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Abstract—With rapid development of satellite technology in
monitoring the ocean, a good understanding of the physical processes
involved in the electromagnetic ocean-surface interaction is required.
The composite surface models are usually applied in the analysis of
the interaction, hence a systematical check of their region of validity is
desirable. Based on a generalized minimal residual procedure which is
right preconditioned (GMRES-RP) that we have recently developed
which has demonstrated the desirable properties of a numerical
algorithm: robust and efficient, in this paper, for bistatic scattering
from one dimensional ocean surfaces, we carry out a systematic
assessment of the performance of the popular two-scale model and
the advanced three-scale model under different conditions of ocean
surface wind speeds, polarizations, frequencies, and incidence angles.
It is found that the two-scale model in general captures the bistatic
scattering pattern, yet the accuracy of geometrical optics (GO) for the
large scale wave brings considerable impact on the overall accuracy. If
the evaluation of the contribution of the large scale wave is instead
using direct numerical integration for the corresponding Kirchhoff
integral, impressive improvements are frequently observed, especially
at low frequency (L and C bands) and low wind speed (3m/s). But
care should be taken when apply two-scale method with numerical
integration, since there are cases where visible discrepancy with
method of moment (MoM) are observed. On the other hand, the three-
scale model is found in very good agreement with MoM across the
considered ocean surface wind speeds, polarizations, frequencies, and
incidence angles, hence represents a much advanced model over the
two-scale model.
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1. INTRODUCTION

The ocean is a fundamental part of the climate system, and the
monitoring of its state is of primary importance. The use of
microwave remote sensing for such task has been growing, such as
the SMOS [1] and WindSAT [2] missions. In exploiting the available
information, physically based inverse procedures call for high fidelity
scattering/emission models.

The two-scale model (T'SM) has been one of the most widely used
models for ocean surface scattering [3—6]. In this model an ocean
surface is treated as a composite surface which contains two scales of
waves: the large and small scales, with the latter being tilted, advected
and modulated by the former. Scattering from the large scale wave is
assumed by the quasi-specular theories, whereas that from the small
scale by Bragg scattering. The effects of the large scale wave on the
small one have generally been through an averaging procedure with
respect to the probability distribution of the slope of the long wave.

A notable advance over the TSM on the ground of composite
surface assumption is the so called three-scale model (T3SM) [7,8],
where the ocean surface is successively split into regions from which
the scatter comes from small-, intermediate-, and large-scale waves.
The appeal of this model is that it allows a gradual transition from
Bragg scattering to Kirchhoff scattering in a manner dependent on
incidence angle, wind speed, and ocean spectrum. In this model, the
assumption about classic Bragg scattering for small scale waves and
classic quasi-specular scattering for large-scale waves is still retained.
Direct contribution from the intermediate-scale waves is through the
evaluation of the Kirchhoff integral. The incidence angles for the small-
and intermediate waves are corrected accordingly. Scattering from
the large- and intermediate waves are attenuated by the smaller scale
waves. This attenuation leads to a feature essentially different from
that of TSM: the large scale wave dominates the scattering at small
incidence angles in the TSM, whereas it is rarely important in the
T3SM.

The conceptually simple and convenient to use TSM are still
widely used today, either in its conventional form [9,10] or modified
versions [11,12]. In [10], comparison is made of emissivity evaluated
from three models: the TSM, the small slope approximation/small
perturbation method (SSA/SPM) model [9,13], and an empirical
model. It is found that for low and medium wind conditions, these
three models roughly agree on a linear increase yet with different slopes
of emissivity with wind speed; nevertheless, the discrepancy becomes
appreciable under intense wind conditions.
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It is thus desirable to carry out a systematic assessment of the
performance of the TSM and its less well known sibling the T3SM.
Ideally this investigation would be conducted for two-dimensional (2-
D) ocean surface scattering against exact numerical results. However,
albeit the readily available formalisms of these analytical models for
2-D surfaces, a numerical approach that is capable of including the
effects of surface waves of all scale, in particular of the large scale,
is still elusive at present. We have to compromise and resort to the
one-dimensional (1-D) surface instead. However, even in this seeming
simple setting things can become challenging if 1) wind speed becomes
considerably large; 2) incidence angle approaches near grazing. In
addition, since the numerical results are expected to serve as the
benchmark, considerably large number of realizations, say, 500 or 1000,
needs to be performed to provide adequately accurate results; as such,
the adopted numerical approach is required to be of high efficiency and
robustness.

To the last requirement we are in a good position. Recently we
have developed a highly efficient and robust numerical method for the
analysis of scattering from randomly rough surfaces. In this method, a
generalized minimal residual procedure which is right preconditioned
(GMRES-RP) [14] with the forward-backward method (FBM) [15],
in combination with the spectral acceleration (SA) [16,17] technique
to expedite the computation of matrix-vector product. The applied
preconditioning is found to transform the original linear system from
near singular to stable with a good condition number; specifically,
the spectrum of the preconditioned matrix is found condensed in the
vicinity of the point 1 in the complex plane, an indicator of the good
approximation quality of the preconditioner to the original matrix.
Moreover, the fact that the construction of the preconditioner does
not require the knowledge of the distribution of the impedance matrix
spectrum implies that the proposed method can be used as a general
purpose iterative solver. The proposed method has demonstrated the
desirable properties of a numerical algorithm: robust and efficient.
Although this method was originally designed for single scale surface
(Gaussian spectrum), there is no difficulty in extending it to the
composite ocean surface.

In this study, with the GMRES-RP serves as benchmark,
we intend to assess the predictive power of TSM and T3SM of
bistatic scattering from ocean surfaces, in a systematical manner
under different conditions of ocean surface wind speed, polarization,
frequency, and incidence angle. Here we focus on the bistatic
scattering rather than the conventionally considered backscatter, since
the evaluation of emissivity calls for bistatic scattering coefficient [18],
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as well as the growing trend of bistatic applications [19-21]. The
findings, although by nature are for 2-D scattering from 1-D ocean
surface due to computer limitations, can nevertheless be expected to
provide valuable insight into the full 3-D surface scattering problem.

2. THE TWO-SCALE MODEL AND THREE-SCALE
MODEL

2.1. The Two-scale Model

The TSM model divides the surface into large and small scale waves.
Scattering from the large scale wave is evaluated with the Kirchhoff
approximation (KA), which is given by [22]

1+cos(0s 4 6;) | [ dr ,
— k
cos 6; + cos O /_Oo 27 exp (ikigz7)

[eXp (kgzhl2 (pl (7’) - 1)) — exp (_k(%zh’%)] (1)
where k is the microwave wavenumber, h; the rms height of the large

scale wave, and hl2 p1 the correlation function, 6; and 6, are the incidence
angle and scattering angle, respectively, and

kg, = — (kiz + k2) = — (kcosO; + kcosbs), (2)
kgw = kiz — ky = ksin; — ksinf,. (3)

It should be noted that the definition of scattering coefficient here is
different from that in [22] by a factor cosf; so that the integration
of 0% over all scattering angles is cos#; rather than unity. The
bistatic scattering coefficient of (1) is commonly evaluated through
the geometric optics (GO) approximation to yield

oo (0,0,) 1 |14-cos (0s+6;)|? exp [ (sin 6; —sin 6,)* )
U2 [cos B;4-cos O, 2(cos B;4cos 05)*v2

where v, is the rms slope.

The contribution from the small scale wave is due to Bragg
scattering, which is evaluated using the small perturbation method
(SPM). The expression for the first order SPM solution is

4(kzki2)2’Bpp‘2

o (60;,0,) = k

o (05,05) = ? W (k) (5)
where By, = —1 for HH polarization and B,, = (1;)?220%955) for

V'V polarization. W (k) = % for 1-D surface, and S(k) is the ocean
spectrum (The case of Elfouhaily spectrum is given in the Appendix).
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The primed 6} and 6/, denote the local angles (incidence and scattered)
due to the tilting of the large-scale waves, whose effect should be fully
accounted for by the averaging over the probability distribution P(s)
of the slope s.

o0

0% (6:,6,) = / ds 0% (61.6.) P (s) (6)

—00

2.2. The Three-scale Model

Reasoning that the Kirchhoff integral was derived under the
assumptions about homogeneous and stationary surface waves, which
are not valid for the sea surface on small time and space scales, Plant [7]
proposed to partition the sea surface into large, intermediate, and small
scale waves, and treated the larger scales deterministically in averages
over smaller scales. These filtered surfaces, large, intermediate, and
small, are assumed that each exhibits Gaussian statistics. Statistical
independence and phase decorrelation are further assumed among
different scales to allow the decomposition of the surface correlation
function into the three-scale components as

h2p = hip + hip; + h2ps (7)
where the correlation coefficients p,, o = [, i, s, when a specific scale
is under consideration, are taken to be unity over the larger scale and
null over the smaller scale. Correspondingly, the Kirchhoff integral,
which is the starting point and takes the following form:

4(kzkiz)2’Bpp’2 / dr

opp (0i,05) = 172 — exp (ikg,r)
dz

2T

[exp (k3.h? (p (r) — 1)) — exp (—kg.h?)] (8)
is treated separately for the three-scales as follows:

1) The small scale wave (SSW), which contributes to the scattering
coefficient by Bragg scattering, is evaluated using SPM as given by (5)
and (6).

2) Direct contribution of the intermediate scale wave (ISW) is
4(kzkiz)2’Bpp’2
kk2

+1 dr ‘ 5 o
S exp (ikaur) [exp (K212 (01 (1) = )] (9

—1

op (07,05) =

exp (—kizhg)

where the primed angles are due to the tilting of the large scale waves,
so a similar averaging process needs to be performed to fully account
for the probability distribution of the slope of the large scale wave.



524 Luo and Du

3) The direct contribution of the large scale wave (LSW) is
4(kkis)? | Bpp|?
k‘k‘?lz

oo dp
/_ o exp (ikarr) [exp (kE.AE (1 () = 1)) (10)

azé (0;,05) = exp (_k?iz (h§ + h?))

which is commonly approximated by the GO method. Yet unlike in
the conventional 2SM, here the large scale wave is attenuated by
a factor exp(—k2_ (h?+ h?)) as evident in (10), attributing to the
intermediate and small waves. The effect of the attenuation is that the
contribution of the large-scale wave is rarely important, in contrast to
the 2SM theory that below the incidence angles of about 10° to 20°,
backscatter from the large scale waves dominates. The contribution
from intermediate scale waves (ISW) in most cases takes the dominant
role with respect to the LSW, and is affected by both the large scale and
small scale waves: the former tilts the local incidence and scattering
angles, and the latter provides an attenuating factor exp(—k2_hZ).

3. PERFORMANCE COMPARISONS

In this section, we assess the performances of TSM and T3SM for
bistatic scattering from ocean surfaces under different conditions of
ocean surface wind speed, polarization, frequency and incidence angle.
The benchmark is the MoM numerical results, which are provided
by the GMRES-RP method. The ocean surface is assumed to be
perfectly conducting in this study for the frequencies considered in
the microwave region, which is a reasonable assumption in active
remote sensing [23]. More importantly, there is also consideration
regarding the fidelity /complexity balance of alternative approaches.
For instance, if the ocean is modeled as a thick dielectric slab, then
at sea surface temperature (SST) of 15°C, sea surface salinity (SSS)
of 25%0, at 10 GHz (X band), the relative dielectric constant of sea is
54.3 +i38.6. Hence at a wind speed of 10 m/s, to include the effect of
all surface wave scales, assuming a cutoff wavenumber of k45; = 0.03, a
quick check reveals that around 7 thousand wavelengths are required,
which translates to over 8 hundred thousand surface unknowns. With
larger wind speed and higher frequencies, the task can readily become
impractical. Yet if the impedance boundary condition (IBC) is used
instead, although the finite conducting property of ocean can be partly
captured, IBC itself is an approximate method, which makes it difficult
to single out, at the presence of different performances of TSM and
T3SM, which part is attributed to the inherent difference between these
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two models, and which part to the inadequate approximation of IBC.
The surface length is L = 16384\ unless specified otherwise. With a
sampling rate of 8 points per wavelength, this gives a total number of
surface unknowns of 131072. The error tolerance for iteration is set to
be 10~%. Monte Carlo simulations are averaged over 500 realizations
to obtain stable results.

In the study the cutoff wavenumber for TSM is set as k/2 cos(6;)
where k£ is the microwave wavenumber and 6; is the incidence
angle ?4]' The cutoff wavenumbers for T3SM are ky by which
4k? cos? 0; ka; S(k)dk = 0.09 for SSW and ISW separation and k; by

which 4k? cos® 0; [2 S(k)dk = 9 for ISW and LSW separation [7].
The Elfouhaily spectrum is employed [25]. It was derived from
oceanographic and wave tank measurements, with the nice property
that the surface slope distribution derived by this spectrum is in
agreement with the Cox-Munk distribution [25]. To describe ocean
surfaces, besides the Elfouhaily spectrum, there are other popular
spectra, including the Pierson-Moskowitz (PM) spectrum [26] and the
Durden-Vesecky (DV) spectrum [27]. The differences among the three
spectra lie primarily in the short wave portion of the spectrum, where
PM spectrum dose not include surface tension effect and simplifies the
Leykin-Rosenberg region by using a straight line on a log-log plot of
the spectrum versus wave number [28].

We begin by examining the accuracy of GMRES-RP for ocean
surface scattering, where its normalized bistatic scattering coefficients
(NBSCs) are compared with that of direct matrix inversion (DMI).
We intentionally make the ocean surface as rough and the surface
unknowns as large as possible, so the time and memory complexity
issues as well as the effectiveness of handling the singularity of the
impendence matrix Z are checked out. The wind speed U (19.5) is set
15m/s, which is the upper bound in the current study since the wind
speed of 15m/s is generally held to be the limit where the ocean can
be approximated by a linear spectrum. The surface length L is 8192\,
so the number of surface unknowns is 65536 with a sampling rate of
eight points per wavelength, a number of unknowns close to the limit of
performing DMI in our server. The corresponding kg; is 27/ L, and the
rms heights are 1.24m at 5.3 GHz and 0.91m at 19 GHz, respectively,
which translate to kh = 137.7 and 363.4 at these two frequencies, a
number quite large. For these large number of unknowns, the DMI is
very slow and we compare its results with the GMRES-RP solution at
5.3 GHz and 19 GHz. The incident angle is 60°. Across the scattered
angles from —90° to 90°, the agreement is within 0.15% for all the
cases that we have tested.

We start the comparison at low frequency (L band) and small wind
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speed (3m/s). For TSM at 6; = 20° (which is the incidence angle we
will use for the next several numerical experiments, and later when we
change the incidence angle we shall mention explicitly), the rms height
of the LW wave is h = 0.0494 m, thus khcosd; = 1.360. This value
is below the established criterion for GO where kh(cos6; + cosfy) is
required at least to be 3.16 [29]. As such, the GO contribution to
TSM is expected not to be adequately accurate. This is indeed the
case, as shown in Fig. 1 for both HH and V'V polarizations. It is
observed that the TSM model, although captures the general pattern,
shows appreciable discrepancies at the scattering angle sets around
—20° (backscattering) and 60°, for the latter the discrepancy can be
up to around 4 dB.

10

MoM ! | | I I
----- Three Scale Modelf = =+ = = -1 = -4 - - -+ - - -i-+
== Two Scale Model ! ! !

Bistaticscattering Coefficient (dB)
Bistaticscattering Coefficient (dB)

. . . . . . . . . . . . . . . I . .
-80 -60 -40 -20 0 20 40 60 80 -30 -80 -60 -40 -20 0 20 40 60 80
Scattering Angle (9 Scattering Angle (9

(8) Horizontal polarization (b) Vertical polarization

Figure 1. Bistatic scattering comparison of numerical method, TSM,
and T3SM. L band. Incidence angle: 20°. Wind speed: 3m/s. (a) HH,
and (b) VV.

On the other hand, in the T3SM, the inadequate accuracy of GO
in the evaluation of LSW contribution is suppressed since the direct
contribution from LSW is rarely important. The integral associated
with the intermediate scale waves is evaluated numerically as in [7]
hence is sufficiently accurate. The results are also plotted in Fig. 1 for
comparison. It shows that T3SM agrees very well with MoM across
the scattered angles.

When the wind speed increases to 10m/s, for TSM, h = 0.56 m
and khcosf; = 15.46, which means LSW enters the GO region across
the scattering angle range [—90°, 90°]. The results (shown in Fig. 2)
improves over Fig. 1 substantially, in particular in the backscattering
direction, yet the discrepancy with MoM is still visible at 65 around
80°. In contrast, the T3SM model again is in perfect agreement with
MoM.
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If we further increase the wind speed to 15m/s, the results for

yet the discrepancy at 65 around 80° is still

)

TSM get slightly better

present.

of TSM, h

At C band and a wind speed of 3m/s, for LSW
0.0495m and khcosf; = 5.16, suggesting that GO approximation can

be used for LSW. The results are shown in Fig. 3. We observe better

in particular in

the backscattering direction. Nevertheless appreciable discrepancy (up

Y

agreement than the L band counterpart is obtained
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to 3.5dB) is present in the forward direction. The T3SM is again in
excellent agreement with MoM.

At higher frequency and large wind speed, the agreement between
TSM and MoM becomes even better, as illustrated in Fig. 4 for the
case of Ka band and large wind speed (15m/s). The T3SM is seen in
perfect agreement with MoM.

Bistaticscattering Coefficient (dB)

Bistaticscattering Coefficient (dB)

80 60 -40 -20 O 20 40 60 80 ) 80 60 40 20 O 20 40 60 80

Scattering Angle (9 Scattering Angle (9
(@) Horizontal polarization (b) Vertical polarization

Figure 4. Bistatic scattering comparison of numerical method, TSM,
and T3SM. Ka band. Incidence angle: 20°. Wind speed: 15m/s.
(a) HH, and (b) VV.

To gain deeper understanding of their scattering behaviors, we
decompose the scattering components of the TSM and T3SM. The case
of Fig. 3 is shown in Fig. 5 for HH polarization. We first examine the
TSM model (Fig. 5(a)). The GO contribution is expected to dominate
in the specularly forward direction, as indicated by the multiplicative

_ (sin 6; —sin 0)?
factor exp( 2(cos O;+cos 05)?v2

slope vs. In the backward direction, after the sharp fall-off of GO
starting at around —20°, the SSW takes the dominant role from —30°
afterwards and provides an almost perfect result for scattering angle
beyond —45°.

In the T3SM, the SSW behavior is similar to that of TSM. The
direct contribution of LSW can be completely ignored when compared
to that of ISW and SSW, which manifests the effect of the discounting
factor e~Fa-(hi{+h3)  Tn the forward direction, the ISW dominates, which
falls off at around 65 = 60°, yet in a much moderate manner (it is 10 dB
higher than the LSW in TSM at 6s; = 80°). Along with the slightly
higher SSW, T3SM is in almost perfect agreement with the MoM.

In view of the above observations, we are prompted with the

)/vs in the GO expression for small rms
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Figure 5. Component waves contribution to bistatic scattering.
C band. Incidence angle: 20°. Wind speed: 3m/s. HH polarization.
(a) TSM, and (b) T3SM.
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Figure 6. Bistatic scattering comparison of TSM with numerical
integration for LSW with MoM. H H polarization. Incidence angle:
20°. Wind speed: 3m/s. (a) L band, and (b) C band.

conjecture that the first order SPM is adequately accurate, and that
the discrepancy of TSM with MoM mainly stems from the inadequate
accuracy of GO. For this purpose we evaluate the Kirchhoff integral
for LSW, that is, the integral appearing in (1), numerically rather than
using GO approximation in the TSM. The results are shown in Fig. 6
for HH polarization at C and L bands, corresponding to Fig. 1(a) and
Fig. 3(a). The almost perfect agreements verify the conjecture.
Further comparisons at higher bands are shown in Fig. 7 for Ku
band and Fig. 8 for Ka band at the small wind (3m/s) and HH



530 Luo and Du

10

MoM

0

-10

-20

-30

-40

Bistaticscattering Coefficient (dB)
Bistaticscattering Coefficient (dB)

-50

60 . . . .
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
Scattering Angle (9 Scattering Angle (9

(8) Ku band, Horizontal polarization () Ku band, Horizontal polarization, numerical

Figure 7. Bistatic scattering comparison. Ku band. Incidence angle:
20°. Wind speed: 3m/s. HH polarization. (a) TSM and T3SM.
(b) TSM with numerical integration for LSW.
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Figure 8. Bistatic scattering comparison. Ka band. Incidence angle:
20°. Wind speed: 3m/s. HH polarization. (a) TSM and T3SM.
(b) TSM with numerical integration for LSW.

polarization. It is seen that the T3SM is always in perfect agreement
with MoM, while the TSM can be in perfect agreement as well if the
LSW contribution is numerically evaluated. The same observations
apply to V'V polarization as well.

For moderate or high wind speed (10m/s or 15 m/s, respectively),
the same observations apply, although the improvement of TSM via
the numerical integration over the GO for LSW is not as large since it
is found that TSM (with GO) tends to perform better at higher wind
speed.
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It is appropriate here to stress the point that TSM via the
numerical integration, although shows impressive improvement over
its analytical counterpart TSM (with GO), is not yet the panacea
for the analysis of ocean scattering even in the case of 1-D surfaces.
For instance, at L band, small wind (3m/s), and 40° incidence angle,
Fig. 9 shows that the numerical TSM is in visible discrepancy with
MoM at 6, = 80°. This discrepancy cannot be simply suppressed
by the inclusion of shadowing effect, since its V'V result is already
underestimated near this angle.

10

T T T T T T 10 T T T T T T
MoM | | | | | MoM | | | | |
—©— Three Scale Model ! ! L ! ! sH —©— Three Scale Model L A
o ol —&— Two Scale Model ! ! ! o —&— Two Scale Model T . N v .
3 ==A== Two Scale Model (num)| c) ==A-= Two Scale Model (num)| ,
e e OF ~-tmm A4 e m ke — = —1- [ —
o o ! !
S -10 8
£ = S O
8 8
o 20 o F10) NP U DU R SR N
o - o - | i i | j | i i |
= = I I I I I I I |
[} 9] X
% %'15”\”’7”’\’”’\’ L e R R -
S -30 S I I I I I I I i
2 2 I I I I I I I |
= S 20F-m- - g - - - m--a---r-- A
I i)
© .40 k%] | | | | | | |
o R S e S
I I I I ! I I I I
-50

. . . . . . I . I 30— I . . . . . . .
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80

Scattering Angle (9 Scattering Angle (9
(@) Horizontal polarization (b) Vertical polarization

Figure 9. Bistatic scattering comparison. L band. Incidence angle:
40°. Wind speed: 3m/s. (a) HH, and (b) VV.

4. CONCLUSIONS AND DISCUSSIONS

For bistatic scattering from 1-D ocean surfaces, we have carried out
a systematic assessment of the performance of the popular TSM and
its advanced version, namely, the T3SM, under different conditions of
ocean surface wind speeds, polarizations, frequencies, and incidence
angles. It is found that with the cut-off wavenumber set as k/2 cos(6;),
the TSM model in general captures the bistatic scattering pattern,
yet the accuracy of GO for the large scale wave brings considerable
impact on the overall accuracy. The GO results fall off faster than
its numerical counterpart (which is integrated numerically for the
corresponding Kirchhoff integral), leading to observable discrepancy
with MoM around the KA-SPM transition region of the scattered
angles (Figs. 1 and 2). Further away from the GO peak, the first order
SPM is found adequately accurate, hence the agreement between TSM
and MoM is good. These features can be more readily observed when
the incidence angle is in the range [10°, 50°]. If the evaluation of the
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contribution of the large scale wave is instead using direct numerical
integration for the Kirchhoff integral, impressive improvements are
frequently observed, especially at low frequency (L and C bands) and
low wind speed (3m/s) (Fig. 6). But care should be taken when apply
TSM with numerical integration, since there are cases where visible
discrepancy with MoM are observed (Fig. 9).

On the other hand, T3SM is found in very good agreement with
MoM across the considered ocean surface wind speeds, polarizations,
frequencies, and incidence angles, hence represents a much advanced
model over TSM.

Kasilingam and Shemdin [30] reported the existence of a maximum
allowable wind speed for the composite surface model. For instance, at
X-band and 25° incidence angle, the wind speeds cannot exceed 12m/s
for the composite surface model to be sufficiently accurate. And for a
given incidence angle, the maximum allowable wind speed decreased
with increasing frequencies. The current study does not suffer from
the limitation on wind speed, hence the limits might be considered as
an artifice of the choice of cut-off wavelength.

The radar cross-section of the ocean surface can be modulated
by long surface waves and internal waves. The direct modulations
include tilt modulation and the hydrodynamic modulation of the short
waves, whereas an indirect modulation is due to the hydrodynamic
modulation of the intermediate waves by the long waves. Tilting
modulation leads to a change in the local incidence angle. The
hydrodynamic modulation is prevalent mainly in the region where
Bragg scattering predominates over specular scattering [30]. The
current understanding of hydrodynamic modulation is still incomplete.
For instance, when trying to include the indirect modulation (the
“cascading modulation”), Plant found that the resultant modulations
were much too large and frequently yielding negative spectral densities
for the small waves [7]. For this reason we have chosen a minimalistic
stand in this study by considering only the tilting modulation.
However, the very good agreement of the composite surface models
with MoM, in particular the T3SM model, across a wide range of
sensor and sea state conditions, can be regarded as a pleasant surprise.
The interpretation of the role of hydrodynamic modulations in the
composite surface models, whose absence seems not bear much impact
on the predictive power of these models, is a topic beyond the scope
of this paper.

The insight furnished from 1-D study is certainly of value to the
full 3-D surface scattering problem, sometimes with striking similarity
between 1-D and 2-D results [31], yet caution should be taken when
attempting to extrapolate the 1-D behaviors to 2-D cases.
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APPENDIX A. ELFOUHAILY SPECTRUM

The original expression of the Elfouhaily spectrum was given in [25].
However [32] noticed that an additional term should be added. The
spectrum employed in this study is as follows.

SEL(k):(BL+BH)/k3 (Al)

where B, = apFpc(ky)/2c(k), and By = o Finc(km)/2c(k). The two
inputs are the wind speed at elevation of 10m U(10) and inverse wave
age Q ~ U(10)/c(kp), which depend on phase speed c(k) and spectral
peak wavenumber k,. Other parameters are defined as follows:

ap = 0.006QY2,  k, = ¢Q2/U(10)%, g =981,
c(k)=[g(1+K2/k2) /K], ko = 370m™
F,=9"exp [—5(kp/k)2/4] exp{ [( ky/k) 1/2 }/\ﬁ}

% 084<Q<1
TT\17+6log(Q) 1<Q<5

I = exp {_[(k/kp)w - 1}2/202} , 0=008(1+4/Q%,

L+ Infu/c(km)]  u<c(knm)
am:001{1+3ln[u/c(krm)] u>c(km)

Cio = (0.8 + 0.065U (10)) x 1073, w = C}/*U (10),
Fm:exp[ (kp/k) /4}exp{ (1—Fk/kn) /4}

Wind speed U(z) at the different elevation z in meters can be related
by friction velocity u.:

Uy z
1 A2
U@ =gy () (A2)
where zg = &0000884 4 .00428u2 — 0.00443.
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