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Abstract-The backscatter from ocean waves measured 
by scatterometers is primarily determined by the speed 
and direction of near-surface wind, while other influences 
(temperature, salinity, swell, etc.) appear to be secondary 
effects. A complete theoretical geophysical model, incor- 
porating all influences on the backscatter, appears be- 
yond the current state of science; empirical estimates of 
the wind-backscatter relationship do not incorporate non- 
wind influences and suffer from variability due to unmod- 
elled parameters. Having previously developed a method 
of estimating this variability directly from scatterometer 
measurements, this paper provides an analysis of ERS-1 
(C-band) and NSCAT (Ku-band) data to identify some 
governing factors in the value of the modeling variability. 

INTRODUCTION 

Empirical estimates of the geophysical model function re- 
late the wind over the ocean surface, along with parame- 
ters characterizing the way the radar looks at  the surface, 
to the normalized radar cross section, 0'. However, un- 
modelled factors affect the relationship between the wind 
and the radar cross section; these cause variability in the 
true value of the backscatter for given wind and observa- 
tion geometry. Identifying the sensitivity of this variabil- 
ity to various parameters improves our understanding of 
the model function and the scatterometer measurement 
process, thereby enhancing wind estimation. 

A simple model which describes the basic measurement 
process [l] is depicted in Fig. 1. The empirically deter- 
mined model function maps the surface wind, along with 
the parameters of the scatterometer, to the model function 
backscatter, o&. This value is perturbed by unmodelled 
parameters, via a zero-mean unit-variance random vari- 
able, V I ,  to  yield the true backscatter coefficient of the 
surface, U$. The measurement of the true backscatter, 
U$, is corrupted by thermal noise, again with a zero-mean 

l+KiMv l+K,, v 
Figure 1: The model for scatterometer measurements. 

unit-variance random variable, u2. A given measurement 
is modeled as z = (1 + K p ~ v l ) ( l  + Kpcv2)0&, where 
v1 and 24 are assumed to be independent (i.e., the un- 
certainty due to unmodelled parameters is independent 
of the thermal noise in the communication channel), and 
K;M and K& are the normalized variances for the mod- 
eling error and the communication error, respectively. The 
communication noise, Kpc,  is well understood in terms of 
the time-bandwidth product of the measurement process, 
and has long been accepted in the radar community as 
having a multiplicative nature, corresponding to the fact 
that the communication noise is proportional to the signal 
itself [2]. K ~ M  describes the variability in the empirical 
model function, that is, it quantifies the uncertainty in the 
backscatter for given wind conditions. This variability has 
received little attention, though a method of estimating 
the value of K ~ M  from scatterometer-only data has been 
developed [l] and some initial investigations of the effect 
of KPM on wind estimation have been performed [3,  41. 

Here a more thorough analysis of C-band (ERS-1) and 
Ku-band (NSCAT) data are reported to  describe the mag- 
nitude and some of the dependences of K P M .  In doing 
this, we wish to make clear that this is not a comparison 
of instruments or of model functions. Rather, the focus 
and contribution of this paper is to quantify the variabil- 
ity of empirical model functions and to identify a few of 
the parameters that affect this Variability. These should 
be useful in improving future empirical model functions. 

C-BAND ESTIMATES OF K ~ M  

First we consider the variability observed in the C-band 
model function. We use CMOD-FDP [5] though results 
should be similar for other model functions. Specifically, 
we consider the sensitivity of K ~ M  to wind speed, obser- 
vation incidence angle, latitude, and temporal variations 
in various latitude bands. The estimates of KPM are de- 
termined solely from ERS-1 scatterometer data by com- 
paring the variance of the measurements to the variance 
of the model function driven by the retrieved wind [l]. 

Fig. 2 plots the estimated value of K ~ M  against the in- 
cidence angle (angle of observation) for four typical wind 
speeds. The error bars indicate one standard deviation 
above and below the mean value of the estimates. We see 
a very clear trend of decreasing K ~ M  with wind speed. 
There is also a slight increase in KPM with incidence an- 
gle, and an unusual dip a t  50". It should be noted that 
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Figure 2: E s t i m a t e s  of t h e  value of  K ~ M ,  t h e  model 
f u n c t i o n  variability, based o n  ascending ,passes of  E R S - I  
data.  T h e  p lo t  indicates a clear trend tha t  KPM decreases 
w i th  wind speed, but  has  on ly  a sma l l  dependence o n  inci-  
dence angle, though there i s  a consis tent  dip in the  value 
f o r  50" incidence angle. 

this wind speed dependence is not as clear using data from 
descending passes, for which we have no explanation. 

Since different latitudes have different wind speed dis- 
tributions, the wind speed dependence observed in Fig. 
2 could be due to a latitude effect such as sea surface 
temperature (which would affect water viscosity) or fetch 
(which would affect sea state development). To consider 
the latitude dependence of the model function variability, 
Fig. 3 plots estimates of KPM against latitude for the 
same four wind speed bins. A clear wind speed depen- 
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Figure 3: Es t ima tes  of t h e  value of K ~ M  from ERS-1 
data,  f o r  20" lati tude bands. A g a i n  w e  see a clear speed 
trend.  W e  also see little lat i tude variat ion except a t  higher 
lati tudes.  
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Figure 4: Es t ima tes  of t he  value of K ~ M  f r o m  1993 
E R S - I  ascending data,  plotted against  t i m e ,  f o r  two  lat- 
i tude bands. E a c h  1atii.ude band seems  t o  have increased 
KPM during t h e  warmes t  par t  of t h e  year :in tha t  lati tude.  

dence remains, except at  low latitudes where high wind 
speeds are relatively uiicommon and the estimation suf- 
fers from limited data. 

Fig. 4 plots the estimates for one year of data collec- 
tion in 1993 in two latitude bands (averaging over all wind 
speeds and incidence angles) in order to examine seasonal 
trends. Equatorial lati tudes show little variation about 
K ~ M  = 0.14 and are omitted from the plot for clarity. The 
northern latitudes show a generally higher value of K P M ,  
which decreases considerably in the winter months. Sim- 
ilarly, the southern latitudes show lower values of KPM 
during the colder months. These temporal variations in 
K ~ M  may be due to the different wind speed distributions 
of different seasons in each hemisphere. 

KU-BAND ESTIMATES OF KPM 

In this section, the mcldel function variability, K P M ,  is 
estimated for Ku-band from NSCAT data using the new 
NSCAT-1 model function. While this data has many dif- 
ferences from ERS-1 data, the variability in the model 
functions often show similar trends. 

Fig. 5 plots the estimated value of KPM determined 
from NSCAT data against the incidence angle for the four 
typical wind speeds. A:; with ERS-1 data, we see a clear 
trend of decreasing Kpnn with wind speed. There is also a 
substantial increase in .KPM with incidence angle, which 
was not observed in the C-band data. It slhould be noted 
that the Ku-band data used consists of one week of data 
(18 to 25 December, 1096), where the C-band data is a 
full year of data (1993) sampled every ten days. 

The dependence of the variability on latitude is ob- 
served in Fig. 6 where estimates of KPM are plotted 
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Figure 5: Es t ima tes  of t h e  value of K P M ,  the  model 
f u n c t i o n  variability, based o n  ascending passes of NSCAT 
data (Ku-band) .  T h e  p lo t  indicates a clear trend that  
KPM decreases w i th  w ind  speed, and increases substan- 
t ially w i th  incidence angle. 

against latitude for the same four wind speed bins. As 
with ERS-1 data, the plot shows slight decreases in the 
estimate of KPM at mid latitudes, though there is less 
apparent variation than was seen a t  C-band. We also rec- 
ognize the poor estimates near the equator for high wind 
speeds due to the relatively few data points usable in the 
averaging, and that using only a single week of data, in 
December, will affect the estimates. 
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Figure 6: Es t ima tes  of t h e  value of KPM f r o m  NSCAT 
data,  for 20” lati tude bands. A g a i n  we  see a clear speed 
trend.  We also see little lati tude variat ion except a t  higher 
lati tudes.  

DISCUSSION 

The simple model for scatterometer measurements de- 
picted in Fig. l establishes a method for estimating, di- 
rectly from scatterometer measurements, the variability 
in empirical model functions for given wind conditions [I]. 
This variability has been reported here and computed for 
various parameter sets to identify some dependences. 

The value of K ~ M  is important in wind scatterometry 
for several reasons. Estimates of the wind require a re- 
alistic noise estimate of the measurements. The variance 
of the measurements is crucial in performing maximum 
likelihood or maximum a priori  estimates of the prob- 
able wind to have generated those measurements. The 
variability of the empirical model function, embodied in 
K P M ,  contributes significantly to the total noise figure of 
the measurements. 

Estimates of the model function variability for both C- 
band and Ku-band model functions presented here indi- 
cate considerable dependence on wind speed and latitude. 
The seasonal variations observed at  C-band need to be 
further examined to identify if the effect depends on sea 
surface temperature or other parameters. As additional 
NSCAT data becomes available, similar temporal sensi- 
tivities will undoubtedly be observed at Ku-band. The 
sensitivity of K ~ M  will provide direction for further im- 
provements in empirical model functions. 
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