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I. INTRODUCTION 

The radar remote sensing of the sea status is crucial for wea-

ther forecasting, navigation, and scientific studies. Radar back-

scatter from the ocean surface depends on the surface roughness 

and the dielectric constant of the water, in which the roughness 

of the sea surface mainly depends on wind speed and wind di-

rection [1]. The measurement and characterization of the sea 

surface roughness is difficult, and so is the computation of the 

backscattering coefficient of a sea surface. 

The backscattering coefficients of various sea surfaces were 

measured using spaceborne and airborne scatterometers [2–4]. 

The satellite synthetic aperture radar systems also provided a 

tremendous amount of radar backscatter data for various fre-

quencies, angles, polarizations, and wind vectors [5–7]. Owing 

to the difficulty of theoretical modeling, attempts have been 

made for empirically modeling the backscattering coefficient of 

sea surfaces based on the radar measurements for various wind  

speeds and wind directions, the so-called “geophysical model 

functions (GMF)” such as SASS-2 for Ku-band [8], XMOD2 

for X-band [7], CMOD5 for C-band [9], and L-GMF for L-

band [6]. These empirical models are based on the functional 

form of σ0=A+Bcosϕ+Ccos2ϕ, where ϕ is the azimuth angle 

of the wind direction relative to the radar look direction. The 

coefficients A, B, and C of each GMF model are determined 

empirically based on the experimental data sets for each fre-

quency band as functions of radar parameters (frequency, angle, 

and polarization) and wind speed. However, each of these em-

pirical models has limited ranges of frequencies, polarizations, 

incidence angles, and wind vectors. 

To obtain a wider validity region of a radar scattering model 

for various radar and sea-surface parameters, theoretical models 

of the backscattering coefficients for sea surfaces were developed 

on the basis of the approximated surface roughness characteris-

tics and the integral equation method (IEM) model [10–13]. 

Surface roughness moments are related to its second-order and 

third-order cumulant functions known as correlation and bi- 
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coherence functions, respectively. The Fourier transforms of the 

correlation and bicoherence functions are the roughness spec-

trum and bispectrum. The sea surface can be modeled as a time-

varying, anisotropic, and skewed rough surface, in which “skew-

ness” is defined by the difference in the backscattering coeffi-

cients between the upwind (ϕ=0°) and downwind (ϕ=180°) 

directions, and “peakedness” is defined by the difference be-

tween the upwind (ϕ=0°) and crosswind (ϕ=90°) directions.  

The surface skewness is described by the bicoherence or the 

bispectrum. Then, the backscattering coefficient of a sea surface 

can be estimated by adding a term associated with the rough-

ness spectrum (correlation function) and the other term with 

the bispectrum (bicoherence) [1, 10]. The first term can be ob-

tained by the traditional IEM, with the roughness spectrum 

corresponding to a correlation function with a root-mean-

square (RMS) height and a correlation length. The second term 

may be obtained with a complicated bispectrum computation 

for the skewness effect. The bispectrum calculation involves one 

unknown parameter s0 (skewness factor) that may be empirically 

determined for a given wind speed.  

To avoid computing the complicated bispectrum function 

B(k)=BS(k)+jBa(k) with an unknown parameter (skewness fac-

tor), which should be empirically determined for each wind 

speed, we attempted to generate an empirical expression for 

representing the skewness effect. In the computation of the first 

term of the theoretical model [10] associated with the correla-

tion function, the correlation length of a sea surface is represent-

ed by the function of the correlation length of the upwind (Lu) 

and crosswind (Lc) directions and the azimuth angle of wind 

direction ϕ. We found that the correlation length could also 

include the skewness effect without the complicated second 

term when the correlation length is multiplied by a Gaussian-

type functional form of the wind azimuth angle ϕ. In other 

words, the skewness effect can be practically accounted for by 

controlling the correlation length of a sea surface. The coeffi-

cients of the new multiplying function can be obtained by com-

paring the new model with an extensive experiment database. 

Unlike the existing model, which is complicated and has skew-

ness factors that are determined for each wind speed, this new 

model is simple without the complicated bispectrum function 

and needs only the empirical determination of the coefficients 

for each frequency and polarization for a wide range of wind 

speeds. The accuracy of this new model was verified with the 

extensive experiment database at X-band. Surprisingly, the 

model agreed well with the Ku-band independent radar meas-

urements [14]. 

II. THE EXISTING MODEL 

The IEM model has been widely used for estimating the 

backscattering coefficients of rough surfaces including rough sea 

surfaces [11]. The IEM model was applied to the measurement 

data in [2, 4] at X- and Ku-bands for VV and HH polarizations 

for various wind speeds and incidence angles using a simple 

exponential correlation function [11]. The IEM consists of two 

parts: 𝜎 𝜎 (N)+𝜎 (S), where the first part represents 

the backscattering coefficients of the non-skewed surfaces, and 

the second part represents the skewness effect. 
 

   
2

0 2 2 21
1exp 2 cos

2pp rms

k
N k h  

 

 
2

( )

1

| |
,

!

n
pp n

n

I
W K

n






 ,          
  

(1a) 
 

   
2

20 2 2 21
1exp 4 cos

2pp pp rms

k
S f k h  

 

 
 

3 3
1 ( )

1

8 cos
,

!

n

n
a

n

k
B K

n











 

   
2

2 2 21
1Re * exp 3 cos

2 pp pp rms

k
f F k h  

 

 
 

3 3
1 ( )

1

3 cos
,

!

n

n
a

n

k
B K

n








 





 

 
 

   
3 3
11 (2 )

cos
1 ,

2 !

n

n n
s

k
B K

n




 

  

 
2

2 2 2 21
1exp 2 cos

8 pp rms

k
F k h  

 

 
 

3 3
1 ( )

1

cos
,

!

n

n
a

n

k
B K

n









 ,

 
(1b)

 
 

where Ipp, W(K, ϕ), fpp, Fpp, and B(K,ϕ) are given in [11], k1is the 

wavenumber, θ is the incidence angle, and hrms is the RMS 

height of a sea surface. The W(n)(K, ϕ) is the nth-order surface 

roughness spectrum, which is the Fourier transform of the nth-

power of a correlation function. For an exponential correlation 

function, the roughness spectrum has the form of W(n)(K, 

ϕ)=nlc[n2+(Klc)2]-1.5 with K=2k1sinθ and lc=Lucos2ϕ+Lcsin2ϕ, 

where the correlation length lc can be obtained from the upwind 

and crosswind correlation lengths, Luand Lc, respectively, with 

the azimuth angle ϕ. The upwind and crosswind correlation 

lengths are given in [11] for the various wind speeds. As previ-

ously mentioned, a skewness factor s0 is used when describing 

the skewness effect. This constant is empirically determined at a 

wind speed, and thus it does not have the physical characteris-

tics for wind speed. Moreover, Eq. (1b) is complicated, and the 

accessibility is poor. Therefore, we proposed a new simple mod-

el that does not need Eq. (1b) and has the physical characteris-

tics for wind speed. 
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III. NEW SIMPLE EMPIRICAL MODEL 

In general, the RMS height and correlation length are mainly 

used to describe the roughness of a rough surface. As the 

roughness increases, the backscattering increases. As the RMS 

height increases and/or the correlation length decreases, the 

roughness increases. Therefore, if the correlation length de-

creases, the backscattering increases. We also used the rough-

ness characteristic of the correlation length increasing in the 

order of upwind, downwind, and crosswind. Using these char-

acteristics, we proposed a modified correlation length, which is 

the function of the azimuth angle. The peakedness and skew-

ness of the backscattering coefficients at the azimuth angles of 0° 

≤ ϕ≤ 360° can be controlled by the surface correlation length. 

Therefore, we proposed the following form of a modified corre-

lation length with unknown constants: a, b, and c. 
 

   2

2 2cos sin expc u cl L L a c
b

 
 

  
      

      (2) 
 

For example, Fig. 1 shows the typical angular responses of the 

backscattering coefficient 𝜎 (N) at a wind speed of 9.3 m/s, 

f=10 GHz, and θ=32° with various values of the unknown 

constants a, b, and c. The constant a in Eq. (2) mainly controls 

the skewness effect, as shown in Fig. 1—the solid line (a=0.5) 

and the dashed line (a=0.1) with fixed b and c. The comparison 

between the solid line (b=3) and the dotted line (b=1) shows 

that the constant b controls the peakedness (Fig. 1). The role of 

the constant c is mainly to control the level of the backscattering 

coefficient, as shown in Fig. 1—the solid line (c=0.7) and the 

dash-dot line (c=0.3) with fixed a and b. Therefore, the skew-

ness and peakedness can be simply controlled by selecting the 

optimum values of a, b, and c. 

We used measurement data [1] to propose the model using 

Eq. (2). The data used were measured in the sea near Japan and 
 

Fig. 1. Backscattering coefficients 𝜎 (N) with various values of 

unknown constants a, b, and c. 

the Pacific Ocean using an airborne microwave scatterometer–

radiometer system and showed how the backscattering coeffi-

cients changed for the wind direction. The backscattering coef-

ficients were measured as combined functions of the microwave 

frequency (10.0 GHz and 13.9 GHz), polarization (VV and 

HH), incident angle (0°–70°), azimuth angle (0°–360°), and 

wind speed (3.2–19.4 m/s). In the data processing procedure for 

obtaining one point of data, the standard deviations for the 

wind direction were less than 1°, and the standard deviations for 

the backscattering coefficients were 0.3–1.0 dB. 

An extensive database was obtained from [11] (originally [2, 

4]), which consisted of 462 measurement data-points for VV 

and HH polarizations at various wind speeds (i.e., 3.2, 9.3, and 

14.5 m/s at 10 GHz measurements at 32° and 52°, and 4.2, 5.5, 

7.5, 12, 15, and 19.4 m/s for 13.9 GHz measurements at 40°). 

The optimum values of the unknown constants were obtained 

using the minimum root-mean-square errors (RMSEs) between 

the scattering model and the database as functions of wind 

speed u in the following forms: 
 

0.01 0.47

0.12 4.90 for VV-polarization, and

0.80

a u

b u

c

   
   
  (3a) 

0.02 0.92

0.09 2.08 for HH-polarization.

0.73

a u

b u

c

   
   
     (3b) 

 

If we use the correlation length using Eqs. (2) and (3), we can 

control the skewness effect without using the complex Eq. (1b). 

In the existing model, the skewness factor s0, which was ob-

tained empirically for a wind speed, was applied, but the new 

model with (3) became much simpler because the correlation 

length is a function of wind speed. We can also predict the 

backscattering coefficients for continuous wind speeds. 

IV. VERIFICATION OF THE NEW MODEL 

To verify the accuracy of the new simple model that was em-

pirically developed with Eqs. (2) and (3), we compared the new 

model with the existing model and the experimental datasets. 

For the existing model, the complicate skewness term 𝜎 (S) 

with the unknown skewness factor s0 was used. Conversely, the 

new model is simpler than the existing model for computing the 

backscattering coefficients of skewed sea surfaces. 

Figs. 2 and 3 show a typical comparison among the new sim-

ple empirical model, the existing model, and the measurement 

data. Both the new and existing models agree well with the 

measurements except for several points at the crosswind direc-

tion, as shown in Fig. 2. The accuracies of both models are 

comparable, as shown in Figs. 2 and 3. 
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Fig. 2. Comparisons between the existing model and the new mod-

el with 10 GHz measurements for a wind speed of 9.3 m/s 

at 52°. 

 

 

(a) 

 

(b) 

Fig. 3. Comparisons between the existing model and the new mod-

el with 10 GHz measurements at 32° for VV-polarization (a) 

and HH-polarization (b). 

 

Table 1 shows the RMSEs between the measurement data 

and the new model and those between the measurement and 

the existing model. For example, the RMSEs for the data at 10  

Table 1. RMSEs under various conditions 

Freq. 

(GHz)

Incidence 

angle (°)
Polarization 

Wind 

speed 

(m/s)  

RMSE (dB)

Existing 

model [11]

New

model

10 32 VV 3.2 0.65 0.49

9.3 0.40 0.44

14.5 0.57 0.49

HH 3.2 0.61 0.79

9.3 0.80 0.78

14.5 0.73 0.81

52 VV 3.2 0.42 0.48

9.3 0.84 0.85

14.5 0.75 0.63

HH 3.2 0.52 0.36

9.3 0.49 0.33

14.5 0.33 0.82

13.9 40 VV 4.2 0.26 0.44

5.5 0.64 0.59

7.5 0.68 0.74

12 0.80 0.69

15 0.53 0.68

19.4 0.46 0.34

HH 4.2 1.16 1.30

5.5 0.61 0.59

7.5 0.47 0.55

12 0.61 0.75

15 0.72 0.52

19.4 0.26 0.39

Average  0.60 0.61

 
GHz and 3.2 m/s for the VV polarization (crosses in Fig. 2) are 

0.65 dB and 0.49 dB for the existing model and the new model, 

respectively, and for the data at 14.5 m/s (circles in Fig. 2), the 

RMSEs are 0.57 dB and 0.49 dB for the existing and new 

models, respectively, as shown in Table 1. Also Table 1 shows 

the comparable RMSE values for other datasets between the 

existing and the new model. 

Fig. 4 shows the comparison of the new simple model with 

independent datasets [14] and the existing model. The RMSEs 

are the same at 0.71 dB for the existing and new models. The 

new empirical model agrees well with the experimental data, 

although the model is simpler than the existing model. 

This new model has two main advantages over the existing 

model with comparable accuracies. First, this model is easily 

understandable and conveniently applicable because of its sim-

plicity. Second, the calculation time is dramatically reduced with 

this new model. For example, when we compute the backscat-

tering coefficients of sea surfaces for various conditions with 10 

wind speeds, 360 wind directions, 90 incidence angles, 10 fre-

quencies, and 2 polarizations (total of 6,480,000 data) using a 

personal computer, it takes only 73 seconds with this model and  
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Fig. 4. Comparisons between the existing model and the new mod-

el with independent datasets acquired at 13.9 GHz for a 

wind speed of 12.8 m/s at 40°. 

 

7 hours with the existing model. In short, the calculation time is 

reduced to 1/345. 

V. CONCLUSION 

A new empirical scattering model for estimating the back-

scattering coefficients of skewed sea surfaces was proposed. This 

model is simpler and more practical than the existing model. 

Instead of using the complicated skewness term 𝜎 (S), a mod-

ified correlation length was used in the new model to include 

the skewness and peakedness effects. The new simple empirical 

model agreed well with experimental datasets, and its accuracy 

was comparable with that of the existing model. 
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