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Abstract—Among the methods to compute scattering from 
rough surfaces, the Two-Scale Model (TSM) is a good compromise 
between range of validity and accuracy on one hand, and efficiency 
on the other hand. In fact, its range of validity is the union of those 
of the Geometrical Optics (GO) and of the small perturbation 
method (SPM). On the other hand, if one is interested only in 
copolarized normalized radar cross section, a combination of the 
analytical closed form expressions of GO and SPM can be used, so 
that high efficiency is obtained. However, if a fully polarimetric 
analysis of the scattering must be performed, a numerical 
integration is needed, which strongly reduces the efficiency. 
Recently, some of the authors of this work developed an 
approximated closed-form expression of such an integral, and then 
of the fully polarimetric version of TSM, that was named 
Polarimetric TSM (PTSM). However, this expression was only 
obtained for statistically isotropic rough surfaces and in the 
backscattering configuration. In this work we present the 
rationale for the extension to anisotropic roughness and to the 
bistatic configuration, aimed at evaluating scattering from the sea 
surface. Results are shown for anisotropic surfaces in the 
backscattering case and for isotropic surfaces in the bistatic 
scattering case. They can be usefully employed in sea state 
monitoring via microwave remote sensing systems. 

Keywords—electromagnetic scattering from rough surfaces; sea 
surface scattering 

I.  INTRODUCTION 

Methods for the evaluation of scattering from rough surfaces 
can be classified as numerical, such as the Method of Moments 
(MoM) [1], approximate analytical/numerical, such as the 
Small Slope Approximation (SSA) [2] and its second-order 
version (SSA2) [3], or the Two-Scale Model (TSM) [4-5], and 
approximate closed-form, such as the Small Perturbation 
Method (SPM) [6], the Geometrical Optics (GO) [6] or 
empirical methods [7]. The three categories are listed in order 
of increasing efficiency and decreasing validity range and 
accuracy. A good compromise between range of validity and 
accuracy on one hand, and efficiency on the other hand, is 
provided by TSM. According to this model, the scattering rough 
surface is represented as the superposition of a small-scale 
roughness, at horizontal scale of the order of wavelength, and a 
large-scale roughness, at horizontal scale large with respect to 
wavelength. Scattering from small-scale roughness is computed 
by using the SPM, and it mainly depends on small-scale 

roughness spectrum, whereas scattering from large-scale 
roughness is evaluated by using GO, and it mainly depends on 
large-scale roughness root mean square (rms) slopes. The 
former is dominant in far-from-specular directions, whereas the 
latter is dominant in near-specular directions. Accordingly, the 
range of validity of TSM is the union of the GO and SPM ones. 
On the other hand, if one is interested only in copolarized 
normalized radar cross section (NRCS), a combination of the 
analytical closed form expressions of GO and SPM can be used, 
so that a high computation efficiency is obtained. However, if a 
fully polarimetric analysis of the scattering must be performed, 
so that cross-polarization and de-polarization effects must be 
modelled, then the SPM expression of scattering from small-
scale roughness must be averaged over the surface slopes of the 
large-scale roughness. This average operation requires a 
numerical integration that strongly reduces the computation 
efficiency. Recently, some of the authors of this work 
developed an approximated closed-form expression of such an 
integral, and then of the fully polarimetric version of TSM, that 
was named Polarimetric TSM (PTSM) [8-10]. However, that 
expression was only obtained for statistically isotropic rough 
surfaces and in the backscattering (i.e., monostatic) 
configuration. In this work we present the generalization of the 
isotropic monostatic PTSM of [8-10] in two directions: towards 
an anisotropic monostatic PTSM and towards an isotropic 
bistatic PTSM. Both generalizations are applied to the 
evaluation of scattering from the sea surface. 

This paper is organized as follows. Section II presents 
the employed description of the sea surface. The anisotropic 
monostatic PTSM presented in section III, while the isotropic 
bistatic PTSM is introduced in Section IV. Finally, Conclusions 
are drawn in section V. 

II. SEA SURFACE MODEL 

In order to implement the TSM, the small-scale surface 
roughness must be described by specifying its power spectral 
density (PSD), briefly referred to as surface spectrum. Different 
sea surface spectra have been proposed in literature; however, 
recently for electromagnetic scattering computations the 
Elfouhaily spectrum [11] is very often employed. Therefore, for 
the small-scale roughness we here use the high-frequency part 
of the Elfouhaily spectrum: 
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( ) ( ) ( )2 , ,DW Wκ ϕ κ κ ϕ= Φ   (1) 

 
where κ is the amplitude of the surface wavenumber vector and 
ϕ is the angle between the surface wavenumber vector and the 
x axis (see Fig. 1), 
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g = 9.81 m/s2 being the gravity acceleration, and u* is the 
friction velocity 

 

10* du C u=    , (5) 

 
with u10 being the wind velocity at 10 m height and 
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finally,  

 

( ) ( ) ( ), 1 cos 2 wκ ϕ κ ϕ ϕ Φ = + Δ −      , (6) 

 
where 
  

( ) ( ) ( )2.5 2.5
tanh 0.173 4 p m mc c a c cκ  Δ = + +  

    , (7) 

 
with cp≅u10/0.84 and am=0.13u*/cm, and ϕw is the angle between 
wind direction and the x axis. It is worth noticing that, assuming 

c g κ≅ , eq. (2) is well approximated by the isotropic power-

law PSD employed in [8-10], with Hurst coefficient Ht=0.75 .   
With regard to the large-scale roughness, the 

implementation of the TSM requires that it is described via the 
probability density function (pdf) of its slopes along x and y 
directions. 

  
Figure 1: Geometry of the problem and coordinate system 
 

Sea surface slopes along up-wind and cross-wind 
directions, sup and scross, are, with good approximation, zero-
mean independent Gaussian random variables with variances 

2
upσ  and 2

crossσ , respectively [12]. The latter depend both on 

physical factors like wind speed, and on the incident 
electromagnetic frequency, and hence wavelength, that defines 
the cut-off scale between small- and large-scale roughness. 
However, these slope variances can be computed by using the 
semiempirical evaluation of [13], that holds at a frequency of 
1.5 GHz: 
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Proper corrections to these values, to deal with different 
microwave frequencies, can be made along the lines described 
in [14]. 
Starting from (8-9), it turns out that surface slopes along x and 
y directions are zero-mean jointly Gaussian random variables 
with variances 
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and correlation coefficient 
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III. ANISOTROPIC MONOSTATIC PTSM 

By using the TSM approach, the overall scattering surface 
can be seen as a collection of randomly rough facets, whose 
roughness is the small-scale roughness, randomly tilted 
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according to the slope of the large-scale roughness. Scattering 
by the tilted rough facet is computed by using the SPM, and the 
NRCS of the overall surface is obtained by averaging the tilted 
facet NRCS with respect to facet random slopes. In [8-10] a 
closed form evaluation of this average was obtained in the 
backscattering case by performing a series expansion of NRCS 
around zero slopes. However, there a statistically isotropic 

surface was considered, i.e., it was assumed that ( ), 1κ ϕΦ =

and that 2
upσ  = 2

crossσ , so that 2 2 2
x yσ σ σ= =  and ρ = 0. Here 

we remove those assumptions. Key points of the presented 
approach are: 1) expressing the local incidence angle ߴ௟௜	, and 
the rotation angle ߚ௜ of the incidence plane, in terms of the 
global incidence angle ߴ௜	and of local surface slopes sx and sy; 
2) expanding tilted facet SPM NRCS expressions in power 
series of facet slopes; and 3) averaging with respect to facet 
slopes. Details of the mathematical derivation are reported in 
[14]. We here report the final results, in terms of the elements 

of the polarimetric covariance matrix, ,pq rsR , where the 

subscripts p, q, r, s may each stand for h (horizontal 
polarization) or v (vertical polarization), so that ,pq pqR  is the 

NRCS 0
pqσ  at pq polarization. For the large-scale contribution, 

we employ the usual GO expression: 
 

( )
2 2

2 22 4,

tan
exp if and

2 12 1 cos

0 otherwise

large
pq rs xx y

p q r s
R

ϑ
ρ σσ σ ρ ϑ

  Γ   − = =  =  −−   


(12)   

 
Γ being the Fresnel coefficient at normal incidence, whereas for 
the small-scale one we get 
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Figure 4: Crosspol-copol correlation dependence on wind 
direction ϕw at C band (frequency = 5.66 GHz, ε = 67 – j36), ϑ = 
35°, and u10 = 10 m/s. Real part of the vh,vv correlation coefficient (blue 
line) and corresponding measured data (blue connected dots). 

 
Figure 2: Copolarized NRCS dependence on wind direction ϕw at 
C band (frequency = 5.66 GHz, ε = 67 – j36), ϑ = 35°, and u10 = 
10 m/s. Computed vv (blue line) and hh (red line) NRCS and 
corresponding measured data (blue and red connected dots). 

 

 
Figure 3: Crosspolarized NRCS dependence on wind direction 

ϕw at C band (frequency = 5.66 GHz, ε = 67 – j36), ϑ = 35°, and 
u10 = 10 m/s. Computed hv NRCS obtained via proposed PTSM 

(solid line) and via SSA2-A [15] (dashed line), and 
corresponding measured data (connected dots). 

36



  

i sϑ ϑ ϑ= = , Fh and Fv are the Bragg coefficients at horizontal 

and vertical polarization, and expansion coefficients ,
pq
k nC  are 

reported in [8] and [14]. 
Some numerical results, with comparison with real data 
reported in [3] and with other methods results, are shown in 
Figs. 2-4. For further results, and for full discussion of the 
comparison, the reader is referred to [14]. 
 

IV. ISOTROPIC BISTATIC PTSM 

The key point to generalize PTSM of [8-10] to the bistatic case 
is to express in terms ofߴ  ௜	, sx and sy not only the local incidence 
angle ߴ௟௜	 and the incidence plane rotation angle ߚ௜, but also 
scattering angles ߴ௟௦, ߮௟௦, and the rotation angle ߚ௦ of the 
scattering plane. The expressions of ߴ௟௦, ߮௟௦, and ߚ௦ as 
functions of ߴ௜	, sx and sy are not available in literature, and are 
an original contribution of this work. They are reported in the 
following:  
 
 

     (15) 
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 tanߚ௦ ൌ ௦೤ ୡ୭ୱఝೞି௦ೣ ୱ୧୬ఝೞ௦೤ ୡ୭ୱణೞ ୱ୧୬ఝೞା௦ೣ ୡ୭ୱణೞ ୡ୭ୱఝೞାୱ୧୬ణೞ			  .     (17) 

 
Once these relations are obtained, a procedure similar to the one 
of the monostatic case can be followed: 1) express the local 
incidence ߴ௟௜	and scattering ߴ௟௦, ߮ ௟௦ angles, and rotation angles ߚ௜ and ߚ௦of incidence	and scattering planes, in terms of global 
incidence ߴ௜	and scattering ߴ௦, ߮௦	angles and of local surface 
slopes sx and sy; 2) expand tilted facet SPM NRCS expressions 
in power series of facet slopes; and 3) average with respect to 
facet slopes. The complete mathematical formulation will be 
provided at the conference. Here we report some numerical 
results. In particular, in Figs. 5-6 we consider the NRCS 
expressed in circular polarization basis (R and L stand for right-
handed and left-handed circular polarizations, respectively), 
which is of interest in some polarimetric Synthetic Aperture 
Radar (SAR) configuration (e.g., compact pol) and for Global 
Navigation Satellite System Reflectometry (GNSS-R). 
 

V. CONCLUSION 

In this work, the isotropic monostatic PTSM introduced in [8-
10] has been generalized to the anisotropic monostatic and 
isotropic bistatic cases and applied to scattering from the sea 
surface, modelled by using the directional Elfouhaily spectrum 
and an anisotropic jointly Gaussian distribution of surface 
slopes. Closed-form expressions of all the elements of the 
polarimetric covariance matrix, including NRCSs, have been 
obtained. Comparison with real data, performed in the 
anisotropic monostatic case, shows that the agreement of the 
proposed method with real data is similar to the one of other, 
more refine but less efficient, methods. 
Obtained formulations can be useful in devising sea state 
retrieval methods that employ data from microwave remote 
sensing systems, such as polarimetric SAR and GNSS-R. 
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