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Multiscale composite models based on the Bragg theOly are widely used to study the 
U1LlI<,,'l~"~' radar cross-section (NRCS) over the sea sllrface. However, these models are 

able to correctly reproduce the NRCS in ail configurations and wind wave conditions. 
have developed a physical model that takes into account, not only the Bragg 

nisl11, but also the non-Bragg scattering l11echanisl11 associated with wave breaking. 
single model was built to explain on the same physical basis both the background 

. of the NRCS and the wave radar Modulation Transfer Function (MTF) at HH 
VV polarization. The NRCS is assul11ed to be the SUl11 of a Bragg part (two-scale 

) and of a non-Bragg part. The description of the sea surface is based on the short 
wave spectrul11 (wavelength from few l11illimeters to few meters) developed by 

et al. [1999] and wave breaking statistics proposed by Phillips [1985]. We 
that non-Bragg scattering is suppOlied by quasi-specular reflection from vely 

wave breaking pattems and th<1t the overall contribution is proportional to the white 
coverage of the surface. A comparison of the model NRCS with observatioris is 

We show that neither pure Bragg nor composite Bragg model is able to 
duce observed feature of the sea surface NRCS in a wide range of radar frequencies, 

. speeds, and incidence and azimuth angles. The introduction of the non-Bragg part in 
. model gives an improved agreement with observations. In Part 2, we extend the model 
the wave radar MTF problem. INDEX TERl'vfS: 4275 Oceanography: General: Remote sensing 
electromagnetic processes (0689); 4560 Oceanography: Physical: Surface waves and tides (1255); 4504 

:earlography: PhysicaI: Air/sea interactions (0312); 4506 Oceanography: Physical: Capillary waves; 
ocean surface waves, radar cross-section, short wind waves, wave breaking, Bragg scattering, 

ragg scattering 
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Moclels of the normal ized radar cross-section (NRCS) 
sea-surface at intenllediate incidence angles are 
treated as a composite models describing the COtl1-

effects of Bragg scattering mechanisl11 (effective for 
ocean waves whose wavelengths are of the order of 

elcctromagnetic wavc) and local-titling effects due to 
lluderlying waves [plant, 1986; Donelan and Pierson, 

, ROllleiser et al., 1994; Romeiser and Alpers, 1997; 
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Janssen et al., 1998]. However, it is recognized that using 
this kind of models, it is difficult to obtain a consistent 
description of the normalized radar cross-section over a large 
range ofradar frequencies, incidence angles, for the different 
polarization states and various conditions ofwind and waves. 
[n particular, it has been mentioned in several publications, 
that models which may provide consistent results for VV 
polarization, are not in agreement with observations for HH 
polarization [e.g., Plant, 1990; Janssen et al., 1998]. These 
models do not correctly reproduce the observed azimuthal 
behavior of the NRCS at both HH and VV polmizations 
[Qui!fèl1 et al., 1999], andfail to explliin observed NRCS 
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modulations by long surülce wave [e.g., Schmidt et al., 
1995]. Explanations proposed to interpret this shortcoming, 
are usually based on the idea that non-Bragg scaltering plays 
a significant role (which is more important in Hl-! than in VV 
polarization). The experimental evidence of Ihis fact is a 
large deviation of measured polarized ratios From Bragg
predicted values [Thompson et al., 1998; IJorstmanll et al., 
2000]. 

[3] In this context, the general goal ofthis set oftwo papers 
(Part 1 and Part 11) is to present a semiempiricalmocIel ofthe 
NRCS that takes into account radio wave scattering from 
breaking waves. As intended, the model should describe both 
the background radar features of the sea surFace and modu
lations of the NRCS by long surface waves (radar Modu
lation Transfer Function [MTF]) at VVandHI-I polarization, 
in a large range of radio wave frequencies, incidence angles, 
and wind conditions. It will be shown that model deve[oped 
can explain both the observed dependence ofthe background 
NRCS with incidence angle, radar frequency, wind speed and 
polarization state (part 1), and measurements of wave radar 
MTF (Part II). 

[4] We consider VV and HI-I radar backscattering at 
moderate incidence angles (specu[ar reflection is neglected). 
Bragg and non-Bragg scattering mechanisms are concep
tually distinguishecI. In section 2, we present the governing 
equations for the mode!. The Bragg part follows the stand
ard approach of the composite Bragg theOly [Bass et al., 
1968; Wright, 1968; Plant, 1990] which takes into account 
the Bragg scattering due the surface waves, with wave~ 
lengths of the order of the electromagnetic wavelength, 
superposed on longer tilting waves. For the non-Bragg part, 
we extend the proposed phenomenological approach deveJ
oped by PhillijJs [1988], where the overall contribution of 
breaking waves to the return power is related to the wave 
breaking fronts statistics. 

[5] Section 3 describes the model of the sea surface (both 
wave spectmm and statistical properties ofbreaking waves). 
The model for short wind waves (wavelength from a few 
millimeters to a few meters) follows earIler developments by 
Kudl)'avtsev et al. [1999], alld is based on the energy balance 
between wind input andviscollS and wave breaking dissipa
tion. In the capillaty range, the generation mechanism of 
parasitic capillaries is taken into account. The model contains 
two tuning parameters that are a saturation level and the wind 
exponent in the equilibrium range of the surface gravity 
waves. The former parameter is specified in order to fit the 
model mean square slope to the observations of Cox and 
Munk [1954]. The model wind exponent in the gravity range 
is chosen to be consistent with existing radar observations. 
The angular spreading ofthe spectral energy does not possess 
any tuning constant and we show that the wind expon~nt of 
the wave spectrum defines it. 

[6] In section 4, we present the radar cross-section model, 
where the effect of tilting waves is accounted for in the 
second order [Plant, 1986]. With this approach, the NRCS 
is a sum of a pure Bragg tenn, a term due to the tilt of the 
longer waves, and a tenn due to the cross-correlation 
petween tilt and hydrodynamics effects. Calculations of 
the sea surface NRCS based on this composite Bragg 
scattering model are compared with several sets of airborne 
radar data. We show that this composite Bragg scattering 
model is not able to reproduce multispectral radar observa-

lions at VV and RH polarization for various incidence 
angles. The main discrepancy betweell the Bragg mode[ 
and the observations is related to the polarization ralio (ratio 
ofNCRS in VV polarization to NCRS in HH polarizatioll) 
and to the upwind/downwincl ratio of the NRCS. As 
suggested, such differences are clue to a significant contri
bution of the non-Bragg scattering mechanisl11. For the non
Bragg scattering, we complete the original approach of 
Phil!ips [1988]. At moderate incidence angles, racial' retUl11S 
from breaking waves are taken proportiona[ to the surface 
arca with enhanceci roughness caused by wave breaking. 
Scattering From each individua[ breaking zone is aZil11Ll
thally indcpendent, but depends on incidence angle as for a 
quasi-specular reflection. The main tllning parame ter of this 
non-Bragg scattering part is the NRCS associated with an 
enhanced roughncss area causecl by breaking waves. It is 
chosen to fit the experimental results of Ulla! et al. [1991] 
and Masuko et al. [[ 986]. 

[7] In section 5, we compare the reslllts of the model 
with other empirica[ results in X-band [Hauser et al., 
1997] and C-band [Hof:s·ttnanl1 et al., 2000; Vachon and 
Dobson, 2000]. We a[so compare a representation of the 
model in the form of tmncated Fourier series, with the 
predictions of the empirical geophysical functions used for 
spaceborne ~ystems in C-band (model CMOD for ERS 
[Bentamy et al., 1994]) and Ku-band (mod~1 of NSCAT 
[Wentz and Smith, 1999]). We SllOW that the model is able 
to reproduce the main behavior of the observed polar
ization ratio, with frequency, incidence, wind speed and 
azimuth angle. . 

[8] Section 6 gives a summary and conclusion ofthis Part 
I. In Part II, the sea-surface and the backscattering moclels 
are used to Shldy the radar modulation trallsfer function, 
which relates the modulation of the NRCS to the long 
surface waves. 

2. Radar Backscatterin.g: Governing Equations 
2.1. Bragg Scattering 

[9] We consider the Bragg scattering mechanism within 
the frame of a two-scale model, with Bragg waves super
posed on longer tiltmg waves [Bass et al., 1968; FVright, 
1968]. At moderate incidence angles (typically 20-60°), the 
theory of radar backscatterillg is based on the mechanism of 
resonant microwave scattering from the random rough sur
face [e.g., Plant, 1990]. For a pure Bragg pro cess, the 
nonnalized radar cross-section UObr is proportional to the 
surface elevation spectrum at the Bragg wave number: 

(1) 

where p denotes the HH or VV polarization state, kbr = 2kr 
sin0 is the wave llumber of surface waves scattering radio 
wave, kr is the radar wave number, 0 is the incidence angle, ljJ 

is the al1tenna azimuth, Fr(tp, k) is the 2D-wave number 
variance (Folded) spectrum of the sea surface displacement, 
and Gp is the Bragg scattering geometric coefficient. 

[10] The folded spectrum Fr(tp, k) is relate cl to the direc-
tional wave number spectmm F(tp, k) by: . 
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ca surface the H H ancl VV scaltering coefficicnts 

7 cos4 o( 1 -1- sin" 0)2 
10,.(0)1-= ----'--

(cos 0 -1- O. 1 Il)'1 

10,,(0)12= cos
4

0 
(0.111 cos () -1- 1 

(3 ) 

(4) 

; (3)-(4) are written here as given by Plant [1986] 
, a simpliflecl form of thc complete equations 
g the dielectric constant of the seawater to be 
lual to 81). Il follows from equation (1) that for a 
idence angle, the radar signal is denned by the level 
rind wave spectrul11 ancl its distribution in azimuth. 
real conditions short wind waves scattering radio 
e running along the longer surface waves (LW), 
ure Bragg the01'y loses its validity. The composite 
ering model developed by Bass et al. [1968] and 
968] extends the Bragg the01'y to the case of the 
sea. In the frame of su ch a model, each small area 

W surface scatters radio waves according to the 
;ory, where however incidence· angle ancl rotation 
;idence plane are randol11 functions related to the 
surface slope. The average NRCS is the result of 
the "local" cross-sections of individual small 

long the LWs. At moderate incidence angle and 
1 LW slopes, the NRCS of the sea surface is 
:d by: 

o'/,,. = 16'ITk:IOp(B - (x, (Jl IF,. (0, k!,,.) (5) 

1 denotes an averaging over scales of the LWs, c'x 
e the slopes of the tilting waves along and across 
mce plane, respectively (with x axis directed along 
;nce plane). k[,/, is the Bragg wave number, k~/, = 

- c'J. The scattering coefficients Gp at polarization 
are given respectively by: 

(6) 

lily accepted that scales of the tilting LWs must 
:veral times the Bragg wavelength. It is clear from 
(5) that the contribution of the tilting LWs to the 
NRCS appears in the second order of the LWs 

wertheless this contribution is not negligible and 
lificantly influence the NRCS, especially at HH 
on [e.g., Plan f, 1986]. 

n-Bragg Scattering 
small incident angles (including normal inci

lecular reflection from the sea surface is the main 
m responsible of non-Bragg scattering. NRCS of 
laI' component is [Vàlenzuela, 1978]: 

_ IRI2 sec
4 0, ( tan

Z 0) 
(J.lli - exp - --==-

2(.1 (i 2(; 
(8) 

is the reflection coefficient al normal incidence, c'7 
ean square slope of waves supporting specular 

rcllcclion in the direction of incidence plane, (; is the 
corresponding standard deviation, c'.l is Ihe standard devia
lion of slope of these waves in the direction perpenclicular 10 
thc incidence plane. lt is usually acceptecl Ihat wavelengths 
of surface waves providing speculaI' rellection are larger 
than 3 to 10 times the radar wavelength. Mean squared 
slopc of these waves is gencrally small; hence the speculaI' 
rellection dominates the NRCS at small (close 10 normal) 
incidence angle. With increasing incidence (at () > 15-200

) 

their role becol11es negligible in comparison with thc Bragg 
scattcring component. ln the following, wc will not con
sider this speculaI' component since we are interested in 
observations at incidence angles larger than 200

• 

[13] ln addition, it has bccn recognized that the compo
site Bragg the01')' is not fully appropriatc to explain and 
represent the radar signature at 1110derate incidence angles 
(0 > 20 0

). This is revealed in particular by the existence of 
"sea spikes" in high-resolution radar observations or by 
large deviations of the observed polarizatiol1 ratio (ratio of 
the radar return in VV polarization to that in HH) from 
Bragg theory predictions. Results of the analysis of 
NSCAT dual-polarizec1 data set [Qui(/en et al., 1999; l'rCII1, 
1999] or of the combined analysis of ERS and RADAR
SAT observations [Horstmann et al., 2000] are examples 
showing that the standard composite Bragg theot·y is not 
appropriate at moderate incidence angles. Plant et al. 
[1999] also showed that the polarization ratio observed 
in a wave-tank is not consistent with the standard compo
site Bragg theoty 

[14] A number of plausible mechanisms have been sug
gested to explain this. From their wave-tank measurements, 
Plant et al. [1999] suggest that the presence of bound 
waves travelling at the speed of the dominant wave 
modifies the mean square slope and mean tilt angle, and 
thus affects the upwind-to downwind ratio of NRCS, and 
the polarization ratio. Introducing the statistical properties 
of these bound waves in the composite Bragg theot')', Plant 
et al. [1999] were able to reproduce the observed features 
of the NRCS. However, they recognize that in real con
ditions on the ocean surface, ev en if bound tilted waves 
have been evidel1ced, their spectral density is too small to 
affect the radar signature.Other mechanisms, based on 11011-

Bragg scattering, have been invoked to explain the radar 
signature: diffraction of radio waves on sharp wedges of 
breaking crests [Kalmykov and Pustovoytenko, 1976], quasi
specular reflection from steep forward face of breaking 
waves [Kwoh and Lake, 1984; Melville et al., 1988; Wine
brennel' and Hasselmanl1, 1988], increased backscattering 
t'rom intensive roughness generated by breaking waves 
[Kwoh and Lake, 1984; Banner and Fooks, 1985; Ericsol1 
et al., 1999]. Here we will follow these suggestions and 
propose a model, which accounts for composite Bragg and 
non-Bragg scattering. 

[15] Some analytical and numerical solutions of the 
scattering problem have been proposed, in the past. Among 
these studies we mention the recent investigations by 
Lyzenga and Ericsol1 [1998] of microwave diffraction on 
a wedge corresponding lo a steep Slokes wave. Tt was 
shown that the backscattering power drops quickly wh en 
the curvature radius rc of the crest increases; at k,.l'c > 1, the 
ret11l'l1 signal becomes insignificant. Although al 1110derate 
angles wedge-like diffraction could contribute significantly 
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to the observed radar baekscaller, they eonelucled that this 
ll1echanism can be effeetive at low fi'eglleneies only (sueh 
as L-bancl). rncleecl, the slIrbce tension prevents very slllaU 
slIrülce curvalure of the wave crests, which aet as radar 
scatters at léll'ger n·eqllencies. So, wcdge-like diffraction 
eannot significantly OCCLU' in K-, X-, ancl C-bands. Recent 
detailecl laboratory stucly of racial' backscattering ü'OI11 sta
lionary breaking waves by Ericso/J et al. [1999] (performed 
al ° = 45°), revealed that a strong increase of the radar 
return near the breaking erest occurs due 10 incoherent 
baekscattering from small scale roughness generated by 
the breaking crest. Values of the NRCS of the enhancecl 
roughness at the breaking crest were of the orcier of (-6 to 
-3 clB) with a polarization ratio close to unity. They 
eonelucled that the iI1coherent backscatter from surface 
disturbances generated by breaking waves might explain 
the origin of sea-spikes (high radar return) ancl small 
polarization ratios observecl in real conclitions at moclerate 
incidence angles. They also showed that near the breaking 
crests, the NRCS is well reproducecl by a Kirchhoff 
approximation for incoherent scattering, whereas far from 
the breaking crest, radar backscattering follows a Bragg 
model prediction. 

[16] Phillips [1988] developed a fruitf1l1 phenomenolog
ical approach to describe the non-Bragg scattering. Taking 
into account that any non-Bragg seattering mechanism 
relates to the wave breaking events, Phillips clescribed their 
overall contribution to the NRCS as the contribution of the 
scattered area associated with wave breaking fronts. If 
A(k)dk is the total length of wave breaking fronts (related 
to wave numbers in the range k to k + dk) per unit surface, 
then the scatterecl area (area of radar targel) is proportional 
to k- I A(k)dk, and the total contribution from aIl the 
wavebreaking fronts to the sea surface NRCS is: 

(9) 

where eck/le,., 0, 'P) is an empirieal funetion that we will 
define later from comparison of equation (9) with raclar 
measurements. The recent results of Ericsol7 et al. [1999] 
ean be easily taken into aceount in equation (9). In this 
context, ecle/Ie,., 0, 'P) in equation (9) is directly related to the 
NRCS of distmbed are as near the breaking crests. 

[17] Specular reflection and scattering from breaking 
waves ranclomly distributed on the sea surface are statisti
cally independent of Bragg scattering occlltTing From the 
sea surface covered by "regular" wind waves. Bence the 
total NRCS of the sea surface Œb ean be represented as a 
sum of Bragg scattering (equation (5), Œh,.), specular reflec
tion Œsp (equation (8») and non-Bragg scattering from 
breaking waves Œ",b (equation (9»): 

( 10) 

where, aceording to radar observations, it is suggested that 
Œ,p as \>iell as Œ,,'b are indepenclent of polarization. 

[18] To calculate the racial' cross-section aceording to 
equation Cl 0), we need to specify the wincl wave spectrum 
and the spectral distribution of the wave breaking fronts. 

Thc following section cleseribes the sea surface moclel that 
wil! be used in the NRCS mode/. 

3. Stalistical Properties of the SeH Surface 
3.1. Govcrning Equations and Background SpcctruUl 

[19] The model consiclered here is aimed at c1eseribing the 
statistical properties of the sea surface thal are relevant to 
the raclar slucly from L to Ka bands. The wincl wave scales 
relatecl to this problem range l'rom short gravit y lo capillary 
surface waves, respectively. Deseription of the wave spec
trum is based on the energy balanee equation which is more 
convenient to lise in ten11S ofthe wave action spectrut11 N(k) 
[e.g., Phi//ips, 1977]: 

àN(k) + (c ,; -/- Il;) éJN(k) _ k alt) aN(k) = O(k)/w 
at g ax;.1 ax; ak; - (1 1) 

where Cg; and 11; are components ofwave group velocity ancl 
surface CUITent; i and j = 1, 2; w and k are the frequeney and 
wave number vector (with components k;) related by the 
dispersion relation: 

(12) 

k = jkj, g is the aceeleration of gravity, "! is the surface 
tension, Q(k) is the source of wave energy. The elevation 
spectrum F(k), energy speetrum E(k), and wave action 
spectnun N(k) are related to each other by: E(k) = (w2

/ 

k)F(k), N(k) = E(k)/w = (w/k)F(k). Note also the definition 
of the saturation spectnllll B(k) (or the surface curvature 
speetrum) that is used throughout the paper: B(k) = k4F(k). 

[20] In the following, we use the same equation (equation 
(lI» for the description of both the background spectrum 
and its moclulations by long surface waves. The background 
spectrum results from the solution of the equation Q(k) = 0, 
and the modulation of the short wind waves by LW can be 
found as a solution of the linearizecl equation (11) for sma11 
disturbances of the spectrum (see Part 2). The form of the 
speetral souree Q(k) is not exaet/y known, so that concrete 
results can only be obtained by using simplifications and 
hypotheses concerning the role of different energy source/ 
sink terms. The present study is based on the model of the 
short wincl wave spectrum c1eveloped by Kud!yavtsev et al. 
[1999] (hereinafter KMC99), but with some modifications 
for application to simulation radar observations. 

[21] In KMC99 the shape of the spectrum results From the 
physieal description ofthe energy source. In the equilibrium 
range of the spectrum (for k ::» kp where kp is the wave 
number of the spectral peak) this energy source is: 

where PvCk) = PCk) - 4v/(2/w is the effective growth rate, 
whieh is the difference between the wind growth rate (3(k) 
and the rate of viscous dissipation (v is the viscosity 
coeffieient), second term parameterizes the nonlinear energy 
losses discussed below, a: andn are some functions of k/k-y, 
where k,,! = (g/,,!) 112 is the wave number of the minimum 
phase velocity, and the source term ~JC is the energy input 
due to generation of parasitic capillaries. To further clescribe 
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the nonlinear energy losses, we distinguish two ranges of 
gravit y waves: in the fïrst interval (ft < k".I" with k",,, ~ 211/ 
0.15 rad/m), waves break and loose energy generating 
turbulence, while in the second interval (k"." < k < 1/2k'Y)' 
short gravit y waves break and 100 se energy gencrating 
parasitic capillarics. ln addition, lhree-wave resonant inter
actions redistribulc cnergy J'rom a vicinity of k cv k'Y loward 
shorter and longer waves. 

[22] Short gravit y waves generaling parasitic capillaries 
provide a cascade energy transfer from gravit y to capillary 
range of the spectrum described by term ~I(" Werve nUl11bers 
afparasilic capillaries k and kg generating gravit y "vaves are 
callinear and lheir 1110dulus are related as: 

( 14) 

Generation of parasitic capillaries provides the energy 
lasses D(kg) of short gravit y waves, and as it was suggested 
by KMC99 the dimensionless source Ipc reads 

(15) 

where D(kg) w;3 k~D(kg) is the dimensionless energy 
dissipation, wg = w(kg ), and ql(/dk'Y) is a fi1ter function, 
which restricts the action of source ~)Jk) in the k-space. Ils 
physical meaning is that parasitic capillaries cannot be 
generated by ail gravity waves. The crest of decimeter 
and longer gravit y waves (waves with k > kll'b) breaks and 
an individual wave loses its energy generating turbulence 
rather than generating h'ains of parasitic capillaries. Thus, 
the filter function has to be close to 1 in the interval 2 < k/ 
k'l < k'Y/kll'b and to vanish outside this range. In the gravit y 
range the energy losses are compensated by energy input 
from wind, hence 

(16) 

KMC99 obtained the shape of the spectrum in the equili
brium rànge (at k » kp) by considering the solution of 
Equation (11) with source (13) under conditions of a 
lteady wind and uniform surface CUlTents. Thus equation 
~(k) = 0 gives (see KMC for more details): 

(17) 

~he growth rate parameter ~ is traditionally parameterized 
.s a guadratic dependence on friction velocily, u< 

( 18) 

Ihere Cr) is a parameter, <.p is an angle between wind and 
rave directions. The angular dependence of ~ in (18) is 
efined in accordance with model predictions [e.g., TOWI1-

~nd, 1972; lvlastenbroek, 1996]. The physical meaning of 
le cos2 <.p angular tenn in equation (18) is that within the 
'allle of the sheltering mechanism of short (hence slow) 
'ave generation (which is the most plausible l11echanism, 
g., Be/cher and Hunt [1993]), surface pressure acting on 

the forward slope is proporlional to the square of the wincl 
velncily component perpendicular to lhe wave crest. In lhe 
presenl paper, parameter Cri is defined according to the 
paramelerization of Stewart 1: [974], 

where Zo is the roughness scale, Pa and Pli' are the air and 
water density, and 1'\, = 0.4 is the Von Karman constant. 

[23] Parameterization of the growlh rate in the fonn of 
(18) predicts that wave energy vanishes in the crosswind 
directions. Obviously, this fact is not compatible with radar 
observations, which do show a crosswind backscatter 
retUl11. Rand011l l1uctuations of wind velocity and impact 
of dominant surfàce waves may explain the observed energy 
in crosswind directions. Another mechanisl11, which may 
contribute to the filling of the gap of spectral energy in the 
crosswind directions is the nonlinear four-wave resonant 
interaction, for which a slandard approximation is described 
as a diffusion operator in the two-dil11ensional wave number 
space [Hasselllla/1n al1d Hasselm ail Il , 1981]. Taking into 
account this process is out of the scope of the present study. 
To account for this fact, we replace cos2(<.p) angular depend
en ce in (18) by exp( _<.p2). This exponent for111 is close to 
cos2(<.p) at small and moderate azimuths but provides a wind 
energy input in the crosswind directions. Moreover we 
suggest applying such an an guI al' behavior for the effective 
growth rate ~'" i.e.: 

(20) 

where 6.<.p = <.p - <.pli' is the angle between the direction of 
the wave component and the wind velocity vector <.p",. Note 
that hereinafter the downwind direction cOlTesponds to <.p = 
<.p"" whereas <.p = <.pli' + 11 corresponds to the upwind 
direction. The drag coefficient of the sea surface (which is 
needed to calculate C[3 and u* in equation (20) is expressed 
in tenus of the roughness sca1e parameter Za which is 
parameterized as [e.g., Smith, 1988]: 

(21 ) 

where va is the air viscosity, a* and al' are coefficients (CN = 
0.018, al' = 0.1). 

[24] Parameters ex and Il in equation (13) are the main 
parameters of the mode!. Theil' spectral behavior is re1ated 
to the different mechanisms of energy losses. As described 
in KMC99, weIl inside the gravit y range (kp « k < kwb = 

211/0.15 rad/m), energy losses are dominated by wave 
breaking and paral11eters ex and Il have to be constants (/1 = 

Ilg and ex = exg ). In the capillary-gravity range, (k/k'Y > 1/2), 
the dominant energy loss is due to 3-wave interactions, and 
is quadratic in the saturation energy density B(k), so that 
parame ter n must be n = l, and ex is another constant ex = OGy. 
In the transilional interval k'I'b < k < 1/2k'Y the energy losses 
are dominated by small-scale wave breaking which is 
accompaniecl by emitting of parasitic capillaries. Since in 
this interval both gravit y and surface tension govenl wave 
dynamics, we suggest (using dimensional arguments) that 
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parameters Cy and n must befllnction of k/k'Y and patch the 
corresponcling constants in the gravit y range and at k ~ k'Y' 
So, we chose the n-function in the form: 

(22) 

where f(k/k'Y) has to be 0 al k/k",h < 1 and 1 al k/k'Y ex: 1. To 
deftne J'unction./; wc ftsl note that wave nUlllbers ofparasitic 
capillaries k and generating gravit y waves kg are collinear 
and of their 1110dulus are relaled by equation (14). Bence the 
interval of change of function /(/dk'Y) is related to the 
interval of change offunction <Welk'Y) introduced in equation 
(15). Thus the derivative off(k/k'Y) has to coincide with the 
filler function: i.e. 

(23 ) 

A convenient way to choose the filter function <Il is: 

(24) 

where k = k/k'Y is dimensionless wave nUl}1ber, [[(x) is the 
step-like function U(x) = 1/2(el'f(2x) -1- 1), k l and kil are low 
~nd high freqyency limits of the filtel' function which are: 
kl = 1.5 and kil = k/k l !,,,, Then, according to (23)/ is: 

(25) 

To define the function a(k/k'Y)' we use the fact that in the 
tTansitional intel'val kwb < k < 1/2k'Y and. at moderate to 
high wind speeds, vis cous dissipation can be neglected, 
and the shape of the spectrum in the wind direction is 
B = a(k/ k'Y)( q)uV c2) I/Il(k/k~). A dimensiollal analysis 
shows the saturation spectrum to be a function of u*/c and 
k/k'Y only, i.e. B = B(u*/c, k/k'Y)' In our mode1, we have 
detennined the fimctional dependence of B on k/k'Y via the 
parameter /l(k/k'Y)' Hence it is reasonable to assume the shape 
of the spectnull to be proportional to (u*/c)2/Il(k/k~). This 
implies that a(k/ k'Y) q/Il(k/k~) is a constant in the transitional 
il1terval. Thus the dependence of a 011 k/k'Y appears via /l(k/k'Y) 
as: 

logea) = logea) - (l/l1) log(C0) (26) 

where a is a tllning constant, and Cj3 is the growth rate 
parame ter averaged ovel' the transitional interval. ThllS, the 
shape of the directional equilibriul11 wave number spectrum 
is defined by equation (17), where the effective growth rate 
and fimctions Il and a are specified by equations (18), (22), 
and (26), respectively. For the radar application the direc
tional spectrum B eq (equation (17)) must be transformed to 
the folded spectrum BI' according to equation (2). 

[25] To complete the description of the wind wave field, 
we need for application to radar cross-section modeling, the 
description of the wave breaking statistics. As a measure of 
wave breaking, Phillips [1985] introduced the total length 
of breaking fronts A(c)dc running with velocities in the 
range from c to c -1- de. This quantity directly relates to the 
el1ergy losses due to wave breaking 

(27) 

where b is an empirical constant estimated as b ~ 0.06 tOI' 
stationary bl'eaker [Duncan, 1981] and as b ~ (0.003 to 

0.(1) for the nonstationary one [Melville, 1990]. In the 
present stlldy the cnergy dissipation due to wave brcaking is 
parameterizecl as a (II + 1) powcr of the saturation spectru111 
(second term in (13)). This paramclerizntion coincides with 
(27) if l\(C) is defined as 

g (B(k))I/+1 
A(e) =- -

c4 (X 
(28) 

and b = 2c~ .. To defÏne (28) we take into account that dD "" 
D(k)dk, and that velocity of breaking fronts c and the wave 
number of the wave carrying a breaker are linked by 
dispersion relation k = g/c2 (with aligned directions for k 
and c). The a posteriori estimate of <x in the gravit y interval 
is û. = 5.10-3 (see section 3.2) so that b = /0-2 which is 
inside the range of empirical values of b. 

3.2. Tuning of the Background Spectrum 
and Comparison WithMeasurements 

[26] We have to defÏne our two tuning constants, the 
constant of the equilibrium gravit y range I1g , and the satu
ration level constant a, respectively. The constant IIg deter
mines the wind exponent lIlg(lI1g = 2/lIg ) in the equilibriulll 
gravit y range, and its value should be specified so that the 
model wind expol1ent corresponds to the observed one. 
However, there is a significant scatter in the empirical 
estimates of the wind exponent in the gravit y range, varying 
from 0.2 ± 0.2 [Banl1er et al., 1989] to 1 [e.g., Toba, 1973]. 
Unal et al. [[991] used radar data at VV polarization (for a 
Bragg wavelel1gth Àbl' ~ 30 cm) to estimate the wind 
exponent. They give mg ~ 0.5. Tl'Okhimoski and Irisov 
[2000], obtained the same order of magnitude by using a 
compilation of radar and radiometric measurements. In the 
present Shldy we take n g = 5 (consequently the wind 
exponent mg = 0.4), to be consistent with the model of 
Donc/an and Piersol1 [1987], with the field observations of 
Banner et al. [1989], and with the estimate froml11icrowave 
observations by Un al et al. [1991] and Tl'Okhimoski and 
IrÎsov [2000]. In Figure l, the experimental estima tes of the 
radar wind exponent deduced from various radar experi
ments at VV polarization [Unal et al., 1991; Jones and 
Schroeder, 1978; Masuko et al., 1986] and from the CMOD
IFR2 model [Bentamy et al., 1994] are shown as a function 
of the Bragg wave number normalized by k'Y' On the same 
figure the solidline shows the model wind exponent (defined 
as 111 = 2111) ca1culated through equatiol1 (22) at J1 g = 5 and 
with the lfill1ction defined by equation (25). Il is observed 
that the model wind exponent is in agreement with the 
experimental estimates in the whole range of k/k'Y' 

[27] The last tuning constant a is defined in order to fit 
the l11ean square slope to the results of Cox and Munk 
[1954] inferred from optical glitter measurements. The 
empirical wind dependence of the mean square slope i 
obtained by Cox and Munk [1954] is shown in Figure 2 (left 
panel) along with the model ca1culatiol1s 

S2 = ./ k-2 Beq(k)dk (29) 

obtained with spectrum (17) at constant a = 2.5.10-3
. The 

model values ofthe mean square slope are in reasonably good 
agreement with the observations. The right-hand panel orthe 
figure presents the ratio of crosswind to upwind components 
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Figure 1. Radar wind exponent m as a function of the 
Bragg wave number nonnalized by k-y. Symbols are 
measurements: squares for Unal et al. [1991], plus signs 
for Jones and Schroeder [1978], triangles for Masuko et al. 
"1986], stars for the CMOD-IFR2 empiricalmodel [Bentamy 
;t al., 1994]. The solid line is the wind exponent of the 
;pectrum 111 = 2/n where n is defined by equations (22) and 
:25) with ng = 5. The dotted line corresponds to the stereo
Jhotogrammetric observations by Banner et al. [1989] (m = 
H8, over the wavelength range 0.3 ::; À ::; 1.6 m). 

)1' the me an square slope. This characteristic of the sea 
mrface is an integralmeasure of the angular distribution of 
he short wave energy. Note that the model do es not contain 
my special tunüig parameter defining the angular distribution 
)1' waves. In the model the angular clepenclence appears via 
he angular behavior of the growth rate parameter and the n
ùnction (defi.ning the wind exponent). Agreement of the 
nodel with the observed estimates of the ratio ofcrosswind to 
Ipwind mean square slope components is a remarkable 
'cature of the mode!. 

[28] Figure 3 shows the model omniclirectional saturation 
;pectra and laboratory data obtained by Ri/me and Riemer 
1990] alldHara et al. [1997] at wave numbers k= 785 rad/m, 
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393 rad/m, 203 rad/m, and 100 rad/m. The model calculations 
are also in overall agreement with thc mcasurements done in 
both the capillary and the gravit y ranges. This fact is 
important because the model only uses one constant a to 
determine the spectt:allevel in the who le wave number range. 
The same constant provides a correct spectral leve! in the 
range of very short \-vavcs. Notc also, that the model wind 
exponent is consistent with measuremcnts which vmy l'rom 
111 = 1 at k= 100 to III = 2 in the vicinity orthe minimum phase 
velocity and to 111 ~ 2.5 to 3 in the capillary range. 

[29] Figure 4 shows the model downwind and omnidirec
tional saturation spectra of short wind waves for various 
wind speeds (UIO = 3, 5, 7, 10 and 15 mis). At low wincl 
speed, there is a spectral gap in the vicinity of k ~ k-y, which 
fills up with increasing wind. This spectral gap is caused by 
molecular viscosity and nonlinear redistribution of energy. 
At wave number k ~ 2k-y the cascade energy flux l'rom short 
gravit y waves overcomes these processes, so that the local 
spectral maximum does appear. Weil inside the capillary 
range, the saturation spectrum rapidly drops. All these 
described features of the SW spectra are in agreement with 
laboratOlY measurements by Jiihne and Riemer [1990] and 
Zhang [1995]. . 

[30] For some calculations related to contributions of tilt 
and hydrodynamic effects, we also need to define the 
spectrum of long energy containing waves B'w(k, cj U lO) , 

where cjUIO is the wave age. For this purpose we chose the 
empirical spectrum proposed by Donelan et al. [1985] with 
the high frequency "cut-off" correction proposed by 
E(fàuhaily et al. [1997] to suppress energy at wave number 
exceeding 10kr Then the mode! of the wave spectrum in the 
full wave number domain is presented as a SUlll of short 
waves Beq and long waves spech'a B,,,, i.e. 

(30) 

4. Simplified NRCS Model 

[31] 111 this section we consider the radar backscattermg 
properties of the sea surface, using the short wind wave 
spectmm proposed in the previous section. 
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Figure 2. Mean square slope (left panel), and ratio of crosswind to upwind mean square s!opes (right 
panel) versus wind speed. Solid lines are model predictions. Symbols are observations by Cox and Munk 
[1954]. 
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4.1. Bragg Scattcring 
[32J Racial' Bragg-scattering within the frame of the 

composite model is given by equation (5). It describes the 
averaged N RCS resulting l'rom sumrning local cross-sec
tions distributed along the longer (or tilting) surface waves. 
Theil' wave numbers have to be significantly srnaller than 
the Bragg-resonant wave number k,,,,, The upper lirnit kt of 
the range of (ilting waves is defined as kt = tkh,., vvhere t is a 
constant which is usually accepted as t = O. J -7- 0.2. 

[33] At 1l10derate incidence angles (when the sheltering 
cffee! is negligible), and for small mean square sea surface 
slopes, equation (5) can be significantly simplified. This 
problem has been analyzed in detail by Plant [1986]. Our 
analysis mainly follows Plant's work, except for sorne 
details and for the shape of the spectrum. If we exp and 
équation (5) in tilting wave slope powers to second order, 
the spatially averaged sea surface NRCS becomes (see 
Appendix A for the details): 

ri: (. ) - ri: . ) ( p 2 M{~ --) br 00 , '-P - ()fIl' (0, '-P 1 -1- g (; - Bro (;Br (31) 

where index i relates to the mean square slope of tilting 
waves in the direction \fJ of the incidence plane, Gbhr(O) is 
the NRCS defined by equation (1), M/ô = (lIGbl".)DGbhrIDO is 
the so-called tilt eomponent of the radar MTF, Er denotes 
the variation of the spectrum of short wind waves (scatter
ing radio waves) due to their interaction with longer tilting 
waves, and gP are the polarization coefficients defined as:. 

(32) 

Slopes ci and (i are related to th~upwind and crosswind 
mean square slopes oftilting waves C~ and C~ respectively by: 

with 

t2 t2 2 ( ) 2· 2 ( ) "; = "/1 COS '-P - '-Pli' -1- (c S111 '-P - '-Pli' 

t2 t 0 • ? ( )?? ( "; = ,,~ S1I1- '-P - '-Pli' -1- (~cos- '-P - '-Pli') 

(~ = ./ d'-P cos
2 

'-P .[<k' d ln kB(k, '-P) 

(; = j' d'-Psin2'-P /' dlnkB(k,'-P) 
Jk<k, 

where the integration is over al! the tilting waves. 

(34) 

(35) 

(36) 

(37) 

[34] The second tenu in the r.h.s. of equation (31) 
desct'ibes the contribution of the "pure" tilt effect, while 
the third term gives the impact of the cross-correlation 
belween tilt and hydrodynamic modulations. Plant [1986] 
showed that the relative impact 011 the NRCS of the latter 
term is small in comparison with the "pure" tilt effect. lt 
must be noted however, that within the frame of the 
composite Bragg model, this cross-correlation term is the 
only one responsible for the upwind-downwind difference in 
NRCS. We will assess this in the following. We can 
distinguish two contributions to the tilt-hydrodynamic 

cross-correlation lerrn. The first one results l'rom modula
tions of Bragg scattering waves by tilting waves, and the 
second one resulls l'rom specific features of the parasitic 
capillaries. As it was menlioned, parasitic capillaries being 
generated by short gravit y waves, are spreacl on their forward 
slope, hence the couplee! system "short gravit y wave-para
sitic capillaries" contributes 10 the correlation CiEr. This 
effecl has never been incluclee! before. 

[35] First of ail let us consider the case of Bragg waves 
belonging lO the gravit y and capillary-gravity ranges of the 
spectrum (where the mechanism of generation of parasitic 
capillaries does not exist). To estimate the cross-correlation 
term in equation (31) we need an expression for the hydro
e!ynamic modulation transfer function (MTF), relating the 
complex amplitude of spectral modulations Ê to the steep
ness of modlliating longer wave KA. Interaction of short 
waves with the LW orbital velocily and the impact of the 
varying wine! surface stress are two mechanisms responsible 
of the modulations of short wind waves. Kudr)'avfsev et al. 
[1997] have shown that when the impact of n;odulation by 
surface stress becomes important, it results in the enhance
ment of short waves on the LW crests. So, in the context of 
the present study this effect is not relevant, because it cloes 
not contribute to the cross-correlation term in equation (31). 
Thus in the MTF we have to take into account only the term 
e!escribing the interaction ofshort waves with the LW orbital 
velocity. The truncated relation for the MTF simply reads 
[e.g., Kudlyavtsev et al., 1997]: 

(38) 

where }II = Ê / (EKA) is the MTF for the spectral modula
tions, B is the spectrum averaged over the LW profile; T-

1 
= 

ru is the dimensionless relaxation parameter, D 1s the LW 
frequency, T is the relaxation time related to the energy 
source Q by liT = DQIDE. The straining factor in equation 
(38) can be written as; 

k, üN(k,'-P) ? ülnN 
--- = cos- '-P--
N(k,'-P) ük, ülnk 

(39) 
. ülnN 
Slll'-PCOS'-P~ 

Kud7JJ[lvtsev [1994] mentioned that the relaxation time 
cannot be chosen arbitrarily but that it must be directly 
related to the wind exponent III of the spectrum by: 

Tw = 1Il/2~ (40) 

It is easy to check that the relaxation time with the energy 
source l'rom equation (13), gives the same relation (40) if /II 
is replaced by 21n. 

[36] To estimate the cross-correlation term we need the 
imaginary part of equation (38), which is: 

(41) 

where /liN = DlnNIDlnk is the wave number exponent of the 
spectrum. To obtain equation (41), we only take into 
account the dominant term of equation (39). Omitting the 
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angular term (second term in equation (39)) gives an error 
of the order of (fJInN/Dlnkr l ~ 1/4. Then, the correlation 
()3 r reads: 

(B, = 8,o(k,0) /' /. M;COSlpk2F(k,lP)/a/k/llp 
.Jk<k, . \r 

= B,o(k,O) /' IIIN /. T(I-I-T2rl cos3lpBdlpdink (42) 
./k<kl ' tp 

where F and B are the elevation and saturation directional 
spectra of tilting waves. The cross-correlation of the LW's 
tilt and hydrodynamic modulations of the short waves in 
equation (31) becomes: 

IvrP --- -
IOtB ~ t 2 

--B '-,; ,~glh'-,I 
,0 

(43) 

where (i = l 1;«k, Bd lnkdtp is the mss of tilting waves, 
and coefficient g'h is: 

J:.<,. II/Nf' T( 1 + T2) -1 cos3 lPBdlPd ln k 
\11' . h h, • 'p (44) 

glh = -1' 10 f' f' B! 1 k 1 . 
. k<k, . 'p é n lG lP 

To estimate the influence of the tilt-hydrodynamic term on 
NRCS, we use the fact that the angular distribution ofwave 
energy in the range of tilting waves is significantly broader 
than angular changes in cos3

tp. It can be checked that 
equations (43)-(44) give a negative contribution of the 
cross-correlation term to the NRCS in the downwind radar 
looking direction and a positive one in nie upwind direction. 
This tenu is thus responsible for one of the important 
characteristics of the sea surface NRCS, its upwind/down 
wind asymmetry. 

[37] Let us now cpnsider the case for which Bragg scatter
ing waves belong to the capillary range. The generation 
mechanism of parasitic capillaries significantly affects the 
wave dynamics in this range. Parasitic capillaries are spread 
on the forward face of the generating short gravity waves. 
Hence, they directly contribute to the tilt-hydrodynamic 
cross-correlation tenu (Br' An addition al contribution can 
result fi'OlU the modulation of the coupled system "parasitic 
capillaries-carrying gravit y waves" by longer waves. How
ever, one may anticipate that this impact is l11uch weaker than 
the direct contribution of parasitic capillaries to (,BI" Note 
that aIl the capillaty waves are not necessarily parasitic ones. 
Part of them are "regular" wind generated capillaty waves, 
and their contribution to (,BI' appears through the "regular" 
modulations by tilting waves described by equations (43)
(44). The fraction of wave energy J;JC that is contained in the 
parasitic capillaries can be estimated by: 

(45) 

This is the ratio of the source of parasitic capiIlaries~JC(k) to 
the total energy source (see equations (13)-(20)). Trains of 
parasitic capillaries are spread on the fOl'ward slope of 
generating gravit y waves.Hence, ifwe introduce an averaged 
tilt of the parasitic capillmy trains 8pc , the contribution of 
parasitic capillaries to Ç/3, is: 

and thcir contribution to the tilt-hydrodynal11ic part of the 
NRCS is 

(46) 

where 

and coefficient gpc is: 

(48) 

Since lvlfô is negative, parasitic capillaries give a positive 
contribution to the NRCS in the upwind direction. 

[38] FinaIly, the relation for the NRCS within the frame of 
the composite Bragg scattering model can be written: 

o'/'r(00 , lP) = o'~/JI·(tlo, lP) 

. (1 +g"(7 + gll,(7 (1 -.!;,c) +gp(;!;,c!:,.B/Bro ) (49) 

where coefficients gP, gJ!!' ancl.-Epc are c1efined by equations 
(32), (33), (44), (48), (; and (; are the mean square slopes 
along the incidence plane and the total me an square slope of 
the tilting waves respectively, !:lB is defined by equation 
(47). 

[39] The coefficients gP calculated from expressions 
(32)-(33) are shown in Figure 5 as a function of incidence 
angle. As one l11ight expect, the influence of the mean 
square slope of long tilting waves on the NRCS is higher in 
HH polarization than in VV. For large incidence angles the 
role of tilting waves increases vely rapidly in HH polar
ization, whereas il decreases in Vv. The solid line in the 
right panel shows the total polarization coefficient g". The 
da shed line is related to the "truncated" coefficient where 
the cross-polarization term (second term in equation (33)) is 
not taken into account. This figure indicates that the con
tribution to g" of the cross-polarization tenu remains small. 

[40] The relative impact of the pure tilt ten11 (second teml 
in equation (49)) and ofthe cross-correlation effect (third and 
fourth terms in equation (49)) are shown in Figure 6 as a 
fimction of incidence angle, for C- and Ku-bands in the 
upwind direction for a wind speed of 10 mis. The impact of 
tilting waves (via pure tilt and cross tilt-hydrodynamics 
conelation) is not very sensitive to the radar fi'equency, 
although it is slightly stronger at the highest fi'equency 
(Ku-band). For both fi'equencies, the contribution ofthe pure 
tilt effect is Im'ger than the cross-correlation effect. This result 
confirl11s the conclusion obtained by Plant [1986]. However, 
the cross-correlation terl11 has an important physical signifi
cance, since in the context of a composite Bragg theOlY, it is 
the only term providing the upwind-downwind NRCS differ
ence. Whether this term can reprocluce the observed upwincl
downwind asymmetly ofthe NRCS, will be discussedlater. It 
is also worthwhile to note the rapid increase of the tilt
hydrodynamic contributioi} at Ku-band for large incidence 
angles (at HH polarization it is more apparent). This effect is 
re1ated to the dominant role of parasitic capillaries in the 
Bragg scatterillg at large incidence and high frcqucllcy. Note 
also that the relative impact of the pure tilt effect at HH 
polarization is close to 1. At first this demonstrates its 
importance, but somehow shows that a decomposition of 
the "exact" solution in series on (~-powers (strictly say) loses 
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Figure 5. Coefficient g" (left panel) and g" (right panel) clefined by equations (32)-(33) as a function of 
incidence angle. [n the right panel (HH polarization), the solid line is the total coefficient g", and the 
dashed line is g" without accounting for the cross-polarization effect (first terlll in equation (33) only). 

its validity. Nevertheless, we assume we can tolerate this 
mathematical inaccuracy. 

[41] To summarize, Bragg scattering is clescribecl by the 
composite model (equation (49)) with (equation (1)). It is 
cOl11pletely clefined by the spectrum of wind waves ancl 
mainly by its high frequency range. The short winCl wave 
spectrum is given by equation (17). The parameter Œ of this 
spectrum was tuned so that the model slope variance coin
cicles with the field observations of Cox and lvJunk [1954]. 
The angular spreading has no tuning constant and the 
azil11uth depenclence of O'bf. is not adjusted. Within the frame 
ofthe present model, the angular spreading ofthe spectrum is 
related ta the wincl exponent m = 2/n. In the composite Bragg 
scattering moclel, one neecls to specify also the range of the 
tilting waves. This appears in the model via the tilting wave 
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slope variance. In the present study we choose t = 0.2 (kt = 
tkb,.) to define the upper limit of tilting waves. 

4.2. ResuIts of the Bragg Model Compared 
With Observations 

[42] Before we present the moclel for the non-Bragg 
scattering, we cliscuss here some comparisons for the 
polarization ratio P (P = 0'0"/0'3") between observations 
and the present Bragg mocle!. This is to illustrate the limits 
of the Bragg mocle!. We consicler separately the results 
from the pure Bragg part (equations (1), (3), and (4)) ancl 
the composite Bragg moclel (equation (49)). 

[43] Figure 7 shows the azimuthal behavior of the polar
ization ratio P at X-band, incidence 40°, ancl for a wincl 
speed of 10 mis. The observations were collectecl during the 
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Figure 6. Relative contribution of the pure tilt effect (the seconcl term in the brackets in equation (49); 
solidlines in the plots) and cross tilt-hyclrodynamic effect (the third tenn in the brackets in equation (49); 
dashed lines in the plots) to the Bragg scattering. The left panel is for VV polarization, and the right one 
is for HH polarization. Upper lines of the same style are for Ku-bancl, lower lines are for C-bancl. 
Conditions: wind speed is 10 mis, upwincl radar look direction. 
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Figure 7. X-band polarization ratio at 40° incidence as a 
function of radar 100 king azimuth. Symbols correspond to 
data obtained during the POLARD-96 experiment (wind 
speed is about 10 mIs). Dashed line shows the prediction of 
the pure Bragg model (equation (1)); lower dash-dotted line 
is the prediction of the composite Bragg model (equation 
(49)); solid line shows the prediction of the full NRCS 
model, accounting for the non-Bragg scattering. 

POLRAD'96 experiment [Hauser et al., 1997] using the 
helicopter-borne polarimetric scatterometer "RENE" 
[Leloch-Duplex et al., 1996]. Figure 7 illustrates thy results 
obtained from one of the three cases collected during this 
experiment. The two other cases are similar. The observed 
polarization ratio exhibits a well-pronounced anisotropy in 
azimuth: the maximal value of P is in the downwind 
direction, whereas minimum values are in the crosswind 
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dircctions. The ratio between upwind and crosswind values 
of P is about 2dB. ClwjJl'OlI et al. I:! 997] also mentioned a 
significative diffcrence betwcen HH and VV polarizations 
for the azimuthal modulation deduced from the NSCAT Ku
band scatteromcter observations. The model estimates of the 
NRCS polarization ratio for the same conditions within the 
frame of the pure Bragg mode! (upper clashecl line) and 
composite Bragg model (Imver dash-dotted line) are also 
shown in Figure 7. The fïrst result is that the observed 
polarized ratio is signifïcantly less than the one preclicted by 
the Bragg theory. The average difference between Bragg 
theory and observation is about 4 dB for the pure Bragg 
model and about 2 dB for the composite mode!. These 
observations qualitatively imply that there is a mean (azi
ll1uthally independent) contribution of non-Bragg scattering 
mechanism. We associate such a phenomenon with radio 
waves scattering on breaking waves. The second result 
qualitatively obtained from this comparison is that the 
non-Bragg part has also an anisotropie behavior. In our 
model (see section 4.3) wc describe this as an effect of 
tilting of breakers providing a stronger non-Bragg scattering 
in the upwind direction (see equation (55)). Figure 7 shows 
that the introduction in the Bragg model of the cross
correlation of tilt and hydrodynamic modulations does not 
provide a behavior in azimuth that could explain the 
observed data. 

[44] Another example ofresults from the Bragg part of the 
model is shown in Figure 8, which shows the polarization 
ratio averaged in azinmth for two incidence angles (Figure 8a 
at 30°, Figure 8b at 45°) and plotted as a function of the 
Bragg scattering wave number. Experimental values from 
Unal et al. [1991] and Masuko et al. [1986] are also shown in 
Figure 8. These data relate to wind speeds in the range 8 to 12 
mIs. The experimental values of the polarization ratio 
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Figure 8. Averaged polarization ratio as a function of the Bragg wave number at wind speed 8 to 12 ml 
s, and at incidence angles 30° (Ieft panel) and 45° (right panel). Dashed lines are predictions of the pure 
(equation (1)) and composite (equation (49)) Bragg scattering models (upper and lower dashed hnes 
respectively); solid lines are predictions of the full NRCS model (equation (59)), accounting for the 11011-

Bragg scattering. Symbols are radar observations: open circles are from Un a! et al. [1991]; stars are from 
Masuko et al. [1986]. 
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Figure 9. Upwind to downwind ratio (upper panels) and upwind to crosswind ratio (lower panels) as a 
function of inverse Bragg wavelength, for VV and RR polarization, and at incidence angle 30° and wind 
speed 8 to 12 mis. Dashed lines are prediction of the composite Bragg scattering model (equation (49)); 
solid lines are predictions of the full NRCS mode1 (equation (59)), accounting for the non-Bragg 
scattering. Symbols are radar observations: open circles are fro111 Unal et al. [1991]; crosses are from 
Jones and Schroeder [1978]; stars are from Masuko et al. [1986]. 

increase with increasing incidence angle, and decrease with 
kb/" Results obtained from pure Bragg theOl)' (upper dashed 
lines), and from l.wo-scale Bragg scattering model (Iower 
dashed 1ine) indicate that the pure Bragg predictions signifi
cantly overestimate observations at both incidence angles; 
the larger is the incidence angle, the stronger is the difference. 
Accounting for the tilting waves effect (two-scale NRCS 
model, lower dashed line in Figure 8) results in a decrease of 
the polarization ratio. Nevertheless, the overestimate of the 
observed values of P at 0 = 45° remains; at 0 = 30° the 
overestimate is not so strong, but exists nevertheless. Rence 
we suggest that the clifference between the l.wo-scale NRCS 
model predictions and the observed values of polarization 
ratio can be related to the contribution of non-Bragg radar 
scattering mechanism. 

[45] Figures 9 and 10 show observed values of the upwind 
to downwind ratio of the NRCS for VV polarization (left 
panels) and HH polarization (right panels) obtained at differ
ent Bragg scattering wave numbers from Un al et al. [1991], 
Jones and Schroeder [1978], and Masuko et al. [1986]. These 
data relate to wind speeds in the range 8 to 12 mis, and to 

incidence angles of 30° (Figure 9) and 45° (Figure 10). To 
plot the data of Jones and Schroeder [1978] we have used 
their functional dependence presented in their equation (6), 
whereas to plot the results of Masuko et al. [1986], we have 
used equation (7) of these authors. Values at 45° have been 
obtained From an interpolation oftheir regression coetlicients 
obtained for other incidence angles. 

[46] The upwind to downwind ratio ofNRCS is lat'ger in 
HE polarization than in VV polarization. Dashed lines in 
these plots show the model predictions resulting From the 
two-scale composite Bragg scattering mode!. As discussed 
above, two mechanisms are responsible for the upwind to 
downwind asymmetty: cross-correlation belween hydrody
namic modulations of Bragg waves and slopes of longer 
tilting waves, tilt of parasitic capillaries. The latter process 
works d'Bragg scattering waves belong to the capillm)' range. 
This effect results for the model in a rapid increase of the 
upwincJ to downwind ratio in the range of capillat)' Bragg 
waves. At VV polarization and at both 0 = 30° and0 = 45°, the 
Bragg model predictions ofthe upwincl-to-downwincl ratio of 
NRCS, (Jo,':p /(JO~ïOl""' are consistent with measurements. 
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Figure 10. Same as in Figure 9, but for incidence angle 45°. 

For RH polarization and at kbr < 1 cm-l, the experimental 
estimates of ao;~)ao:;()I\'" are lar'ger than the Bragg model 
predictions. At 8 = 45° this difference is significant (one dB or 
more). Rence, taking into account hydrodynamic effects in 
the model is not sufficient to reproduce the observed behavior 
in azimuth of the radar cross-section. 

[47] The bottom plots in Figures 9 and 10 present the 
experimental and model estimates of the upwind to cross
wind ratio of the NRCS, (JOl/jaoer. The experimental data 
iIlustrate the weIl-known feature of the radar backscattering 
from the sea surface: the upwind to crosswind ratio has a 
weIl expressed dependence with the Bragg wave number, 
showing a high degree of anisotropy when k/Jr is in the 
capiIIary-gravity range of the spectru111 [Caudal and 
Hauser, 1996; Qui({en et al., 1999]. Model estimates of 
the upwincI to cross-wincI ratio based on the Bragg scatter
ing model (cIashecI lines) are consistent in overall with the 
observations, aithough there is an apparent overestimation 
of the model with respect to the observed values at Bragg 
wave numbers related to X- and Ku-band. 

[48] In sUll1mmy, 1'rom the comparison of the Bragg 
model results with observations of the polarization ratio 
and of the upwind/downwind ratio in RH, we suggest that 
an additional non-Bragg scattering process has to be taken 
into account in the modeling of the total NRCS. 

4.3. Non-Bragg Scattering 
[49] Phillips [1988] originaIly proposed a phenomenolog

ical model for the description of non-Bragg scattering me ch
anism. This model gives the overall contribution to the NRCS 
of the scattering areas related to wave breaking events, 
independent of what con crete mechanisl1l is responsible for 
the backscattering: specular ret1ection, wedge scattering or 
scattering from "rough" structures of broken waves. The 
general expression relating the contribution of non-Bragg 
scattering to wave breaking statistics is given by equation (9). 
Using the relation A(k) ex: u3g-3/2kl/2 for the length of the 
wave breaking fronts, Phi11ips [1988] obtainecI: 

(50) 

where CC tp, 8) is a function of incidence angle 8 and azimuth 
tp. 

[50] Detennining this function oftwo variables 11'0111 radar 
observation is quite difficult. To reduce the number of 
unknown parameters, we use the recent results of Ericsoll 
et al. [1999] and the conceptlJal approach of Wetzel [1986]. 
Ericsol1 et al. [1999] have investigatecl the radar scattering 
mecbanisms associatecl with wave breaking in laboratory 
conditions. They performed X-bancl radar measurements at 
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an incidence angle of 45°, in HH and VV polarizations, and at 
numerous streal11wise positions along stationary breaking 
waves. They showed that radar returns near the breaking 
crest are tbe result of incoherent backscatter due to the 
gcneration and tilting of enhanced surface roughness by 
breaking waves. They observed a polarization ratio of the 
increasecl raclar relurtls very close to unit y (see theirFigure 3). 
They also showed that the observed radar scattering from the 
breaking crests was 'Nell reprodllced by a scattering mode! in 
Kirchhoff approximation, while the Bragg theory reproduced 
radar rctllrns from smoother areas located far from the 
breaking crests. Er;csoll et al. [1999] concluded that incoher
ent baçkscatter from surface disturbances generated by 
breaking waves may account for the high radar retllrns (or 
sea-spikes), and it is not necessary to invoke other mecha
nisms attributed to extreme shapes of breaking waves to 
explain the observed behavior ofradar scattering from break
ing waves. 

[SI] To model the natural conditions of breaking waves 
typical of the open ocean, we follow the concept of Wetzel 
[1986, 1990], who propose that breaking is mainly sup
ported by spilling breakers as described by the plume model 
of Longuet-Higgins and Turner [1974]. These spi Il ing 
breakers are characterized by a plume of rough surface 
due to breaking elements falling down the wave crest, and 
having a shatV entry into the underlying long wave [see 
Wetzel, 1990, Figure 32]. Hereafter, we first model the 
contribution of radar backscatter due to the upper rough 
surface of the plume. We assume that the radar rehlrI1S from' 
breaking waves is a sum of individual contributions of 
increased radar scattering from a discrete set of rough 
surface areas (the plumes). We further use the statistical 
description of wave fronts proposed by Phillips [1988] to 
build a model of NRCS, which separates the dependeilce 
with incidence and the dependence with azimuth. Then, in 
section 4.4 we propose a way to take into account the 
contribution of the sides of the plume which characterize the 
sharp entry of the plume into the underly{ng wave. 

[S2] To simplify the problem, we firsf consider the case in 
whioh the wave field is in a narrow-band surface in the range 
k to k + dk, but with angular energy distribution of arbitrary 
width. We assume each breaker (or plume) with enhanced 
roughness to be approximated by a flat surface of area dsi . 
The angle between the normal to this area and the vertical 
direction is 0'i' and its azimuth (relative to the azimuth i.p of 
the incidence plane) is i.p'i' We assume that the surface 
roughness of each breaker is isotropic, and that the inverse 
wave number of breaking waves k -1 defines the scale of ail 
statistical characteristics of the roughness, such as its 
variance, radius of correlation etc. Then the NRCS GOll'b 

of each of such elements depends on the local incidence 
angle 0j = 0 + 0'i (0 is the incidence angle of radar 
observation), and on the ratio of the radar wave number 
to the wave number ofbreaking waves, i.e. GOll'b = GollA0 + 
0j, klk,.). Moreover, according to the observations of E/'ic
SO/1 et al. [1999], we suggest that GOll'b does not depencl on 
polarization. Then, the contribution of non-Bragg scattering 
to the total NRCS of an observecl area So: 

where dq = 2',ds/So is the fraction of the sea surface covered 
by the area with increased radar rcturns, and dqi = ds/So is 
the fraction of individual plumes. The second term in 
equation (51) describes the tilting effect of enhancccl sur
face roughness due to the fact that the plumes are spreacl on 
the forward face of breaking waves. If we assume that the 
tilt of ail scattering areas is approximately the same (i.e. flj 
= 8"'b) then equation (51) takes the form: 

c!Œ lI'h(lp,O) ŒOlI'h(O) (dq -1- M'lI'hOwh L cos lP;(lcli) (52) 

where 1\1""" = (1 IŒoll'b)OGOll'b180 is a tilting transfer function, 
and 8l1'b is a mean tilt of non-Bragg scattering area. 

[S3] Following the approach of Phillips [1988], wc relate 
the scattering area to the distribution function A(k, i.p) of the 
length of breaking fronts. Il is sllggested that the contribu
tion of breaking fronts to dq is proportional to k -1 A(k, i.p )dk 
[Phil/ips, 1985]; whcn the angular distribution of breaking 
fronts is not narrow then dq ex: dk JA(k, i.p)di.p. Now 
equation (52) can be rewritten as: 

(53 ) 

where Ak(k) = J A(k, i.pl)di.pl is the distribution of breaking 
front lengths integrated over all directions. Hereafter we 
suggest that 0",b does not dcpend on the wave number of the 
breaking wave. This is a consequence of the self-similarity 
of breakers of different scales. 

[54] Equation (53) relates to the case of nalTow-band 
wincl wavcs. To obtain a relation valid for the wide wave 
spectrul11, we integrate equation (53) over aIl breaking 
waves (k < kllb): 

ŒlI'b(lP,O) ex: r 1 (1 -I-NJ;wb8whAlI'h(lP))Œowh(8,kjkr )A(k,lPl) JlP k<kl/b 

·dlPl dk (54) 

where A1I'b(i.p) is the distribution in azimuth of non-Bragg 
scatters, which is 

AlI'b(lP) = k;1 / COS(lPl -lP)AdlPl 

[ss] Equation (54) is similar to equation (9) originally 
proposecl by Phillips [1988]. The advantage of our equation 
(54) is that it gives the explicit azimuth behavior of G",b 

(connected to the angular distribution of wave breaking 
fronts), and that GO",b (unlike C in equation (9) has a 
physical meaning: it is the NRCS of the plume area 
generated by a breaking wave. According to the results of 
Ericsol1 et al. [1999], the NRCS ofbreaking waves GOll'b can 
be computed in the Kirchhoff approximation if the statistical 
properties of roughness enhanced by brcaking waves are 
known (in particular, roughness elevation covariance; see 
their equation (8)). However, statistical properties of brcak
er's roughness are poorly stuclied and the proportionality 
coefficient r'elating dq to k -1 A(k, i.p )dk is unknown. Thus 
we have to make some additional assumptions. First of aU, it 
is reasonable to assume that GOll'b(0, klk,.) vanishes at large 
!dk,., sayat kikI' > 1. It means that only breakers with scales 
exceeding the radar wavelength can contribute to the 
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incrcasecl racial' rctuills (note that the variance of breaker 
roughness (~) is propor~ional to r 2

), honce scaltering 
parameter k,2ç~'h ~ (kr/kt c1ecrcases at large kiki' Sccond, 
we suggest that a cutoff of GOlI'h at large kikI' can be adopted 
in thc upper limit of integration in equation (54); it means 
that kllh = bJcr . Then we have: 

where GOlI'h (0) is the NRCS of the plumes, which is now a 
function of incidence angle only, and q is the fraction of the 
sea surJ~lce covered by these areas generated by wave 
breaking. Fraction q is described in terill of A(k, cp) as: 

(56) 

where cq is a constant. 
[56] We have defined the constant br as br = 0.1. This 

implies that the lengths of waves providing non-Bragg 
scattering are more than 10 times longer than the radar 
wavelength. Hovvever, we should account for the fact that in 
case of very short radio waves (e.g. Bragg waves in K
band), the upper limit kllli may relate to too short gravit y 
waves (say, wavelength shorter than 15 cm), wllich rather 
generate parasitic capillaries than generate turbulent break
ers. We have already sllggested that the scattering of radio 
waves from parasitic capillaries obeys to the Bragg them'y, 
and this fact has already beeu taken into account in the 
shape of the spectrum (equation (17) and in the NRCS of 
the sea surface (see equation (49)) Therefore, the upper limit 
of gravit y \NaVeS generating breakers will be further clefined 
as kllb = min(bJen kwb ) with kWb = 2'ITIO.15 rad/m. The 
distribution nmction A(k, cp) (resulting from the transforma
tion of equation (28) from c-space to k-space) is: 

A(k, '{!) = ~ (B(k, '{!)) ))+1 

2k ex 
(57) 

equations (55)-(57) define the contribution of non-Bragg 
scattering from breaking waves to the NRCS of the sea 
surface. Constant cq and function GOwh (0) are unlG10wn 
parameters of the non-Bragg scattering model which have to 
be adjusted. 

[57] 1'0 show how this equation relates to Phillips' model 
(equation (50)), we take into account that the il1tegral in 
equation (55) converges on the upper limit (which is weil 
inside the gravit y ré)nge). Then we have: 

(58) 

where Cllb = (glkllb) 112 is the phase velocity at k= kllb , andll1g = 
2111g is the wind exponent in the gravit y equilibriul11 range of 
the spectrum. Relation (58) can be considered as a general
izatiol1 ofPhillips' model (equation (50)); at II1g = l, and Cllh = 
b; 1 12 (glkr ) 1/2, equation (58) coincides with equation (50). 
The advantage of our model is that it gives the explicit 
azimuth dependence of non-Bragg scattering, which is 
directly related to the angular distribution of the breaking 
fronts. 

[SK] As MfII'!> is negative, equalion (55) indicates thal the 
contribution of non-Bragg scatlering to thc lotal NRCS is 
minimal in the downwind direction and is maximal in the 
upwind direction of radar observations. 

4.4. Para mc/crs of the Non-Bragg Scattering lV[odcl 

[59] \Vc obtainecl the explicit relations describing the sea 
surface NRCS supported by Bragg (equation (49)) and 11011-
Bragg (equation (55)) scattering mechanisllls. Statistical 
properties of the sea surface accounted Jar in the Bragg 
scattering mode! relate to the "regular" surface with spec
trulll (17) rcsulting Ji'om the energy balance equation. We 
suggest that such a description of the sca surface is valid 
outside the breaking zones. Bence, the NRCS due to Bragg 
scattering has to be restricted by factor ([ - q). The 
remaining sea sUI'Ülce (with fraction q) provides non-Bragg 
scattering and statistical properties of these areas (with 
enhancecl roughness generated by wave breaking) differ 
from the "regular" surface. Bence the full model of NRCS 
GE! is expressecl as the sum of the Bragg component ITt. 

and of the non-Bragg component ITlI'h 

where we neglect the contribution of specular reflection 
from "regular" waves (equation (8)) because we are inter
ested at conditions of moderate incidence angles (0 ~ 200

), 

where this term has to be smal1. 
[60] For the non-Bragg scattering part IT,,'h (defined by 

equation (55) the function ITOwb(O) and constant cq must be 
specified. These parameters affect the average polarization 
ratio, while the derivative of ITOwb(O) versus incidence angle 
M I11'b = (l/GOll'b)8ITOIl'I/80 times S'I'b (averaged tilt of non
Bragg scattering areas) contTibutes to the Upwilld-to-down
wind ratio. To estima te GOlI'b (0), we use the experimental 
data reported by Ullal et al. [1991] and by iVfasuko et al. 
[1986] shown in Figure 8. 

[61] As developed, GO'I'b (0) is the NRCS of the are as 
covered by plumes (spilling breakers). Following Ericsol1 et 
al. [1999] findings, we suggest that the NRCS of an 
indiviclual breaking zone can be estimated within the frame 
of Kirchoif approximation. The NRCS for the quasi-spec
ular reflection described by equation (8) is the known 
asymptotic solution of the scattering problem in Kirchoff 
approximation. Since we suggested that only breaking of 
waves much larger than the radar wavelength cQntribute to 

. the racial' retum, then the condition of validity of equation 
(8) for the case of breakers is fulfilled, and it can be used to 
parameterize G01l'b (0). ft is clear that an approphate choice 
of the 111ean square slope of the breaker surface (say, it is 
S,,'b) allows us immediately to use the shape of equation (8) 
as a parameterization of GO"'h (0). 

[62] In addition, we have to take into account scattering 
from the sides of the plume. We Lollow TYetzel [[986, 1990] 
who assumes a cylindric geometry for this front of the 
plume, providing specular-condition of reflection whatever 
the incidence angle is. 

[63] To account for this mechanism in our parameter
ization of GOll'b (0), we suggest that the local NRCS of the 
sides of the plume can also be estimated by equation (8) 
estimated al 0 = 00

• We further assume that 111ean square 
slope of the brealœr sides is the same as the one of its 
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"cap". Then contribution of the plume siclcs to the NRCS of 
the breaking zone can be estimated as (TOIl'I> ex S"'I>,I",I',,-2, 

where S"'I> is a constant. Intrinsieally the expression l'or the 
nOrInalizecl radar cross-section itnplies that the constant SII'I> 

represents the ratio or the breaker thickness to its length 
(because radar cross-sections arc normalizecl by the sur
face). Since the contributions to the backseatler, of the 
"cap" of the plume and from its sicle are indepenc1ent, the 
NRCS of the breaking zone reaels: 

where wc recal1 that s,7,,, is the mean square slope of 
enhanced roughness (assumed isotropic) orthe wave break
ing zone. This quantity is wind independent. The second 
tetm in (60) beeomes dominant at large and grazing 
incidence angles, in agreement with the wel1-known fact 
that at grazing angles, the non-Bragg meehanism is impor
tant (sec, e.g., Wc/zef [1990]; or the reeent paper of 
C/zu/'uyolllov and Kra vsto v [2000]). 

[64] To find the constants ,1",7,,, and Swb defining (TOlI'h (0) 
(by equation (60)) and constant cq defining the fraction ofthe 
sea surface covered by bi'eaking zones (equation (56)), wc 
use the experimental data reported by Ulla! et al. [1991] and 
by iVlasuko et al. [1986] and known estimates of the sea 
surface NRCS at grazing angles. Constants c" and S,7'h are 
chosen so that the model polarization ratio at 0 = 30° and 0 = 
450 is in agreement with the experimental observations 
shown in Figure 8, while constant S"./> is ehosen so that the' 

d 1 · f' "" 1'1' • 1" mo e estllnate 0 (Jo :::::; (Jo at graz1l1g ang es IS 111 agree-
ment with empirical estimates of NRCS at RH polarization 
(for C-band it is -40 to -30 dB). The set of constants which 
will be f-urther used in equation (60) is cq = 10.5, S",/>2 = 0.19, 
ElVb = 0.005. 

[65] With a proportionality coefficient cq = 10.5, relation 
(56) gives a reasonable estimate of the fraction of the sea 
surface coverecl by breaking zones. Tt gives q = 3%, at U IO = 
10 mis, and q = 18% at UIO = 20 mis. Furthermore, with the 
specified values for S,~'b and E",/>, the expression for the 
NRCS of an individu al breaking wave gives (JO",b = -3.4 
dB at the incidence angle 0 = 40° and (JO",b = -8.8 clB at 0 = 
450. These estimates are consistent with Ericson et al. [1999] 
l11easurements. They incleed reported that the NRCS of a 
breaking wave at 0 = 45° in VV ancl HE polarization, is -3 
dB in the upwave look direction (with a slope of breaking 
waves of abolit 50) and-6 dB in the "clownwind" direction. 

[66] The last tuning constant tà be chosen is the tHt of 
enhanced scattering areàs of breaking waves 0lVb (see 
equation (55)). As it was discussed above, this constant 
influences the upwind-downwind difference ofthe NRCS. It 
is chosen here to match upwind-to-downwind raclaI' obser
vations [Unal et a!., 1991; Jones and Schroeder, 1978; 
Masuko et al., 1986] shown in Figures 9 and 10. Accord-
. - -2. .. -mgly, we fix (-)lVb = 5.10 . Note that the constant 0pc 

responsible for the tilt of parasitic capillaries, and used in 
equations (48)-(49) is also specified as 0pc = 5.10-2

• 

[67] Model predictions orthe polarization ratio accounting 
for the non-Bragg scattering are shown in Figure 8 (soli cl 
line). Since (J,;;" is larger th an (Jl;", the impact of the non
Bragg seattering (which is independent of polarization) 
results in the decrease of the polarization ratio with respect 
ta the Bragg scattering predictions. An important fealure is 

that the polnrization ratio decreases with increasing racial' 
frequency, in agreement with observations. The preclictecl 
upwind-to downwincl ratio is shown in Figures 9 ancl 10 
(solidlines, top panels). As expectecl, the non-Bragg sealter
ing has a larger influence on the u[1winclto downwincl ratio in 
HH polarization than in VV polarization. Aceounting for the 
non-Bragg seallering also clecreases the upwinclto crosswincl 
ratio G(!:,!, I(J&./, for both HH and VV polarizations. 

[6H] ln summary, aceounting for the non-Bragg scattering 
eomponent is necessary to bring model predictions in closer 
agrccment with observations in terms of polarizatÎon ratio, 
the upwind-to-downwind and upwind-to-erosswinc\ ratios. 
Tn the next section, wc will further eviclence of these 
features, by c011lparing the model results with other inde
pendent data sets. 

5. Results of the Full Model Compared 
to Observations 

[69] Radar observations presented in Figures 8 and 9 were 
usecl to acljust the parameters in the non-Bragg scattering 
part of the NRCS mode!. Once definecl and fixed, we use 
other radar observations to check the validity of the mode!. 

5.1. Comparison of the X-Band Polarization Ratio 
From the POLRAD-96 Experimcnt . 

[70] Madel predictions in the conditions of the POLRAD-
96 airborne X-band radar observations are presented in 
Figure 7. Compared to the case of the Bragg moclel, 
aceounting for the non-Bragg scattering meehanism signifi
cantly improves the agrccment between the model precIie
tions and measurements. The 110ncBragg scattering 
inclusion decreases the polarization ratio at all azi111uths, 
and provides a behavior of P(r,p) with azi11111th very similar 
to the observed one, with maximal values of the polarization 
ratio in the downwind direction. 

5.2. Coillparison With Empirical Models of ERS 
and NSCAT at C- and Ku-Bands 

[71] Einpirieal 1110dels of the NRCS established for the 
satellite wind-scatterometers of ERS 1-2 (C-band, VV polar
ization) or for the NSCAT scatterometer (Ku-band, VV and 
RH polarizations) on the ADEOS piatform can also be 
compared. The wind-scatterometer data from the satellites 
ERS 1-2, and NSCAT are inverted in tenns of wind veetor 
by means of empirical models, usually expressed in the 
fonll of a truncated series of the look angle (with respect to 
the wind). 

[72] To compare our mode! results with these el11pirical 
models, we express (59) in the forl11 of a truncated Fourier 
series, which is a standard fonu of presentation for wind
scatterometer data: 

d~(H, tp) = Ao(H) - AI (8) cos(tp - tpll') -1- A2 (8) cos(2(tp - tpll')) 

(61 ) 

where .11;(0) are coefficients, which depend on incidence 
angle, wind speed, and radar frequency. Note that with our 
convention, the direction r,p = r,pll' is the dbwnwind direction, 
whereas r,p = r,p,l' -1- Tï is the upwind direction. 

[73] One of the current operational \-vind retrieval algo
rithms for the C-band wind-scatterometer of ERS 1-2 (in VV 
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Figure 11. Coefficients of the tri.ll1cated Fourier series (equatiol1 (61» as a function of wind speed for 
the Ku-band NRCS, incidence angle 45°, VV polarization (left pai1els) and HH polarization (right 
panels). Solid lines are for the present model; open circles refer to the empirical NSCAT model [Wentz 
and Smith, 1999]. 

polarization) is the so-called CMOD-IFR2 model [BentclIIzy 
et al., 1994]. In this model, coefficients of the geophysical 
function of the type of equation (61) wail obtained by 
collocating triplets of NRCS provided by the wind-scatter
ometer at three azimuth ailgles with either wil1d vector data 
from meteorological analyses cir in situ data. It was ii1de
pendently validated with a large set of in situ data. Sim
ilarly, Wentz and Smith [1999] propcised an empirical model 
at Ku~band, VV and HH polarizations derived from the 
NSCAT observations. 

[74] Results of our model in terms of the coefficients At 
are compared with the correspol1dil1g coefficients of the 
NSCAT and ERS empirical models in Figures Il (NSCAT, 
Ku-band) and 12 (ERS, C-band). These figures show the 
dependence of the coefficients with wind speed at the 
incidence angle of 45°. Similar results are obtained at other 
incidence angles. For ERS, only the VV polarization is 
available trom the observations, whereas for NSCAT, both 
the VVand HH polarizations are available. The comparison 
of our model predictions with the empirical functions of 
NSCAT and ERS, shows that our model reproduces reason
ably weIl aIl the empirical scattering coefficients At and their 
dependence with wind speed. Althoügh we cannot rely on the 
absolute At values of NSCÀT (NSCAT was calibrated in a 
relative sense), we can assess the model by the fact that the 
agreeli1ent is quite good for the azimuthally averaged NRCS 
(coefficients A01) of ERS at moderate and high wind speeds 

and for the behavior with wind speed at both polarizations 
and radar wavelengths. We recall here that the surface 1110del 
(wave spectrum) was tuned to fit only the observations of an 
integrated spectral parameter (mean square slope), and that 
the non-Bragg scattering model was only adjusted to polar
ization nitio observations. Coefficients At and A~l (nOl111al
ized by At) calculated from our model are in reasonably 
good agreemeIit with the empirical l110dels of ERS and 
NSCAT. AC/At is larger in HH than in VV polarization 
and shows only a weak dependence with wind speed (except 
at C-band). The empirical values of A~1/A61 show a local 
maximum at wind speed around 7 mis. Our model reprodù
ces a correct behavior of this quantity, with increasing valües 
at light wind and constant or slightly decreasing values at 
moderate and high winds. The main difference between our 
results and the empirical values is for Ad'l'/Aà'l' in Ku-band 
and VV polarization where we find a nearly constant behav
ior with wind speed, whereas the empirical results show a 
decrease of A d'l'/Aà'l' with wind speed. 

[75] Figure 13 shows the behavior of the azimuthally 
averaged l:iolarization ratio with wind speed at incidence 
angles of 30, 45 and 60 degrees. The empirical values 
(symbols) are here again derived from the geophysical 
function used for NSCAT. Results of our model are plotted 
on the same figures for the pure Bragg case (dashed line), 
composite Bragg (uppei' solid line) and complete model 
(composite Bragg plus non-Bragg, lower solidline). At ail 
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Figure 12. Coefficients of the truncated Fourier series (equation (61)) as a function of wind speed for 
the Cband NRCS, incidence angle 45°, VV polarization (left panels) and HH polarization (right panels). 
Solid tines refer to the present model, and open circles to the empirical CMOD-IFREMER model 
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incidences, the difference between the empirical polariza
tion ratio and the model predictions based on pure Bragg or 
composite Bragg scattering models is apparent and very 
strong. None of these models is able to reproduce the order 
of magnitude of the polarization ratio. This discrepancy 
increases with incidence angle. In contrast, model calcula
tions accounting for the non-Bragg scattering are quite 
consistent with the empirical data at aIl incidence angles: 
both the order of magnitude and the trend with wind speed 

are weIl reproduced by the model wh en non-Bragg scatter
ing is accounted for. 

Polarized Ratio: 30° 
15,-----------------, 

o ()..(Jo l) U ~ ~ ~ ~ 

o 10 20 
wind speed, mis 

5.3. Comparison With Results From RADARSAT at 
C-Band, HH Polarization 

[76] A further assessment of our model is also obtained by 
comparing the C-band polarization model predictions with 
available empirical estimates. Figure 14 shows the results of 
the f1.IlI model for a wind speed of 10 m/s (solid line). Results 
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Figure 13. Averaged polarization ratio for Ku-band as a function of wind speed at various incidence 
angles 30°, 45° and 60°. Open circles are correspond to the empirical NSCAT model; lower sotid lines 
are for the model predictions accounting for the non-Bragg scattering mechanism; upper solid tines are 
predictions of the composite Bragg model; dashed lines are predictions of the pure Bragg mode!. 
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from the purc Bragg model (dolled linc) and l'rom the 
composi te Bragg modcl (dashed line) are also shown in 
Figure 14. Note thal only the composite Bragg model and 
the full model provicle a dependence of the polarization with 
willd speed (not shown), with a larger dependence with wind 
spced for the full mode!. At 40° incidence, the polarization 
ratio VV IHH for the full model varies from 2.6 to 4.3 dB 
when wind decreases from 15 to 5 mis, whereas it varies From 
4.7 to 5.3 dB for the composite Bragg mode!. For compar
ison, we have plotted in Figure 14, the best fits oblaincd by 
Ho/'stmalln et al. [2000] and by Vàc/ioll et al. [2000]. 
Ho/'stmann et al. [2000] estimated the polarization ratio at 
C-band by collocating observations of the RADARSAT 
Synthetic Aperture Radar (C-band, HH polarization), and 
data orthe ERS-2 scatterometer (C-band, VV polarization). Jt 
must be notcd that the il' study shows a large scaUer around the 
best fit (plotted in Figure 14), partly due to the variety ofwind 
conditions and looking angles. Vacholl et al. [2000] also 
estimated the polarization ratio in C-band by comparing 
observed values of NRCS l'rom RADARSAT (I-I[-] polar
ization) with values ofNCRS calculated by combining in situ 
wind measurements and the empirical C-band model valid 
for the VV polarization. Theil' results show the polarization 
ratio to be a function not only of incidence angle, but also of 
wincl speed ancl look e!irection with respect to the wine! 
e!irection. By combining ail their estimates, they propose a 
best fit (ploUed in Figure 14). Here again, a large scatter 
arouncl the best fit is observee! in the results of Vàchon et al. 
[2000]. For both comparisons, our full moe!el gives' polar
ization ratios which are larger than the experimental best fits, 
but in better agreement with these empirical results than when 
a pure Bragg or composite Bragg moe!el is usee!. Some 
uncertainties in the data may also come from the fact that 
the RADARSAT e!ata had to be correctee! for a saturation in 
the received signal [Vacholl et al., 2000]. An "hybrid" 
expression of the polarization ratio was also proposee! by 
Thompso/l et al. [1998] as: 

""/ l''' (1 + s tan
2 

0)2 
ŒO ŒO = ? 

(1+2tan2 0t (62) 

Basee! on the stue!y of Campbell and Vacho/1 [1997] which 
also uses RADARS AT data, a value of 0.6 for the param
eter s has been proposee! by Thompso/1 et al. [1998]. 
Equation (62) with s = 0.6 is also plottee! in Figure 14. 
The agreement with our full model is quite gooe!. 

5.4. Comparison With Ah'borne RESSAC Data Fl"Om 
the FETCH and SEMAPHORE Experiments 

[77] The RESSAC system is an airbol11e FM/CW radar 
initially cleveloped for measuring ocean wave directional 
spectra [Hause/' et al., 1992]. Il operates at C-bancl (5.35 
GHz) and HH polarization. In its nominal moe!e it probes the 
sea surface over the range of inciclence angles 7° < 8 < 21 0. 

During the most recent campaigns (SEMAPHORE in 1993, 
FETCH in 1998), it was also operated in a mode allowing to 
measure ao"" in the range 27° < 8 < 4l 0. By combining these 
e!ifferent modes of operation, a method was also developed to 
clecluce the hye!rodynamic MTF near 30° incidence angle 
[Hauser and Caudal, 1996]. 

[78] Figure 15 shows the upwind-to-downwind and 
upwine!-lo-crosswine! ratio of aoM

, obtainee! by RESSAC 
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Figure 14. Polarization ratio (VV/HI-I) in C-bancl versus 
incidence angle. Results From the pure Bragg model, 
composite Bragg and full model (inclucling non-Bragg 
scattering) at a wincl speed of 10 mis are given by the 
dotted, dashee! ane! solicl lines. Lines with square symbols, 
and diamone!s are the best fit of Ho/'stma/111 et al. [2000], 
and Vachon and Dobsol1 [2000], respectively. Line with 
triangles is equation (62), with s = 0.6. 

during the SEMAPHORE (open square) and FETCH (open 
circles) campaigns, together with the outputs of our mode!. 
The order ofmagnitucle and wind trend of ad:;;) ladi~wn (left
hand panel) is satisfactorily reprocluced on the average. In the 
right-hand panel, however, it can be seen that the moe!el 

cl l 'e!! d f "" l "" cannot repro uce t le WIll (epen ence o. aoup aOcrass 
although it reproduces cOlTectly the average value. Measure
ments exhibit a clear increase of the upwind to crosswind 
ratio with wincl speee!, while the moclel preclicts rather 
constant behavior with wincl speed. To interpret this discrep
ancy we note that at low winds, the wincl direction can be 
highly variable ane! this permits to understancl why the radar 
azimuthal signature is much more isotropic than predicted 
(remind that in the moe!el wincl variability is not accounted 
for). An experimental evidence of the influence of wind 
variability on the azimuthal anisotropy ofthe NRCS is given 
in [Carswell et al., 1999]. At high wine!s (12-16 mis), 
however, the upwind to crosswincl ratio measured by 
RESSAC exhibits large fluctuations (between 3.5 and 6 
dB), with average value higher than the model prediction 
(about 3 e!B). The weak dependence of the upwind to crosS
wincl anisotropy of the model with wincl speed is explained 
by the fact that the breaking ten11 cloes not contribute to the 
upwine! to crosswind difference (it only gives the upwine! to 
downwind wine! difference). Hence when the relative role on 
the non-Bragg scattering increases (with wine! speed), it 
results in a decreasing orthe upwind to crosswind anisotropy, 

5.5. Summary on the Comparisons 
[79] The general conclusion about these comparisons is 

that the pure Bragg or 2-scale Bragg model overestimates 
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Figure 15. Upwind-to-down-wind ratio (left) and upwind-to-crosswind ratio (right) of the NRCS 
versus wind speecl. Ait'borne radar observations obtained in FETCH (open circles), and in SEMAPHORE 
(open squares) experiments. Solid lines are model calculations. Conditions are: C-band, HE polarization, 
incidence angle 30°. 

significantly the polarization ratio. Introducing the 11on
Bragg scattering gives better agreements with observations. 
It also explains the large range of variation of the polar
ization ratio with wind speed mentioned in experimental 
studies (not shown). Further validation of the model in C
band would require a Im'ger set of observations. In this 
respect, the launch of ENVISAT, with its multipolarization 
SAR system will provide a very usefulnew source of data. 
In addition, fmther work is necessary to take into account 
aIl the me chanis ms (in particular wind variability) which 
can affect the upwind to crosswind ratio. 

6. Conclusion 

[80] The general motivation of the study presented in 
this set of two papers is to build and assess a physical 
model of the NRCS, which can be applied to various 
studies related either to the background features of the 
radar scattering of the sea surface or to the modulations of 
this backscattering visible in radar images. In this part l we 
have presented the semiempirical model of the NRCS and 
assessed it in a large range of radar frequency, incidence 
angles, and wind conditions. 

[81] The NRCS model consists of two modules. The first 
one describes the statistical properties of the sea surface 
itself. This description is based on the physical model of 
short wind wave spectrum (from a few millimeters to a 
few meters) developed by Kuchyavtsev et al. [1999], and 
on the model of statistical characteristics of wave breaking 
events proposed by Phillips [1985]. The combination of 
these two models gives a description of aIl the statistical 
properties of the sea surface (spectrum, mean square slope, 
wave breaking parameters) that are needed for the electro
magnetic part of the mode!. Tt is important to note that the 
surface model has been tuned only to reproduce the 
observed me an square slope of the sea surface. The second 
module relates to the calculations of radar backscattering 
from the surface with known statistical properties. To 
describe the Bragg scattering componellt of the sea surface 

a standard composite Bragg scattering model is used. The 
composite model takes into account the influence of long 
surface waves carrying Bragg scattering waves. This 
influence is described via tilting and modulation of short 
waves by longer waves. Both effects can be estimated 
withill the frame of our sea surface model because the 
wave spectrum is specified in a wide range of wave 
numbers, and the effect of short wave modulation by 
longer waves can be easily taken into account. In the 
capiIlaly range, cross-correlation between modulations of 
short waves and tilt of longer waves appears, due to 
parasitic capillaries spread on the forward slope of vely 
short breaking gravity waves. 

[82] Comparison of the Bragg scattering model predic
tions with available radar observations shows that su ch a 
model (based on Bragg scattering only) fails to reproduce 
several characteristics of the data. The main discrepancy 
relates to the polarization ratio. The Bragg scattering model 
polarization ratio significantly exceeds the observed polar
ization ratio at aIl incidence angles and radar frequencies. In 
addition, we have shown that even taking into account 
hydrodynamics effects, the Bragg model is unable to 
correctly reproduce the upwind to downwind ratio of the 
NRCS. Rence, both results suggest that some mechanism 
supporting non-Bragg scattering from the sea surface must 
be inc1uded in the NRCS mocle!. 

[83] It has been often suggested that at moderate and 
large incidence angles, a non-Bragg scattering mechanism 
connectecl with breaking waves also contributes to the 
NRCS. To describe this contribution to the NRCS we 
used the recent experimental results of Ericsoll et al. 
[1999]. They showed that incoherent backscatter from 
surface disturbances procluced by breaking waves explains 
the high radar relurn, while other possihle mechanisl11s 
(wedge diffraction, specular reflection etc.) do not neces
sarily neecl to be invoked to interpret their data. Using this 
fact we have modeled the NRCS of the sea surface as a 
superposition of "regular" sea surface (where backscatter
ing is associatecl with the Bragg mechanism) and surface 
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areas with enhanccd roughness produced by breaking 
waves. Wc have followcd the conceptual model of rVelzel 
[1986, 1990], based on the LO/lguet-Higgins and Tumel' 
[1974] physical mode!. Each breaking zone is associated 
with a spilling breaker characterized by a plume of rough 
surface falling down the wave crest, and having a sharp 
entry into the underlying long wave. We have 1110deled the 
contribution to radar backscatter due of the upper rough 
surface of the plume and of its side. To describe the radar 
response of an ensemble of plume surfaces, the wave 
breaking statistics proposed by Phillips [1985] has been 
used. The model of non-Bragg scattering is represented by 
a sum of highly scattering areas (radar tat'gets) with 
unknown NRCS, which is the main tuning parameter of 
the non-Bragg scattering mode!. To estimate this tuning 
parameter we have suggested that the NRCS of breaking 
areas can be described as the sum of the NRCS associated 
with quasi-specular scattering from the upper rough sur
face of the plumes and of the NRCS associated with the 
front side of the plumes. Then the determination of the 
unknown functÎon is reduced to the determination of three 
ullknown constants which are: variance of the slopes of 
enhanced roughness in the breaking zones (which is wind 
independent), fraction of the sea surface covered by zones 
of enhanced roughness (breakers), and ratio of breaker 
thickness to its length. These constants are defined so that 
the model azimuthally averaged polarization ratio is in 
agreement with the observations of Ullal et al. [1991], and 
the model NRCS at large incidence angles is in agreement 
with the one observed at grazing angles. After that the 
NRCS model is completed. . 

[84] Validation of the model has been carried out by 
comparing the model predictions with X-band radar obser
vations of Hauser et al. [1997], with the empirical Ku- and 
C-band NRCS empirical functions for NSCAT and ERS, 
and with C-band data of the RESSAC airborne data. An 
overall good agreement in a wide range of incidence 
angles and wind conditions was obtained. Results show 
that the polarization ratio is a function not only of radar 
frequency and incidence angle, but also of wind speed and 
look direction with respect to the wind direction. 

[85] In Part 2, we extend the surface model to analyze the 
interaction of short waves with longer surface waves and its 
consequence on the radar Modulation Transfer Function 
(MTF). We will particularly discuss the results in the HH 
polarization, because existing models fail to reproduce it. A 
nll'ther validation of the model will be presented by COlll

paring the Hydrodynamic part of the MTF to estimates 
obtained during the FETCH campaign from the airborne 
radar RESSAC (C-band, I-U-[ polarization). 

[86] More generally, because our approach is based on the 
description of the sea surface which is decluced t'rom the 
solution of the energy balance equation for the wind gen
erated waves, it gives the possibility to sl1ldy both the back
ground scattering properties of the sea surface and the 
response of the radar backscattering to the clynamical pro
cesses in the ocean upper layer which affect (via wave
current interaction, for instance) the energy balance in wind 
generated surface waves. For this goal the energy balance 
equation of wave in the presence of nonuniform current 
should be used, with the same energy source/sink tenns that 
was used for the background spectrum. 

Appendix A: A Simplification of the 
Composite Model 

[R7] Within the frame of the composite mode!, the NRCS 
of the sea surfàce is given by equations (1), (3), (4), and (5). 
ln real condition the mean square slope of the tilting wavcs 
is small, therefore these equatiolls can be signif'icantly 
simplified. We shall evaluate equation (5) 10 the second 
order in the slope of the tilting 'Naves. Bragg scattering 
geometric coefficients IG,l are (remind that x axis is 
directed along the incidence plane) 

(Al) 

Then the NRCS can be \vritten as 

a;;r = 16'ITk;IIGI,12k/~4Br(\jJ,kl"X,I) (A3) 

a~;r = 16'ITk;IGhI2k/~4Br(\jJ,kt"X,I)(1 + (çy/sinOfIG,ol/IGhOI) 

(A4) 

where IGpl = IGp(0 - (JI and IGpol = 1 Gp(0) 1 are geo
metrical coefficients depending on local and mean incidence 
angle respectively, kb = 2kr sin(0 - (,.) is the Bragg scatter
ing wave number at local incidence angle. To the second 
order in the slope oftilting waves equations (A3)-(A4) can 
be written as: 

/J _ /J ( Ji Br ,2 M{~ -) (Tbr - (TObr 1 - .Mio(r + B- + g' Çx - -B (,Br 
1'0 1'0 

(A5) 

where r;Ùbr = l6'ITk,4IGpoI2kbo4BrO is the NRCS of the sea 
surface without accounting for the tilting effect, Bro = Br(\jJ, 
kw) is the background saturation spectrum at k = kbO (kbO = 

kr sin0 is the Bragg wave number at the me an incidence 
angle), MIO = (1Ir;bbr)8r;bbrI80 is the so-called tilt COlll

ponent of the radar MTF, Bris the spectrum variation due to 
SW modulations by tilting waves, gP is a polarization 
coefficient accounting for the impact of the tilting waves 
in the second order given by: 

g" = 1/(2a~/)J')a2a~br/aG2 

for the VV polarized scattering, and 

(A6) 

gh = 1/(2a~br)a2a~br/a02 + (2/sin200)IGl'oI/IGhOl(Ç~/Çn 
(A7) 

for the HH polarized scattering. 
[88] To avoid unnecessary complications, in equation 

(A5) we have omitted a term describing the change of 
sa111ration spectrum in the second order (this tenn can be 
defil1ed as a solution of the wave action conservation 
equation in the second order). From the one hand, this tenu 
is negligibly small in comparison with the tilting effect 
(fourth term in r.h.s of equation (A5); see [Plant, 1986]), 
from the other halld the averaged second order correction of 
SW spectrum may be simply accounted for in Bro. 

[89] Averaging equation (A5) over the scales of the tilting 
waves (their wave numbers satisfY condition: k < KI and 
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assuming that (y = 0 and Br = 0, we obtain the following 
relation for the sea surface NRCS: 

(A8) 

The second term in the r.h.s of equation(A8) gives the 
contribution of "pure" tilt eff'ect to the NRCS, while the 
third term describes the cross-correlation of tilt and hydro
dynamic . eflects. Plant [1986] showed that the relative 
impact of the latter term (in comparison with the "pure" 
tilt effect) is small. However, within the frame of the 
composite model only this cross-correlation Lerm is respon
sible for the NRCS llPwind-downwind difference. 
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