
DopplerScatt Results: What we have learned and 
implications for a Winds and Currents Mission

E. Rodríguez, A. Wineteer, D. Perkovic-Martin
Jet Propulsion Laboratory

California Institute of Technology

1© 2017 California Institute of Technology. Government sponsorship acknowledged. 



DopplerScatt Overview
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DopplerScatt instrument. It has been 
deployed on a DOE King Air and will 
transition to an operational instrument in 
the NASA King Air B200.

© 2018 California Institute of Technology. Government sponsorship 
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DopplerScatt Programmtic Overview
Scanning Doppler radar developed under NASA’s IIP 
program
Becoming operational under NASA AITT program by 2019

Data Products: 
1. Vector ocean surface currents
2. Vector ocean surface winds
3. Radar brightness maps (sensitive to surfactants such as oil 

flms)

Data products are still being refned under AITT. Will be 
posted in NASA PODAAC when fnished.

Mapping capabilities: 
• 25 km swath
• maps 200km x 100km area in about 4 hrs
• 200m data product posting
• Mapping within ~600 m of coast
• ~5-10 cm/s radial velocity precision.
• ~ 1 m/s wind speed, <20o wind direction.

Campaigns fown/planned:
• Oregon coast (2016)
• SPLASH (Submesoscale Processes and Lagrangian 

Analysis on the Shelf) in Mississippi River Plume
• (CARTHE) & Taylor Oil Platform Plume (NOAA), April 18-

28, 2017.
• KISS-CANON in Monterey Bay May 1-4, 2017.
• California current (September, 2018)
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Bad azimuth 
diversity

Bad azimuth 
diversity

Good azimuth 
diversity
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Sentinel 3 2017-04-18
Courtesy of  Copernicus 
Sentinel, processed by 
ESA

DopplerScatt surface 
current
U component.

Circulation pattern 
matches Sentinel 3 
color pattern very 
closely.
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Divergence
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Derivative PDFs 
from Shcherbina et al., GRL, 2013

Data collected by two ships traveling 1 km apart in parallel for 500 km and using ADCPs

Skewness > 0 expected 
as z>0 structures have 
greater stability

Divergence range 
smaller than vorticity. 
Slightly skewed 
towards convergence.

Strain rate 
approximately chi-
squared distributed.
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DopplerScatt Derivative PDFs

Derivatives show similar statistics to Shcherbina 
et al. 2013

Skewness > 0 expected 
as z>0 structures have 
greater stability

Divergence range 
smaller than vorticity. 
Slightly skewed 
towards convergence.

Strain rate 
approximately chi-
squared distributed.

© 2018 California Institute of Technology. Government sponsorship acknowledged. 



Winds



Wind Stress Curl



Wind Stress Curl vs Relative Vorticity



• SMODE: Sub-Mesoscale Ocean Dynamics 
Experiment

• NASA Earth Ventures Suborbital-3: 2019-2023
• PI Tom Farrar (WHOI) 

Coming up
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E V S - 3  S u b m e s o s c a le  O c e a n  D y n a m ic s  a n d  V e r t i c a l  T r a n s p o r t  

1  
 
 
 

1 .0  E x e c u t i v e  S u m m a r y  
A  m a j o r  d i f f i c u l t y  i n  s i m u l a t i n g  E a r t h ’ s  c l i m a t e  s y s t e m  i s  t h a t  t h e r e  a r e  i n t e r a c t i o n s  a c r o s s  s c a l e s ,  s o  
t h a t  t h e  l a r g e  t i m e  a n d  s p a c e  s c a l e s  c a n  b e  s e n s i t i v e  t o  p r o c e s s e s  o n  s m a l l  s c a l e s .  A s  t h e  
c o m p u t a t i o n a l  r e s o l u t i o n  o f  g l o b a l  o c e a n  m o d e l s  h a s  i m p r o v e d ,  s c i e n t i s t s  h a v e  b e g u n  t o  s u s p e c t  t h a t  
k i l o m e t e r - s c a l e  e d d i e s  a n d  f r o n t s ,  c a l l e d  “ s u b m e s o s c a l e ”  v a r i a b i l i t y ,  h a v e  a  n e t  e f f e c t  o n  o c e a n -
a t m o s p h e r e  h e a t  e x c h a n g e  t h a t  i s  l a r g e r  t h a n  t h e  h e a t i n g  f r o m  t h e  g r e e n h o u s e  e f f e c t  ( S u  e t  a l .  2 0 1 8 ) .  
S t a t e - o f - t h e - a r t  c o m p u t e r  m o d e l s  a g r e e  i n  p r e d i c t i n g  t h a t  t h e s e  e d d i e s  h a v e  i m p o r t a n t  l o n g - t e r m  
e f f e c t s  o n  t h e  u p p e r - o c e a n ,  b u t  t h e i r  p r e d i c t i o n s  a r e  s e n s i t i v e  t o  r e l a t i v e l y  s m a l l  d e t a i l s  i n  m o d e l  
p h y s i c s  a n d  i m p l e m e n t a t i o n .  T h e  r e s o l u t i o n  a n d  d e t a i l  o f  t h e s e  s i m u l a t i o n s  h a s  s u r p a s s e d  o u r  a b i l i t y  
t o  ‘ g r o u n d  t r u t h ’  t h e m  w i t h  s p a c e b o r n e  o r  i n  s i t u  s e n s o r s .  T h e r e  i s  t h u s  a  p r e s s i n g  n e e d  f o r  a  
c o m p r e h e n s i v e  b e n c h m a r k  d a t a  s e t  o n  t h e s e  s u b m e s o s c a l e  m o t i o n s  t o  a d d r e s s  t h i s  i m p o r t a n t  s o u r c e  
o f  u n c e r t a i n t y  i n  s i m u l a t i n g  t h e  g l o b a l  o c e a n .  

T h i s  i s  a  p r o p o s a l  t o  te s t  t h e  h y p o th e s i s  t h a t  s u b m e s o s c a l e  o c e a n  d y n a m i c s  m a k e  i m p o r t a n t 
c o n tr i b u t i o n s  t o  v e r t i c a l  e x c h a n g e  o f  c l i m a t e  a n d  b i o l o g i c a l  v a r i a b l e s  i n  th e  u p p e r  o c e a n .  T h i s  
w i l l  r e q u i r e  c o o r d i n a t e d  a p p l i c a t i o n  o f  n e w l y - d e v e l o p e d  i n  s i t u  a n d  r e m o t e  s e n s i n g  t e c h n i q u e s ,  b u t  
i t  w i l l  p r o v i d e  a n  u n p r e c e d e n t e d  v i e w  o f  t h e  p h y s i c s  o f  s u b m e s o s c a l e  e d d i e s  a n d  f r o n t s  a n d  t h e i r  
e f f e c t s  o n  v e r t i c a l  t r a n s p o r t  i n  t h e  u p p e r  o c e a n .  T h e  S u b - M e s o s c a l e  O c e a n  D y n a m i c s  E x p e r i m e n t  
( S - M O D E )  w i l l  u s e  m e a s u r e m e n t s  f r o m  a  n o v e l  c o m b i n a t i o n  o f  p l a t f o r m s  a n d  i n s t r u m e n t s  ( F i g .  
1 . 1 .  a n d  T a b l e  1 . 1 . ) ,  a l o n g  w i t h  d a t a  a n a l y s i s  a n d  m o d e l i n g ,  t o  t e s t  t h e  h y p o t h e s i s .   

 

T h r e s h o ld  
S c ie n c e  

O b j e c t iv e s  

Q u a n t i t a t iv e ly  m e a s u r e  t h e  t h r e e - d im e n s io n a l  s t r u c t u r e  o f  t h e  s u b m e s o s c a le  f e a t u r e s  
r e s p o n s ib le  f o r  v e r t i c a l  e x c h a n g e  in  t h e  u p p e r  o c e a n  
U n d e r s t a n d  t h e  r e l a t io n  b e t w e e n  t h e  v e lo c i t y  ( a n d  o t h e r  s u r f a c e  p r o p e r t ie s )  m e a s u r e d  b y  
r e m o t e  s e n s in g  a t  t h e  s u r f a c e  a n d  t h a t  w i t h in  a n d  j u s t  b e lo w  t h e  s u r f a c e  b o u n d a r y  l a y e r  

B a s e l in e  
S c ie n c e  

O b j e c t iv e s  

Q u a n t i f y  t h e  r o le  o f  a i r - s e a  in t e r a c t io n  a n d  s u r f a c e  f o r c in g  in  t h e  d y n a m ic s  a n d  v e r t i c a l  
v e lo c i t y  o f  s u b m e s o s c a le  v a r i a b i l i t y  
E x a m in e  v e r t ic a l  t r a n s p o r t  p r o c e s s e s  a t  s u b m e s o s c a le s  t o  m e s o s c a le s  

 

 
F ig u r e  1 .1 :  A  s k e t c h  o f  t h e  S - M O D E  in v e s t i g a t io n ,  d e p ic t in g  t h e  e x p e r im e n t a l  s i t e  o f f s h o r e  o f  C a l i f o r n ia  a n d  
t h e  p la t f o r m s  a n d  a i r c r a f t  i n s t r u m e n t s  t h a t  w i l l  b e  e m p lo y e d .  T h e  e x p e r im e n t a l  p l a n  in v o l v e s  a  t w o - w e e k  
p i lo t  c a m p a ig n  a n d  t w o ,  2 5 - d a y  in t e n s iv e  o p e r a t in g  p e r io d s  d u r i n g  s p r in g  a n d  f a l l  o f  2 0 2 1 ,  w i t h  1 0 - 1 5  f l ig h t s  
i n  e a c h  p e r io d . T h e  n o m in a l  s i t e  i s  3 0 0  k m  f r o m  S a n  F r a n c is c o .  
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Figure16. ( Upperpanel) E s t i m a t e d o c e a n c o r r e l a t i o n t i m e m e a n a n d s t a n d a r d d e v i a t i o n ( b l u e e r r o r
b a r s ) a n d p r e d i c t i o n s f r o m t h e P i e r s o n – M o s k o w i t z s p e c t r u m w h e n w a v e s a r e t r a v e l i n g i n t h e a z i m u t h
( g r e e n ) o r r a n g e ( o r a n g e ) d i r e c t i o n s . ( Lowerpanel) N u m b e r o f o b s e r v a t i o n s a s a f u n c t i o n 2 5 k m m e a n
wind speed.

Figure 17. C o l l o c a t e d D o p p l e r S c a t t a n d m o d e l d a t a h i s t o g r a m s a f t e r f l t e r i n g . F r o m l e f t t o r i g h t ,
r e l a t i v e f r e q u e n c y o f : b a c k s c a t t e r , i n c i d e n c e a n g l e , r e l a t i v e a z i m u t h t o m o d e l d i r e c t i o n , a n d m o d e l
w i n d s p e e d . I n t o t a l , t h e r e a r e a b o u t 7 . 2 m i l l i o n d a t a p o i n t s . Z e r o d e g r e e s r e l a t i v e a z i m u t h c o r r e s p o n d s
t o t h e u p w i n d d i r e c t i o n . I n s p i t e o f c o n i c a l s c a n n i n g , t h e a z i m u t h a n g l e s a r e n o t u n i f o r m l y d i s t r i b u t e d
becausewehavediscarded pixels very near thecoast, which liepredominantly in onedirection.

3.1. Ocean Temporal Correlation

T h e c o r r e l a t i o n t i m e o f t h e o c e a n b a c k s c a t t e r c r o s s s e c t i o n i s t h e u l t i m a t e l i m i t a t i o n o n t h e
a c c u r a c y t h a t c a n b e o b t a i n e d f r o m t h e D o p p l e r m e t h o d , s i n c e b o t h s i g n a l - t o - n o i s e r a t i o o r t h e D o p p l e r
b a n d w i d t h o f t h e f o o t p r i n t c a n b e r e d u c e d b y t r a n s m i t t i n g m o r e p o w e r o r u s i n g a l a r g e r a n t e n n a .
In theabsenceof temporal decorrelation, very long pulseseparation could beused to improveradial
v e l o c i t y e s t i m a t e s . G i v e n t h e i m p o r t a n c e o f t h e s u r f a c e t e m p o r a l c o r r e l a t i o n t i m e i n d e t e r m i n i n g a n d
p r e d i c t i n g t h e a c c u r a c y o f t h e e s t i m a t e d r a d i a l v e l o c i t y , i t i s i m p o r t a n t t o n o t e t h a t t h e D o p p l e r S c a t t
s p i n n i n g c o n f g u r a t i o n c a n b e u s e d t o e s t i m a t e i t d i r e c t l y . T h e D o p p l e r b a n d w i d t h c o n t r i b u t i o n
v a n i s h e s i n t h e f o r e a n d a f t d i r e c t i o n s , s o t h a t t h e o n l y c o n t r i b u t i o n s t o t h e c o r r e l a t i o n a r e t h e c o n s t a n t
n o i s e c o r r e l a t i o n f a c t o r , gN , a n d t h e o c e a n t e m p o r a l c o r r e l a t i o n ( 4 ) . W e f t t h e c o r r e l a t i o n t i m e b y
c a l c u l a t i n g t h e a v e r a g e c o r r e l a t i o n i n t h e f o r w a r d d i r e c t i o n b y a v e r a g i n g o v e r 2 5 k m a l o n g - t r a c k .
T h e l o g a r i t h m o f t h e r e s u l t i n g v a l u e i s f t w i t h a q u a d r a t i c , f r o m w h i c h t h e c o r r e l a t i o n t i m e c a n b e
d e r i v e d . F i g u r e 1 6 p r e s e n t s t h e r e s u l t s f o r t h e e s t i m a t e d c o r r e l a t i o n t i m e a s a f u n c t i o n o f w i n d s p e e d .
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Figure3. O b s e r v e d ( s o l i d l i n e s ) a n d m o d e l e d ( d a s h e d l i n e s ) p u l s e - p a i r c o r r e l a t i o n s f o r p u l s e - p a i r
s e p a r a t i o n s t = nt0, t0 = 0 . 2 2 m s , a s a f u n c t i o n o f f , t h e a z i m u t h a n g l e r e l a t i v e t o t h e p l a t f o r m v e l o c i t y .

2.3. Estimation of Pulse-Pair Phase

T r a d i t i o n a l l y , t h e e s t i m a t i o n o f p h a s e d i f f e r e n c e s f o r D o p p l e r c e n t r o i d s [ 12] a n d r a d a r
i n t e r f e r o m e t r y [ 25] , f o r p u l s e s s e p a r a t e d b y jtB ( j ≥ 1 i s a n i n t e g e r ) , w h e r e tB i s t h e b u r s t r e p e t i t i o n
interval, has been doneby using thephaseof thepulse-pair interferogram

F̂ j =
1
j

arg

"
Np

Â
n=1

D
En(t)E⇤

n+j(t+ jtB)
E#

, (8)

w h e r e t h e i n d e x n l a b e l s s u b s e q u e n t p u l s e s i n t h e r e c e i v e d p u l s e t r a i n . F o l l o w i n g M a d s e n [ 12] , i n S A R
a p p l i c a t i o n s j = 1 , s i n c e t y p i c a l l y p u l s e s s e p a r a t e d b y m o r e t h a n o n e c a n b e r e g a r d e d a s u n c o r r e l a t e d .
T h i s c a n b e s h o w n t o b e t h e m a x i m u m l i k e l i h o o d e s t i m a t o r ( M L E ) f o r t h e i n t e r f e r o m e t r i c p h a s e w h e n
u s i n g i n d e p e n d e n t p u l s e p a i r s , b u t n o t w h e n t h e p u l s e s a r e n o t i n d e p e n d e n t . A s c a n b e s e e n f r o m
F i g u r e 3 , p u l s e s i n t h e D o p p l e r S c a t t r e t u r n m a y h a v e s i g n i f c a n t c o r r e l a t i o n a c r o s s m a n y t r a n s m i t
e v e n t s a n d a n a t u r a l q u e s t i o n a r i s e s : w h a t i s t h e b e s t c o m b i n a t i o n o f p u l s e - p a i r s t o u s e f o r e s t i m a t i n g
t h e p u l s e - p a i r p h a s e . I n A p p e n d i x B , w e p r e s e n t t h e d e r i v a t i o n o f t h e M L E e s t i m a t o r f o r t h e p u l s e - p a i r
p h a s e d i f f e r e n c e , a s w e l l a s t h e C r á m e r – R a o a s y m p t o t i c l o w e r b o u n d f o r t h e e s t i m a t o r v a r i a n c e [ 26] .
U n f o r t u n a t e l y , u n l i k e f o r t h e i n d e p e n d e n t p u l s e - p a i r s a m p l e s , t h e M L E E q u a t i o n ( A 4 2 ) d o e s n o t h a v e
a n a n a l y t i c s o l u t i o n , b u t m u s t b e s o l v e d n u m e r i c a l l y b y a o n e - d i m e n s i o n a l s e a r c h , o r b y i t e r a t i o n ,
w h i c h h a s a c o m p u t a t i o n a l c o s t . I n t h e l o w - c o r r e l a t i o n l i m i t , t h e e s t i m a t o r c a n b e a p p r o x i m a t e d b y t h e
weighted averageof theMLE estimator

F̂ =

Nj

Â
j=1

wjF̂ j, (9)

wherewj is an approximate inversevarianceweight given by Equation(A53).
F o r i n d e p e n d e n t p u l s e p a i r s w i t h t h e s a m e c o r r e l a t i o n g, t h e C r a m é r – R a o b o u n d i s g i v e n b y [ 25]

s2
F =

1
2NL

1− g2

g2 , (10)

w h e r e NL i s t h e n u m b e r o f i n d e p e n d e n t p u l s e p a i r s u s e d i n t h e e s t i m a t e . W h e n t h e p u l s e s a r e c o r r e l a t e d ,
t h e C r a m é r – R a o b o u n d i s g i v e n b y E q u a t i o n ( A 4 7 ) , w h i c h c a n b e c a l c u l a t e d a n a l y t i c a l l y b u t d o e s n o t



Scatterometer Wind GMF

16© 2018 California Institute of Technology. Government sponsorship acknowledged. 

The mean radar backscatter increases 
with wind speed.

The backscatter intensity is 
modulated as a function of 
azimuth angle relative to wind 
direction.• By combining measurements from multiple azimuth angles, wind speed 

and direction can be estimated. Ku & Ka backscatter have similar 
characteristics, so both are suitable for wind estimation.

• Experiments have shown that backscatter is proportional to wind stress 
(although normally parametrized as neutral wind).



Radial Velocities Binned by Wind Direction

17Dot-dash lines indicate Bragg phase velocities
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Radial velocity 
currents shifted 
by ~10o relative 
to wind direction, 
as expected of 
wind drift



Hydrodynamic Modulation
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Radial Velocity Decomposition
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Calibration Effects
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F o r t h e D o p p l e r S c a t t s w a t h , c o n s t a n t c r o s s - t r a c k v e l o c i t y c o m p o n e n t s w i l l c e r t a i n l y o c c u r , a n d o n e
n e e d s a n o t h e r a p p r o a c h . W e p r o p o s e a n a p p r o a c h w h e r e d a t a w i t h d i f f e r e n t ( i d e a l l y , o p p o s i t e )
h e a d i n g s i s c o l l e c t e d . I n t h a t c a s e , t h e s u r f a c e c u r r e n t f o r t h e s a m e a z i m u t h l o o k d i r e c t i o n w i l l r e m a i n
c o n s t a n t , w h i l e t h e c o n t r i b u t i o n f r o m t h e a z i m u t h b i a s w i l l c h a n g e . I n t h e s i m p l e s t c a s e , w h e r e t h e t w o
h e a d i n g s a r e i n o p p o s i t e d i r e c t i o n s , ap a n d ap+ p , t h e s i g n o f t h e c u r r e n t r e l a t i v e i n t h e c o o r d i n a t e
s y s t e m d e f n e d b y t h e p l a t f o r m v e l o c i t y v e c t o r fl i p s b e t w e e n p a s s e s , a n d t h e e s t i m a t e d a z i m u t h b i a s ,
cdj , will havetheform

cdj
+/ −

= df ± dj B, (44)

a n d o n e c a n e s t i m a t e t h e b i a s t e r m a s dj =
⇣
cdj
+
+cdj

−⌘
/ 2 . A n e x a m p l e o f t h i s p r o c e s s i s s h o w n i n

F i g u r e 1 2 , w h i c h c l e a r l y d e m o n s t r a t e s b o t h t h e i m p a c t o f t h e c r o s s - t r a c k c u r r e n t s a n d t h e f e a s i b i l i t y
o f e s t i m a t i n g a b i a s . W e f n d t h a t t h e b i a s e s t i m a t e d u s i n g t h i s p r o c e d u r e i s s t a b l e o v e r m u l t i p l e
calibration runsseparated by asmuch assix months.

Figure12. E s t i m a t e s o f t h e a z i m u t h b i a s o b t a i n e d b y f t t i n g o p p o s i t e d i r e c t i o n fl i g h t l i n e s o v e r a p e r i o d
o f 4 h . F l i g h t l i n e s 1 a n d 3 a r e i n t h e s a m e d i r e c t i o n a n d o p p o s i t e t o l i n e s 2 a n d 4 . T h e i m p a c t o f
c r o s s - t r a c k c u r r e n t s i s c l e a r l y v i s i b l e a s g e o l o c a t e d d i f f e r e n c e s a r o u n d a m e a n b i a s o f ⇡0 . 8 ◦, w h e r e t h e
sign of thedifferencedepends on theflight direction.

A f t e r a n i n i t i a l e s t i m a t e a n d r e m o v a l o f t h e p h a s e b i a s u s i n g t h i s s i m p l e m e t h o d , w e f n d t h a t
r e s i d u a l c r o s s - t r a c k d e p e n d e n t b i a s e s d u e t o e r r o r s i n t h e e s t i m a t e d a z i m u t h o v e r t h e a n t e n n a r o t a t i o n
p e r i o d r e m a i n i n t h e e s t i m a t e d r a d i a l v e l o c i t y ( s e e F i g u r e 1 3 , u p p e r p a n e l ) . T o e s t i m a t e t h e s e e n c o d e r
a n g l e d e p e n d e n t b i a s e s , w e t a k e t h e r a d i a l v e l o c i t y d i f f e r e n c e s f o r o p p o s i t e d i r e c t i o n fl i g h t l i n e s
l o o k i n g i n t h e s a m e d i r e c t i o n a t t h e s a m e p i x e l . G i v e n t h e c h a n g e o f s i g n i n t h e r e l a t i v e d i r e c t i o n w i t h
r e s p e c t t o t h e fl i g h t d i r e c t i o n , t h e s u r f a c e c u r r e n t m o t i o n c a n c e l s ( p r o v i d e d i t c a n b e c o n s i d e r e d a s
s t a t i c o v e r t h e d a t a c o l l e c t i o n t i m e ) a n d w e f t t h e h a r m o n i c c o e f f c i e n t s i n E q u a t i o n ( 3 2 ) . W e n o t e t h a t
s o m e c o e f f c i e n t s w i l l b e b e t t e r d e f n e d t h a n o t h e r s , d e p e n d i n g o n t h e a i r c r a f t c r a b a n g l e . I n g e n e r a l ,
c o e f f c i e n t s f o r e v e n h a r m o n i c s t h a t d o n o t fl i p s i g n w h e n t h e a z i m u t h e n c o d e r c h a n g e s b y p , a r e w e l l
d e t e r m i n e d , w h e r e a s t h o s e f o r o d d h a r m o n i c s a r e n o t , a n d w e d o n o t f t f o r t h e m . F i g u r e 1 4 , u p p e r
p a n e l , s h o w s t h e h a r m o n i c f t f o r t w o i n d e p e n d e n t fl i g h t l i n e p a i r s , w h i l e t h e l o w e r p a n e l s h o w s t h e
r a d i a l v e l o c i t y e r r o r s i g n a t u r e a f t e r c a l i b r a t i n g f o r t h e h a r m o n i c s . T h i s s i g n a t u r e h a s p r o v e n t o b e
stableduring acontinuous installation of theinstrument on theaircraft.
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Figure13. ( upperpanels) R a d i a l v e l o c i t y d i f f e r e n c e s f o r t w o p a s s e s p r i o r t o c a l i b r a t i o n u s i n g h a r m o n i c
e x p a n s i o n . ( lowerpanels) R a d i a l v e l o c i t y d i f f e r e n c e s f o r t h e s a m e t w o p a s s e s a f t e r c a l i b r a t i o n u s i n g
h a r m o n i c e x p a n s i o n . T h e l e f t / r i g h t p a n e l s s h o w r a d i a l v e l o c i t i e s l o o k i n g n o r t h / s o u t h , r e s p e c t i v e l y .
Notethecross track error signatureevident in theupper panels is not evident in thelower panels.

Figure14. ( Upper panel) A z i m u t h b i a s a s a f u n c t i o n o f e n c o d e r a n g l e o b t a i n e d b y f t t i n g o p p o s i t e
d i r e c t i o n fl i g h t l i n e r a d i a l v e l o c i t y d i f f e r e n c e s a s s u m i n g o n l y t w o e v e n h a r m o n i c s a r e f t . ( Lowerpanel)
R a d i a l v e l o c i t y e r r o r c o r r e s p o n d i n g t o t h e h a r m o n i c f t i n t h e u p p e r p a n e l . T h e t w o d i f f e r e n t c o l o r
r e p r e s e n t e s t i m a t e s f r o m t w o d i f f e r e n t fl i g h t l i n e p a i r s c o l l e c t e d a p p r o x i m a t e l y 2 h a p a r t , s h o w i n g
good stability in theretrieved biases at the~1cm/ s scale.
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Figure13. ( upperpanels) R a d i a l v e l o c i t y d i f f e r e n c e s f o r t w o p a s s e s p r i o r t o c a l i b r a t i o n u s i n g h a r m o n i c
e x p a n s i o n . ( lower panels) R a d i a l v e l o c i t y d i f f e r e n c e s f o r t h e s a m e t w o p a s s e s a f t e r c a l i b r a t i o n u s i n g
h a r m o n i c e x p a n s i o n . T h e l e f t / r i g h t p a n e l s s h o w r a d i a l v e l o c i t i e s l o o k i n g n o r t h / s o u t h , r e s p e c t i v e l y .
Notethecross track error signatureevident in theupper panels is not evident in the lower panels.

Figure14. ( Upper panel) A z i m u t h b i a s a s a f u n c t i o n o f e n c o d e r a n g l e o b t a i n e d b y f t t i n g o p p o s i t e
d i r e c t i o n fl i g h t l i n e r a d i a l v e l o c i t y d i f f e r e n c e s a s s u m i n g o n l y t w o e v e n h a r m o n i c s a r e f t . ( Lowerpanel)
R a d i a l v e l o c i t y e r r o r c o r r e s p o n d i n g t o t h e h a r m o n i c f t i n t h e u p p e r p a n e l . T h e t w o d i f f e r e n t c o l o r
r e p r e s e n t e s t i m a t e s f r o m t w o d i f f e r e n t fl i g h t l i n e p a i r s c o l l e c t e d a p p r o x i m a t e l y 2 h a p a r t , s h o w i n g
good stability in theretrieved biases at the~1cm/ s scale.
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Figure 1. B u r s t - m o d e t i m i n g d i a g r a m c o n v e n t i o n s . Np c h i r p e d p u l s e s w i t h i n t e r - p u l s e d u r a t i o n
s e p a r a t i o n tp ( g r a y ) a r e t r a n s m i t t e d d u r i n g a t r a n s m i t c y c l e o f d u r a t i o n Tp, a n d t h e r e t u r n p u l s e s ( b l u e )
a r e r a n g e c o m p r e s s e d s o t h a t t h e d u r a t i o n o f t h e r e t u r n p u l s e s i s d o m i n a t e d b y t h e i l l u m i n a t e d s w a t h .
I t i s a s s u m e d t h a t t h e i n t e r v a l b e t w e e n t r a n s m i t p u l s e s i s m i n i m i z e d , a n d t h e p u l s e d u r a t i o n , tp, o b e y s
TB ⇡ Nptp. ( T o g e t t h e e x a c t r e s u l t s b e l o w , m u l t i p l y t h e S N R b y tp/ tp. ) T o f o r m t h e m e a s u r e m e n t o f
i n t e r e s t , Nr r a n g e s a m p l e s a r e a v e r a g e d f o r e a c h r e c e i v e d p u l s e ( b l u e ) . A d d i t i o n a l l o o k s a r e o b t a i n e d
b y a v e r a g i n g o v e r t h e r e t u r n p u l s e s , b u t , s i n c e p u l s e s a r e c o r r e l a t e d f o r t i m e s s m a l l e r t h a n Tc, o n l y
Nb = TB/ Tc i n d e p e n d e n t s a m p l e s a r e o b t a i n e d . I n g e n e r a l , f o r f a s t p u l s i n g , t h e r e w i l l b e o v e r l a p s
(rangeambiguities) for parts of thereceived pulse, limiting theuseful swath.

ds0= Kps0 (1)

whereds0 is thestandard deviation of theradar cross section relative to themean.82

G i v e n t h a t w e k n o w t h e v a r i a b i l i t y o f t h e m e a s u r e d s0, w h a t c a n b e s a i d a b o u t t h e e r r o r s i n t h e83

r e t r i e v e d s p e e d , v, a n d d i r e c t i o n , f ? T h e d e t a i l e d a n s w e r d e p e n d s o n t h e s p e c i f c a l g o r i t h m s u s e d i n84

t h e r e t r i e v a l , a n d c a n o n l y b e f u l l y c h a r a c t e r i z e d u s i n g s i m u l a t e d d a t a . H o w e v e r , i t i s p o s s i b l e t o o b t a i n85

s i m p l e b o u n d s o n t h e e r r o r t h a t h e l p t o o p t i m i z e t h e s y s t e m d e s i g n . T h e m o s t s o p h i s t i c a t e d b o u n d86

i s o b t a i n e d u s i n g t h e C r a m é r - R a o b o u n d [ 11] . T o o p t i m i z e t h e s c a t t e r o m e t e r d e s i g n , w e n o t i c e t h a t87

t h e w i n d s p e e d e s t i m a t i o n p e r f o r m a n c e d e p e n d s o n t h e s y s t e m p a r a m e t e r s , w h i l e t h e w i n d d i r e c t i o n88

a c c u r a c y i s m a i n l y d e t e r m i n e d b y t h e a z i m u t h v i e w i n g g e o m e t r y . T h u s w e l o o k f o r r a d a r d e s i g n s t h a t89

will optimize thewind speed estimate, and assumethat thewind direction is known.90

A s s u m i n g t h a t o n e h a s a g e o p h y s i c a l m o d e l f u n c t i o n ( G M F ) r e l a t i o n s h i p , s0(v, f ), w h e r e v i s t h e91

w i n d s p e e d , a n d f i s t h e d i r e c t i o n , a n d a s s u m i n g t h a t t h e e r r o r i n s0 i s s m a l l e n o u g h t h a t o n e c a n92

expand around athetruespeed and direction, onehas93

ds0 =
∂s0(vT, f T)

∂v
dv+

∂s0(vT, f T)

∂f
df (2)

If oneassumes that thedirection is known (df = 0), thespeed error is given by94

dv=


∂s0(vT, f T)

∂v

−1

ds0 (3)

s o t h a t t h e s p e e d s t a n d a r d d e v i a t i o n i s l i n e a r l y d e p e n d e n t o n Kp. F o r K u a n d K a - b a n d s , i t i s95

w e l l k n o w n [ 8,12– 14] t h a t , f o r a g i v e n d i r e c t i o n , t h e g e o p h y s i c a l m o d e l f u n c t i o n h a s a p o w e r - l a w96

dependenceon wind speed97

s0(v, f ) = Ava (4)

w h e r e A a n d a h a v e a w e a k d e p e n d e n c e o n w i n d s p e e d . T a k i n g t h e d e r i v a t i v e w i t h s p e e d , o n e98

has99
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∂s0

∂v
⇡ a

s0

v
(5)

Replacing this into equation (3), onefnds thesimplerelationship100

dv
v
=

1
a

ds0

s0
=

Kp

a
(6)

i . e . , t h e f r a c t i o n a l s p e e d e r r o r i s ( u p t o a m u l t i p l i c a t i v e c o n s t a n t ) d i r e c t l y p r o p o r t i o n a l t o Kp. A s101

a n e x a m p l e , F i g u r e 2 s h o w s t h a t t h e 5 6 ◦ i n c i d e n c e a n g l e V - p o l s0 w i n d s p e e d d e p e n d e n c e r e p o r t e d102

i n [ 8] i s w e l l m a t c h e d b y a q u a d r a t i c f u n c t i o n f o r w i n d s b e l o w ⇠ 2 0 m / s , a l t h o u g h f o r K u - b a n d a103

d e c r e a s e o f a f o r h i g h e r w i n d s s p e e d s i s w e l l d o c u m e n t e d . F o r n e a r - n a d i r i n s t r u m e n t s w i t h i n c i d e n c e104

a n g l e s ⇠ 1 0 ◦, s u c h a s S K I M [ 6] , a ⌧ 1 , a n d t h e r e i s i n s u f f c i e n t w i n d s e n s i t i v i t y t o m a k e a g o o d w i n d105

speed estimates.106
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Figure 2. K a - b a n d s0 ( n o t i n d B ) a v e r a g e d o v e r a l l a z i m u t h a n g l e s d i v i d e d b y s0ML ⇠ 7 . 8 ⇥ 1 0 3

( ⇠ −2 2 d B ) , t h e c r o s s s e c t i o n o f t h e m o s t l i k e l y w i n d s p e e d v a l u e , vML = 5 . 9 m / s , a s a f u n c t i o n o f t h e
w i n d s p e e d d i v i d e d b y vML . ( R e d l i n e ) D a t a f r o m [ 8] ; ( B l u e l i n e ) Q u a d r a t i c f t . ( P u r p l e l i n e ) R a y l e i g h
distribution of normalized wind speed.

2.1.2. Radial Velocity Errors107

D o p p l e r s c a t t e r o m e t e r s m e a s u r e t h e r a d i a l v e l o c i t y a l o n g t h e l i n e o f s i g h t b y f o r m i n g p u l s e - p a i r108

i n t e r f e r o g r a m s a n d , a f t e r s u b t r a c t i n g t h e p l a t f o r m m o t i o n c o n t r i b u t i o n , r e l a t i n g t h e m e a s u r e d p h a s e109

difference, F , to theradial velocity from themoving ocean, vr, by110

vr =
F

2ktp
(7)

w h e r e k= 2 p/ l i s t h e e l e c t r o m a g n e t i c w a v e n u m b e r , a n d tp i s t h e p u l s e p a i r t i m e s e p a r a t i o n [ 8] .111

In [8] wederive, and validateexperimentally, theradial velocity random error variance, s2
vr112

s2
vr =

✓
1

2ktp

◆2 1
2NrNb

1−g2

g2 (8)

Pulse 
separation 
as long as 
possible

Pulses as 
correlated 
as possible



Wide swath & temporal sampling are key

From Chelton et al, 2018
Prog. Ocean. In press

Lesson 2: Minimize Temporal Aliasing by Achieving 
the Widest Swath Possible

WaCM samples O(2x/day) so that inertial and tidal signal aliasing 
is minimized in temporal averages.



Lesson 3: Minimize Mapping Error by Coverage 
Minimizing Gaps

27© 2018 California Institute of Technology. Government sponsorship acknowledged. 
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Figure9. ( l e f t ) W i d t h o f t h e r a n g e - P R F u n a m b i g u o u s s w a t h a s a f u n c t i o n o f t h e n o r m a l i z e d c r o s s - t r a c k
distance from thenadir path. A temporal correlation timeof 1ms is assumed, and fxed antenna area.
( r i g h t ) C a r t o o n s h o w i n g h o w a m b i g u i t y a n d o v e r l a p r e q u i r e m e n t s v a r y a s a f u n c t i o n o f fl i g h t d i r e c t i o n
a n d s c a n a n g l e . T h e b l u e a n n u l u s s h o w s t h e r e g i o n t h a t h a s n o r a n g e a m b i g u i t i e s u s i n g t h e b r o a d s i d e
P R F . I n g r e e n i s t h e a r e a t h a t h a s n o r a n g e a m b i g u i t i e s w h e n l o o k i n g a l o n g t h e fl i g h t p a t h . T h e a r e a
e n c l o s e d b y t h e r e d l i n e s s h o w s t h e a r e a r e q u i r e d t o b e c o v e r e d t o e n s u r e a l o n g - t r a c k s w a t h c o n t i n u i t y .

r a n g e u n a m b i g u o u s s w a t h s i g n i f c a n t l y ; a n d t h e r a n g e u n a m b i g u o u s s w a t h c a n i n c r e a s e b y o r d e r s o f360

magnitudeaway from thebroadsidedirection.361

T o t a k e a d v a n t a g e o f t h e v a r i a t i o n i n r a n g e u n a m b i g u o u s s w a t h w i t h s c a n a n g l e , w e a d v o c a t e362

u s i n g a n a n t e n n a w i t h a l a r g e e n o u g h r a n g e - d i r e c t i o n f o o t p r i n t s o t h a t t h e s w a t h c o n t i n u i t y c o n d i t i o n363

c a n b e a c h i e v e d u s i n g o n e o r t w o s c a n n i n g b e a m s a n d v a r y t h e P R F w i t h s c a n a n g l e , a s p r e v i o u s l y364

d i s c u s s e d . T h e u n a m b i g u o u s p o r t i o n s o f t h e s w a t h w i l l b e s m a l l a t b r o a d s i d e , b u t w i l l i n c r e a s e q u i c k l y365

a s t h e s c a n a n g l e m o v e s a w a y f r o m b r o a d s i d e ( s e e F i g u r e 9 ) . G i v e n t h e s a m p l i n g g e o m e t r y , t h e n e e d366

f o r a l o n g - t r a c k c o n t i n u i t y c h a n g e s w i t h c r o s s - t r a c k d i s t a n c e . I t i s n o t d i f f c u l t t o s h o w t h a t a l o n g - t r a c k367

c o n t i n u i t y f o r c i r c u l a r a n n u l i r e q u i r e s t h a t o n e m u s t a d v a n c e a t m o s t d(f ) i n t h e a l o n g - t r a c k d i r e c t i o n368

in order to ensurealong-track continuity for all cross-track distances:369

d(f )
R

⇡ cosf

2
4
s

1+ 2
D0

R cos2 f
+

✓
D0

Rcosf

◆2

−1

3
5 (39)

w h e r e R i s t h e i n n e r r a d i u s o f t h e a n n u l u s , a n d D0 i s t h e w i d t h o f t h e a n n u l u s ( i . e . , t h e a l o n g - t r a c k370

swath). Thealong-track continuity requirement becomes371

NSd(f ) ≥ vpTR (40)

w h i c h r e s u l t s i n a r e g i o n s u c h a s t h e o n e b e t w e e n t h e t w o r e d c u r v e s i n F i g u r e 9 n e e d i n g t o b e372

sampled. This is amuch less stringent requirement than theoneset by selecting only asinglePRF.373

5. Design Examples374

I n t h i s s e c t i o n w e r e - e x a m i n e t h e W a C M d e s i g n [ 5] , b u t a s s u m e t h a t d i f f e r e n t a n t e n n a s o r t r a n s m i t375

p o w e r c o u l d b e a v a i l a b l e . I t s h o u l d b e e m p h a s i z e d t h a t t h e e x a m p l e s i n t h i s s e c t i o n a r e i l l u s t r a t i v e o f376

p e r f o r m a n c e g i v e n t y p i c a l r a d a r s y s t e m c a p a b i l i t i e s , b u t d o n o t i n c l u d e a d e t a i l e d d e s i g n w h e r e s p e c i f c377

c o m p o n e n t s h a v e b e e n i d e n t i f e d . A n a c t u a l d e s i g n w i l l l i k e l y d i f f e r s o m e w h a t , b u t t h e p e r f o r m a n c e i s378

expected to beof thesameorder of magnitude.379

A s a b a s i s f o r t h e a n t e n n a , w e t a k e t h e 5 - m e t e r l o n g K a - b a n d r e fl e c t a r r a y a n t e n n a t h a t h a s b e e n380

d e v e l o p e d b y t h e N A S A S W O T m i s s i o n a s t h e l o n g e s t a n t e n n a t h a t c o u l d b e e a s i l y c o n s i d e r e d w i t h t h e381

By varying the PRF, its is easier to achieve swath continuity



WaCM Performance at 5km Sampling
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Antenna length: 4m (blue), 5m (red)
Peak Transmit Power:
100 W: solid lines
400 W: circles
1.5 kW: empty squares
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DopplerScatt Wind Validation
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What velocity are we measuring?

• Radar sensitive to phase speed ~0.5 cm capillary waves

• Free wave phase speed: ~31 cm/s. Capillary waves can also be generated as 
bound waves due to straining: will travel at straining wave phase speed (low 
wind speeds).

• Phase speed modulated by surface currents. Winds will add Stokes drift & 
surface drift.

• Gravity wave orbital velocity is added to capillary wave velocity. When 
averaging over surface waves, velocity is weighted (by radar brightness) 
spatial average.  

• Brightness not homogeneous over long wave:

• Hydrodynamic modulation due to 1) capillary amplitude modulation by 
spatially varying orbital velocity,; 2) wave breaking; 3) bound waves

© 2018 California Institute of Technology. Government sponsorship 
acknowledged. 



Radar Brightness Modulation
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Observation Model

34© 2018 California Institute of Technology. Government sponsorship acknowledged. 

Gravity wave height

In phase with u In phase with w

In phase with w

Hydrodynamic modulation

Tilt modulation

Net gravity wave contribution

Stokes drift



Upwind/Downwind Velocities vs Theory
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DopplerScatt GoM Eddy Validation
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DopplerScatt Speed Data Overlaid with ROCIS Speed Data
In March 2018, DopplerScatt 
flew over a large Gulf of 
Mexico Eddy south of New 
Orleans.

Ocean surface current data 
were collected at the same 
time with Fugro’s  Remote 
Ocean Current Imaging 
System (ROCIS) which uses 
FFT’s of space-time ocean 
wave imagery and the 
dispersion relation to solve for 
surface currents.

ROCIS data courtesy of 
Chevron and Fugro.

Preliminary 
results. 
Analysis on 
both sides 
still 
ongoing.
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DopplerScatt NCOM
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Strain Rate
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Fast Internal Wave Changes 
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Doppler Current Measurement Concept

Doppler Phase Diference: DF = 2kDr = fDdt
Radial velocity component: vr = Dr/dt = DF/(2kdt)

Vector currents are estimated by 
combining multiple (≧2) azimuth 
observations and projecting 
vector to the ocean surface.

• Radars provide coherent measurements: both the phase and the 
amplitude of a scattered signal are measured.

• The phase is proportional to the 2-way travel time (or range)
• The amplitude is proportional to the scattering strength of the traget
• Doppler measurements, fD, are obtained by measuring the phase 

diference between pulses, DF. Noise is reduced by combining multiple 
pulses. © 2018 California Institute of Technology. Government sponsorship 

acknowledged. 
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