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Two-Scale Model and Ocean Radar Doppler
Spectra at Moderate- and Low-Grazing Angles

Valery U. Zavorotny and Alexander G. Voronovich

Abstract—Results of numerical calculations of polarized radar The most practical tool for the theoretical description of
Doppler spectra from the ocean surface at low-grazing angles rough surface scattering until now has been the two-scale
and at various wind speeds are presented. Calculations are (or composite) surface model [13]-[15]. As it was found by

based on the modified two-scale model, which includes Bragg - . -
scattering from both free and bound capillary waves. Here, we Trizna [12], although the two-scale model based on linear

derive an analytical expression for the Doppler spectrum in the hydrodynamics appears to account for the peak Doppler shift
form of a two-dimensional (2-D) integral over large-scale slopes. of the spectrum for vertical polarization, it is insufficient to

For the surface description, the model of a directional wave describe horizontally and cross-polarized data, which have
spectrum is used, which takes into account the wave age (a limited larger Doppler shifts. For the case of moderate- and low-

fetch). A comparison of computed curves with experimentally . id les D | t lculati b d th
measured Doppler spectra shows that the inclusion of “fast” Incidence angles Doppler Sspectra calculations based on the

bound capillary waves significantly improves results. Using the two-scale model and a comparison with experimental data
reasonable parameter values for the model of bound waves we were reported in papers [17]-[20]. Recently, Letal. [4],

obtained widths of Doppler spectra which are in good agreement [5] explain their measured low-grazing angle Doppler spectra
with experiments for low-grazing anglesf, = 10° and for winds by coexistence of scatterers producing “slow signals” at fre-

up to U ~ 10 m/s. However, remaining discrepancies show that . | to the B ith “fast tt ”
using Bragg scattering from bound waves is not enough to close quenciés close 1o the bragg resonance wi ast scatterers

the problem. Despite of limitations the approach can be used for associated with breaking wave crests. Apparently, for some
a more thorough analysis of measured Doppler spectra in order patches of an ocean surface the Bragg-scattering mechanism

to determine the contributions of various scattering mechanisms. continues to work even at low-grazing angles contributing to
Index Terms—Sea surface e|ectromagnetic Scattering. the total backscattering Signal. At the same time, close to Unity
polarization ratios of the “fast signals” suggest that some non-
Bragg scatter from “fast scatterers” should be involved in the
process.
HE phenomenon of low-grazing scattering from a rough While the theoretical description of non-Bragg scattering is
sea surface has attracted much attention, both experimstill a subject for disputes, we intend to study the role of the
tally and theoretically (see, e.g., [1]-[11]). This subject is d8ragg component in Doppler spectra at low-grazing angles
practical importance in areas of the low-altitude/long-rangesing our version of the two-scale model of the moving ocean
radar ocean remote sensing or target tracking, communicatisarface. Here, we present a detailed derivation of an analytical
and navigation systems operating at low-grazing conditioegpression for the polarized radar Doppler spectrum from an
above the ocean surface. On the other hand, the observatiocsan surface, results of humerical computations based on it,
at low-grazing angles (particularly, in the backscattering direand discuss their relevance to low-grazing-angle backscatter
tion) differ from what the classical theoretical models (a smatly a comparison with experimental data.
perturbation method, or a two-scale composite model) based
on the Bragg-scattering mechanism predict for those angles. Il. TWO-SCALE MODEL

The key property of the low-grazing microwave backscat- ) _ o
tering is that for co-polarized emitted and received signals_We consider an electromagnetic (EM) wave incident on a

the radar cross section at horizontal polarization sometim%'glecir'c moving rough surface, t_he mean. position of which is
may attain or exceed the level of the vertically polarize@tthes = (2, y) plane, the elevation of which above the plane
signal. Another crucial difference lies in the shape of Doppld$ given by the equation = A( p, ¢). Wave vectors of incident
spectra (especially at horizontal polarization) for a Iow-grazirg"Ol scattered waves are in the, z) plane with thez axis

backscattering signal compared with those for a steep ingirécted upward (see Fig. 1). According to the basic concept
dence. of the composite model, the total rough-surface elevation is

h(p,t):hq(p,t)—I—hQ(p,t) 1)
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z I1l. DOPPLERSPECTRUM IN A TWO-SCALE SURFACE MODEL

Now we turn to a consideration of an ocean-like moving
surface. In this case, according to a chosen range of spatial
scales, a small-scale roughnégsz, t) describes capillary (or
gravity-capillary) surface waves propagating in all directions.

Let the EM wave with wave vectol¥ = (k, 0,¢) =
K(cos 8,, 0, —sin 6,) illuminate the tilted facet of a large-
scale gravity wave wherd, is the grazing angle for the
incident EM wave with regard to the mean surface plane
(see Fig. 1). Notice thatan 6, = ¢/k. The tilts of facets
can be described by the two-dimensional (2-D) slope vector

X
0 s = (85, 8y) = Vh (?, t) wheres, = tan v, s, = tan §,
and~ is a facet-tilt angle in the plane of incideneez, andé is
a facet-tilt angle in the perpendicular plane. Also assume that
Y the facet itself moves at a speed= (u,, u,, u.). For ocean-
Fig. 1. Scattering geometry of a two-scale moving sea surface. surface gravity waves this motion is associated with an orbital

velocity of the surface water layer. In this case, the frequency

are curved rather than planar might be a significant matt%frthe EM wave scattered in the backward direction is

in _X-ba_md backscatter_ing for Iow-grazing angles. In [10], , — o, +wp + oK - T = wo +wE, wp =cpkp.  (5)
estimations and numerical calculations of curvature effects are

made assuming that the modulation effect of facet tilts cadere,w, is a frequency of the incident EM wave aag, x5,

be neglected. For this ideal case curvature effects beginctp are, respectively, the frequency, the wave number, and
show up for grazing angle$, < 10°-20°. However, when the phase speed of the Bragg resonant gravity-capillary wave.
the effect of facet tilts is included assuming the realistic se@he sign+ accounts for approaching or receding waves. It
roughness spectrum, the considerable curvature effects (atisuissumed in what follows that (5) is written for the case
5-dB increase) occur only fat, < 5° [11]. The calculations when the mean velocity of ocean water is equal to zero
show that at the nominal grazing andlg ~ 10° scattering relative to the radar. In the presence of a steady drift (i.e.,
from steep facets (with smaller curvature effects) dominatesdar motion, currents or wind drift), one needs to introduce
over that from sloping ones (with stronger curvature effectdpto (5) an additional Doppler shift. As a consequence of
Here, we shall considet, > 10° and assume that the effectthe two-scale model the total Doppler shiff = +wp +

of facet curvatures can be excluded from discussion. 2(kuy + qu,) consists of two terms. The first is caused by
In terms of spatial spectra, the splitting presented by (itrinsic velocities of small-scale Bragg-resonant waves and
can be reformulated as follows: another one is produced by orbital motions associated with a
— — - large-scale component.
W(R) = Wi(%) + Wa(R) @ “y ;

We now assume that Bragg-resonant waves can be of two

pes: “slow” and “fast.” For a description of “slow” ones the
ollowing dispersion relation of linear (free) gravity-capillary
waves is used here:

where W(x) is the entire spatial spectrum of surfac
roughness IV, (k) = W(%)0(k. — ) is a low-frequency
part that forms the large-scale undulating surfd&f’@(/?) =

W (%)0(x — x.) is a high-frequency part, anel. is a scale- cp = c(kp) = \/9/kp + Tkp/o (6)

dividing parameter (here, = ‘7{‘ andd(x) is a step-function). ] o ) ] )
wherey is gravitation acceleratior], is surface tension, and

Tilts of the large-scale surface component can be characterize : .
. IS the water density. We choose further for surface tension
by the variance of related slopes

T = 73 dyne/cm, and for water density = 1 g/cni.
2 9\ 2 =\ 9 For “fast” scatterers we assume that they are presumably
Tsery = <5”9> - / / i,y Wi (K)d". 3) associated with bound (parasitic) capillary waves generated at
_ _ ) the front face of nonlinear gravity waves in the vicinity of their
The high-frequency partV, () should comply with two crests [2]. Thus, the velocity of the bound wave is assumed to

requirements. First, it should embrace the range of spati@d ciose to the phase velocity of the corresponding nonlinear
frequencies satisfying the Bragg backscattering condition grayity wave

—_ —_ g /
K= kp = 2K cos 0, (4) cp = ch(/{n,) & \/q/kni, where £, < k. (7)
where ¢, is the local grazing angle. Second, the Rayleigh For the purpose of our numerical simulations the wave
criterion Koy, sin ¢, < 1 should be satisfied. Her€;, = number of the nonlinear gravity wave,, was chosen by

[f WQ(T{)d% is the height variance of the small-scale roughmatching calculated curves with experimental radar data [5].
nesses. Within these limits, it is believed that the choice,of Clearly, the effect of orbital motions on “fast” scatterers should
is arbitrary. be determined by large-scale components with< x,,;.
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Hence, the scale-dividing parameter for this type of scatter incidence plane of the EM wave lies in the wind direction.
has to bex,,;. Then
As mentioned above, the two-scale scattering model pos-
tulates that the resultant cross section of the entire two-scale P — exp [—%(0’?33(5 + gfygj + O'ZI 24 ggygj
surface is a cross section of a single facet averaged over facet-
tilt statistics. The same is true for the frequency spectrum of the
backscattering signal. Averaging over the statistical ensemble 0o & 4 2sau. )Cols 4 2(syus)(E) | (13)
of facets obviously results in the following equation for the

frequency or Doppler spectrum of the backscattering signal: Here,o?,, ando?, are variances of components of a slope

N[ . vectors and of an orbital velocity:, respectively. Also here,
Flw) = / P(Sa U) [U (5)8(w —wo —wf) we have correlations of sgm?é and v components. For the
o oo Gaussian form of functio® presented by (13) the integrals
+0(5)8(w —wo — wj )] d*sd’u. jp (12) can be evaluated explicitly as
(8) Wt 1 1
Here, o* (?) is the Bragg backscattering cross section that 2 5405, Ou, V2T D
depends on the relative orientation of the incident wave and X exp {_L [<1 +(v? — N2, tan® 0,) 72
. . - = . 2D Yz kA
a facet and on the direction of resonant WavEf{,s, u) is
an appropriate joint probability density function of the slope + (1 + (v* = N;,) tan® Hg)T;
vector s and the vector of orbital velocitﬁ. One should + 2v% tan? 0,Ny. N, T, T
remember that according to our concept the cross seefion £\ 2
; sl “ ” f “ ” 2 2 2 2 Aw
is a sum of two termsy** for “slow” (free) ands’ for “fast + (1 + (v* = N,,)tan Gg)ry + <—>
(bound) resonant waves. The cross section is also dependent N 2kow.,
on the polarizatiqn state of the tra_\nsmitted f';md received EM _Auw vtan 0, (Nps 1o + Nyur )] }
wave. We shall introduce subscripts referring to a specific Ou,
polarization later. The total backscattering cross section is (14)
o= / F(w)dw = / P(?) [O’+ (s)+o” (_5’)] d*s  (9) Here
V:Uuz/o-uz; N7] :<5iuj>/0-u,0-u]'
where P(5) = fP(_é, Ti)d"“u is the probability density T =sifou, AwT =w—w)Fws (15)
distribution of slopes only. and
Technically, it is more convenient to have the probability D=1+1°(1-N2, — N})tan 29,. (16)
density P (_é, Ti) in (8) represented in terms of corresponding
characteristic function? IV. A M ODEL OF THE SURFACE LARGE-SCALE COMPONENT

(? raip _,) To continue the analysis let us derive variances and correla-
— _ ~ = = 3 s+ £-u ags . . .
p(SJ u) = (27) 5 /dQC/d?‘&’p(CJ £)e ) tors of slopes and velo_cmes obtained in the above gquatlons.
Here we shall assume first that the large-scale suffacg, t)
(10) ' can be described by a statistically homogeneous, stationary

I ) ) . ) ensemble of linear propagating waves with sufficiently small
Substituting (10) into (9) and performing obvious |ntegra,§|Opes

tions as a result, one obtains

_ 1 —— -
_ _ _ _ h ; )= — / (aﬁezm~p—zw,€t + a26—7m~p+zw,€t>d2ﬁ
F:/[O’+(S)M+(S,w)—|—O'_(5)M_(5,w)]d25 e ) V2 '

(17)
(11)
whereq, is a complex Fourier amplitude with the wave vector
where ®, w, as its frequency, and the asterisk indicates a complex
_ conjugation. For gravity waves? = gk, wherex = 7{‘ We
+ _ 5 2 3 3 _ _ L+
M= =(2m) /d C/d f/d ud(w —wo — i) also assume that nonlinear effects resulting in the appearance

U — o= of bound waves are small enough to be neglected below in the
x P(¢, &) exp [l<< s+ & U)] (12) calculations of correlators associated with large-scale waves.
Spatial homogeneity of the statistical ensemble yields
Further, for a description of the long wave component, .
hi(p, 1), we limit our consideration by Gaussian statistics. In {an ) = (@) =0 (18)
this caseP is determined completely by correlation functiongnd
of slopes and orbital velocities. We also assume that the (acaty =0, (K)5(k — k') (19)

—
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where angle brackets stands for statistical ensemble averegpression for this value is well-known (see e.g., [16]):
ing and ¥, (k) is the directional wavenumber spectrum of

2
hi(p,t) [21]. Indeed, the spectrun¥ (or ¥, ») satisfies to ok (5)=4rK'sin 0 (“COS‘5> FRCA
the relationship ! b !
oo : 2 2
U(k) = 2/ X(%, w)dw (20) + (%) a(@)| Uo(F2Ka, F2Kd sin 6)  (30)
0
where
o0 o0 - L= a4 | f@cOSO ,
X(/_{,w):;/ dzp/ dte—i(np—wt) O'Vv(S)_47TA4sln4 Hg < ; )g”(ag)
(27)% J_ —oo 2
— — — 1 (S 2
X <h(r, (T +7, to —|—t)> 1) N <snb1 ) g1(0)| Wy(F2Ka, F2K d sin 6) (31)
is the wave spectrum for a statistically homogeneous, Stati?/vnﬁere
ary wave fieldh(p, t) [21]. The directional spectrun¥ ()
is connected to the spectrubii (%) introduced in (2) by the a=cos (0, +7), b=cosd
relation d=sin(6, +7), ¢ = arcsin(dcosé).  (32)
W(k) = 5[¥(k)+ ¥(=x)]. (22) Here, the signt indicates the direction of the approaching

- _ _ and receding Bragg-resonant waves. Subscripts HH and VV
Note that the power spectr_urW(@ arises from the fume- stand for horizontal- and vertical-polarization cases, respec-
independent spatial analysis, which does not contain act“%|y_ Remember that the angl, is a grazing angle for

wave-propagation information, whereas the spectl(®) the incident EM wave with regard to the mean-surface plane,

represents the wavenumber directional (heretidirections) \\hereas the anglé, is a local grazing angle between wave
distribution of wave-energy propagation. From the above - 7 _ i
equations it follows that the spectruf(%) is normalized VECtor/ and the plane of a facet. The angleis a facet-tilt
according to the relation? = <h2> _ f\IJ(/_{)d%. Using _angle in the plgne of mmdence,—z_, gndé is a fac_et-ﬂlt angle
well-known relations for linear surface waves, one easil the perpendwular plane. Coefiicieryts andg) in (30) and
obtains from (17) 1) are defined as follows:

e—1

L -y Gy IR —i?~7+iwnt> 2 g91(05) = 5 (33)
P (e Ix (29 ity £ o)

u| = — | 22— aKe”"’_“‘)“t—|—a”ie_7‘”’"’+“”‘t) d’k e—1D|e(1 4 cos? @) — cos? ¢
v= [ : oy = E- D A/ R

7
(24) [E sinf), + /e — cos? 0]

—i% g iwet) g2 ) . .
€ ! ) k. wherec is the complex dielectric constant of a sea water.
(25) Equations (30) and (31) for an elementary cross section at
two polarizations include the directional spectrdy(«,., «, )

Upon squaring and averaging we obtain the parameters needethe Bragg-resonant compone‘rgt(?, t). A dependence on

i i%-
U, = — —= Wy ClK,@' ’

- .
p —iw,t

*
—a,

for the function P k, appears here due to a facet tilting out of the plane of
, , , - incidence.
o5, :<sx7y> I//Iﬁ}xw\lﬁ(lﬁ?)d K (26)
2 VI. MODEL FOR THE SURFACE SPECTRUM
2 _ 2 _ Yy, 2 - 2
Ty y (uz y) Bk we W (k) d"k (27) In the calculations to be presented below, we have assumed

an improved model for the surface spectrum, which accounts
on =(ul) = / wi¥(k)dr = o2 + aiy (28) for recently discovered features as the high-frequency spectral
bump [22] and the wave-age dependence typical for devel-

and oping or young seas, which takes place under limited fetch
<5u2> = - / Kwe W (k) d’ k. (29) conditions (see, e.g., [23]). This model contains one important
parameter—the inverse wave age
For a statistically homogeneous surfacé,_é ~Til> = Q=Un/c, = Uror /,{d/g (35)
(upu.) = (yyu,) = 0.

where U, is the wind velocity at a height of 10 m, is

the phase speed of the dominant wave, which corresponds

to the spectral peaks, is the wavenumber of the dominant
The function needed for calculations of the integral in (1dyave. For example, for a well-developed séa,= 0.83,

is ot (?), a backscattering cross section of a tilted facet. Ttand for young sead? ~ 2-3. There is strong experimental

V. BACKSCATTERING CROSSSECTION FROM TILTED FACET
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support that for0.83 < £ < 5, the energy-containing part TABLE |
of the spectrum depends on the wave age [23]. At the same ENVIRONMENTAL - DATA
time, the wave-age dependence of the high wave-number bt 1010 TI0 150150
spectrum is a controversial issue [24]. Taking into account Us e 5 160 110305 1103
these circumstances, we adopt what we call here the modified sz”‘“'/_ 0 [ 250 m % ]
Donelan—Banner-aline spectrum, which is based on models T XN IR AT B
dlSCUSSed |n 22_24 h‘,q.l‘n\‘l,'ln 1.97 [ 1.70 ()g’l - -
1221-24] P AL
\IJ(K, ¢) :ALO(I{)FV(R)H_AlHi(I{)D(H, ¢) (36) f, rad /i || 65.% | ARA | 12.3 | -
where
A =0.00216 Q"5° (37) ad hocmanner and further, more rigorous approaches would
be welcomed.
Lo(k) = exp [~(ra/r)’] (38)
I'=1.7+6log © (39) VII. NUMERICAL RESULTS AND
y(k) = exp [— (k12 — k)2 /267 k,] (40) COMPARISON WITH EXPERIMENT
6 =0.08(1 —1—49‘3) (412) Because our intention was to compare calculations with
Hi(k) = [Ryo + SRues) Vitis (42) experimental data from [4] and [5], we must briefly describe
Reo = [L+ (k/krs)?]"" 43) the condition and geometry of the experiment. The data were

obtained from a CW dual-polarized X-band (9.02-9.47 GHz)
S = exp {[3.45(1 — exp (=U1o/Uy) = 4.95] In 10} onerent scatterometer, which was mounted on an extended
(44) platform on the bow of a boat. Backscattering experiments
Ries =0.8 ksech[(k — Kres)/Kw] (45) were conducted off the west coast of Scotland in the sum-
Viis = exp [~ (/s )] (46) mer of 1991. Time-resolved backscattered signals and their
5 Coes Doppler spectra were obtained from the ocean surface at a
D =sech™{[(0.4 +2.28(x/#;) 16 —¢u)t (47) range of grazing angles from 1o 7 and for a range
ka =g(Q/Ur0)”. (48) of wind speeds. The contributions from both the boat speed
. . . . and the wind drift were taken into account. Corresponding
D|TeTS|onald?umencal_cinstant('js/ n (43)__(42) andd(/46) ARlues can be found in our Table I. Series of Doppler spectra
:gf’ _ 6gg3raU m’_ﬁzy ;1 /s Ognrg qumi’nmz 47; is5t0he:aanrgl,e obtained at different wind directions and wind velocities show
s — ) n — . ’

. o o . s - a transition from the conventional Bragg scattering to the less-
_oftW|r;d7 dlrggnon '3 rjflans. lf)rt)o_n substltut_|0n éf_ 0.83 studied scattering regimes. We chose to compare our numerical
into (37), (39), and (41) we o ain expressions 1or a case @l ing/downwind calculations with data [4, Fig. 20], which
the well developed spectrum considered by Apel [22].

deeplct Doppler spectra as a function of wind direction obtained
To account for the presumed presence of bound waves  aro
set fixed grazing angle of, = 35°. Another case for

comparison is taken from [5, Flg. 3], which represents wind-
H;(k) = H'(k) +H¢f (k) (49) speed dependence of upwind-looking Doppler spectra for a
N Y Foy — ' grazing angle of 10
Hi(m) = (L= ) Hilm); - H (x) = pHi(x) - (50) We present here environmental data for both cases in our
where ¢ is a share of “fast” (bound) waves in the totalfable I. In this tabled, is a grazing angleg;; is an angle
elevation spectrum. As it was mentioned above the phase spbetiveen the positive direction and wind direction shown in
of bound waves coincides with the phase speed of the prim&8g), U1, is the wind speed at 10 m above water levg],
gravity wave which depends o1),; [see (7)]. To account for is the dominant wave frequency of the ocean wave-amplitude
a possible spread of the,; value the following model for the spectrum, related te; from (35),v; is the boat speed, ang,
distribution function is adopted: is the wind drift. The inverse wave adeis calculated using
0, if kpr < kg aNd k> Ky (35) with U1, and f; from Table . Note_ that_for our scattering
P(kn) { (Kt — Ka)(Ko — Kq), if £a < finr < Ko geoometrquU =0° refer§ to the dqwnwmd direction aqu_ij =
(k1 — fin1)/ (K1 — Ka), i Ko < fin1 < Ko 180° refers to t_he upwmt_al dlrect!on. We should mention also
(51) that the scattering experiment cited appeared to be conducted
at young seas rather than at well-developed ones. Data for the
wherer, denotes a position of the distribution maximum. Theind drift, »,, were available from [5] only for measurements
distribution is confined betweer,, the elevation spectrumat#, = 10°. Values forv,, for 8, = 35° were obtained here
peak position, and the high-frequency cuteff Therefore, in indirectly as a result of matching the peak positions taken from
our model for bound waves exist three free parameters),, computations and from experimental Doppler spectra. Mention
and «,. Because they are not available from measuremeiso that the wave-elevation spectrum presented in [5, Fig. 10]
reported in [4] and [5], their rough estimates were obtainedas obviously underestimated by the constant close to 19 dB,
by fitting calculated Doppler spectra with measured ones. @fobably due to a normalization error.
course, the spectral model of bound waves presented abovResults presented below were obtained by numerical in-
by (42)—(51) is introduced here in a pure phenomenologidaigration in (11) with use of (14), (30), and (31). For our
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computations we used a radar wavelength= 3.22 cm (X- 0
band) and a dielectric constant for sea water 51.4 +1:39.1, upwind
values reported in [4]. Also, we took into account that what
was mentioned as grazing-angle direction is actually a bore-
sight direction or direction of the maximum in the antenna
pattern. -40 |
For calculating the “slow” component of Doppler spectra the
scale-dividing parametet, was chosen equal t&%g, while
for the case of “fast” component (as it was explained above),
k. was chosen equal #,;. An additional averaging ovex,,;
was performed using the modeled distribution presented by
(51). Numerical parameters of this distribution and the values
of the bound wave sharg can be found in Table I. The
numerical integration over tilts in (11) was performed within
ranges limited byt-3¢,. To account for the near-crest position

20

-60 I

Spectral Density (dB/Hz)

-100

of bound waves at the front face of the gravity wave-carrier, -1201

these limits were shifted by-30° when calculating “fast”

component. At low-grazing angles, a shadowing of the surface a0 L . L . . L

by its large-scale excursions takes place. For simplicity, we -300 200 -100 0 100 200 300

treat this shadowing as a geometrical self-shadowing, which
can be simulated in (11) by integration only over positive local

slopes only, i.e., whetan ¢, + s > 0. Thus, backscattering @
from self-shadowed facets is completely excluded. However, 0

shadowing due to neighboring surface excursions cannot be [
accounted for within a standard two-scale approach.

Curves presented on Fig. 2(a) and (b) shows Doppler spectra
for the case of a moderate grazing angle = 35° in the
upwind and in the downwind directions, respectively. Solid
curves are experimental data from [4], dashed curves represent
two-scale model calculations for the “slow” component . A
contribution from bound waves was neglected in this case:
¢ = 0. Thick and thin lines correspond to the VV and HH

Frequency (Hz)

downwind

-60

Spectral Density (dB/Hz)

polarizations, respectively. The theoretical curves were calcu- -80
lated assuming the modified Donelan—Bann&hn& spectrum
from (36) and environmental data from Table I. Note that 200

Doppler measurements and two-scale model calculations of
(“slow” according to our terminology) Doppler spectra for .
the steep incidencé{ ~ 70°) presented in previous studies -120 ¢
[17], [18] demonstrate a quite good agreement. However, at
¢, = 35° our calculations based only on a “slow component” _140 : . : . .
begin to show some departures from measured curves. The 2300 2200 -100 0 100 200 300
comparison of numerical curves and experimental ones in
Fig. 2(a) and (b) shows that only for a downwind direction
do we have a fair correspondence between the experiment (b)

and calculations for both polarizations in terms of peak valu€®. 2. Doppler spectra at (a) upwind and (b) downwind directions and at

and spectral widths. The more pronounced departure betwdE#ing anglély = 35°. Solid curves are experimental data from [4], dashed
lcul d d d | curves represent two-scale model calculations for the “slow” component
calculated and measured Doppler spectra appears at UpWJNd g Thick and thin lines correspond to the VV- and HH-polarizations,

direction [see Fig. 2(b)]. The peak value at the VV polarizatiofespectively.
is higher by about 10 dB than the computations give us. The
width of the experimental spectrum is visually larger and the

. . ! spectra. Dashed curves represent two-scale model calculations
spectrum itself extends more toward higher frequencies than P

the calculated one. This makes it similar to what the Dopple?r the “slow” component of Doppler spectra (without bound

spectra look like at smaller grazing angles. Wav”eSp =0), While thin solid curves correspond to "slow
Now we turn to the case of low-grazing angiés= 10°. fast” spectra (with bound Wa_vqué 0). Upper three curves

This case is presented in a series of plots in Fig. 3(a)_(§ﬂrrespond to the VV polarization and lower three curves

which were calculated for conditions presented in Table gorrespond to the HH polarization.

Here, we have upwind direction aridh, ranging from 3.8 A better fit (for bothx = 0 andpx # 0 cases) is observed

to 10.3 m/s. Thick solid curves represent measured Dopplarweaker winds, which is reasonable. Also, for weak winds

Frequency (Hz)
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Fig. 3. Doppler spectra as a function of wind velocity [from panels (a)—(c)] at the upwind direction and at grazing angle10°. Thick solid
curves represent experimental data from [5], dashed curves represent two-scale model calculations for the “slow” camgomenhin solid curves

represent two-scale model calculations for the “slewfast” spectrumy # 0. Upper three curves correspond to the VV polarization and lower three
curves correspond to the HH polarization.

one can see a bimodal shape both for calculated and measumedrig. 3(a) this difference is about 7.4 dB. Inclusion of
spectra. For the surface with free capillary waves only anarge-scale components immediately leads to an appearance of
without large-scale components, the Doppler spectrum of thebital motions associated with these components. For strong
backscattered signal would have consisted of two narr@mough winds and developed seas these motions generate
separate peaks: one at Bragg resonant frequefjtyfor much larger values of the orbital velocity compared to the
approaching capillary waves and another at Bragg resonahtise velocity,. As a result, orbital velocities should spread
frequency f; for receding capillary waves. The differenceout those Bragg peaks, and the width of the Doppler spectrum
between amplitudes for these two peaks is determined by theuld be determined by the variance of the corresponding
angular dependencB(«, ¢) in (47). For the case presenteccomponent of orbital velocity. For higher winds this variance
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exceeds the differencg; — f; and the Doppler spectrawas to check which spectral features may and which may
become unimodal. not be explained by the theory developed here. Using the
For U5 = 3.8 m/s [Fig. 3(a)] lower frequency parts of cal-reasonable parameter values for the model of bound waves
culated spectra have a good match at the HH polarization witle obtained widths of Doppler spectra, which are in good
a somewhat lower position for the calculated VV-polarizatioagreement with experiments for low grazing anglgs= 10°
curve. Peak positions match for the VV polarization at exand for winds up tol/;, ~ 10 m/s. However, this model
pected Bragg resonant frequencig$ and f; . One can see cannot account for the entire buildup of the Doppler spectra
that an inclusion of the “fast” component can improve result frequencieg 2 f7 for higher windsl/;, Z 6 m/s. A more
especially for the HH polarization. On Fig. 3(b) and (c) thelaborate and self-consistent hydrodynamic model together
positions of the single peak nefi§ for VV spectra, measured with more advanced theory for non-Bragg scattering from
and calculated (even for the case of the “slow” componesteep roughnesses is obviously desirable. Despite of evident
only), are in a good agreement, and for HH spectra théiynitations the presented here approach can be used for a more
are not, which coincides with the conclusion made by Trizrthorough analysis of measured Doppler spectra in order to
[12]. A significant widening and buildup of measured Doppledetermine the contributions of various scattering mechanisms.
spectra is seen at frequencigsz f3 on Fig. 3(b) and (c).
The widening can be explained by scattering by “fast” bound
waves. A rather good agreement with experimental data in

this regard was achieved for reasonable values of parameter$he authors would like to thank P. H. Y. Lee of TRW Space
1, ko, and k; (see Table I). The buildup, however, cannof Electronics, Redondo Beach, CA, for useful discussions, A.

be explained by this mechanism only and it can be partialfy Smimov of CIRES/NOAA/ETL, Boulder, CO, for valuable
attributed to the growing contribution from the non-Bragé‘SS'Stance’ and two anonymous referees for helpful comments.
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