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[1] Multiscale composite models based on the Bragg theory are widely used to study the
normalized radar cross section (NRCS) over the sea surface. However, these models are
not able to correctly reproduce the NRCS in all configurations. In particular, even if they
may provide consistent results for vertical transmit and receive (VV) polarization, they
fail in horizontal transmit and receive (HH) polarization. In addition, there are still
important discrepancies between model and observations of the radar modulation
transfer function (MTF), which relates the modulations of the NRCS to the long waves.
In this context, we have developed a physical model that takes into account not only the
Bragg mechanism but also the non-Bragg scattering associated with radio wave
scattering from breaking waves. The same model was built to explain both the
background NRCS and its modulation by long surface wave (wave radar MTF problem). In
part 1, the background NRCS model was presented and assessed through comparisons with
observations. In this part 2, we extend the model to include a third underlying scale
associated with longer waves (wavelength ~10—300 m) to explain the modulation of the
NRCS. Two contributions are distinguished in the model, corresponding to the so-called tilt
and hydrodynamic MTF. Results are compared to observations (already published in the
literature or derived from the FETCH experiment). As found, taking into account
modulation of wave breaking (responsible for the non-Bragg mechanism) helps to bring the
model predictions in closer agreement with observations. In particular, the large MTF
amplitudes for HH polarization (much larger than for VV polarization) and MTF phases are
better interpreted using the present model.  INDEX TERMS: 4275 Oceanography: General: Remote
sensing and electromagnetic processes (0689); 4560 Oceanography: Physical: Surface waves and tides (1255);
4504 Oceanography: Physical: Air/sea interactions (0312); 4506 Oceanography: Physical: Capillary waves;
KEYWORDS: radar cross-section, ocean surface, surface gravity waves, wave breaking, modulation transfer
function, non-Bragg scattering

Citation:

Kudryavtsev, V., D. Hauser, G. Caudal, and B. Chapron, A semiempirical model of the normalized radar cross section of

the sea surface, 2, Radar modulation transfer function, J. Geophys. Res., 108(C3), 8055, doi:10.1029/2001JC001004, 2003.

1. Introduction

[2] Multiscale models based on the Bragg theory are
generally found to fail reproducing satisfactorily the
behavior of the normalized radar cross section (NRCS)
over a large range of radar frequencies, incidence angles,
environmental conditions (wind and waves) and for the
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different polarization states. In particular models, which
may provide consistent results for vertical transmit and
receive (VV) polarization, are not in agreement with
observations for horizontal transmit and receive (HH)
polarization [e.g., Plant, 1990; Janssen et al., 1998]. In
addition, models based on the same theory to predict the
modulations of radar cross section along the longer waves,
also exhibit discrepancies with reported measurements.
This is particularly true for the HH polarization [Schmidt
et al., 1995].
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[3] In this context, the general goal of this set of two
papers (parts 1 and 2) is to present a semiempirical model
of the NRCS which is consistent, in terms of both mean
and modulation, with VV and HH polarized radar obser-
vations over a large range of radio wave frequencies and
incidence angles. In part 1, we presented the model
describing the statistical properties of the sea surface
(including statistical characteristics of wave breaking
events), and the related radar backscattering model includ-
ing Bragg and non-Bragg scattering. In this part 2, we
extend these developments to infer the wave radar mod-
ulation transfer function (MTF).

[4] As defined, the MTF is the linear response function
relating the slope of the long waves to the wave-induced
variation of the radar return [Keller and Wright, 1975]. Two
contributions are usually distinguished, tilt and hydrody-
namic, respectively. The tilt modulation of NRCS results
from changes of the local incidence angle along the long
wave (LW) profile. The hydrodynamic part of the radar MTF
describes the contribution to the total MTF of the modulation
associated with the scattering characteristics along the LW
profile. Field experiments have been deployed in the past to
estimate the radar MTF [e.g., Plant et al., 1983; Schroeder et
al., 1986; Schmidt et al., 1995; Keller and Plant, 1990;
Grodsky et al., 1999]. The collected measurements give a
consistent picture of the MTF dependence with respect to the
radar frequency, the wind speed, and the LW characteristics.
The main features experimentally established are a well-
pronounced dependence of the MTF with wind speed
(except maybe in L-band) with a decreasing MTF amplitude
with increasing wind speeds, an increase of the MTF
amplitude with decreasing LW frequency, and an amplifica-
tion of the radar scattering in the vicinity of wave crests.
Under a pure Bragg scattering model, the magnitude of the
tilt contribution is wind independent, and its phase follow
the LW slope. Consequently, all of these measured features
must certainly be attributed to the hydrodynamic MTF.
Moreover, another important experimental result related to
the hydrodynamic MTF, is that its magnitude found for HH
polarization (after subtracting the tilt component) is larger
than that found from the VV polarization [e.g., Hara and
Plant, 1994; Schmidt et al., 1995]. Following the Bragg
theory and using the wave action conservation equation
written in the relaxation approximation [Alpers and Hassel-
mann, 1978], some success has been obtained to relate the
measurements and the straining effects associated with the
LW orbital velocity field. However, such effects should be
strongly attenuated as the radar frequency increases. This has
not been generally observed. To explain the observed MTF
features, Hara and Plant [1994], Romeiser et al. [1994], and
others suggested a wind stress modulation mechanism. This
mechanism assumes a modulation of the Bragg waves
associated with strong variations of wind surface stress along
the LW profiles. According to the observations, this assump-
tion implies that the magnitude of this modulation is very
large (normalized amplitude 10 times larger than the LW
steepness) and with a marked intensification near the LW
crests. However, in all these studies, it was mentioned that
there is no experimental evidence showing such strong wind
stress variation in reality.

[5] In the present development, we wish to emphasize the
expected potential impact associated with the nonhomoge-
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neous distribution along the LWs of small-scale breaking
waves. As developed in part 1, our NRCS model takes into
account both the Bragg and non-Bragg scattering mecha-
nisms. The latter is associated with microwave scattering
from breaking waves. Model calculations and comparison
with available measurements presented in part 1, showed
that radio wave scattering from breaking waves could
significantly contribute to the NRCS at moderate incidence
angles, especially for HH polarization. Field observations
by Dulov et al. [2002] show that the breaking waves are
very strongly modulated by the dominant surface waves: the
normalized modulation amplitude was found about 20 times
larger than the LW slope. While the wave breaking con-
tribution to the background NRCS might be small, one can
expect that large modulations of breaking waves signifi-
cantly affect the radar MTF.

[6] To analyze the hydrodynamic MTF we will thus
consider three contributions. The first one results from the
modulations of the short wave (SW) spectrum at the Bragg
wave number. Following our two-scale development, the
second contribution is associated with the mean square
slope modulations of the second scale (tilting waves) by
the third LW scale. Finally, the third contribution comes
from the modulations of the wave breaking parameters by
LW. Romeiser et al. [1994] developed their MTF model
accounting for the first two contributions (Bragg waves and
slope of the second scale). The impact of the modulation of
wave breaking on the radar MTF has never been analyzed.
We will show that this mechanism may play a crucial role in
the radar MTF at both HH and VV polarizations. In
addition, this mechanism could explain the observed differ-
ence between VV and HH measurements, predicting larger
amplitudes of the hydrodynamic MTF for HH polarization.
To our knowledge, these features have never been consis-
tently reproduced within the frame of a Bragg scattering
model (neither pure Bragg model nor three-scale composite
model).

[7] It must be emphasized that, in our analysis, the
description of SW and wave breaking modulations, and
their subsequent contributions to the radar MTF, are based
on the same energy balance equation. Furthermore, the
model is based on a self-consistent description of the back-
ground NRCS of the sea surface and its modulations by
dominant surface waves.

[8] In section 2, we present the main equations for the tilt
and hydrodynamic parts of the radar MTF. In each case, the
contributions of Bragg and non-Bragg scattering processes
are described. Section 3 presents the model describing the
modulations of the SW spectrum. Results for the different
components of the radar MTF model are presented in
section 4, while section 5 is devoted to the comparison
between model results and observations (data already pub-
lished and data processed for this study from the FETCH
experiment). Conclusions are presented in section 6.

2. Radar MTF

[¢9] The radar MTF describes the linear response of the
sea surface radar backscatter in the presence of long surface
waves (LW). The term LW implies that the wavelength of
these longer waves is much larger than the correlation
length associated with the shorter waves. Let us assume
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that a LW with amplitude A and wave number K is running
along the x; axis:

((x, 1) = % <Ae"(Kx717m) + c.c) (1)

where c.c refers to the complex conjugate. Under a linear
modulation model, this LW will induce a small variation of
the sea surface NRCS, so that of =&} + 6 where the
upper index p stands for HH or VV polarization, 5} is the
mean NRCS and 6§ is the variation in the presence of
the LW:

1 )
=D _ Y p g i(Kx—1-Qu)
ol (x,1) = 5 (cﬁAe + c.c) (2)
where 6§ is a complex amplitude. The radar MTF M was

originally introduced by Keller and Wright [1975] and in
our notations it reads:

~P
M? =20
7 og(K4)

3)

Note that throughout the paper we use the term MTF to
describe the LW-induced modulation of any quantity Y. So
that the definition of the MTF My is:

Y
My :m (4)

where Y is the complex amplitude of the harmonic response
of quantity Y to the LW (1), and Y is its mean value.
Negative imaginary part of ¥ means that maximum of YV
variation is shifted on the forward slope of the LW and vice
versa. Correspondingly, in all figures below, positive MTF
phase means that maximum of a Y'variation is located on the
forward LW slope.

2.1. Governing Equations

[10] To study the radar MTF problem we use the semi-
empirical model presented in part 1. In the frame of this
model, we consider moderate incident angles 6 (20° < 6 <
70°), and the NRCS o’ is presented as a sum of a two-scale
Bragg scattering part o, and a non-Bragg scattering part
Oype

0‘8 :GZr+0Wb (5)

For the radar MTF problem, the NRCS for the Bragg part is
written as:

%h(0,9) = oy, 0,0) (1 +£'VC) (®)

where ( is the radar look direction, 607, is the NRCS for the
pure Bragg scattering defined by the surface elevation
spectrum F,(k;,,) at the Bragg wave number £,

oy, = 16mk? |G, (0)|"F (ks ) (7)

kp, = 2k,sin 0, k,. is the radar wave number, 0 is incidence
angle, G,(0) is the Bragg scattering geometric coefficient, g,
is the coefficient accounting for the tilting effect of longer
surface waves carrying Bragg waves (see part 1 for more
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details). With respect to the expression of g, used in part 1
(see part 1, equation (33)), a simplified form is used here by
omitting the cross-polarization term, so that

gl'= (4ogbr)_182°gbr/aez (®)

In (6), V_Qz is the mean square slope (mss) of the so-called
tilting waves associated with the second scale. It is given
by:

w2 _ / /
V(C —//k<k7tB(k,Lp)d&pdlnk 9)

where £, is the upper limit of the tilting waves range (chosen
as k; = 1/5k;,), B is the curvature spectrum (defined as B(k) =
K*F (k).
[11] The NRCS associated with the non-Bragg scattering
is written as:
Owh (e) = O0wb (e)q (10)
where 0¢,,,(0) is the NRCS of the surface areas with

enhanced roughness generated by breaking waves and was
defined in part 1 as

gows(0) = (sec* 0/s%,) exp(—tan® 0/s2,) + €y /55, (11)
so is the mean square slope of the breaker surface (assumed
isotropic and wind independent), €,, is a constant
proportional to the ratio of breaker thickness to its length,
and ¢ is the fraction of the sea surface covered by breaking
zones. Quantity ¢ is parameterized via the length of the
breaking fronts A(k) of the wind waves with wave number
vectors k in the range from k to k + dk as:

q= cq/ k' A(k)dk (12)
k<k—nb

It is important to recall that in the equilibrium gravity range
of the spectrum, A(k) is a function of the saturation
spectrum B(k) parameterized according to equation (57) in
part 1. As explained in part 1, C, is a constant of the order
of 10, k,;, = 0.1k, (k. is radar wave number) is the upper
limit of the range of breaking waves providing non-Bragg
scattering, and constants s2, and €, in (11) are s2,=0.19,
ewp = 0.05. In the equilibrium gravity range of the spectrum,
A(k) is a function of the saturation spectrum (part 1,
equation (57)).

[12] For the NRCS of the Bragg part (6), we neglect here
the cross correlation between tilt and hydrodynamic mod-
ulations. As discussed in part 1, this term does not signifi-
cantly contribute to the NRCS. In the pure tilt effect, we
further neglect here the angular dependence of the mean
square slope of tilting waves. In the non-Bragg scattering
component, we also omit the term responsible for the
anisotropy in azimuth. Throughout the paper we will need
estimates of the contribution of wave breaking (non-Bragg
scattering) to the total NRCS:P?(0) = o,,,(0)/0} (0).

[13] This quantity is shown in Figure 1 as a function of
incidence angle for C-band (radar wavelength about 5 cm),
VV and HH polarization, and for wind speeds of 5 and 15 m
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Figure 1. Ratio of non-Bragg scattering to the total NRCS
(P? = 0,,/04) as a function of the incidence angle for a
wind speed of 5 m/s (dashed lines) and 15 m/s (solid lines).
C-band, VV polarization (left plot), HH polarization (right

plot).

s~'. At VV polarization, the contribution of the non-Bragg
scattering is small, less than 20% (except for small inci-
dence angles and high wind conditions, where P"” reaches
40%). At HH polarization the impact of wave breaking on
the NRCS is stronger, but remains less than 50% in the
intermediate range of incidence angles (40° < 6 < 60°). In
contrast, at larger incidence angles (6 > 60°) and HH
polarization, breaking of waves dominates the radar return.
Similar results are obtained at other radar wavelengths. As
discussed in part 1, this higher sensitivity of HH radar cross
section to wave breaking with respect to the VV polar-
ization case, is responsible for the significant deviation of
the polarization ratio from the Bragg scattering prediction.

[14] To apply the proposed model, we need to define the
range of wave numbers involved in the different processes
(the model is a three-scale model). We assume that the wave
number K of the LW modulating the NRCS, is significantly
smaller than both the wave numbers k; defining the upper
limit of tilting waves and the wave number £, which
defines the upper limit of the range of breaking waves
(i.e., K < ki, k,;,). We also assume that the lower limit &,,,4
of the range of short waves, which experience modulations
correlated with LW, is much larger than the LW wave
number K (k,,s = 10 K). The smallest scale k' = kil is
responsible for the resonant Bragg scattering. Waves of the
intermediate scales from oy to k' ~ k;; are responsible
for the tilting of the Bragg waves and for the non-Bragg
scattering.

[15] The standard procedure of linear decomposition of
M? gives the following expression for the small disturban-
ces of the NRCS caused by modulating LW, which in terms
of the radar MTF M? reads:

MP =M + M? (13)
The first term M/ describes LW-induced variations in the
NRCS due to changes of the local incidence angle (under
the invariable wave properties providing the radar return).
According to the accepted terminology, this term is
attributed to the tilt part of the radar MTF. The second
term M} describes LW-induced variations of the NRCS
caused by modulations of the surface waves of the
intermediate scales providing both Bragg and non-Bragg
scattering (under constant incidence angle). This part of the
radar MTF is attributed to the so-called hydrodynamic MTF.
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This representation of the radar MTF (for the real aperture
radar) as sum of tilt and hydrodynamic MTF is the result of
the linear decomposition of the NRCS on small variations
caused by LW. The physical meaning of each of the radar
MTF components is clear: M/ is due to the impact of
varying local incidence, whereas M} is related to the
varying surface scattering features (independently on what
concrete scattering mechanism occurs in reality). Below,
within the frame of the proposed semiempirical NRCS
model of part 1, we derive equations for the tilt and
hydrodynamic parts of the radar MTF, and then compare the
model predictions with measurements.

2.2. Tilt MTF

[16] If ¢ is the antenna direction, and LW are supposed to
propagate along the x; axis, then the tilt MTF is defined as:

cos ¢ (14)

Using (5) for the total NRCS with Bragg and non-Bragg
components from (6) and (10) respectively, the tilt MTF is
thus:

M? = [(1 = P) (M + rMB)+PPrgMu| cos (15)
where P? is the ratio of non-Bragg scattering to the total
NRCS, M, is the tilt MTF for the pure Bragg scattering, M%
is the contribution of the intermediate-scale tilting waves,
M, is the tilt MTF for the non-Bragg scattering. These
components are:

1 Oo?
MP — 0br 16
th lcgbr 90 ( )
P2 ] 9o
My — i 8 VG 1 og (17)

1+gPV7Q,2gp%

M — 1 ao'Owb
M o OO

(18)

rg is the ratio of the mean square slope contained in_the
range of intermediate scales (k;,,,4 < k < k;) to the mss \Y&
relative to the full range of tilting waves k < k,, and r, is the
ratio of the fraction of the sea surface covered by enhanced
roughness generated by breaking of waves of intermediate
scales to the total g defined by (12). Note that the tilt MTF
(as well as each of its components) is a pure imaginary
number, whose phase is +w/2 or —m/2 depending on
antenna direction.

[17] In Figure 2, the tilt MTF amplitude relative to the
pure Bragg scattering model ((16), dotted lines), composite
Bragg scattering model (sum of (16) and (17), dashed line)
and total NRCS model ((15), solid lines) are shown as a
function of incidence angle (conditions are wind speed 10
m/s, C-band, and upwind looking direction). Due to the
small contribution of wave breaking to the NRCS at VV
polarization (see Figure 1), M;"” is mainly defined by the
pure Bragg scattering mechanism. Accounting for the
tilting waves and non-Bragg scattering influences only
slightly the tilt MTF at VV polarization. In contrast at
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Figure 2. Tilt part of the radar MTF versus incident angle
according to the pure Bragg model (dotted lines), the
composite Bragg model (dashed lines), and the total
scattering model (solid lines). Left panel is for VV
polarization, and right panel is for HH polarization.
Conditions: wind speed 10 m/s, C-band, upwind radar look
direction.

HH polarization, the impact of tilting waves causes a
significant deviation of the Bragg scattering tilt MTF from
the pure Bragg tilt MTF. In addition, the influence of the
non-Bragg scattering on the tilt MTF is very strong. The
total tilt MTF M/ is more or less close to M/ at
moderate incidence angles (30°—45°). At larger incidence
it significantly deviates from the Bragg MTF, and rapidly
drops. Such a behavior is first explained by the fact that at
large incidence angle) wave breaking dominates the NRCS
(see Figure 1). In these conditions, the total tilt MTF is
governed by M,,,, given by (18), with (11) to express gg,,s.
Because at large incidence angle, oy,,,, is dominated by the
second term of (11) which is a constant, M,,, and hence
the total tilt MTF tends to zero at large 6.

[18] Tt is important to note that, according to (15), (16),
(17), and (18) the tilt MTF is wind dependent. This is
mainly due to the wind speed dependence of the ratio P” of
non-Bragg scattering to the total NRCS (see Figure 1 for C-
band). Indeed, the tilt MTF for pure Bragg and non-Bragg
scattering ((16) and (18)) do not depend on wind speed, and
the dependence with wind speed of the tilting waves of the
intermediate scale (in (17)) is relatively small.

2.3. Hydrodynamic Part of MTF

[19] According to the developed scattering model and to
the linear decomposition of the surface NRCS, the hydro-
dynamic part of the radar MTF M, is represented as a sum
of three contributions related to the modulation of Bragg
scattering waves, to the variation of the mean square slope
of the tilting waves, and to wave breaking modulation.

[20] The Bragg part of hydrodynamic MTF is deduced
from (6):

2V

My, = Mo + —=
14+ g"V(

(19)

where Mg = Gopr/(Gop-KA) is associated with the mod-
ulation of Bragg scattering waves, and M), with the mean
square slope modulation of the tilting waves of the
intermediate scales. M and M, can both be expressed in
terms of the wave directional spectrum MTF: M = B(k)/
(B(k)KA). The pure Bragg contribution M, is defined via
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the folded spectrum B,(k) = 1/2(B(k) + B(—k)), and has the
following form:

Myo(ky) = 1/2 (M(kbr) S M(—kbr);:(_kb’) ) (20)

M,,; follows from (9):

My, = (V_@Z)f1 /k

The modulation associated with the breaking waves at
intermediate scales (k,,,q < k < k) follows (10) and (12)
and can be written in terms of wave spectrum MTF as:

R BoM (0K

—mod

(1)

k—wb 5 _
kK TA(K)M (K)dk
My = (ng+ 1) k—mod (k)M (k)

Jeckows kT A(K)dK

(22)

where n, is related to the wind exponent m of the wave
curvature spectrum B(k) in the gravity range (m = 2/n,) (see
part 1). To obtain (22), we have used the parameterization
introduced in part 1 for A(k) : A(K) = 1/2k ' (B(K)/ow)"s !
(o is a constant). (22) says that since wave breaking
quantities are dependent on the spectral level, its modulation
by LW results in wave breaking modulation. As it was
shown in part 1, the main contribution to wave breaking
comes from the shortest breaking waves. Hence, LWs
(whose wavelengths are much longer than wavelengths of
breaking waves) should effectively modulate the NRCS via
wave breaking. Note that in (10), if we had kept the term
describing the azimuth behavior of ,,,, as done in part 1, an
additional contribution should have been taken into account.
However, this term is (n, + 1) times smaller than the leading
one. With n, = 5, as stated in part 1, it is clear that this
contribution can be omitted. Note also that with this value
of n, = 5, the magnitude of My, is 6 times larger than the
magnitude of the spectrum modulations.

[21] Finally, the hydrodynamic MTF contribution
becomes:

Mh (k)‘7 @) = (1 - Pp)Mhb(kbh @) + ijwhwb(kn kP) (23)

where PP as before is the ratio of the non-Bragg scattering
mechanism contribution to the total NRCS. Because P” is
larger for HH than for VV polarization (see Figure 1), the
hydrodynamic MTF M, for HH polarization is strongly
enhanced by the non-Bragg contribution compared to the
VV polarization case. Furthermore, because My, is large,
even a small value of P’ can explain a large value of M),
compared to it’s Bragg component M.

[22] To give a preliminary estimate of the role of non-
Bragg scattering in the hydrodynamic MTF, let us consider
the case of C-band radar with an incidence angle 6 = 30°
and a wind speed of 10 m/s. Under these conditions, the
background NRCS model for VV polarization predicts P*" =
owloo” = 0.25 (see Figure 1), and the tilting waves
parameter g""V(? is about 0.5. At HH polarization, P =
ow/00™ = 0.40 (see Figure 1) and gV ~ 1.0. If we
assume that M = 9/2 at all k (value 9/2 is the k-exponent of
the wave action spectrum Jln N/OIn k ~ 9/2 defining the
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spectral MTF due to the straining; see (28) and (30), and
discussion in section 3.2 after (45)), the estimates for the
hydrodynamic part of the radar MTF for the Bragg scatter-
ing model are M,,;, = 6 at VV polarization, and M,, = 6.7 at
HH polarization. When the non-Bragg scattering mecha-
nism is taken into account, the total hydrodynamic part of
the radar MTF gives M), = 11.2 at VV, and M), = 14.8 at HH.
Two important conclusions can be given from these esti-
mates. The first one is that non-Bragg scattering may
increase the hydrodynamic part of the radar MTF by a
factor of 2 in comparison with the “‘standard” Bragg
scattering predictions. The second one is that this impact
of non-Bragg scattering is larger for HH polarization. To
explain the large magnitudes of the observed hydrodynamic
part of the radar MTF in HH (compared to Bragg predic-
tions), other authors [e.g., Schroeder et al., 1986; Hara and
Plant, 1994; Romeiser et al., 1994] invoked a very strong
surface wind stress modulation mechanism (with a normal-
ized amplitude exceeding by a factor of 10 the LW steep-
ness). However, the exact mechanism responsible for such
strong wind stress was not described. Therefore, we believe
that invoking non-Bragg scattering as done here is more
adequate.

3. Modulations in the SW Spectrum
3.1. Governing Equations

[23] To complete the problem we need to describe the
modulation of the short wind wave (SW) spectrum by the
LW. To consistently describe both the background NRCS of
the sea surface and its modulation by a LW, the modulations
of SW are based on the same energy balance as used in part
1 for the wind wave spectrum. When the wave number & of
the modulated SW is much larger than K (hence the SW
group velocity is much less than the LW phase velocity),
variations in the SW action spectrum N are small (i.e., N/N,
< 1), and the wave action balance equation reduces to [e.g.,
Keller and Wright, 1975; Alpers and Hasselmann, 1978]:

ON  OudN O
8t ! aX] akl - w (24)
where N is the wave action (N(k) = wk™'"F(K), with w the
angular frequency of the waves), Q is a small perturbation
of the energy source Q. In the equilibrium range of the
spectrum from very short capillaries to gravity waves this
source has the form (see also part 1):

0 =k |B,(k)B(k) — B(K) (@) +Ipc(k)} (25)

where B, = (By — 4vk*/w) exp(—(p — ¢,,)?) is the effective
growth rate (v is the water viscosity), 3y = Cﬁ(u*/c)2 is the
wind growth rate in the wind direction (so that 3 = (¢
exp(—(p — @W)z) is the directional wind wave growth rate),
u* is the air friction velocity, ¢,, is the direction of wind
velocity, ¢ is the direction of the wave number vector k, and
w is the wave frequency. In (25), the first term is the
effective wind energy input, the second term describes the
nonlinear energy losses which are provided (depending on
spectral interval) either by wave breaking or resonant three-
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wave interactions, and the third term Z,.(k) describes the
generation of parasitic capillaries by short breaking gravity
waves

Ie(K) = D(ky) 6 (ky /) = B(ky) (B(ky) /o)) (ke k) (26)

This energy source is effective in the capillary range (this is
accounted for in the filter function ¢(k,/k)) and the gen-
eration of parasitic capillaries results in energy dissipation
D(k,) of gravity waves. In (26), D(k,) = wg73kg5D(kg) is the
dimensionless dissipation of short gravity waves (with wave
number kg, and frequency w, = w(k,)) generating parasitic
capillaries (with wave number k); wave numbers k and £,
are linked by kk, = k5 (where k., = (g/y)"? is the wave
number of the minimum phase velocity, v is the surface
tension, g is the acceleration of gravity). Expression for the
small disturbances of the energy source can be found from
(25):

i

wN {B = (B, + (4 DB,e) (Tg)

- Be(nke) +1) (’?(kg))]

Ofw =

Blk,) @n

where (3 is a variation in the directional wind wave growth
rate, 3,c = 1,.(k)/B(k) is a parameter of the growth rate of
parasitic capillaries, and N or B stands for the average of
these variables over the LW.

[24] (24) and (27) can be easily solved. In terms of the
MTF this solution is:

M(k) = — G ::2) Nl?k)

- [2meMs + Tpe (n(kg) + 1M (Ky) ]

ON(K)
Kk,

(T+1)
1+ 12

(28)

where T = (72) " is the dimensionless relaxation parameter
of the spectrum, T the relaxation time defined as:

7' =w(mB, + (n+1)3,.) (29)
T+ = (WB/AY) and T, = (WB,./(2) are the dimensionless wind
growth rate, and dimensionless growth rate of parasitic
capillaries, respectively, Mx is the MTF for the surface
friction velocity. (28) describes the modulation of the wave
spectrum B, resulting from the interaction of SW with LW
orbital velocity (first term), from the wind surface stress (the
second term), and from short gravity waves emitting
parasitic capillaries (the third term, M(k,) is the MTF of

these gravity waves). The first term of (28) is the straining
factor and can be rewritten as:

ky 8N(k7@) _ 052
N(k,¢) Ok

InN
— sinycos up—aan (30)
P

dln
P omk
(28) predicts an asymptotic regime of SW modulations. If
the relaxation time for a given spectral component is much

larger than the period of LW (i.e., T < 1), then SWs interact
with LW adiabatically (only the first term remains in (28))
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and experience a simple straining with the increase of
modulation on the LW crests. If LW runs in the crosswind
direction, then SW modulations vanish. At high wind
conditions (or for very short SW at moderate wind) the
relaxation time may be much less than the period of LW
(i.e., 7 > 1). Then SW modulations due to straining (first
term in right-hand side of (28)) is negligible, and
modulation of the wind surface stress is the only source
of SW modulations. In this case, SW modulations are
completely defined by the magnitude of the local surface
stress variations, which result from dynamics of the airflow
over the LW. As it follows from (28), spectral MTF in this
case is M(Kk) ~ (2/n)M-, where 2/n is the wind exponent of
the spectra. Well inside the capillary range, the mechanism
of generation of parasitic capillaries dominates. Indeed, in
this range the condition T > 1 is fulfilled at any LW wind
conditions. Moreover; at low and moderate winds, viscous
dissipation dominates the energy losses, the ratio T,./T is
close to 1 so that the magnitude of the spectral MTF in the
capillary range is (n(k,) + 1) greater than the MTF for the
short gravity waves.

3.2. LW-Induced Surface Stress Modulations

[25] LW-induced variation of the wind surface stress can
play an important role in the modulations of SWs. To
describe the friction velocity MTF M in (28) we use the
model of the turbulent airflow over LW developed by
Kudryavtsev et al. [2001b] with some simplifications. In
this model the turbulent airflow is divided in two parts: the
outer region (OR) at z > [/ (z is a distance from the wavy
surface) and the inner region (IR) at z </ (after the study of
Belcher and Hunt [1993]). The scale of the IR / is defined
as:

Kl =2kux/|U — 1(I) = C| (31)
where K is the von Karman constant, C the LW phase
velocity, and U (/) is the mean wind velocity along x, axis
at z = [. In the OR, dynamics of the airflow undulations is
closed to the inviscid one, and the wind velocity profile
resulting from the solution of the vorticity equation is [see
Kudryavtsev et al., 2001b, equation (34)]

Ui(z)/(KA) = (Uy(z) — C) exp(—Kz) + 2(ux /r) cos ¢

/ exp(—Kz')dInZ (32)

where U,(z) is the amplitude of the LW-induced wind
velocity variations, and U, (z) the mean value of U; over a
LW. In the OR the wave-induced wind velocity variations
along the LW crest (in the direction of x, axis) vanish, i.e.,
U 2= 0.

[26] Inside the IR, the turbulent stress is in local balance
with the wind velocity gradient:

i = k32 ((aul /02 +(dU; /8/2)2> (33)
where wind velocity components U; are the sum of the
mean U; and of the LW-induced variation U;. To estimate
the friction velocity MTF, we (unlike Kudryavtsev et al.
[2001Db]) use a schematic simplified description of the IR
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dynamics. We approximate the horizontal wind velocity
variation inside the IR (zo < z < /) by a logarithmic profile.
We also assume that the surface aerodynamic roughness
along the LW surface can vary. Thus, in terms of harmonic
amplitudes the LW-induced variation of wind velocity
inside the IR is:

Ui(z) = [ito — (ux/r) cos p(20/Z0)] + cu In(z/Z0) (34)
where u, = (KA)C is the amplitude of the LW orbital
velocity, ¢, is a constant defined so as to patch the wind
velocity profiles inside the OR (given by (32)) and the IR
(given by (34)) at z = 1.

= (Aﬁl + (ux/k) cos (20/Z0)) / In(l/z), (35)
where AU, = U 1(l) — 1y is the wind velocity drop over the
IR.

[27] Thus, by the combined effects of the variation along
the LW of the wind profile and of the roughness length, one
obtains the following expression for the MTF M of the
wave spectrum, due to friction velocity variations:

M = it/ (xKA) = cos® p[May + In~" (1/Z0) M) (36)

where May = AU /(KA U 1) is the normalized amplitude of
the LW-induced horizontal velocity drop over the IR:

o0

May =1-2C/U (1) +2In7" (/7)) - / exp(—KZ')d InKz'
JKI

(37)

(36) takes into account variations along the LW of the
acrodynamic roughness z0 (second term) as well as
variations of the wind profile (first term).

[28] Taking into account the modulations of z, as just
proposed, means that we are now dealing with the wind
over waves coupling. Indeed, variations of the aerodynamic
roughness length z, results from the modulations of the SW.
Form drag of the sea surface is supported by momentum
flux to the “regular” surface waves, and by momentum flux
due to the airflow separation from breaking waves
[Kudryavtsev and Makin, 2002]. At moderate and strong
wind, the drag of the sea surface is almost provided by the
form drag. Thus, SW modulations influence the sea surface
aerodynamic roughness, which according to (36) affects the
surface stress variations, which in turn stimulate SW mod-
ulations (second term in (28). This constitutes the so-called
feed back mechanism existing in the coupled system “SW
turbulent airflow” over LW. This problem has been recently
analyzed in detail by Kudryavtsev and Makin [2002].
Including the complete theory is out of the scope of the
present application to the radar MTF problem. So, we
propose an alternative, which is based on the same physical
basis, but which uses a semiempirical approach to describe
the coupling.

[29] In terms of the sea surface roughness scale form drag
can be expressed as

2o = ayvaus + / (B)dk (38)
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where the first term is associated to viscous drag and the
second term is associated to the impact of momentum flux
to waves and to the airflow separation on the sea surface
drag. We express the second term as an unknown functional
of the wave spectrum B(k). Then, variation of the roughness
scale zy due to the SW spectrum modulation reads (in terms
of MTF):

My =z, / BO,Mdk =z, (M) / B®ydk (39)
where &3 = O®/0B, and (M) is the average MTF over the
wave numbers k of the wave spectrum B weighted over the
function B®z. To derive M, according to (39) we omitted
the variation in u= (associated with the first term of (38))
caused by SW modulations via zj); the contribution of this
term to M. is In(/zp) times less than the impact of the
second term in (38). To eliminate the unknown functional
f ®pdk, we introduce the wind exponent m., of the
roughness scale zy:

mzo = (ux/z0) (0z0/Oux) (40)
which can be determined from (38) as:
0P _ .,
mu0zo = —ayVg/us + us /BTdk = —a,v,/ux +/mB<I>Bdk
. *

(41)

where the term m = dln B/OIn u- is the wind exponent of the
wave spectrum. Then the unknown functional is:

(m)

where (m) is the average of m over the wave numbers k,
weighted by function B®; Thus, from (39) and (42), we
obtain the MTF of z, as:

(42)

(M) < al,vAa)
- mz,Zo +
Zo(m) ux

The advantage of this equation for the roughness scale MTF
(in comparison with (39)) is that the problem now is
reduced to the determination of an explicit relation for zg
and its wind exponent. Kudryavtsev and Makin [2002]
showed that wind over wave coupling theory gives the
aerodynamic roughness scale which at moderate and high
winds is close to Charnock relation and at low winds is
close to aecrodynamically smooth surface. The latter fact is
accounted for in (38). Hence, to assess z and m_ in (43), we
can simply use a semiempirical relation for the roughness
scale. As in part 1, we specify zq as: zg = a, v, /ux + a*uf/g
where parameter a,, is a constant (a, = 0.1) and a« is the
Charnock parameter (a* = 0.018). Then, (43) reads:

M, o =

(43)

_2(m) axis /g
(m) (al,va/u* + a*ui/g)

(44)

To prescribe the mean spectral wind exponent (m) in (44),
we recall that the roughness scale is defined by two
components of the form drag: momentum flux to the waves
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and the airflow separation. The former is supported by SW
in a wide wave number range from capillary gravity to
gravity waves down to the energy containing waves. One
may anticipate that weighted wind exponent of these waves
is close to that typical for the mean square slope of the sea
surface, which depends linearly on wind speed. Breaking
waves supporting the airflow separation are waves from
equilibrium gravity interval where wind exponent is 2/n,.
Then fixing (m) as the mean value of the exponent relative
to the two regimes, we have (m) ~ (2 + ng)/(2ng). To
estimate (M) we suggest that the main contribution to the
form drag modulations by LW comes from the SW which
experience adiabatic modulations by LW (straining mechan-
ism dominates SW modulations, and enhancement of SW
occur on the LW crests). This suggestion is a reliable one
for the wave breaking (see Figure 4 below), and is very
plausible for SWs supporting wave momentum flux. Then
(M) is estimated from (28) and (30) as (M) =~ JInN/Oln k.
From the definition of N (N = F w/k) and the fact that the
curvature spectrum B is constant in the gravity and capillary
gravity range (see part 1), this gives (M) ~ 9/2. Finally, the
roughness scale MTF M., reads:

 18n, asu /g
2+ (ayve/ux + axi/g)

Mo (45)

With the value of n, discussed in part 1 (ny = 5), this
equation predicts a roughness scale MTF M., ~ 13 at
moderate and high winds. As a consequence of the
assumption that SW supporting form drag is modulated
adiabatically , enhancement of z, occurs on the LW crest.
These results are very close to the calculations resulting
from the full coupled model of SWs and the airflow over
LW developed by Kudryavtsev and Makin [2002, Figures 5
and 6]. According to (45), at low wind, roughness scale
modulations vanish. This is simple but remarkable physical
property of (45) indicating that the weaker is the form drag,
the weaker is the impact of aerodynamic roughness on the
LW-induced stress modulations.

3.3. Model Results for the Modulation of the Wave
Spectrum and of the Wave Breaking

[30] Figure 3 shows for different conditions the amplitude
and phase of the SW spectrum modulation M, calculated
from (28) where all the terms have now been described. 3
cases of wave development are considered undera 10 m s~
wind speed: an “old sea” case with a LW of inverse wave
age U;o/C = 0.5 (upper panels), a fully developed wind-sea
U,¢/C =1 (middle panels), and a young wind-sea U;o/C =3
(lower panels). Dashed lines show the model calculations
when surface stress variations and generation of parasitic
capillaries are not accounted for , while the solid lines are
for the full model. In all cases the longest modulated SWs
(k < 100 rad/m) show a behavior typical of adiabatic
modulations (the relaxation parameter T is small), with
M| ~ 9/2 and enhancement of the SW energy is located
on the crest of LW. In this range, there is no impact of stress
modulation whatever is the wave age. For SWs with a large
relaxation parameter T but outside the capillary range, (100
< k < 740 rad/m), variations of the wind surface stress
significantly affects the modulation in the case of swell
(Uy¢/C = 0.5) and young sea state (U;o/C = 3). In the former
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Figure 3. Amplitude (left) and phase (right) of the
modulations of the SW spectrum by LW of inverse wave
age U;o/C = 0.5 (upper panels), U;o/C = 1.0 (middle
panels), and U;/C = 3.0 (lower panels) at wind speed U =
10 m/s. Dashed lines show the model results when wind
velocity variations and generation of parasitic capillaries are
not taken into account, whereas solid lines are for the full
model.

case, the surface stress is increased in the vicinity of LW
trough so that the phase of the capillary gravity waves
(whose modulations are dominated by the surface wind
stress) is shifted toward the LW trough. In the latter case the
surface stress is increased on the LW crest, thus capillary
gravity waves are enhanced on the LW crest. For the case
U,0/C = 1.0, the effect of wind stress modulation is weak in
the range (100 < k < 740 rad/m). Finally, another noticeable
result of the model calculations is the large modulations in
the capillary range (k > 2k, = 740 rad/m). As it was
discussed above, the amplitude of the MTF of capillary
waves is amplified by a factor (ng(k,) + 1) with respect to
the amplitude of the MTF of the carrying short gravity
waves. This is so-called mechanism of a cascade modula-
tion of the parasitic capillaries.

[31] From the model estimates for the modulation of
wave spectrum (M) the wave breaking MTF (M,,,,) (22)
can also be calculated. Results for various winds and LW
wave numbers are shown in Figure 4 (dotted lines for K =
0.025 rad/m, solid lines for K = 0.1 rad/m, dashed-dotted
lines for K = 0.4 rad/m). Calculations were performed
according to (22) where the upper limit of integration £,
was fixed to 2m/0.3 rad/m. Experimental estimates of MTF
for the white cap coverage obtained by Dulov et al. [2002]
are shown in Figure 4 as open circles with error bars. They
correspond to a modulating LW wave number in the range
0.08 rad/m to 0.25 rad/m. In spite of a large scatter (error
bars correspond to 95% confidence level), the measure-
ments exhibit very strong wave breaking modulations
(averaged MTF amplitude is 22) with enhancement on the
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crests of modulating LWs. Model calculations also predict
enhancement of wave breaking in the vicinity of LW crest
with large amplitudes for the MTF. Although the model
predictions slightly underestimate the observations, the
important conclusion is that modulations of wave breaking
can be strong enough to significantly affect the radar MTF.

4. Model Results for the Hydrodynamic
Components of the Radar MTF

[32] As described above, the hydrodynamic part of the
radar MTF is defined by (23) where the Bragg scattering
contribution (first term, M,,;) results from (19), (20), and
(21), and the non-Bragg scattering contribution M}, results
from (22). The SW spectrum modulation is defined by (28).
The amplitude and phase of the different modulating
processes contributing to these terms are presented in
Figure 5 as a function of wind speed: straining of Bragg
waves (open circles), effect of the wind surface stress (open
triangles), modulation of tilting waves (crosses) and wave
breaking (stars). For Figure 5, we consider conditions of
Bragg waves corresponding to a C-band radar looking at an
incidence angle of 45°, and a modulating LW with fre-
quency of 0.15 Hz.

[33] The first remarkable result which appears in Figure 5
is that at all wind speeds, the amplitude of the wave breaking
component of the hydrodynamic MTF (lines marked by
stars) is larger than the amplitudes associated with the other
processes. This component provides a maximum of radar
modulation occurring near the LW crests (see the right-hand
panel in Figure 5). As it was mentioned above, although the
contribution of breaking waves to the total NRCS is not
dominant (at least at VV polarization, and in the range 40°
< 8§ < 60° at HH polarization, see Figure 1), the strong
modulations of breaking can significantly contribute to the
hydrodynamic part of the radar MTF. Effect of the straining
of Bragg waves (lines marked by open circles) is large at
low wind speeds only (U < 6—7 m/s). Amplitude of wind
stress modulations (lines marked by triangles) is quite large
at small wind speed (U < 6—7 m/s), shows a minimum value
for intermediate wind values (6—7 to 11 m/s) and then
increases slightly again at large wind. Maximum of wind
stress variations occur in the LW troughs (respectively on
the LW crests) for wind speed smaller (respectively larger)
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Figure 4. Amplitude and phase of the wave breaking MTF
versus wind speed. Open circles and error bars are data from
the study of Dulov et al. [2002]. Model calculations are
shown by dotted lines (LW wave number 0.025 rad/m),
solid lines (LW wave number 0.1 rad/m), and dashed lines
(LW wave number 0.4 rad/m).
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Figure 5. Hydrodynamic components of the radar MTF at
C-band, incidence angle 45°. The left panel is for the
amplitude of the MTF, and the right panel is for the phase of
the MTF. Open circles correspond to the term due to Bragg
waves when accounting for the straining effect only. Open
triangles correspond to the term due to wind surface stress
modulations. Stars correspond to the term due to wave
breaking. Crosses correspond to the term due to the mean
square slope of tilting waves.

than 10 m/s. Wind stress can significantly affect Bragg
waves resulting in a similar behavior of the Bragg waves
along the LW. This result partly confirms the explanation
proposed by Romeiser et al. [1994], Hara and Plant [1994],
and Schmidt et al. [1995], who suggested that strong
amplification of the wind stress over LW crests is the source
of Bragg waves modulations. However, our results indicate
that amplification of wind stress over LW crest can occur
only at winds exceeding 10 m/s. Modulation of the mean
square slope of the intermediate-scale tilting waves (lines
marked by crosses) is small (amplitude is about 2). The
slope of these tilting waves increases on the LW crests, but
the small amplitude of their modulation does not signifi-
cantly affect the hydrodynamic MTF.

[34] Results discussed here are qualitatively similar for
other radar wavelength conditions (from Ka-band to C-
band) and other LW frequencies. In contrast, results at L-
band are significantly different as explained in section 5.4
below.

5. Comparison With Radar Observations

[35] In this section, we compare the model predictions of
the hydrodynamic MTF with radar observations in a wide
range of radar frequencies from L to Ka band. Except for
the RESSAC C-band data, the hydrodynamic MTF has been
estimated as a residual part between the total radar MTF and
the tilt MTF corresponding to the pure Bragg scattering
model. For the RESSAC data, the tilt contribution is
estimated by (14). As discussed above, the ‘“real” tilt
MTF differs from the pure Bragg tilt one. However, at
moderate incidence angle, this difference is not so signifi-
cant and we can identify our model hydrodynamic MTF
with the definition used in the experimental studies.

[36] Figures 6—10 show the model-derived and observed
amplitudes and phases of the hydrodynamic MTF as a
function of wind speed for Ka, X, C, and L bands at VV
and HH polarizations and for an incidence angle 45°. For
each simulation, wave and wind conditions have been
chosen in accordance with the observations. To emphasize
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the role of various scattering mechanisms, we show the
MTF for pure Bragg model (dashed lines), composite Bragg
scattering model (dotted lines), and for the total model
accounting for the non-Bragg scattering (solid lines).

5.1. Comparison at Ka-Band

[37] Figure 6 shows the comparison with results
obtained at Ka-band by Grodsky et al. [1999] (star
symbols) and by Kudryavtsev et al. [2001a] (open circles).
Conditions of observations are: for Grodsky et al. [1999],
radar wavelength 1.2 cm, incidence angle 45°, range of
modulating LW frequencies 0.15 < 0.4 Hz; for Kudryavt-
sev et al. [2001a], radar wavelength 0.8 cm, incidence
angle 45°, range of modulating LW frequencies 0.15 =
0.35 Hz. For both data sets, bars indicate standard deviations
of the estimates from their mean value. The first remarkable
features is that the experimental amplitude of the hydro-
dynamic MTF increases rapidly for decreasing wind speeds,
and the second feature is that |M;| at HH polarization
exceeds |M;| at VV polarization. Also, according to the
experimental results, enhancement of the backscattering
occurs in the vicinity of the LW crests. These features are
well known and have been previously mentioned in studies
on the MTF problem [e.g., Hara and Plant, 1994].

[38] Model calculations (lines) were performed for the
radar wavelength of 1 cm and for a 0.25 Hz frequency of
modulating LW (which is a mean for the range of observed
LW frequencies). In this case the Bragg scattering waves are
in the range of parasitic capillaries (the Bragg wavelength is
0.7 cm). Figure 6 also shows that the hydrodynamic part of
the radar MTF according to pure Bragg and composite
Bragg scattering models are very close. It means that the
contribution associated with the intermediate scale is small.
At VV polarization, the model calculations with the Bragg
model reproduces reasonably well the observations for both
amplitude and phase of the MTF. As it was discussed above,
a large modulation amplitude in the capillary range occurs,
due to the mechanism of generation of parasitic capillaries.
At HH polarization, the Bragg model underestimates the
observed MTF amplitude. Accounting for the non-Bragg
scattering mechanism (solid lines) increases the amplitudes
of the hydrodynamics MTF, improving the agreement
between model and observations. At high winds, the ratio
of non-Bragg scattering o,,, to the total NRCS of at VV
polarization is o,,,/0n = 0.2 while at HH polarization it is
o,5/0t" = 0.5. Hence the increased role of the non-Bragg
scattering on HH polarization and the large amplitude of
wave breaking modulation result in (according to (23)) the
larger amplitudes of the hydrodynamic MTF in comparison
to VV polarization. Since the main factors governing
hydrodynamic MTF (wave breaking and surface stress)
(see Figure 5) are enhanced on the LW crest, the phase of
the hydrodynamic MTF is close to zero.

5.2. Comparison at X-Band

[39] Figure 7 shows model and observed hydrodynamic
MTF relating to X-band. Experimental data are given by
Hara and Plant [1994] (open circles) and Schmidt et al.
[1995] (plus symbols). Similarly to the Ka-band case, the
amplitude of the observed hydrodynamic MTF increases
when wind speed decreases, (for wind speed smaller than
about 7—8 m/s) and |M,,| at HH polarization is higher than at
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Figure 6. Amplitude (top panels) and phase (bottom panels) of the hydrodynamic part of the radar MTF
versus wind speed for K-band at incidence angle 45°. Left side panels are for VV polarization, and right
side panels are for HH polarization. Open circles with bars are measurements by Kudryavtsev et al.
[2001a] (radar wavelength 0.8 cm, LW frequencies of 0.15—0.35 Hz). Stars with bars are measurements
by Grodsky et al. [1999] (radar wavelength 1.2 cm, LW frequencies of 0.2—0.4 Hz). Model calculations
of the hydrodynamic part of the radar MTF are for a radar wavelength of 1.0 cm and for a LW frequency
of 0.25 Hz. They are shown by dashed lines (pure Bragg model), dotted lines (composite Bragg model),
and solid lines (full model accounting wave breaking modulation). Conditions: Upwind radar look

direction, LW aligned with the wind.

VV. This is even more apparent than at Ka-band. At
moderate and high winds, the amplitude of hydrodynamic
MTF for HH polarization is approximately twice higher
than that at VV polarization. This fact has been often
mentioned in radar MTF studies, but no explanation was
given so far.

[40] As well as for Ka-band model calculations of [M,]
based on the Bragg scattering theory do not demonstrate
any difference between pure Bragg and composite models.
Modulation of Bragg waves at low winds is caused by the
simplest straining mechanism (when M ~ 9 In N/0 In k, see
(28)), and their large amplitudes (M}, ~ 5 — 7) are
explained by the sharp drop of the spectrum toward higher
wave numbers (see part 1, Figure 4). At higher winds
(above 10 m/s) Bragg waves modulations are suppressed
by the wind, and then the MTF amplitude increases with

wind speed due to the dominating action of the wind surface
stress (see Figure 5), but this increase is weak. At VV
polarization, the Bragg model in overall agrees with the
observation predicting correctly the MTF amplitude and
phase. The model confirms the suggestion given by Hara
and Plant [1994] and Schmidt et al. [1995] that at high
winds the modulation of Bragg waves is governed by the
wind surface stress. However, model predictions based on
the Bragg theory apparently contradict the observations
obtained for HH polarization. For HH polarization, the
fraction of the non-Bragg scattering in the total NRCS is
G,p/o8" = 0.52 while for VV polarization it is o,,/0" =
0.22. Model calculations of [M,| are then found to be in
better agreement with the measurements when the non-
Bragg scattering are accounted for. They correctly predict
the order of magnitude of |M,|, explain the observed
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Figure 7. Amplitude (top panels) and phase (bottom
panels) of the hydrodynamic part of the radar MTF versus
wind speed for X-band at incidence angle 45°. Left side
panels are for VV polarization, and right side panels are for
and HH polarization. Open circles are data from the study of
Hara and Plant [1994] (LW frequencies are 0.25 =+ 0.31
Hz). Plus symbols are measurements of Schmidt et al.
[1995] (LW frequency is 0.15 Hz). Model calculations for a
LW frequency of 0.2 Hz are shown by dashed lines (pure
Bragg model), dotted lines (composite Bragg model), and
solid lines (full model accounting wave breaking modula-
tion). Conditions: Upwind radar look direction, LW aligned
with the wind.

difference between hydrodynamic MTF extracted from VV
and HH data, and give a phase of the MTF closer to the
observations.

5.3. Comparison at C-Band

[41] Model and observed estimates of the hydrodynamic
MTF at C-band are shown in Figure 8. Data plotted in
Figure 8 as plus symbols, correspond to the data of Schmidt
et al. [1995]. As for the Ka and X band cases, observed
amplitudes of the hydrodynamic MTF at HH polarization
exceed the amplitudes obtained at VV one. For both polar-
izations the MTF enhancement of the sea surface scattering
features occur on the LW crests. Model calculations based
on the Bragg scattering theory significantly underestimate
the observed |M}|, and there is a discrepancy between
model and observed MTF phases, which is the most
apparent at HH polarization. Accounting for the modulation
of wave breaking significantly affects the radar hydrody-
namic modulation with respect to the Bragg case, with an
increase of the amplitude (mainly in HH polarization) and a
shift of its phase toward the crest of modulating LW.
Although the full model underestimates the observed ampli-
tudes of the MTF at low and moderate winds, it is in better
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agreement with the measurements than are the two-scale or
pure Bragg models. Moreover, only the full model gives a
phase in HH polarization consistent with the measurements.

[42] A further comparison between model and observa-
tions at C-band is given in Figure 9, with data from the
airborne RESSAC radar collected during the FETCH
experiment. We recall that RESSAC is an airborne FM/
CW radar [Hauser et al., 1992]. It operates at C-band (5.35
GHz) and HH polarization. The range resolution is 1.56 m.
In its nominal mode, the radar beam sweeps the sea surface
over the range of incidence angles 7° < 6 < 21°, and scans
over 360° in azimuth. Directional spectra are derived by
analyzing in each azimuth direction, the modulations of
radar cross section within the footprint (about 1500 x 400
m). In this range of incidence (7° < 6 < 21°), it can be
assumed that the radar MTF is dominated by the tilt term, so
that the spectrum of modulations (corrected for speckle
noise) is linearly related to the slope spectrum of the waves
(for wavelength longer than about 30 m). The tilt MTF is
derived by applying (14) to the radar observations, dropping
the cos ¢ term. During the FETCH experiment, RESSAC
was also operated in a second mode to observe the surface
in the incidence range 27° < § < 41°: the antenna was fixed
on one side of the airplane while this latter was performing
circles with a roll of about 20°. By combining these two
different modes of operation, Hauser and Caudal [1996]
developed a method to estimate the hydrodynamic MTF
near 30° incidence angle. The total MTF is estimated at
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Figure 8. Amplitude (top panels) and phase (bottom
panels) of the hydrodynamic part of the radar MTF versus
wind speed for C-Band at incidence angle 45°. Left side
panels are for VV polarization, and right side panels are for
and HH polarization. Plus symbols are measurements by
Schmidt et al. [1995] (LW frequency is 0.15 Hz). Model
calculations for a LW frequency of 0.15 Hz are shown by
dashed lines (pure Bragg model), dotted lines (composite
Bragg model), and solid lines (total model accounting wave
breaking modulation). Conditions: Upwind radar look
direction, LW aligned with the wind.
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Figure 9. Amplitude (left panel) and phase (right panel) of
the hydrodynamic part of the radar MTF versus wind speed
(C-band, HH polarization, incidence angle 30°). Open
circles are results obtained from the FETCH experiment.
Dashed lines are Bragg scattering model predictions.
Dashed-dotted lines are “pure” non-Bragg scattering model
predictions. Solid lines are model predictions according to
the total MTF model. Lines of the same style show model
calculations for LW with wave numbers 0.08 and 0.15 rad/
m. This was the range of LW wave numbers observed for
this data set of the FETCH experiment.

incidence 30° from the ratio of the radar modulation
spectrum to the directional wave slope spectrum (derived
from the first mode of operation). By combining estimates
of this total MTF in opposite directions (at ¢ and ¢ + ),
with the tilt MTF estimated at 30°, it was shown than the
amplitude and phase of the hydrodynamic modulation in
each look direction can be estimated. Results obtained from
this method applied to the FETCH data set are presented in
Figure 9, together with the model results.

[43] Model calculations were performed with LWs of
wave numbers 0.08 rad/m and 0.15 rad/m (solid lines),
corresponding to the mean conditions of the RESSAC
observations. Only data for which in situ wind measure-
ments (from buoy or ship) were available are displayed.
These reasons explain the low number of RESSAC data in
Figure 9. For the MTF amplitudes (left panel), the RESSAC
data (open circles) exhibit a set of points with MTFs
between 8 and 10, as well as two data points with MTF
of 15 and 2, respectively, both corresponding to very
unsteady situations (both cases correspond to situations
where a sudden large increase of wind speed occurred less
than 2 hours before observation; they also correspond to the
two data points with highest ol /o8l,e and obl, /00 own
ratios in Figure 15 of part 1). It appears clearly that the pure
Bragg model (dashed lines) underestimates the amplitudes
observed by RESSAC. On the contrary, the pure non-Bragg
scattering model (dotted lines) gives much higher values
(between 15 and 20). The full MTF model (solid lines)
obtained by combining both processes, predicts values in
closer agreement with the RESSAC data.

[44] For the hydrodynamic MTF phases (right panel of
Figure 9), we notice again that the full model (including non
Bragg effects) predicts phase angles between 0 and 20°, in
agreement with RESSAC observations, while the pure
Bragg model would predict a phase up to 60°.

5.4. Comparison at L-Band

[45] Figure 10 shows the hydrodynamic MTF at L-band.
As in Figure 8, the data used in the comparison are from the
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study of Schmidt et al. [1995]. Compared to the previous
cases (higher radar frequencies) the observed amplitude of
|M;| shows a weaker wind speed dependence, and a
magnitude, which is approximately the same for both VV
and HH polarizations. Model calculations shown in this
figure are dominated by the straining mechanism. Hara and
Plant [1994] also concluded that at L-band (MARSEN L-
band data), the hydrodynamic MTF is primary due to the
straining by LW orbital velocities except perhaps at very
high winds. In contrast to the previous cases, the role of
modulations of wave breaking is not significant. Contribu-
tion of the non-Bragg scattering to the total NRCS at L-
band for a 20 m/s wind speed is o,,/00 = 0.09 at VV and
owb/o¢" = 0.30 at HH polarization. For lower winds, these
contributions decrease. This explains why the Bragg MTF
model predictions are close to the total MTF one (except at
high winds for HH polarization). The observed MTF
amplitude systematically exceeds the model predictions.
This is the only case where we do not get a satisfactory
agreement between model and observations. We emphasize
here that the observed amplitudes of the hydrodynamic part
of the radar MTF at L-band are 1.5—2 times larger than the
upper limit ~9/2 for SW modulation due to their straining
by LW. Since straining is the only possible mechanism
(because L-band Bragg waves are too ‘“‘inertial” to be
affected by the wind surface stress along the LW profile),
it is hardly believable that the observed L-band hydro-
dynamic radar MTF amplitudes relate to any SW modu-
lation mechanism. The reason of such large observed
amplitude is not clear for us. A plausible explanation is
given in below in section 5.5.

5.5. Summary and Discussion

[46] To summarize the results of this section we con-
clude that the hydrodynamic MTF based on the Bragg
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Figure 10. Same as in Figure 7, but for L-band.
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scattering model alone, generally fails to reproduce meas-
urements. There is no significant difference between pure
Bragg and composite Bragg scattering models. It means
that the impact of the modulation of the tilting waves
corresponding to the range of intermediate scale is small
and may be omitted. In contrast, the impact of wave
breaking modulation (supporting non-Bragg scattering)
on the hydrodynamic MTF is significant. Due to the latter
contribution, the amplitude of the hydrodynamic MTF
increases and its phase shifts toward the LW crests. The
non-Bragg scattering modulation explains the important
experimental finding that the hydrodynamic MTF at HH
polarization exceeds that at VV polarization. This feature
has been mentioned in the past, but no quantitative
explanation was given. The observed larger amplitude of
the hydrodynamic MTF for HH polarization can only be
attributed to the wave breaking modulations.

[47] To explain the large difference of the hydrodynamic
MTF between observations and models based on the Bragg
theory, Hara and Plant [1994] and Schmidt et al. [1995]
suggested the presence of a very strong surface stress
modulation by LW (with MTF of the order of 10) with its
enhancement on the LW crest. However, up to now there is
no convincing experimental evidence that such stress var-
iations may exist in reality. In our model, the surface stress
modulations are accounted for. They are provided by the
airflow undulations over LW and LW-induced variations of
the aerodynamic surface roughness. Model calculations
presented in Figure 5 show that at low winds, strong wind
stress modulations (with the MTF amplitude about 10 or
more) can occur, but the fact that the predicted amplification
of the stress is over the LW trough is not suggesting this
process as a plausible mechanism explaining the observed
radar MTF features. On the contrary, at high winds (U > 10
m/s) amplification of the surface stress occurs on the LW
crest, and its relatively large MTF amplitude (approaching
5) confirms that for such conditions, the suggestions of
Hara and Plant [1994] and Schmidt et al. [1995] can be
considered as the most plausible mechanism of SW modu-
lations. However, we again emphasize that only taking into
account the wave breaking modulations supporting non-
Bragg scattering brings the model to an agreement with
observations at both VV and HH polarization.

[48] Most of the experimental estimates of the radar MTF
obtained from platform-based radar observations at moder-
ate incidence use the Doppler shift to estimate the LW
orbital velocity. LW orbital velocity is then used to estimate
the wave height spectra and the radar MTF [e.g., Plant et
al., 1983]. In the present paper, such data are taken from the
studies of Hara and Plant [1994] and Schmidt et al. [1995].
Plant [1997] however show that the Doppler spectra may
not be used with the standard approach to estimate the wave
spectrum at incidence angles exceeding 60°. In the present
paper, our simulations of radar MTF have not been applied
to interpret observations at such high incidence angles.
According to our model, wave breaking significantly con-
tributes to the hydrodynamic MTF. Then, the question can
arise whether it could also significantly affect the Doppler
shift that may result in a wrong estimate of the radar MTF.
As it was shown in part 1 the main contribution to the non-
Bragg scattering is coming from the shortest breaking
waves (see part 1, equation (58)). This is simply due to
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the fact that the shorter are the gravity waves, the higher is
the surface density of their breaking crests. The wavelength
of the shortest breaking waves supporting non-Bragg scat-
tering exceeds the radio wave wavelength by a factor of 10.
The experimental evidence of the dominating role of the
shortest wind waves in white cap coverage and in its
modulation by LW was given by Dulov et al. [2002]. For
Ka, X, and C bands, the scale of breaking waves responsible
for NRCS modulation is much less than the LW wavelength
(hence they are slow and as well as Bragg waves they are
advected by LW orbital motions). Moreover at moderate
incidence angles (40° < 6 < 60°) at HH polarization, and at
all incidence angles at VV polarization they do not domi-
nate radar returns. Therefore, the impact of wave breaking
on experimental radar estimates of the LW steepness via
Doppler shift is not significant. An implicit evidence is the
well known fact that at moderate incidence (less than 60°)
wave height variance spectra can be deduced from Doppler
shifts assuming that they are caused by orbital velocities.

[49] In opposite at L-band, the wavelengths of the short-
est breaking waves supporting non-Bragg scattering are
about 3 m and more. The scale of these waves is not
negligible with respect to the LW wavelength, and their
phase speed (associated with the speed of wave breaking
fronts) may significantly exceed LW orbital velocities. In
this case one may anticipate that Doppler shifts along the
LW are strongly ‘“contaminated,” being in one moment
caused by LW orbital motions and in another one being
caused by wave breaking. Hence, the radar MTF for L-band
may be incorrectly estimated. This may be a reason why
observed L-band MTF presented in Figure 10 indicates
large MTF amplitudes which by no means can be related
to the SW modulations.

6. Conclusion

[s0] In part 1, we developed a semiempirical model aimed
at the description of the NRCS of the sea surface at HH and
VV polarizations, applicable at various radar frequencies,
incidence angles, and wind conditions. The model accounts
for the Bragg and non-Bragg radio wave scattering compo-
nents, the latter being associated with breaking waves.
Statistical properties of the sea surface (needed for the
NRCS computation) are calculated through the wave spec-
trum, which in turn results from the solution of the energy
spectral density balance equation. In the case of steady wind
and uniform medium this model describes the background
statistical and microwave scattering features of the sea
surface.

[51] In part 1, it was shown that the behavior of the sea
surface NRCS, and in particular the polarization ratio was
correctly reproduced by the model only if the non-Bragg
scattering due to breaking waves was taken into account.
We further showed here that the contribution of non-Bragg
scattering to the total NRCS is larger at HH polarization
than at VV polarization, as illustrated in Figure 1.

[52] Because of this important role of wave breaking, it is
also necessary to take it into account in the analysis of the
radar MTF. This was the purpose of this part 2. When
describing the surface, modulation of wave breaking is
considered in addition to modulation of Bragg waves. This
effect has never been clearly analyzed before. Experimental
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study by Dulov et al. [2002] showed that wave breaking is
very strongly modulated by LW, and that wave breaking
enhancement occurs on the LW crests.

[53] The model of wave radar MTF developed here, takes
into account the modulation of Bragg and non-Bragg
scattering characteristics of the sea surface: Bragg waves,
mean square slope of the tilting waves (composite Bragg
theory), and fraction of the sea surface covered by very
rough surface associated with wave breaking. Variations of
these characteristics along the LW are calculated through the
modulation of the wave spectrum. It is found as a solution
of the wave action conservation equation where the source/
sink of wave action keeps the same form as in the back-
ground problem (part 1). Effect of the LW on the short wind
waves is expressed via their interaction with the LW orbital
velocity and with variation of the wind surface stress along
the LW. Well inside the capillary range, wave modulations
are mainly affected by the mechanism of generation of
parasitic capillaries. Modulation of carrying gravity waves
results in a cascade (and amplified) modulation of capillary
waves. Modulation of wind surface stress results from the
interaction of the turbulent airflow with the LW possessing
the varying aerodynamic roughness. To estimate the varia-
tion of the stress, it was suggested that the disturbances of
turbulent characteristics are concentrated inside a thin IR
adjacent to the surface, and the airflow above experiences
inviscid undulations. Variations of surface roughness along
the LW results from modulation of SWs providing the sea
surface form drag, which consists of wave-induced momen-
tum flux to SWs and surface stress supported by the airflow
separation from breaking waves. Model estimates showed
that large magnitudes of stress modulation (about 10 times
the LW steepness) occur at low winds with its intensifica-
tion over the LW trough. At high winds enhancement of
surface stress occurs over the LW crest, but its amplitude is
smaller than at low winds. Our model calculations indicated
that suggestions made in a number of other studies [e.g.,
Hara and Plant, 1994; Romeiser et al., 1994; Schmidt et al.,
1995] that strong wind stress modulation is the governing
mechanism responsible for the large observed amplitude of
the hydrodynamic part of the radar MTF with its phase at
LW crest can be only valid at high wind speeds and for the
VV polarization.

[54] Our calculations showed that modulations of the
mean square slope of tilting waves do not affect consid-
erably the hydrodynamic MTF. Thus, the hydrodynamic
MTF results from modulations of Bragg waves and wave
breaking. Since the NRCS for HH polarization is less than
for VV, the impact of non-Bragg scattering modulation
(which is independent on polarization) is stronger for the
hydrodynamic MTF at HH polarization. This explains that
the magnitude of the hydrodynamic MTF at HH polar-
ization is larger than that at VV. This fact has been
mentioned in other studies, but never been explained
quantitatively by wave breaking modulation. In contrast to
the pure Bragg hydrodynamic MTEF, accounting for the
wave breaking may explain the large amplitude of the
hydrodynamic MTF, and also the shift of the MTF phase
toward the LW crest. Even in conditions where the con-
tribution of non-Bragg scattering to the total NRCS is not
dominant (less than 50%), the strong modulations of wave
breaking significantly contributes to the radar MTF. At HH
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polarization, this contribution is of a crucial importance.
While pure Bragg models of radar MTF fail to reproduce
the observations, our model predictions of radar MTF are
consistent with results from observations for both polar-
izations and in a wide range of radar frequencies from (Ka-
band to C-band) either taken from the literature or obtained
for the present study. At L-band, our modeled radar MTF
underestimates the observations of Schmidt et al. [1995],
which indicate amplitudes of the hydrodynamic radar MTF
much larger than our model predictions. In this case (L-
band), we suggest that the technique used to estimate the
radar MTF (based on the Doppler shift of the radar return)
may not be appropriate.

[55] In this set of two papers, the main driving parameter
is the relative ratio between the Bragg and the non-Bragg
scattering mechanism. As developed, this ratio has been
consistently derived, according to the wave breaking sta-
tistics resulting from the wave energy balance equation.
This ratio is enhanced at HH polarization. In contrast to a
pure or composite Bragg model, the full model including
the non-Bragg mechanism explains the difference between
VV and HH for the background NRCS. It also helps to
explain larger amplitude modulations near the crest of the
long waves.

[s6] In the next future, theoretical and experimental
investigations should be directed to better assess the occur-
rence and distribution of breaking waves associated with
enhanced roughness areas, and their radar signature. Such
studies will directly serve efforts related to retrieve domi-
nant ocean surface waves characteristics from spaceborne
Synthetic Aperture Radar. This should also help to better
determine breaking wave statistics from remote sensing
measurements, and henceforth to quantify from remote
sensing the critical role of wave breaking in air—sea transfer.
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