. Echoes  from the 
s u r f a c e  are r e c e i v e d   a n d   s p l i t   i n t o  two n e a r l y   i d e n t i c a l  
r ece ive r   cha ins  and  recorded  on a s i g n a l   f i l m   v i a   t h e  
op t i ca l   r eco rde r .   These   s igna l   f i lms  were developed, 
and   p rocessed   i n   an   op t i ca l   co r re l a to r   t o   p rov ide   t he  
high-resolution  images which can  then  be.scanned by t h e  
dens i tometer   to   p rovide   f ine-sca le   sca t te rometry .  
Coarse-scale   scat terometry was provided  by a chain  of 
electronics  which  sampled  the  echo a t  a s p e c i f i e d  
de l ay ,   i n t eg ra t ed  the vol tage,   and  then  recorded  the 
r e s u l t   o n  a s t r ip   cha r t .   Th i s   p rov ided  a continuous 
r e c o r d   o f   t h e   r e l a t i v e   c h a n g e s   i n   t h e   t o t a l   r e c e i v e d  
power from t h i s   p a r t i c u l a r   i n c i d e n c e   a n g l e .  

The geomet ry   o f   t he   foo tp r in t   fo r   s t r i p   cha r t  
recordings is shown i n   F i g .  2. The JPL L-Band r a d a r  
has a l a r g e  beamwidth  antenna (18 deg)  which  illuminated 
an area on t h e   r i g h t   s i d e   o f  the a i r c r a f t .  This az i -  
muthal  beamwidth i s  al igned  perpendicular   to  the a i r c r a f t  
fuse lage .  The e l e v a t i o n  beamwidth  of 90 deg i s  centered 
45 deg  above t h e   v e r t i c a l .  A much smaller por t ion   of  
t h i s   an t enna   foo tp r in t  is observed by t ransmft t ing  
shor t   pu lses   and   sampl ing   the i r   echoes   a t  a f ixed  time 
beyond nadi r .   Typlca l   parameters   for   the   sca t te rometer  
f o o t p r i n t  are g iven   i n   Tab le  2. 

F l i g h t  Lines 

Radar  observations  of the Gulf  Stream were obtained 
o n - f i v e   f l i g h t s   i n  December 1975, when t h e  NASA CV-990 
opera ted   ou t   o f   Pa t r ick  AFB i n   s u p p o r t   o f   t h e  Marine- 
land Test. An overv iew  of   these   f l igh ts  i s  given 
by Thompson [ 7 ] .  The p o s i t i o n s  of some o f   t hese   f l i gh t  
l i n e s   w i t h   r e s p e c t   t o  the Gulf  Stream are shown i n  
Fig. 3. 

The western  boundary  of the Gulf  Stream i n   t h e  
v i c i n i t y  of S t a t i o n  111 was observed  often.  The f i r s t  
l eg   o f  the Eight-Sided  Pattern,  was extended  out  to 
sea, s t a r t e d  a t  the midpoint  of the Gulf  Stream  and  ran 
i n  toward  shore. A l l  f ive  legs   of   the   Five-Sided 
P a t t e r n  a t  S t a t i o n  I11 were centered on a p o s i t i o n   o f  
29" 57'N and 80" 17'W a t  a nominal   locat ion  of   the 
western  boundary. The Gulf S t r e a m  T r a n s i t   s t a r t e d  east 
of t h e  Stream, r an   ac ross  i t ,  p a s t   S t a t i o n  111, and 
i n t o   s h o r e   n e a r   S t a t i o n  I. The dep th   p ro f i l e   o f  the 
ocean   jus t   under  the f l i g h t   p a t h  i s  shown i n  
F igure  4 [14]. 

S a t e l l i t e  Radiometer 

As  mentioned  above,  an  important  addition  to  our 
da t a   base  was the  sea-surface  temperature   provided by 

3The Galilee 11, a four  j e t  f ly ing   labora tory   opera ted  by t h e  Medium Altitude  Mission  Branch, "3. Ames Research 
Center. 
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TABLE 1. OPERATING  PARAMETERS  FOR J P L  L-BAND, 
TWT RADAR 

TRANSMITTER . A N T E N N A  
(HORIZONTAL 
POLARIZATION) 

I 1 
1 1 

v 

RF AMPLIFIERS RF AMPLIFIER 

STALO 

v 

1 
RF AMPLIFIERS RF AMPLIFIER 

(&--El4 STALO 
I c-----------. 

AMPLIFIER  AMPLIFIER 

CHANNEL  A  CHANNEL B 

OPTICAL RECORDER 1 1 VOLTMETER 1 R MS 

SIGNAL  F ILM 

OPTICAL 
CORRELATOR 

-11 IMAGE  F ILM 

1 ::Is , I INTEGRATOR 

STRIP  CHAkT 
RECORDER 

I RECORDINGS 1 STRIP  CHAkT 

L A  
Fig. 1. JPL L-band Radar  Block  Diagram 

Parameter Value 
~ ~ ~- 

CeAter frequency  1220 MHz 

Wavelength 

Pu l se   l eng th  

Bandwidth 

Time-bandwidth  product 

Peak  power 

Antenna  azimuth  beamwidth 

Antenna  range  beamwidth 

Antenna beam c e n t e r   g a i n  

domina1 a l t i t u d e  

Nominal  ground  speed 

Sweep time 

Sweep l eng th  

Sweep speed 

Range c e l l s  

Nominal p u l s e   r e p e t i t i o n  
frequency 

24.6 cm 

1 .25  us 

10 MHz 

12.5 

4 kW 

18 deg 

90 deg 

12 dB 

3 to  12 km 

400-500 knots  

55 l-ls 

25 mm 

0.44 m d p s  

1667 

800 pps a t  400 knots  
1000 pps  a t  500 knots 

TABLE 2. TYPICAL VALUES  FOR THE STRIP CHART 
SCATTERONETER 

H = a l t i t u d e  

e = angle  of  inc idence  = 20 deg 

R = range = 12.8 km 

'az 

TP 

c /2  = v e l o c i t y   o f   l i g h t 1 2  = 150 m/us  

= azimuth  beamwidth = 18 deg 

= t r a n s m i t t e r   p u l s e   l e n g t h  = 1.25 i.rs 

*az = azimuth  (along-track) 
f o o t p r i n t   l e n g t h  = 4.0 km 

C T / 2   s i n  ( e )  = range  (cross- t rack)   length = 0.55 k m  

Nadir f o o t p r i n t  area = 14 .1  km 

N a d i r   f o o t p r i n t   r a d i u s  = 2 .1  km 

Antenna  gain a t  beam cen te r  (e = 45 deg) = 12.0 dB 

Antenna  gain a t  8 = 20 deg = 10.5  dB 

P 
2 

SAMPLER FOOTPR 
AT NADIR 

Fig.   2 .   Surface  I l luminat ion Geometry  and  Antenna  gain a t  n a d i r  = 7.5 dB 
Parameters 
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t h e  Very  High  Resolution  Radiometer (VHRR) onboard  the 
N O M - 4  satellite. The VHRR has   an   i n s t an taneous   f i e ld  
of  view  of  about 1 km, and  measures   rad ia t ion   in   the  
0.6 - 0.7 um ( v i s i b l e )  and  10.5 - 12.5 pm ( thermal  IF.) 
spec t r a l   bands ,  The 2 3 0 ~ ~ - 4  spacec ra f t   p rov ides  
complete  day  and  night  coverage of the   g lobe   every  24 
hours ,   s ince  i t  is i n  a p o l a r   o r b i t  a t  a n   a l t i t u d e   o f  
about  1500 km. Surface  temperature  images  are con- 
s t r u c t e d  from success ive   scan   l ines ,and   the  VHRR d a t a  
can   be   d i sp layed  as gray  scale   images by u s i n g   s c a l e  
va lues   app ropr i a t e   t o  the measured  radiances. The 
s y s t e m   s e n s i t i v i t y  i s  about  0.5  to 1.0" C when 
viewing  the  ocean  surface,   and  this   represents   the 
minimum tempera tu re   d i f f e ren t i a l   t ha t   caq   be   r e so lved  
f o r  two a d j a c e n t  1 km a reas .   Fo r   l a rge r   a r eas ,  
t empera ture   d i f fe rences  smaller than   t h i s   can  b e  
resolved  by  suppressing some of   the random n o i s e  
e f f e c t s  by  averaging. 

The thermal   data   analyzed  here  was d i g i t i z e d  from 
the  analog  transmissions  and are p r e s e n t e d   i n   t h e  form 
of  quantized sea su r face   t empera tu re   l eve l s   ( s epa ra t ed  
by  approximately l.lo), each level represent ing   the  
tempera ture   wi th in  a 2 km square   ce l l .   This   reso lu-  
t i o n  i s  comparable   to   tha t   o f   the   radar   c ross -sec t ion  
d a t a   f r o m   t h e   s t r i p   c h a r t .  

3.  Radar  Observations  During The December 4 F l i g h t  

As  men t ioned   p rev ious ly ,   t he   f l i gh t s  on December 
4 ,  1975,   p rovided   the   bes t   day   for   cor re la t ion   o f  
e s t ima ted   su r f ace  stress with radar backsca t te r   f rom 
t h e   s t r i p - c h a r t   s c a t t e r o m e t e r .  The sea-temperature 
estimates from  the VHRR were acquired at  13:OO GMT, a t  
four   and   seven   hours   before   the   radar   da ta   and   a t  
02:OO GMT on December 5,  1 9 7 7 ,  a t  four  and  seven  hours 
a f t e r   t h e   r a d a r   d a t a  was acquired.  On th i s   day ,  
t h e  s t r i p  cha r t   r eco rde r  was mon i to r ing   t he   s igna l  
t h a t   a r r i v e d  5 us af te r   the   l ead ing   edge ,   cor respond-  
i n g   t o  a 20-deg inc idence   angle .  

The d i f f e r e n c e s   i n   r a d a r   c r o s s   s e c t i o n   b e t w e e n  
t h e  Gulf S t r e a m  and   the   ad jacent   cont inenta l   she l f  
waters were 1 t o  2 dB. I n   a d d i t i o n ,   t h e r e  were s t r o n g  
o s c i l l a t i o n s   i n   t h e   c r o s s   s e c t i o n   n e a r   t h e   e d g e  of t h e  
stream. These   o sc i l l a t ions   can   be   s een   i n   t he   s t r i p  
cha r t   da t a   r eco rd   (F igs .   5a  and 6a) ,   where  the power 
l e v e l s  are normal ized   such   tha t   un i ty  is t h e  minimum 
backsca t te red  power (or 0 dB) on t h e   c o n t i n e n t a l   s h e l f  
s ide  of   the   boundary.  The o s c i l l a t i o n s   i n   t h e   c r o s s  
sect ion  have  s izes   between 10 and 20 km, which are 
l a r g e r   t h a n   t h e   r e s o l u t i o n   s i z e   i n h e r e n t   i n   t h i s  
technique.   These  f l ight   l ines   took  place  within 
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Fig.  4 .  Ocean Depth  Along  Flight  Path near Gulf 
S t r e a m  Edge, Determined  from a 
Topographic Map [14] 

three hours.  Thus, the cross-section  behavior with 
p o s i t i o n  shows that these 10 t o  20 km f e a t u r e s  are not  
s t a t iona ry   ove r  this  time i n t e r v a l ,   b u t  that the o v e r a l l  
average  higher   cross   sect ion  on the Gulf  Stream i s  st i l l  
ev ident .  A c ross   cor re la t ion   be tween the rada r   c ros s  
sec t ion   and  the computed stress ( squa re   roo t )   va r i a t ions  
(with means  removed)  shows a 0.52 c o r r e l a t i o n   f o r  the 
f i r s t  Gulf  Stream  transit   and 0 .71  f o r  the second. 
Thus, there is  a close  re la t ionship  between  observed 
radar   backsca t te r   and   es t imated   sur face  stress. 

The one-dimensional   nature   of   this   s t r ip   char t   data  
should  be compared with  the  two-dimensional  informa- 

l t i o n   i n   t h e  SAR images.  For  example,  Fig. 7 is t h e  
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Fig.  7 .  Synthetic  Aperture  Radar Image, 
December 4 ,  1975 a t  1 7 : 0 9 : 0 0  GMT 

r a d a r  image   cor responding   to   the   s t r ip   char t   records  
of  Fig.  5. The l i n e a r   f e a t u r e s   i n  the SAR image 
d isp lay   ne ighbor ing   dark   and   br ight   bands   o f   in tens i ty .  
T h e s e   f e a t u r e s   i n   t h e  image l i e  approx ima te ly   pa ra l l e l  
t o   t h e   c u r r e n t   f l o w   d i r e c t i o n   ( n o r t h e r l y   d i r e c t i o n )  
and  to   the  edge  of   the  Stream.  Their   posi t ions  agree 
c lose ly   w i th   pos i t i ons   where   s t rong   changes   i n  
c ros s   s ec t ion   were  seen i n  the s t r i p   c h a r t   r e c o r d .  
Moreover, later images  of t h i s   a r e a  show t h a t   t h e s e  
l i n e a r   f e a t u r e s   m a i n t a i n   t h e i r   t h i n   a p p e a r a n c e   f o r  
the   severa l   hours .  

A study  of a long   record  of t he   r ada r   images   ( t he  
second  Gulf  Stream  transit)  shows similar i s o l a t e d  
f e a t u r e s   i n   t h e   c e n t e r  of the  Stream  (for  example 
a t  78" 22 '  longi tude,   130 k m  from  western  edge). This 
sugges t s   t ha t   t he  phenomenon i s  not   exclusively  asso-  
c i a t ed   w i th   t he   edge  of the S t r eam  o r   t he   con t inen ta l  
s lope .   S imi la r ly ,   on   d i f fe ren t   days ,   o ther   long  
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f l i g h t   p a t h s  w i l l  show mul t ip le   occur rences   o f   these  
e longated   fea tures .  

The f e a t u r e s  a t  the Gulf  Stream  boundary are 
typica l ly   one   k i lometer   wide  - too small to   be   accu-  
r a t e ly   r e so lved  by the  scatterometer  measurement.  Thus, 
the a c t u a l   c r o s s - s e c t i o n   c h a n g e s   i n   t h i s   t h i n   f i l a m e n t  
are most l i ke ly   s t ronge r   t han   t hose   r eco rded  on t h e  
s t r i p   c h a r t .   T h i s   r e c o r d   r e p r e s e n t s   a n   a v e r a g e   o v e r  a 
4.0-km beamwidth. On the   o the r   hand ,   t he   l onge r  scale 
u n d u l a t i o n s   i n   c r o s s   s e c t i o n   s e e n   w i t h   t h e   s c a t t e r o m e t e r  
cannot   be  observed  visual ly   f rom  the SAR image,  although 
they  might   be  detectable   with  image  processing.  

4 .  Radar  Observations  During The December 1 5   F l i g h t  

This  l a s t  f l i gh t   o f   t he   Mar ine land  Test was a l s o  
examined i n   d e t a i l   b e c a u s e   t h e   s t r i p   c h a r t   r e c o r d i n g   o f  
c r o s s   s e c t i o n   h a d   t h e   l a r g e s t  number o f   o s c i l l a t i o n s  
(about 5 )  and showed the l a r g e s t  maximum t o  min imum 
excursion,  2.8 dB f o r  a two-cycle f luc tua t ion   ex tend ing  
over  a 50-km span  (Fig. 8 ) .  Once a g a i n ,   t h e   s t r i p   c h a r t  
recorder  was ope ra t ed   fo r  a 20-deg incidence  angle .  The 
waves over   the   cont inenta l   she l f   d i sp layed  a lower 
ave rage   c ros s   s ec t ion   t han   t he  Gulf  Stream. It was a l s o  
n o t e d   i n   t h e   s t r i p   c h a r t   r e c o r d   t h a t   t h e   v a r i a t i o n s  
extended much c lose r   t o   sho re   t han  had  previously  been 
the   ca se  (up to   wi th in   about  50 km of   shore) .  The 
ex ten t   o f   t he   a r ea   i n   wh ich   t hese   c ros s - sec t ion  varia- 
t i o n s   o c c u r   c a n   a l s o   b e  seen i n   t h e  SAR images.  These 
images  indicate   that   the   incidence  angle   chosen  for   the 
s t r i p   c h a r t  is n o t   c r i t i c a l ,   a n d   t h e  20-deg d a t a   c i t e d  
above is a representa t ive   sample   o f  similar behavior  
over  a wide  range  of  incidence  angles  from  about 10" t o  
50" CFig. 9 ) .  

The second  Gulf   Stream  t ransi t   of   this   day  yielded 
a n  image w i t h  a comparable   dramatic   feature  a t  the  edge.  
The incidence  angle   used  for   the  accompanying  s t r ip  
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photographic   resu l t  would be   cons i s t en t   w i th   t he  
i n t e r n a l  wave  phenomena. 

Another   poss ib i l i ty  i s  the   p resence   o f   s ign i f icant  
amounts  of  small-sized  foreign material o r   d e b r i s  which 
could  be  convected  and  aligned  by  the  current.  However, 
th i s   condi t ion   might   l ead  t o  a r e d u c t i o n   i n   t h e   l o c a l  
su r f ace   t ens ion  and  roughness,  which  would  then  appear 
a s  a d i s t i n c t   d e p r e s s i o n   i n   t h e   r a d a r   c r o s s   s e c t i o n .  
Close  examination o f  one  image  (accompanied  by  quanti- 
t a t i v e   d i g i t a l  image  scanning  to  infer a radar  cross- 
s e c t i o n   p r o f i l e   a c r o s s   t h i s   f e a t u r e )   r e v e a l s   a n   o s c i l -  
la tory  behavior ,   where  the  cross   sect ion  ranged  above 
and  below  the  average  value  on  the  Gulf  Stream. These 
f e a t u r e s  of  the  .data,   along  with  the  absence  of  any 
visible  (photographic)  evidence,   leave  open  the  question 
of  what  type  of phenomena i s  be ing   de tec ted   here .  

Fig.   9.   Synthetic  Aperture Radar Image on 
December 15, 1975 a t  1 6 :  34:OO GNT 

cha r t   r eco rd  was O'deg (nadi r ) .   Ins tead   of   the   s t rong  
o s c i l l a t i o n s   c h a r a c t e r i s t i c   o f   t h e  20" ang le   o f   i nc i -  
dence  observat ions,  a much smoother   his tory is seen. 
The r ada r   obse rva t ions   on ly  show a very   g radual   in -  
c r e a s e   i n   c r o s s   s e c t i o n  as t h e   f l i g h t   t r a c k   p a s s e s  
from the Gulf  Stream t o  the c o n t i n e n t a l   s h e l f ,  amount- 
i ng   t o  a net  change of about 0.5 dB over a d i s t a n c e  of 
about 75 km. This sugges t s   t ha t  the ocean phenomena 
witnessed a t  off-nadir   angles   of   incidence  during the 
earlier pass   with  both  the  imagery  and  the  s t r ip   char t  
record may be   a f f ec t ing   t he   sma l l - sca l e ,  Bragg wave- 
l e n g t h   g r a v i t y  waves  predominantly,  and  not  having much 
of   an   e f fec t   on   the  RMS s l o p e  (which  seems to   be a b i t  
h igher   on   the   S t ream)   tha t   cont ro ls   the   nadi r   radar  
re turn .  

5. Other  Observed  Radar  Cross-Section  Features 

One p u z z l e   i n  these Marineland Test observat ions 
is t h e   n a t u r e  of t h e   t h i n   l i n e a r   f e a t u r e s   t h a t   a r e  
found at   the   edge  of   the  Stream,  and  sometimes  far ther  
east (Fig. 9 ) .  These   fea tures   p robably   have   s t ronger  
cross-sect ion  excursions  than  those  recorded  on  the 
s t r i p  char t .  The SAR images show t h e m  to   have a small 

by the   an tenna ,  s o  t h e i r   s t r e n g t h  would  be  di luted  in  
the a r e a   i n t e g r a t i o n  that  the  antenna  performs when 
the  "scatterometer"  type  of  cross-section  measurements 
are made. 

1 wid th ,   r e l a t ive   t o   t he   w id th   o f   t he  area i l lumina ted  

Their pers is tent   north-south  a l ignment   and 
extremely  narrow  dimensions  rule  out  an  explanation 
based  on  purely  temperature   var ia t ion.  It seems 
u n l i k e l y   t h a t   s t e e p   g r a d i e n t s   a n d   d i f f e r e n c e s   i n  
temperature i n   s u c h  a narrow  region (less than 1 km) 
could   be   l a rge  enough to   produce  the  large  roughness  
d i f f e rence   imp l i ed  by the observed   var ia t ions .  Based 
on a d e t a i l e d   o p t i c a l   s c a n  of t h i s   f e a t u r e   i n  a r a d a r  
image similar t o   F i g .  9 ,  the  temperature  excursion 
would  have  to  be 6OC i n   o r d e r   t o   a c c o u n t   f o r   t h i s  
effect .   Also,   one  would  expect some sharp  temperature  
g r a d i e n t s   t o   b e   a l i g n e d   i n   o t h e r   d i r e c t i o n s .  One 
sugges t ion  i s  t h a t   t h e s e   f e a t u r e s  are r e l a t e d  t o  
i n t e r n a l  waves generated by t h e   t i d a l   c u r r e n t s   b e i n g  
de f l ec t ed   by   t he   con t inen ta l   s lope  (as have  been  seen 
nea r   t he   Sou the rn   Ca l i fo rn ia   coas t ) ,   and   r i s ing   c lose  
to   the   sur face   because  the thermocl ine becomes  more 
sha l low  and   of ten  t i l t s  upward i n   t h i s   r e g i o n   ( F i g .  4 ) .  
This  view is mentioned  because  previous  experimental  
s tud ie s   have   demons t r a t ed   t he   de t ec t ab i l i t y  of i n t e r -  
nal   waves,   due  to   the manner i n  which t h e i r   c u r r e n t s  
a f f e c t   t h e  small-scale roughness [ 8 ] .  Except  for the 
December 14 f l i gh t ,   boundar i e s   t aken  from the CV-990 
were frequent ly   obscured by cloud  coverage. None 
of  surface  photographs showed any d i s t i n c t i v e   o p t i c a l  
f e a t u r e   o r   f o r e i g n   m a t e r i a l  a t  this l o c a t i o n   t h a t  
might  explain the radar   observa t ions .  This nega t ive  
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6 .  I n t e r p r e t a t i o n s  Based  on Sur face   S t r e s s  

The var ie ty   o f   observed   c ross -sec t ion   e f fec ts  
sugges t s   t ha t   s eve ra l   ocean  phenomena may be  responsible  
f o r   t h e   f e a t u r e s   s e e n  on   t he   s t r i p   cha r t   r eco rd  and  the 
SAR images. I t  m u s t  b e   k e p t   i n  mind tha t   t he  modu- 
l a t i o n  of  radar  echo is cont ro l led   p r imar i ly  by t h e  
surface  roughness ,  so tha t   on ly   t hose   quan t i t i e s   t ha t  
might  influence  this  roughness m u s t  be  examined.  For 
example,  the wave-wave in te rac t ions   be tween  long   grav i ty  
and   sho r t   g rav i ty  (and c a p i l l a r y )  waves w i l l  produce 
e f f e c t s   w i t h  smaller s p a t i a l   s c a l e s   t h a n   a r e   o f   i n t e r e s t  
i n   t h i s   a n a l y s i s .  The c r i t i c a l   c o n t r o l   o f   t h i s   s u r f a c e  
roughness is the  shear   f low  of   winds  c lose  to   the  sur-  
f ace ,   t o  which  the  small  Bragg-wavelength  ocean waves 
are t ight ly   coupled.   This  wind stress i s  known to   be  
inf luenced by t h e  mean wind severa l   meters   above   the  
s u r f a c e ,  any water c u r r e n t  a t  the   su r f ace ,  and the 
air-sea tempera ture   d i f fe rence   (espec ia l ly   under   s tab le  
condi t ions) .   Aspects   such  as   fe tch  and  t ime  scale   for  
growth of  waves o f   t h i s   s i z e  are be l ieved   to   p lay  a 
minor   ro le   in   these   c ross -sec t ion   measurements   due   to  
the time and   spa t i a l   ave rag ing   i nhe ren t  i n  t h i s  method. 
The d iscuss ion   tha t   fo l lows  w i l l  a t t e m p t   t o   r e l a t e   t h e s e  
q u a n t i t i e s   t o   t h e   o b s e r v e d   r e s u l t s ,   u s i n g  known s u r f a c e  
condi t ions  and  plausible   ocean phenomena i n   t h i s   r e g i o n .  

The general   quest ion  of  why t h e  Gulf S t r eam i s  
always  rougher   than  the  water   of   the   cont inental   shelf  
water   should  be  addressed  in  terms of   the  two most 
s i g n i f i c a n t   c h a r a c t e r i s t i c s   o f   t h i s  body: (1) it has a 
s i g n i f i c a n t   c u r r e n t   d i s t r i b u t e d   o v e r  a wide a r e a   t h a t  
flows i n  a well-defined  direction,  and (2) i t s  temper- 
a t u r e  i s  h igher   than   the   water  on the c o n t i n e n t a l  shelf 
and i s  of ten  higher   than  the  overlying  a tmosphere.  

The d a t a  shows that   neglect ing  temperature  and 
account ing   on ly   for   the   cur ren t   magni tude   and   d i rec t ion  
r e l a t i v e   t o   t h e   p r e v a i l i n g  wind w i l l  no t   exp la in   t he  
observed  cross-section  changes.   If   the  wind  had a 
s t r o n g  component a n t i p a r a l l e l   t o   t h e   c u r r e n t ,   t h e  
f r i c t i o n   v e l o c i t y  (and the   r ada r   c ros s   s ec t ion )  on t h e  
Gulf  Stream  would  be  greater  than i t  is on the s t a t i o n -  
a r y   s h e l f  water. A l t e r n a t i v e l y ,   f o r  a wind  component 
p a r a l l e l  t o  t h e   c u r r e n t ,   t h e   f r i c t i o n   v e l o c i t y   o n   t h e  
Stream would  be  lower  than  on  the  shelf ,   implying  that  
the shelf   should  have a l a r g e r   c r o s s   s e c t i o n .  Examina- 
t i o n  of t h e   d a t a  shows t h a t  the shelf   never  had a 
g rea t e r   c ros s   s ec t ion   t han  the Gulf  Stream. No changes 
i n   c r o s s   s e c t i o n   c a n   b e   c o r r e l a t e d   s o l e l y  with wind 
d i r ec t ion   changes   fo r   t he   f i ve   days   desc r ibed  above. 
For  example, on  December 4 ,  the  winds were from t h e  
n o r t h e a s t ,  and  on December 15  they were from the  south- 
east, b u t   l a r g e r   c r o s s   s e c t i o n s  on t h e  Stream a r e  
c l e a r l y   e v i d e n t   i n   t h e   d a t a   f o r   b o t h   d a y s  CTable 3). 
The conclusion here is tha t   wh i l e   t he   cu r ren t   ve loc i ty  
may inf luence  the  re la t ive  roughness   between  the  Gulf  
S t r eam and t h e   s h e l f ,  i t  cannot  be  assigned  the  dominant 
r o l e .  
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TA3LE 3. SURFACE INFORMATION AND T M E S  OF OBSERVATION 

Sea Temperature 
T i m e  Xind  Speed, Wind Direc t ion ,  Air Temperature, i n  Gulf Stream, 

Date (GhiT) S t a t i o n  m/ s deg O C  O C  

Dec. 4 17:OO:OO I11 3 060 23.8 25.2 

Dec. 4 20 : 00: 00 111 4 080 25.3 25.2 

Dec. 15 17:OO:OO I 5 150 - - 

It seems f r u i t f u l   t o   c o n s i d e r  the s t a t e  of 
‘knowledge of the  dependence  of  wind stress on t h e  
air-sea t empera tu re   d i f f e rence  [ 9 ] .  The emphasis i n  
t h e   l i t e r a t u r e  on this s u b j e c t  i s  on the   s tudy  of 
the  growth  of   wind  waves  ( large  gravi ty)   over   large 
f e t ches ,   fo r   l ong   pe r iods .  The ava i lab le   ev idence  
points   conclusively  to   the  importance  of   a tmospheric  
s t a b i l i t y ,   w h i c h  depends  on t h e   v e r t i c a l   t e m p e r a t u r e  
gradient.   Comprehensive  f ield  measurements  indicate 
t h a t  when a l l   o t h e r   q u a n t i t i e s  are equal ,  a sea 
tempera ture   l a rger   than   the  a i r  temperature   (unstable  
condi t ions)   causes   the   he ights   o f  waves genera ted   to  
be g r e a t e r ,   d u e   t o   t h e   h i g h e r   d r a g   c o e f f i c i e n t   o f   t h e  
s u r f a c e .  

S tud ie s   o f   expe r imen ta l   da t a   ca r r i ed   ou t  by 
F leagle  [ 9  ] lead  him  to   conclude  that  the i n c r e a s e   i n  
wave he ight   due   to   an   a i r - sea   t empera ture   d i f fe rence  
(uns tab le)  i s  a t  the rate of 10% of the h e i g h t  
per   degree  cent igrade.   Examinat ion  of   our   avai lable  
sur face- tempera ture   in format ion   ind ica tes   tha t   the  
sea temperature  w a s  never  less t h e n   t h e   l o c a l  a i r  
(measured  f rom  the  ship  a t   Stat ion  111) .  On days 
such as December 4 and 6,  modera t e   d i f f e rences   i n  
tempera ture   a re   ev ident   (about  I t o  2 deg ) ,   cons i s t en t  
w i th   t he   obse rva t ion   o f   l a rge r   c ros s   s ec t ions  on t h e  
Stream . 

It should  be  emphasized  that  a nonneutral  
temperature   condi t ion  a lone  cannot   explain the 
c ross - sec t ion   va r i a t ions ,   s ince  a cons tan t   sea-sur face  
temperature   would  yield  the same c r o s s   s e c t i o n  
everywhere. I f  wind stress i s  t h e   c o n t r o l l i n g   f a c t o r ,  
then i t  must  be  the  temperature  differences  between 
the Gulf   S t ream  and   the   she l f   tha t   account   for  the 
c ross - sec t ion   d i f f e rences .   S ince   su r f ace   t empera tu re  
v a r i a t i o n s  can b e   i n f e r r e d  from the sa te l l i t e  obser- 
v a t i o n s ,  some q u a n t i t a t i v e   e s t i m a t e s   o f   t h e   v a r i a t i o n s  
of the d rag   ( shea r   s t r e s s )   coe f f i c i en t s ,   and  the 
t a n g e n t i a l  stress of t h e  wind  on t h e  sea due  to  
t h e r m a l   s t r a t i f i c a t i o n   c a n   b e  made. Besides   the 
t empera tu re   va r i a t ions ,  the v a r i a t i o n   i n   t h e   r e s u l t a n t  
v e l o c i t y  between t h e  mean wind  and l o c a l  Gulf Stream 
c u r r e n t  w i l l  a l s o   b e   c o n s i d e r e d   i n   t h e   s u r f a c e  stress 
ca l cu la t ion .   These   changes   i n  wind stress can  then 
be  compared w i t h   t h e   r a d a r   d a t a .  

It i s  cus tomary   to   express   the   sur face   d rag  
TO of  the  wind a t  t h e   s u r f a c e   i n  terms of   the mean 
wind  speed a t  a chosen   r e fe rence   he igh t  (10 m w i l l  b e  
used in   t he   fo l lowing) .   Th i s ,   t hen ,   de f ines  the drag 
c o e f f i c i e n t  [lo], Cl0: 

T~ = (air dens i ty)  x Cl0 x 10 

Cl0 = (U*/Gl0) 
2 

Ul0 = mean wind  speed a t  10  m above   the   sur face  

U* = f r i c t i o n   v e l o c i t y  

For a f ixed  E~o, any  change i n  the v e r t i c a l  wind p r o f i l e  
caused   by   t empera tu re   s t r a t i f i ca t ion  w i l l  a l t e r  C ~ O .  
From these equat ions ,  i t  i s  e v i d e n t   t h a t  a change i n  
C10 will a l so   change   t he   su r f ace  stress. Most d a t a  on 
C t o  a v a i l a b l e   i n  the l i t e r a t u r e  i s  for   neut ra l   condi -  
t ions .   Approximate   methods   to   t ake   ver t ica l   g rad ien ts  
of  temperature  into  account  have  been  developed [ll] 
and  supported  by  experimental   results.  

This  approximate  theoretical   development w i l l  be  
appl ied   here   to   es t imate   the   magni tude   o f  the e f f e c t s  
that were l ike ly   to   occur   dur ing   these   Mar ine land  Test 
f l i g h t s .   S i n c e   r e l a t i v e   c h a n g e s   i n  wind stress are of 
i n t e r e s t  (on  and  off the Gulf  Stream)  only the r a t i o   o f  
C1o a t  the  measured a i r  and sea t e m p e r a t u r e s   r e l a t i v e  
t o   t h e   v a l u e   f o r  a uniform  temperature   prof i le   need  be 
calculated.   For  the neut ra l   condi t ion ,   (C~O) ,   depends  
primarily  on  the  dynamic  roughness,  zo,  [lo]. 

For a s l i g h t l y   s t r a t i f i e d   c o n d i t i o n , t h e   a p p r o x i m a t e  
s imi l a r i t y   t heo ry   so lu t ion   fo r   t he   hea t   f l ux   advanced  
by Monin and Obukhov [lo] y i e l d s  

A f t e r  some manipula t ion   and   inser t ion   o f   the   va lues   for  
t he   cons t an t s  a, k, and y found i n  [ l o ]  and [ l l ] ,   t h e  
d e s i r e d   r a t i o  is expressed as: 

where 

A€! = t h e  a i r  temperature  minus the sea temper- 
a t u r e ,  O C  

- 
Ul0 = wind  speed a t  10 m above   t he   su r f ace ,   i n  

m/ s 

It is r e a d i l y   s e e n   t h a t   f o r  a warmer sea A€! < 0 
and C ~ O  > ( C ~ O ) ~ .  Also, the e f f e c t  becomes  weaker f o r  a 
higher  wind  condition, where t h e   i n s t a b i l i t y   d u e , t o  
t h e r m a l   s t r a t i f i c a t i o n  becomes  subordinate  to the 
dynamic  turbulence. 
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A more s o p h i s t i c a t e d  and c r i t i c a l   a p p r a i s a l  of the 
s t a t e  o f  knowledge o f  the f a c t o r s  that a f f e c t  the 
d r a g   c o e f f i c i e n t   c a n  he found i n  a r epor t   on  the 
marine boundary  layer by Cardone 1121. 

1. Sur face   S t r e s s   Imp l i ca t ions   fo r  0 4  December,  1975 

The pr ime  data  set f o r  these s u r f a c e   s t r e s s l r a d a r  
backscat ter   comparisons i s  04 December 1976,   s ince   there  
are VHRR thermal   images   before   and   a f te r  two independent 
r a d a r   o b s e r v a t i o n s .   I n   p a r t i c u l a r ,  the VHRR d a t a  was 
obtained a t  1300 GMT on December 4 ,  and 0200 GMT on 
December 5,  and the r a d a r   d a t a  was obtained  on "Gulf 
S t ream  t rans i t s"  a t  1700 GMT and 2000 GMT on this day. 

This thermal d a t a  i s  i n  the form  of  quantized sea- 
surface  temperature   levels   (separated by approximately 
l . l " C ) ,  e a c h   l e v e l   r e p r e s e n t i n g  the tempera ture   wi th in  
a 2-km squa re   ce l l .   Th i s   r e so lu t ion  is comparable  to 
that of the radar   c ross -sec t ion   da ta .   F igure   10  shows 
t h e  two d imens iona l   su r f ace - t empera tu re   d i s t r ibu t ion   a t  
1300 GMT, where the l ines   represent   boundar ies   be tween 
the quant ized  temperature  areas. The s u r f a c e   l a t i t u d e  
and  longitude  coordinates are superimposed on this 
informat ion   to   permi t   the   cons t ruc t ion   of  a temperature 
p r o f i l e   a l o n g   t h e  same ground  path  t raversed by the 
radar   for   compar ison   wi th  the rada r   c ros s - sec t ion   va r i -  
a t i o n s ,   a n d   f o r   i n c l u s i o n   i n  a stress p r o f i l e   c a l c u l a -  
t i o n .   T h i s   p r o f i l e  is s e e n   i n   F i g u r e  11. Three   in te r -  
e s t i n g   p r o p e r t i e s   a r e   e v i d e n t :  

(1) The temperature   difference  between the Gulf 
Stream  and  the  shelf  water i s  s u b s t a n t i a l ,  
t y p i c a l l y  4"C, with some small areas being 
S 0 C  warmer than the s h e l f .  The temperature 
g r a d i e n t s   i n   t h e   s h e l f  waters are by  no 
means i n   t h e  same d i r e c t i o n ,   a l t h o u g h  the 
average  behavior  i s  f o r  the temperature  
to   dec rease  as one   ge t s   c lo se r   t o   sho re .  The 
s u b s t a n t i a l   i r r e g u l a r i t i e s   o f  the boundaries  
that sepa ra t e   t he  areas of  uniform  tempera- 
t u r e  are s e e n   i n   F i g u r e  2 4 .  

23.2" 

Fig. LO. Isotherms  Inferred  from  Quantized  Infrared 
Imagery December 4,  1975,  1300 GMT - 
Rev. No. 4807 

Z k m t  -12km 
RESOLUTION I RESOLUTION 

25 

nn 

20 

SHELF- 1 -GULF  STREAM 
lL 

320 260 240 200 160 120 80  40 0 

*-TOWARDS SHORE 
DISTANCE km 

Fig. 11. Temperature   Prof i le  Along  Gulf  Stream 
F l i g h t f P a t h ,  December 4 ,  1975, 
1300 GMT - Rev. No. 4307 

, In   o rde r   t o   r e l a t e   t he   r ada r   c ros s   s ec t ion  a t  t h i s  
microwave  frequency  and  incidence  angle  to  the  wind 
stress a t  the sea sur face ,   th i s   t empera ture   in format ion  
c a n   b e   u t i l i z e d   i n  a t heo re t i ca l   ca l cu la t ion   o f   t he  
stress a l o n g   t h e   l i n e   o f   f l i g h t .  As noted  above,  the 
magnitude  of the d rag   coe f f i c i en t  is q u i t e   s e n s i t i v e  
t o  any thermal s t r a t i f i c a t i o n   i n   t h e   a i r ,   e i t h e r   s t a b l e  
o r   uns t ab le .  The wind   speed   ( re la t ive   to   the   sur face)  
also in f luences   t he   d rag   coe f f i c i en t ,   a s  well as being 
t h e   d o m i n a n t   q u a n t i t y   i n   t h e   t o t a l  stress. Surface 
s ta t ion  instruments   have  recorded  the  wind  speed  and 
d i r e c t i o n  at  t h e   f l i g h t  times o f   i n t e r e s t .  The product  
o f   t h i s   d rag   coe f f i c i en t   and   t he   squa re  of t h e  magni- 
t ude   o f   t he   r e su l t an t   vec to r   ve loc i ty   d i f f e rence  
between  the air  and water su r face   ( i nc lud ing   t he   e f f ec t  
of   the water c u r r e n t )   e q u a l s   t h e   t o t a l  stress. (See 
Appendix..) 

This theore t ica l   approach  was followed,  and a 
p r o f i l e  of   sea-surface stress was c a l c u l a t e d   f o r  
comparison with the radar   c ross -sec t ion   da ta .  This 
inc luded   the   t empera ture   da ta   o f   F igure  11, t h e  known 
wind  speed  of 4 m/sec,   and  direction  of 60" was com- 
bined w i t h  a northward  Gulf  Stream  current. No t imely 
observa t ions   o f   the   S t ream's   s t ruc ture   o r   ve loc i ty  were 
a v a i l a b l e   f o r  use i n  computing t h i s   s u r f a c e  stress. 
As  an  example  of a " r ep resen ta t ive"   shape ,   s i ze ,  and 
cur ren t   magni tude ,   the   p rof i le   p resented  by Von Arx 
( A t l a n t i s   c r u i s e  No. 165 ,   nea r   l a t i t ude  38", longi tude  
70" [5]  was used i n  a l l  t h e  stress ca lcu la t ions   p re -  
sented  herein.  This  embodies a width  of 90 km, a 
maximum speed  of 2.2 mfsec,  and a western  border  a t  
30" 15 ' ,  where   the   cont inenta l   s lope  i s  s t e e p e s t .  The 
squa re   roo t  of the  normalized stress is p l o t t e d   i n  
F igu re   5 (b ) ,   a long   w i th   t he   r ada r   c ros s - sec t ion   p ro f i l e  
t h a t  was measured  about  four  hours later. The square 
r o o t   o f   t h e  stress was p lo t ted   because   p rev ious  air- 
c r a f t  measurements  of  the  dependence  of  the  cross 
s e c t i o n  on t h e  wind  speed  have shown i t  t o   b e   c l o s e r   t o  
a u n i t y  power l a w  form  (hence,  square  root of s t r e s s )  
than a square  law dependence   ( l inear ly   p ropor t iona l   to  
s t r e s s )  1131. 

The computed squa re   roo t  of s u r f a c e  stress and 
observed  backscat ter   prof i les   have a s t r i k i n g   s i m i l a r i t y .  
The magnitudes  of  both are higher   on  the Gulf  Stream 
r e l a t i v e   t o   t h e   c o l d   s h e l f .   A l s o ,   b o t h   l e v e l s  increase 
as one  t ravels   toward  the  western  edge  f rom  the east. 
I n , a d d i t i o n ,  a s teep   dec l ine   occurs   where   the   cur ren t  
g r a d i e n t  i s  b e l i e v e d   t o   b e   i n   t h e   g r e a t e s t .   F u r t h e r -  
more, i n   t h e   r e g i o n  on the  eastern  edge  of   the  cont i -  
nen ta l   she l f   where   t he   cu r ren t  i s  very   smal l ,  the c r o s s  
s e c t i o n  is s t i l l  r e l a t i v e l y   h i g h   a n d   c o r r e l a t e s  well 
w i th   t he   h ighe r  stress r e s u l t i n g  from the r e l a t i v e l y  
h ighe r   t empera tu re   i n   t h i s   r eg ion .  

A second  data set on December 4 showed similar 
f e a t u r e s .  The second  Gulf  Stream  transit  was conducted 
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a t  2000 GMT, and a subsequent sa te l l i te  photograph 
6 hours  later Cat 0200. GXT, December 5 1  provided 
a sea t empera tu re   p ro f i l e .  T h e s e  p r o f i l e s  are  pre- 
sented in Figure  6 .   Again,   the   length  of  the h ighe r  
cross-sect ion  region  extends twice as f a r  as the 
width  of  the Gulf Stream, and  with a s teep   decrease  
a t   t h e   l o c a t i o n  where the   cur ren t   rap id ly   decays .  
Cons ide r ing   t he   s ix -bur  time difference  between 
these   obse rva t ions ,  the degree of agreement i s  
cons ide red   s a t i s f ac to ry .  Comparing the  maximum and 
minimum magnitude  levels  reached by the  measured  cross 
s e c t i o n   w i t h   t h e  maximum and minimum l e v e l s   o f   t h e  
square   roo t   o f   the  stress, i t  appea r s   t ha t   t h i s   va lue  
of the  exponential! power gives  a  good f u n c t i o n a l  
dependence  for   both  data  sets. A u n i t y  power l a w  
g ives  a poor f i t .  

2. S u r f a c e   S t r e s s   I m p l i c a t i o n s   f o r   1 5  Oecember,  1976 

Fur the r   suppor t   fo r   t he   p reced ing   i n t e rp re t a t ion  
comes f rom  the   ana lys i s  of the   da ta   acqui red   dur ing  
t h e   f i r s t  Gulf S t r e a m ' t r a n s i t  on December 15   (F igure  8 ) .  
This   da ta  was puzz l ing   because   the   c ross   sec t ion  
on the   wes te rn   ha l f  of the  Stream was  (on the  average)  
lower, as compared to   t he   con t inen ta l   she l f ,   and   t o  
the   ea s t e rn   ha l f   o f   t he  Stream (which s t i l l  had 
r e l a t ive ly   h ighe r   roughness   t han   t he   she l f ) .  The 
r a d a r   c r o s s   s e c t i o n   c a n   b e   r e l a t e d   t o   s u r f a c e  stress, 
only i f  one   accoun t s   fo r   su r f ace  wind  speed  and 
sea-air tempera ture   d i f fe rences .  The s u r f a c e  wind 
which was coming  from the  southeast   produced a smaller 
r e l a t i v e   v e l o c i t y  on t h e   f a s t e r  moving a r e a s  of t he  
Stream, as compared to   t he   s lower   cu r ren t  on the  
eas te rn   ha l f .   Also ,   the   h igher   t empera ture  of t h e  
Stream inc reases   t he  stress (and observed  cross  
s e c t i o n )   r e l a t i v e   t o   t h e   s h e l f .   U n f o r t u n a t e l y ,   c l o u d  
cove r   p reven ted   t he   acqu i s i t i on   o f  s a t e l l i t e  tem-  
pera ture   in format ion ,   bu t  a crude  model  (based  on  the 
earlier tempera ture   fea tures   seen  on  December 4) was 
assumed  and  combined with  the  Gulf   Stream  current  
velocity  profile  along  with  the  measured  wind  informa- 
t i o n   t o  compute a sttess prof i le   for   comparison  (Fig-  
u r e   8 ( b ) ) .  The gene ra l   behav io r   o f   t h i s   t heo re t i ca l  
curve  agrees   with  the  observed  features   noted  above.  
The s t r o n g   f l u c t u a t i o n s   i n   t h e   r a d a r   d a t a   n e a r   t h e  
c o n t i n e n t a l   s l o p e  may be   r e l a t ed   t o   s t ronge r   t empera -  
t u re   va r i a t ions   t han   t hose   s een   on  December  4. This 
is suggested  because a sa te l l i t e  infrared  image  taken 
on December 16  (24  hours   la ter)  shows a very   i n t ense ,  
small eddy a c t i v i t y   a t   t h i s   s i d e  of  the  Gulf Stream 
t h a t  may have   ex is ted  a t  t h e  time the  radar  observa- 
t i o n s  were made. 

7. Conclusions  and  Recommendations 

The fo rego ing   r e su l t s   demons t r a t e   t ha t   t he  
imaging   radar   measures   an   average   radar   c ross   sec t ion  
o f   t he   ocean   su r f ace   t ha t  i s  r e l a t e d   t o   s u r f a c e  
stress. This r e l a t i o n s h i p  complements t he  Seasat-A 
SAR'S pr imary   ob jec t ive  of obse rv ing   t he   d i r ec t iona l  
spectrum  of  ocean  waves. The d i r ec t iona l   a l i gnmen t  of 
t he   r ada r   l i ne -o f - s igh t   p l ayed   an   impor t an t   ro l e   i n  
t h e   i n t e r p r e t a t i o n  of the  radar   cross-sect ion  observa-  
t i ons .  When s e v e r a l   d i f f e r e n t   d i r e c t i o n s  were exam- 
i n e d , t h e   r a d a r   b a c k s c a t t e r   p r o p e r t i e s  showed t h a t   t h e  
wind-driven,  small   gravity waves  were a l igned   w i th   t he  
average  wind  direction.  The  observations of the  Gulf 
S t r eam i n   t h i s   e x p e r i m e n t   p r o v i d e d   a n   e x c e l l e n t  
oppor tun i ty   t o   s tudy   t he  combined e f f e c t s  of  wind 
magnitude  and  direction, of surface-current  and  of 
sea-air temperature   differences on t h e   s u r f a c e  rough- 
ness.  The a n a l y s i s   c a r r i e d   o u t   i n   t h i s   r e p o r t ,   a l o n g  
wi th   t he   r ada r   and   su r f ace   da t a   p re sen ted ,  is i n   c l o s e  
qua l i ta t ive   agreement .  While a d d i t i o n a l   s u r f a c e  
and r e l a t ed   suppor t ing   i d fo rma t ion   cou ld   be   u t i l i zed  
(and would b e  welcome) , the general   behavior   of   the  
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measured r e s u l t s  can be   expla ined   wi th  well-known 
phenomena that, heretofore ,   have  been  impossible   to  
witness w i t h  as comprehensive  and s e n s i t i v e  measurement 
as this. P r i o r   t o  this e x p e r i m e n t ,   v e r y   l i t t l e   e x p e r i -  
menta1 ,ev idence   ex is ted   to   demonst ra te   the   re la t ionship  
and  dependence  of  roughness  on  sea-surface  temperature 
and   a i r - t empera tu re   p ro f i l e s .   Th i s   f ac t   cou ld   have  
i m p l i c a t i o n s   f o r   t h e   i n t e r p r e t a t i o n   o f   o t h e r  microwave 
sensor  systems,  such as the  radiometer  and 
sca t t e romete r .  

Because  of t h e   a b i l i t y  of t h e  microwave.  energy t o  
pene t r a t e   c louds ,   t he   r e su l t s   desc r ibed   he re   cou ld   l ead  
to  a system  for   monitor ing Gulf S t r eam c u r r e n t   v a r i a -  
t ions  (given  support ing  satel l i te- temperature   informa- 
t i on )  o r  they   could   be   used   for   the   de tec t ion   of  
tempera ture   var ia t ions   (wi th  a higher   degree o f  s p a t i a l  
r e so lu t ion   t han  a sa te l l i t e  rad iometer )   in   reg ions  
where  current   and  other   surface dynamic f e a t u r e s  are 
known t o   b e   s u f f i c i e n t l y  small. 
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Appendix - Sur face   S t r e s s   Ca lcu la t ion  

Sur face   S t r e s s  = (Air  Density) x (Drag C o e f f i c i e n t )  

x (Magnitude  of  Relative  Velocity 
a t  10 Meters Above Surface l2  

2 
TO = PC10 %o 

CLOn = Drag coef f ic ien t   under   neut ra l   (un i form)  
temperature   condi t ions 

Ta = Air Temperature - O C  

Ts = Surface  Temperature - O C  

- 
u l o  = IU, -- U c l  = Magnitude  of   vector   difference 

+ +  
between ’wind and   su r f ace   cu r ren t  

+ 
U, = Wind Velocity  Vector 

+ 
Uc = Surface  Current  Velocity (Assumed to   be  in 

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

Square 
Root  of - 
Normalized 
S t r e s s  n 

= 1 when Uc = 0 and Ta = Ts 
-+ 

Work performed a t  t h e  Jet Propulsion  Laboratory 
i s  one  phase of t he   r e sea rch   ca r r i ed”ou t   unde r   Con t rac t  
NAS 7-100 to   the  Xat ional   Aeronaut ics   and  Space 
Adminis t ra t ion.  
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