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Scope
This Recommendation provides a method for predicting the bistatic scattering coefficient and coherent reflection coefficient for the sea surface. This model can be applied at any elevation angle, except grazing incidence, and is applicable for frequencies up to 100 GHz, and for wind speed between 0.5 m/s to 25 m/s.
Keywords
Bistatic scattering coefficient, coherent scattering, diffuse scattering, wind speed, upwind and crosswind mean square slopes, gravity wave, capillary wave, large-scale roughness, small-scale roughness
Acronyms/Abbreviations
ECMWF 	European Centre for Medium-Range Weather Forecast
ERA5	ECMWF Reanalysis version 5
Related ITU-R Recommendations and Handbook
Recommendation ITU-R P.372
Recommendation ITU-R P.452
Recommendation ITU-R P.527
Recommendation ITU-R P.528
Recommendation ITU-R P.676
Recommendation ITU-R P.680
Recommendation ITU-R P.1144
Recommendation ITU-R P.2148
NOTE – In every case, the latest revision/edition of the Recommendation in force should be used.
The ITU Radiocommunication Assembly,
considering
a)	that the proper planning of Earth surface observation systems and down-looking space systems, it is necessary to have appropriate models for predicting bistatic scattering coefficient of the sea surface; 
b)	that the bistatic scattering coefficient may have one or two of the following components: coherent bistatic scattering coefficient component and diffuse (non-coherent) bistatic scattering coefficient component;
c)	that the diffuse bistatic scattering may be due to large-scale roughness driven by long gravity wave and small-scale roughness driven by short capillary wave; 
d)	that both the long gravity wave and short capillary wave are driven by wind; 
e)	that model has been developed that allows the prediction of bistatic scattering coefficients of the sea surface needed in assessing several propagation parameters such as fading depth, atmospheric noise due to emission from sea surface, interference power due to scattering from sea surface,
recommends 
that the method in the Annex should be used to predict the bistatic scattering coefficient from the sea surface.
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[bookmark: _Toc109122299]1	Introduction
This Recommendation provides a method for predicting the sea surface bistatic scattering coefficient as a function of sea surface salinity, temperature, wind speed, relative wind direction and inverse wave age. If local data for these parameters are not available, the default values of these parameters as provided in Table 1 should be used. This prediction method is applicable to any elevation angle, except grazing incidence, any frequency up to 100 GHz, and wind speeds from 0.5 m/s to 25 m/s.
The bistatic scattering coefficient has two components: 1) a diffuse (non-coherent) component, which is the fraction of the incident power from an incident direction scattered to an arbitrary receive direction, and 2) a coherent component, which is the fraction of the incident power scattered back to the incident (i.e. specular) direction.
The prediction method in §§ 1 to 8 assumes the source and receiver polarizations are linear. If the source and/or receiver polarizations are circular, the appropriate bistatic scattering coefficients can be calculated from the linear bistatic scattering coefficients using the methods in Attachments A, B or C to this Annex. 
These prediction methods can be used to predict the interference power reflected by the sea surface between a source (e.g. a downlink transmitter) and a receiver receiving harmful interference (e.g. an Earth observation satellite receiver) using the method in Attachment E.
The sea surface is generally a randomly rough surface with roughness driven by wind. The bistatic scattering coefficient  is the fraction of power scattered along a direction  with polarization  due to incident wave illuminating the surface along the direction  with polarization  (see Fig. 1). The fraction of power is per unit solid angle and per unit area. Due to the complex nature of the surface roughness, the bistatic scattering coefficient is assumed to be composed of two components: a coherent component , and a diffuse (non-coherent) component . These two components are added together to:
			(1)
The coherent component exists only along the specular direction of the surface (, ).
FIGURE 1
Geometric configuration of bistatic scattering from sea surface
[image: A picture containing text, sky, map
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[bookmark: _Hlk108774774]Figure 1 illustrates the geometry considered in the scattering model. The xy-plane is the horizontal sea surface and the zenith direction is the positive z axis. The positive x axis is the upwind[footnoteRef:1] direction, the positive y axis is the crosswind direction where the incidence zenith angle,  and the scattering zenith angle, , are measured from the positive z axis. The incidence clock angle, , and the scattering clock angle,  are measured in the xy-plane in the counter-clockwise direction relative to the upwind direction. [1: 	The upwind direction is the opposite direction that the wind is heading.] 

The sea surface is treated as a two-scale roughness surface having large-scale roughness and small-scale roughness laying over the long-scale roughness. The long-scale roughness is associated with the long gravity wave and the small-scale roughness is associated with the short capillary wave. Accordingly, the diffuse (non-coherent) component of the bistatic scattering coefficient  is the sum of two components as given in equation (2):
			(2)
The first term in equation (2) is attributed to the sea surface long-scale roughness and the second term is attributed to the small-scale roughness. 
The model for predicting the coherent and the diffuse (non-coherent) components of the sea surface bistatic scattering coefficient can be constructed based on the flow chart depicted in Fig. 2.
FIGURE 2
[bookmark: _Hlk46925057]Flow chart of the sea surface bistatic scattering prediction model
[image: ]
The bistatic scattering coefficient of sea surface modelled here is for linearly polarized incident waves and linearly polarized scattered waves. The transformations from a linear polarization basis to other combinations of incident and scattered polarizations are provided in Attachment A and Attachment B:
–	Attachment A is for circularly polarized incident waves and linearly polarized scattered waves and vice versa.
–	Attachment B is for circularly polarized incident waves and circularly polarized scattered waves.
[bookmark: _Hlk47050835][bookmark: _Hlk47040771]–	Attachment C provides simple approximations for the bistatic scattering coefficients in Attachment A and Attachment B.
Moreover,
–	Attachment D provides a sea surface height spectra model.
–	Attachment E provides a methodology for determining the interference power from a reflected/scattered signal of the sea surface into a receiver
[bookmark: _Toc107241317][bookmark: _Toc109122300]2	Step 0: Input parameters
To predict values of the coherent and diffuse (non-coherent) components of the bistatic scattering coefficient for sea surface, two types of input parameters are required:
–	Propagation input parameters, and
–	Sea surface input parameters.
[bookmark: _Toc107241318][bookmark: _Toc109122301]2.1	Propagation input parameters
The propagation input parameters are as follows:
–	The elevation angle  and azimuth angle  of the incident wave illuminating the sea surface. These two angles determine the incident propagation direction .
–	The polarization vector  of the wave illuminating the sea surface.
–	The elevation angle  and azimuth angle  of the scattering direction  along which the bistatic scattering coefficient is calculated.
–	The polarization vectors  of the scattered field.
–	The frequency  at which the bistatic scattering coefficient is calculated. The frequency is given in GHz units. The frequency determines the RF wavenumber 
.
Since only linear polarizations are considered in this Annex,  =  or   and  =  or  with  standing for vertical (parallel) polarization, and  standing for horizontal (perpendicular) polarization. Throughout this recommendation the elevation angles  are replaced by the corresponding zenith angles .
			(3)
[bookmark: _Toc107241319][bookmark: _Toc109122302]2.2	Sea surface input parameters
The sea surface input parameters required for predicting bistatic scattering from sea surface are reported in Table 1 where default values may be used if local parameters are not known.
TABLE 1
Sea surface input parameters
	Parameter 
	Description
	Default value

	Sea surface salinity 
	Required for computing the complex relative permittivity of sea surface
	35 ppt[footnoteRef:2]  [2: 	The unit ppt is parts per thousand.] 


	Sea surface temperature 
	Required for computing the complex relative permittivity of sea surface
	0, 15, 30° C

	Wind speed (m/s)
	The wind speed at a height of 10 m above sea surface
	See text below

	Inverse wave age Ω
	The sea is fully developed when Ω is close to 0.85, mature when Ω is close to 1, and young when Ω > 2
	0.85

	Cut off roughness height wavenumber  
	The height wavenumber dividing the sea surface height spectrum into long gravity wave spectrum and short capillary wave spectrum 
	0.5k where k is the wavenumber (1/m)



Wind speed and coordinate system
Local values of the parameters in Table 1 should be used if available. Wind speed at 10 m above the sea surface depends on geographic location and season and varies over time. If available, local sea surface wind speed data (magnitude, direction and spatial and temporal correlation) applicable to the specific geographical location of interest should be used. If spatial or temporal correlation is not required, the global maps in Recommendation ITU-R P.2148 can be used.
If local sea surface wind speed data are not available, the local temporal wind vector can be derived from multiple sources of global data; e.g. the eastward and northward components of hourly wind speed at a height of 10 m above the surface of the Earth from 1979 are available from the ECMWF Copernicus Climate Data Store. 
[bookmark: _x005F_x0000_i10254][bookmark: _x005F_x0000_i10253][bookmark: _x005F_x0000_i10252][bookmark: _x005F_x0000_i10251][bookmark: _x005F_x0000_i1025][bookmark: Picture_x0020_14]Some datasets (e.g. ECMWF ERA5 data) provide the v, northward (wind heading towards the north) component of wind speed, and the u, eastward (wind heading toward the east) component of wind speed. For a given value of u and v, the magnitude of the wind speed at a height of 10 m above the surface of the Earth, , is . As shown in Fig. 3, the upwind direction is the opposite direction that the wind is heading; and the clockwise angle from north to the upwind direction, , is . Hence, in Fig. 3, the positive x-axis, which corresponds to the upwind direction, is a clockwise angle of  relative to north; or, equivalently, north is a counter clockwise angle of  relative to the upwind direction.
If  and  are the incident and scattering clockwise angles relative to north, then  and , the corresponding incident and scattering clockwise angles shown in Fig. 3 are:  
and .
FIGURE 3
Wind speed and coordinate systems
[image: Chart, scatter chart
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The following intermediate parameters are calculated from the above input parameters as part of the method:
–	Sea surface complex relative permittivity ,
–	Sea surface height spectral density function ,
–	Sea surface height variance , and
–	Sea surface upwind and cross wind mean square slopes  and .
[bookmark: _Toc107241320][bookmark: _Toc109122303][bookmark: _Toc1474849]3	Step 1: Determine the sea the water complex relative permittivity
[bookmark: _Hlk99449585][bookmark: _Toc536521104][bookmark: _Toc535772853][bookmark: _Toc535772696][bookmark: _Toc535772538][bookmark: _Toc535481046][bookmark: _Toc535862383][bookmark: _Toc535830859][bookmark: _Toc535390953][bookmark: _Toc535333111][bookmark: _Toc535332760][bookmark: _Toc536012136][bookmark: _Toc535480900][bookmark: _Toc535862543][bookmark: _Toc536012137][bookmark: _Toc536011953][bookmark: _Toc535863895][bookmark: _Toc535862703][bookmark: _Toc535396718][bookmark: _Toc536451471][bookmark: _Toc535332936][bookmark: _Toc536011952][bookmark: _Toc535862542][bookmark: _Toc535396571][bookmark: _Toc536528577][bookmark: _Toc536529076][bookmark: _Toc535772852][bookmark: _Toc535772695][bookmark: _Toc535772537][bookmark: _Toc535481045][bookmark: _Toc536521103][bookmark: _Toc535830858][bookmark: _Toc535390952][bookmark: _Toc535333110][bookmark: _Toc536528576][bookmark: _Toc535773010][bookmark: _Toc535480899][bookmark: _Toc535863894][bookmark: _Toc535862836][bookmark: _Toc535862702][bookmark: _Toc535862382][bookmark: _Toc535773009][bookmark: _Toc535396719][bookmark: _Toc536529077][bookmark: _Toc535862837][bookmark: _Toc535332935][bookmark: _Toc536451472][bookmark: _Toc535332761][bookmark: _Toc535396572]The complex relative permittivity model described by equations (14) to (27) of Recommendation ITU-R P.527-6 is used in this Recommendation to obtain the sea water complex relative permittivity. This model formulates the sea water complex relative permittivity  in terms of sea surface salinity, sea surface temperature and RF frequency. The default values of sea surface salinity and temperature are given in Table 1. 
[bookmark: _Toc107241321][bookmark: _Toc109122304]4	Step 2: Determine the sea surface roughness parameters
Sea surface roughness is described by the following:
–	The small-scale surface height spectral density which is required for calculating the diffuse bistatic scattering coefficient component due to small-scale roughness (§ 6).
–	The total sea surface rms height which is required for calculating the coherent reflectivity (§ 5).
[bookmark: _Hlk48555021]–	The large-scale probability density of surface slopes which is required for calculating the diffuse bistatic scattering coefficient component due to large scale roughness (§ 7). 
[bookmark: _Toc107241322][bookmark: _Toc109122305]4.1	Sea surface small-scale height spectral density (capillary wave) and sea height variance
The small-scale spectrum is related to the sea surface directional spectrum, , as follows.
			(4)
where  is the two-scale cut-off height wavenumber, and  are the polar coordinates of the spatial wavenumbers in the upwind and crosswind directions associated with the rectangular coordinates of the surface slopes. Explicit expression for  is given in Attachment D. 
The total sea surface rms height , which is required for calculating the coherent reflectivity, is related to the wind speed, , as follows:
		(5)
With  (the surface height variance) in square meters and  (wind speed at a height of 10 m above sea surface) in m/s, and:
	 
	
	
	
	
	
[bookmark: _Toc107241323][bookmark: _Toc109122306]4.2	Probability density of large-scale probability density of surface slopes (gravity wave)
The large-scale probability density of surface slopes is represented by zero-mean bivariate Gaussian distribution:
			(6)
where  and  are the slopes along the upwind and crosswind directions at surface patches where local bistatic scattering coefficients are calculated. Furthermore, and  are the upwind and crosswind mean square slopes.
			(7)
			(8)
where the regression coefficients () and  () in equations (7) and (8) have the following dependence on frequency  in GHz:
	(9)
	(10)
The coefficients  and  are given in Table 2 and Table 3, respectively. Equations (7) and (8) are valid for  values between 0.5 m/s and 25 m/s and frequencies between 1 and 100 GHz.
TABLE 2
Values of the regression coefficients  of equation (9)
	
	
	
	
	
	

	
	−0.001 316 803 829
	−0.000 766 377 24
	0.000 178 465 995
	0.000 163 583 254
	−2.722 372 719 5e-05

	
	0.003 381 740 504
	0.003 262 226 696
	0.001 055 843 558
	−0.000 556 018 050
	5.638 297 081 0e-05

	
	−8.387 091 908e-06
	−0.000 788 099 04
	−0.000 849 564 4
	0.000 321 034 03
	−2.969 409 304 3e-05

	
	−7.172 344 345 1e-05
	9.130 847 487e-05
	0.000 180 310 43
	−6.039 065 778e-05
	5.252 298 53e-06

	
	9.781 960 983 7e-06
	−5.515 385 070e-06
	−1.831 052 853e-05
	5.756 933 90e-06
	−4.820 426 74e-07

	
	−5.824 151 735 3e-07
	1.831 590 630e-07
	9.693 536 66e-07
	−2.928 018 73e-07
	2.384 386 09e-08

	
	1.662 701 734 3e-08
	−3.121 665 19e-09
	−2.590 444 81e-08
	7.608 802 794e-09
	−6.063 116 61e-10

	
	−1.853 308 18e-10
	2.084 451 182e-11
	2.762 769 59e-10
	−7.94818760e-11
	6.223 677 47e-12



TABLE 3
Values of the regression coefficients  of equation (10)
	
	
	
	
	
	

	
	−0.000 388 356 64
	−0.000 566 882 739
	−0.000 187 663 9
	0.000 195 168 030 1
	−2.564 879 98e-05

	
	0.000 711 554 432 3
	0.001 274 333 859
	0.001 582 455 599
	−0.000 564 251 194
	5.158 545 58e-05

	
	0.000 467 115 768
	7.665 602 489e-05
	−0.000 999 944 82
	0.000 304 430 724
	−2.608 628 437e-05

	
	−0.000 113 274 18
	−7.062 890 94e-05
	0.000 204 604 176
	−5.704 760 441e-05
	4.619 116 82e-06

	
	1.144 869 515e-05
	9.917 914 997 6e-06
	−2.031 787 86e-05
	5.376 554 489e-06
	−4.184 881 982e-07

	
	−5.954 866 288 2e-07
	−6.127 030 44e-07
	1.063 995 76e-06
	−2.717 537 12e-07
	2.052 809 6e-08

	
	1.566 749 978 4e-08
	1.794 015 885e-08
	−2.826 461 77e-08
	7.033 322 599e-09
	−5.186 932 2e-10

	
	−1.651 144 028 4e-10
	−2.032 492 61e-10
	3.003 151 95e-10
	−7.323 652 942e-11
	5.294 665 17e-12



[bookmark: _Toc107241324][bookmark: _Toc109122307]5	Step 3: Determine the coherent bistatic scattering coefficient
The coherent component of the bistatic scattering coefficient is like polarized component (vv, or hh) and it exists only along the specular reflection direction:
	(11)
In the above,  is Fresnel reflection coefficient for polarization  ():
			(12)
			(13)
[bookmark: _Toc107241325][bookmark: _Toc109122308]6	Step 4: Determine the diffuse bistatic scattering due to large scale roughness
For getting the bistatic scattering coefficient due to large scale roughness (gravity wave) use the incident angles (, ) and the scattering angles () provided in § 2.1 to calculate the following quantities.
			(14)
			(15)
			(16)
			(17)
			(18)
			(19)
			(20)
			(21)
			(22)
Introduce equations (16) and (17) into equation (23) to get the local incident angle  at the surface point contributing to the bistatic scattering coefficient:
			(23)
Introduce equation (23) into equations (12) and (13) using the proper value of the complex relative permittivity to get local Fresnel reflection  and . Then introduce the local Fresnel coefficients  and  along with the scalar vector products of equations (18) to (21) into equations (24) to (27) to get the polarization factors ’s:
If :
			(24)
			(25)
			(26)
			(27)
If :
			(28)
			(29)
			(30)
			(31)
Introduce equations (14) to (17) and (24) to (27) into equation (32) to get the sea surface diffuse component of the bistatic scattering coefficient due to long gravity wave:
			(32)
where  and  are the upwind and the crosswind mean squared surface slopes given in equations (7) and (8) as a function of wind speed  and frequency .  
[bookmark: _Toc107241326][bookmark: _Toc109122309]7	Step 5: Determine the diffuse bistatic scattering due to small-scale roughness
The approach exploited in getting the diffuse bistatic scattering due to small-scale roughness starts by setting the maxima and minima of  and .
		
		
		
		
The slope region subtended by the above maxima and minima are divided into 64 × 64 points using Gaussian quadrature nodes. At an arbitrary node  the slopes can be written as:
			(33)
			(34)
In equations (33) and (34),  and  are the Gaussian Quadrature nodes ( which correspond to the  of Section 3 of the Annex to Recommendation ITU-R P.1144-11, i.e. . Also  and .
Figure 4
Local scattering angles (, ) and inclination angles of surface normal 
(zenith angle  and azimuth angle )
[image: Diagram
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At the above Gaussian node perform the following procedures:
–	Get the zenith angle  and azimuth angle  defining the inclination of the sea surface large-scale surface normal  (see Fig. 4) through introducing equations (32) and (33) into equations (35) to (37):
			(35)
			(36)
			(37)
–	Get the local scattering and incident angles , and , and  and  at this node point:
			(38)
			(39)
	(40)
and
			(41)
			(42)
	(43)
–	Get the local incident and scattered angles enables getting the components of the incident horizontal polarization and scattered horizontal polarization:
			(44)
			(45)
			(46)
				(47)
and
			(48)
			(49)
			(50)
				(51)
–	Get the following scalar vector products in the incident direction:
			(52)
			(53)
			(54)
			(55)
	And the following scalar vector products in the scattering direction:
			(56)
			(57)
			(58)
			(59)
–	Get the polarization factors in the local frame ’s through introducing equations (38) and (41) along with proper value of complex relative permittivity into equations (60) to (63):
			(60)
			(61)
			(62)
			(63)
–	Get the polarization factors ’s through introducing equations (60) to (63), and equations (52) to (59) into equations (64) to (67):
	 	(64)
		(65)
		(66)
		(67)
	The function  ensures that the Gaussian node  sees the incident direction and scattered direction simultaneously:
		(68)
The above procedures need to be repeated to cover all the nodes of the slope.
To get sea surface diffuse bistatic scattering coefficient due to short waves, use the above formulations to calculate (69) and (70) at all nodes:
			(69)
			(70)
Equation (69) is obtained from equation (6). In addition,  in equation (70) is the short-wave spectral density function given in Attachment D calculated at , and height wavenumber  given by:
			(71)
Then introduce equations (68) to (71) into equation (72) to get the sea surface diffuse bistatic scattering coefficient due to small-scale roughness (short capillary wave):
		(72)
In equation (72),  and  are the Gaussian quadrature weights which are given in Section 3 of the Annex to Recommendation ITU-R P.1144-11. The factor  is a constant given by:
			(73)
[bookmark: _Toc107241327][bookmark: _Hlk47082782][bookmark: _Toc109122310]8	Sum the components of sea surface bistatic scattering coefficient
The coherent component (11) and diffuse components (32) and (72) of sea surface bistatic scattering coefficients are summed and exploited in exploring features of those coefficients in the backscattering direction and the forward (specular) direction. 
			(74)
[bookmark: _Toc107241328][bookmark: _Toc109122311]8.1	Sea surface backscattering coefficients
The sea surface backscattering coefficients are of interest, especially to the active remote sensing communities. They have no coherent component, and they can be calculated from the sum of equations (32) and (72) by setting  (i.e. , and ). Figures 5 to 8 illustrate the dependence of the sea surface backscattering coefficients on incidence angle, polarization, wind speed and wind direction.
Figure 5
Backscattering coefficients along upwind direction as a function of incidence angle at different values of wind speed 
(frequency = 13.6 GHz, Ω = 0.84, temperature = 30° C, salinity = 35 ppt)
[image: ]
Figure 6
Backscattering coefficients as a function of wind speed at different angles of incidence 
(frequency = 13.6 GHz, Ω = 0.84, temperature = 30° C, salinity = 35 ppt)
[image: ]
Figure 7
Upwind backscattering coefficients as a function of incidence angle 
(frequency = 18.6 GHz, Ω = 0.84, temperature = 30° C,  = 18 m/s, salinity = 35 ppt)
[image: ]
Figure 8
Crosswind backscattering coefficients as a function of incidence angle 
(frequency = 18.6 GHz, Ω = 0.84, temperature = 30° C,  18 m/s, salinity = 35 ppt)
[image: ]
[bookmark: _Toc107241329][bookmark: _Toc109122312]8.2	Sea surface bistatic scattering coefficients in the forward direction
The sea surface bistatic scattering coefficients in the forward direction can be used for assessing the interference power received by a receive antenna. These sea surface bistatic scattering coefficients can also be used to calculate the fading depth due to sea surface reflections in Recommendation ITU‑R P.680-3. They can be calculated as the sum of the coherent component (11) and the diffuse components. The coherent component exits only along the specular reflection direction (, and ). The diffuse component is defined in equations (32) and (72) by setting 
.
Figures 9 to 14 are examples of the bistatic scattering coefficients in the forward direction. Figures 9 and 10 fix the scattering angle (the receive observation angle) and vary the angle of incidence (direction of the interfering signals). Figure 9 is calculated at 1.227 6 GHz (GPS L2 frequency), and Fig. 10 is calculated at 18.6 GHz. In each Figure, the bistatic scattering coefficients are calculated at two different wind speeds:  = 2 m/s, and  = 25 m/s.
Figures 11 to 14 fix the incidence angle (interferer angle) and vary the scattering angle. Figures 11 and 13 are calculated at 1.227 6 GHz, and Figs 12 and 14 are calculated at 18.6 GHz. Figures 11 and 12 are calculated at sea surface temperature of 30° C. Figures 13 and 14 are calculated at a sea surface temperature of 5° C. Moreover, in each of Figs 11 to 14, the bistatic scattering coefficients are calculated at two different wind speeds:  = 2 m/s, and  = 25 m/s.
Due to reciprocity, fixing either the angle of incidence or the scattering angle yields similar results. Accordingly, the fixed value of scattering angle in Figs 8 and 9 are different than the fixed value of the incident angle in Figs 11 to 14.
Comparing Fig. 11 against Fig. 13 and comparing Fig. 12 against Fig. 14 indicate that for temperature above freezing condition, the temperature has no pronounced effect on the bistatic scattering coefficient.
Figure 9
Forward bistatic scattering coefficients as a function of incidence angle at different values of wind speeds
( = 30°, frequency = 1.227 6 GHz, Ω = 0.84, temperature = 30° C, salinity = 35 ppt)
[image: ]
Figure 10
Forward bistatic scattering coefficients as a function of incidence angle at different values of wind speeds
( = 30°, frequency = 18.6 GHz, Ω = 0.84, temperature = 30° C, salinity = 35 ppt)
[image: ]
Figure 11
Forward bistatic scattering coefficients as a function of scattering angle at different values of wind speeds
( = 50°, frequency = 1.227 6 GHz, Ω = 0.84, temperature = 30 °C, salinity = 35 ppt)
[image: Chart, line chart
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Figure 12
Forward bistatic scattering coefficients as a function of scattering angle at different values of wind speeds
( = 50°, frequency = 18.6 GHz, Ω = 0.84, temperature = 30° C, salinity = 35 ppt)
[image: ]
Figure 13
Forward bistatic scattering coefficients as a function of scattering angle at different values of wind speeds
( = 50°, frequency = 1.227 6 GHz, Ω = 0.84, temperature = 5° C, salinity = 35 ppt)
[image: ]
Figure 14
Forward bistatic scattering coefficients as a function of scattering angle at different values of wind speeds
( = 50°, frequency = 18.6 GHz, Ω = 0.84, temperature = 5° C, salinity = 35 ppt)
[image: ]


[bookmark: _Toc107241330][bookmark: _Toc109122313]Attachment A
to Annex

Calculation of scattering coefficients between circularly polarized 
and linearly polarized waves
This Attachment provides the calculations of the bistatic scattering coefficients between a) a circularly polarized incident wave and a linearly polarized scattered wave (i.e. , where  is either right-hand circular polarization, , or left-hand circular polarization, , and  is either vertical, , or horizontal, , polarization) and b) a linearly polarized incident wave and a circularly polarized scattered wave (i.e. , where  is either vertical, , or horizontal, , polarization and  is either right-hand circular polarization, , or left-hand circular polarization, ). 
[bookmark: _Toc107241331][bookmark: _Toc109122314]A.1	Circularly Polarized (CP) incident to linear scattered power
In this case, the coherent bistatic scattering coefficient  components due to sea surface can be obtained from equation (11) through replacing  by  with
			(a.1)
			(a.2)
			(a.3)
			(a.4)
		and  .
The bistatic scattering coefficient  due to long gravity wave can be obtained from equation (32) through replacing the polarization factors  by the polarization factors  with:
			(a.5)
			(a.6)
			(a.7)
			(a.8)
The bistatic scattering coefficient  due to short capillary wave can be obtained from equation (72) through replacing the polarization factors  in equation (70) by the polarization factors  with:
			(a.9)
			(a.10)
			(a.11)
			(a.12)
[bookmark: _Toc107241332][bookmark: _Toc109122315]A.2	Linear incident to CP scattered power
For this case, the coherent bistatic scattering coefficient  components due to sea surface can be obtained from equation (11) through replacing  by  with:
			(a.13)
			(a.14)
			(a.15)
			(a.16)
The bistatic scattering coefficient  due to long gravity wave can be obtained from equation (32) through replacing  by  with:
			(a.17)
			(a.18)
			(a.19)
			(a.20)
The bistatic scattering coefficient  due to short capillary wave can be obtained from equation (72) through replacing  in equation (70) by  with:
			(a.21)
			(a.22)
			(a.23)
			(a.24)


[bookmark: _Toc107241333][bookmark: _Toc109122316]Attachment B
to Annex

Calculation of scattering coefficients between circularly polarized waves
This Attachment provides the calculations of the bistatic scattering coefficients between a circularly polarized incident wave and a circularly polarized scattered wave (i.e. , where  is either right-hand circular polarization, , or left-hand circular polarization, , and  is either right-hand circular polarization, , or left-hand circular polarization, ).  
The coherent bistatic scattering coefficient  components due to sea surface can be obtained from equation (11) through replacing  by  with:
			(b.1)
			(b.2)
			(b.3)
			(b.4)
The bistatic scattering coefficient  due to long gravity wave can be obtained from equation (32) through replacing  by  with:
		(b.5)
		(b.6)
		(b.7)
		(b.8)
The bistatic scattering coefficient  due to short capillary wave can be obtained from equation (72) through replacing  in equation (70) by  with:
		(b.9)
		(b.10)
		(b.11)
		(b.12)


[bookmark: _Toc107241334][bookmark: _Toc109122317]Attachment C
to Annex

Simple approximations
For incidence angles and scattering angles  below 60 degrees, and for azimuth scattering angles  within ±5 degrees of the forward scattering plane (), the cross polarized terms in equations (a.5) to (a.24) could be neglected leading to the simplifications reported below. In so doing, yields an error of less than 5%. Within the forward scattering plane (), for the above incident and scattering angles, the error is negligible.
	RHCP incident and vertical scattered power 
	

	RHCP incident and horizontal scattered power 
	

	LHCP incident and vertical scattered power 
	

	LHCP incident and horizontal scattered power
	

	Vertical incident and RHCP scattered power
	

	Horizontal incident and RHCP scattered power
	

	Vertical incident and LHCP scattered power
	

	Horizontal incident and LHCP scattered power
	




[bookmark: _Toc107241335][bookmark: _Hlk47050956][bookmark: _Toc109122318]Attachment D
to Annex

Sea surface height spectra model
The sea surface height spectrum is divided into two spectra: large-scale (gravity) spectrum and small-scale (capillary) spectrum, which are denoted by  and , respectively. The large-scale spectrum is noted for reference but is not directly needed. The small-scale spectrum is related to the sea surface directional spectrum, , as follows:
			(d.1)
where  is the two-scale cut-off height wavenumber, and  are the polar coordinates of the height wavenumbers in the upwind and crosswind directions associated with the rectangular coordinates of the surface slopes . The directional spectrum  is as follows:
			(d.2)
where  is the isotropic (omni-directional) spectrum function, and  is the angular spreading function. The isotropic spectrum, , is given by:
			(d.3)
and  is the wave spectrum for long gravity waves:
			(d.4)
			(d.5)
			(d.6)
			(d.7)
			(d.8)
			(d.9)
 is wave spectrum for short capillary waves:
			(d.10)
			(d.11)
			(d.12)
and Ω is the inverse wave age. The sea is considered to be:
–	fully developed when Ω has values close to 0.84,
–	mature when Ω has values close to 1, and
–	young when Ω has values > 2.
 is the wind speed (typically between 3 m/s and 33 m/s) at a height of 10 m above the sea surface, and  is the friction velocity (i.e. the wind speed at the sea surface).  in equation (d.3) is the water surface tension, and  in equation (d.5) is the water acceleration due to gravity in m/s2.
The angular spreading function  in equation (d.2) provides the azimuth dependence of the directional spectrum  given by:
			(d.13)
where 𝜓 corresponds to the upwind direction, and  is the angular dependence amplitude:
			(d.14)
Note that  in equation (d.4) goes to  when  goes to zero. However, when  goes to zero,  also goes to zero. As a result, when , set  without further calculation.


[bookmark: _Toc107241336][bookmark: _Toc109122319][bookmark: _Hlk48504864]Attachment E
to Annex

Interference power of a reflected signal from the sea surface into a receiver
[bookmark: _Toc107241337][bookmark: _Toc109122320]E.1 	Introduction
The bistatic scattered power  from the sea surface received by a receive antenna with linear polarization  is the sum of two components: a coherent component , and a diffuse (incoherent) component .
			(e.1)
The following sections provide calculations of the received power for: a) the general case and b) approximations for the specific case of a transmitter in GEO orbit and a receiver in LEO orbit.
[bookmark: _Toc107241338][bookmark: _Toc109122321]E.2	Coherent received power
For identical transmit (incident) and receive (scattered) linear polarizations, , the received coherent power,  (W), is:
			(e.2)
where:
	 :	transmitted power with polarization  (W)
	 :	gain of the transmit antenna in the direction of the reflection point on the surface of the Earth (linear)
	 :	range between the transmitter and the specular reflection point on the surface of the Earth (m)
	 :	range between the specular reflection point on the surface of the Earth and the receiving antenna (m)
	 :	gain of the receive antenna in the direction of the specular reflection point on the surface of the Earth (linear)
	 :	atmospheric loss (e.g. the gaseous attenuation) along the path from the interferer to the specular reflection point. The gaseous attenuation,  (dB), can be calculated using Annex 1 or Annex 2 of Recommendation ITU‑R P.676‑12, in which case 
	 :	atmospheric loss (e.g. the gaseous attenuation) along the path from the specular reflection point to the receiving antenna. The gaseous attenuation,  (dB), can be calculated using Annex 1 or Annex 2 of Recommendation ITU-R P.676‑12, in which case 
	 :	wavelength (m)
	 :	divergence loss due to the Earth’s curvature, given by:
			(e.3)
where:
	 :	average radius of the Earth (6 371 000 m)
	 :	effective range   (m)
	 :	incident zenith angle.
E.2.1	Transmitter in GEO orbit and a receiver in LEO orbit: coherent component
For the specular reflected component,  is the total range and  is the spreading loss.  is the equivalent isotopically radiated power (e.i.r.p.). For a transmitter in GEO orbit and a receiver in low earth orbit (LEO), the approximation that  introduces a few percent error in the coherent term. In this case, equation (e.2) becomes:
			(e.4)
 is the coherent bistatic scattering coefficient given by equation (11) for linearly polarized incident and linearly polarized scattered waves. The corresponding polarization transformations in Attachments A, B and C can be used for other incident and scattered polarization pairs. 
[bookmark: _Toc107241339][bookmark: _Toc109122322]E.3	Diffuse received power
The received diffuse power,  (W), can be calculated using the conventional bistatic radar equation (e.g. equation (73) of Recommendation ITU-R P.452-16). The diffuse scattered power received by an antenna with polarization  due and transmit polarization  is:
			(e.5)
where: 
	 :	transmit power with polarization (W)
	 : 	incident direction at the scattering differential area
	 : 	scattered direction at the scattering differential area
	 : 	gain of the transmit antenna in the incident direction  (linear)
	 :	gain of the receive antenna in the receive direction  (linear)
	 : 	differential scattering area within the surface (m2)
	 : 	range between the transmitter and the scattering differential area on the surface of the Earth (m)
	: 	range between the scattering differential area on the surface of the Earth and the receiver (m).
E.3.1	Transmitter in GEO orbit and a receiver in LEO orbit: diffuse component
The following approximation assumes the gain of the transmit antenna is constant over the receive antenna footprint (a reasonable assumption for a GEO transmitter with a moderate gain antenna and a LEO receiver with a high gain antenna), and the distances from the transmit antenna to the surface of the Earth and from the surface of the Earth to the receive antenna do not vary significantly over the receive antenna footprint. Then, equation (e.5) can be approximated by:
			(e.6)
where:
	 :	incident direction at the scattering differential area along the transmitting antenna main beam
	 : 	scattered direction at the scattering differential area along the receive antenna main beam
	 : 	range between the transmitter and the centre of the footprint, on the surface of the Earth, illuminated by the transmit antenna (m).
The polarization transformations in Attachments A, B and C can be used to calculate  for incident and scattered polarizations other than linear-linear or circular-circular.
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