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ABSTRACT Ocean waves have long been a research topic, and numerous formulas of the ocean wave
spectrum have been widely developed to provide new prospects for ocean experiments and the advancement
of radar probing. Nonetheless, the wave spectra developed by researchers fall short of the standards set
by remote sensing specialists, mainly due to the limitation of capturing the surface roughness influenced
by both short and long waves, prompting ongoing efforts to develop a model covering a diverse scale of
wavenumbers in the absence of a generally recognized reference formula. In response, a standard two-scale
formulation of wave frequency spectra (WFS) was introduced, where wave height and spectral peak period
are determined by sea state. The proposed composite WFS holds the potential to incorporate directional
spreading, contributing to the angular distribution of ocean wave energy in the form of directional WFS,
making it applicable for ocean modeling. In an effort to investigate directionality effects, an array of
well-established spreading functions, including cosine-squared, half-cosine 2s, parameterized half-cosine
2s, hyperbolic secant-squared, and composite structured functions, has been developed here for numerical
modeling of random ocean media (ROM) surface roughness and synthesized for their spectral scattering
distribution mode, encompassing scattering pattern, scattering orientation, and fractal roughness properties.
Nonetheless, the generated ROM models, each varying due to inherent limitations in directional WFS for-
mulation and numerical approximations, demonstrate indeterminacy and unpredictability in surface features,
posing challenges for accurately synthesizing ROM roughness patterns. These challenges intensify under
varying sea states and different directional WFS formulas, leading to a situation where no single synthesized
composite ROM model consistently outperforms the others, rendering them imprecise frameworks for
analyzing roughness patterns and investigating texture electromagnetic interactions within the realm of
remote sensing. As an approach, a pattern-sensitive fusion method is proposed, employing a multi-scale
transform domain (MTD) fusion scheme that leverages the learning potential of a deep super resolution
network. The objective is to fuse the reconstructed ROM roughness models, generating an optimal roughness
while maintaining their scattering pattern, scattering orientation, and dominant directionality, pivotal for
texture consistency and, consequently, the backscattering properties from the synthetic aperture radar (SAR)
viewpoint. To validate the reliability of ROM modeling and its roughness synthesis, including the texture
fusion and raw data generation, a comprehensive objective quality assessment technique is utilized. These
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assessments demonstrate the complete consistency of the simulation results with the underlying spectral theory,
highlighting their potential contribution to projects related to ocean radar probing and remote sensing.

INDEX TERMS Directional wave frequency spectrum, fractal fusion, random ocean media, sea state, synthetic
aperture radar.

I. INTRODUCTION
The description of an ocean surface roughness, includ-
ing asymmetric surface effects, has been studied both
theoretically and experimentally [1], [2], [3]. To a first
approximation, an ocean surface can be considered as a lin-
ear superposition of statistically independent time records
of free waves described by their energy spectrum [4], [5];
however, the non-linearity of wave interactions [6], such
as surf beats [7], wave breaking [8], and energy trans-
fer between wave components [9], which are important in
later stages of wave development and determine the equi-
librium state [10], [11], could not be accounted for [12],
[13], and [14]. Therefore, statistical formulations utilizing
high-order energy cumulants of the scattering process in
the presence of wind-waves have been used to describe the
continuous interactions and energy exchanges, comprising
the ocean and atmosphere, hereinafter referred to as random
ocean media (ROM) [15], [16]. The analysis of the ROM
energy momentum phenomenon involves complex variables
and necessitates considerable idealizations, which can be
done in one of two methods [17]. The first method is a
dissipative mechanism that considers the breaking of free
surface waves through energy exchange between the atmo-
sphere and the ocean [18], while the second method involves
wind-driven surface synthesis based on spectral scattering
mechanisms [19]. The two methods take distinct approaches,
and the relative precedence of spectral and dissipative mecha-
nisms in the evolution of ROM is uncertain [20]; however, the
spectral approach tends to broaden the directional spread of
wavefield scattering and aids in the prediction of energy frac-
tion induced by modulation effects at the atmosphere-ocean
interface, whereas dissipation does not [17]. Taking this into
account, and given the random nature of wind-generated
waves, focusing on statistical scattering properties of wave-
field has been deemed a suitable approach for studying the
evolution of ROM [21], [22], [23], [24], [25], [26]. Within
this context, there is a wealth of formulations detailing wave
frequency spectra (WFS) that describe ocean wave energy
scatterings, contributing to the description of ROM [27], [28],
[29], [30], [31]; nonetheless, due to time-evolving oceanic
conditions, the full range of wavenumber investigation
remains unreconciled both theoretically and empirically [32],
[33], necessitating a broad range of spectral synthesis based
on physical oceanic conditions to address ROM’s spatiotem-
poral scattering characteristics [34], [35], [36].
In essence, the spectral scattering formulation of ROM

can be divided into two categories, namely approximate
experimental formulations and numerical methods [35], [37].
Experimental methods are of great significance in numerous

studies as they offer physical insights that cannot be solely
provided by the theory of wave scatterings [38], demonstrat-
ing the impact of surface parameter variations on scattering
properties [39], [40]. However, the major drawbacks of these
empirical formulations lie in their absence of domain cate-
gorization and limited evaluation scenarios [41], [42], as no
field experiments have been conducted to measure the entire
wavelength range to date and there is no widely accepted
WFS formula that covers the entire domain [43]. To address
these limitations and offer validations, numerical methods
covering a wide range of wavelengths have been introduced,
each focusing on solving a specific problem [44], [45], [46],
[47]. However, given the approximate nature of all numerical
methods [48], the modeling procedure must strike a bal-
ance between accuracy, complexity, and dimensionality [49].
Specifically, for reliable numerical modeling of ROM, it is
crucial to effectively characterize the stochastic scattering
properties of these nondeterministic media by incorporating
a statistical distribution of spectral components that reflects
the trade-off between approximation and dimensionality [30],
[39], [42], [46], [47], [48], [49], [50], [51]. In this context,
numerical models are utilized to explore the distinctive phys-
ical characteristics of ROM, particularly in surface roughness
patterns, a phenomenon challenging to fully replicate through
experimental formulations, especially amidst wind-waves
and specific oceanic conditions, commonly referred to as
sea states [44], [45], [46], [47], [52], [53], [54]. As a result,
numerical modeling of ocean surface roughness involves
analyzing spectral scattering contributions from the ROM’s
physical state and dynamics [30], [55], characterized by the
statistical distribution of WFS under various sea states [37],
[55], [56], [57], determined by wind speed and direction [52],
[55], [58], [59], holding scientific significance, especially in
ocean probing [59], [60], [61], [62].

It is worth noting that, despite anecdotal evidence either on
the sole use of numerical methods or on data interpretations
of ocean surface [38], [40], [47], [56], [58], [62], [63], [64],
[65], a survey article addressing the numerical modeling of
ROM roughness and its structural interpretation [66], [67],
with a focus on the stochastic distribution of WFS under
varying sea state conditions, has yet to be a published. More
specifically, although most studies have focused on the phys-
ical formulation of WFS [64], [68], [69], [70], addressing
specific problems in distinct domains primarily using either
1D formulas or 2D simulations [71], [72], [73], there is
currently a gap in the literature regarding a comprehensive
survey on the 3D modeling of ROM through WFS synthesis
and the analysis of roughness patterns in response to sea
states [37]. In this context, the WFS formula proves more
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effective in a two-scale format, referred to as a composite
spectrum [74], incorporating major ocean wave modulation
effects [37], wideband resonant modulation impacts [37],
[63], and associated filtering effects [63], all crucial for
determining the spectral distribution and the structural inter-
pretation of the ROM [75], [76]. Thus, conducting a survey
on modeling of ROM using two-scale WFS has the poten-
tial to offer valuable insight into the physical and structural
properties of the ocean surface, with implications for various
ocean remote sensing interpretations [25], [26], [43], [48],
[50], [54], [58], [59], [60], [61], [62], [64], [65], [73], [74],
[77]. Moreover, by incorporating these roughness profiles
into synthetic aperture radar (SAR) observations [60], [73],
[78], [79], investigating their textural properties [77], [80],
[81], and analyzing relevant backscattering properties [82],
[83], [84], [85], valuable results can be obtained through com-
posite ROM models that have yet to be reported in existing
literature [20], [25], [35], [37], [43], [48], [49], [52], [53],
[54], [55], [56], [57], [58], [59], [61], [62], [63], [64], [70],
[74], [75], [76], [77], [78], [79], [80], [83], [84], [85], [86],
[87], [88], [89], [90], [91], [92], [93].
In the context of remote sensing and numerical modeling

for composite ROM surface roughness, Elfouhaily et al. intro-
duced a unified WFS accurately depicting gravity-capillary
wave curvature dynamics as measured in the field [94], align-
ing with the high-frequency regime analytical format [91],
[93], [94], and yielding wind-dependent results through the
integration of the wave slope spectrum [95], [96], [97],
[98]. Importantly, their two-scale WFS functions as a uni-
fied curvature spectrum in the wavenumber domain [37],
[74], incorporating wave age dependence in both long and
short wind-waves, and indicating aligned wind and wave
directions [94], [99]. This suggests that the formulated WFS
considers physical oceanic condition, breaking dissipations,
frictions, and nonlinear interactions [100], resulting in a
finite-depth asymptotic condition that offers valuable insights
into wind-wave generation and energy distribution [100],
[101]. In the context of this highly dynamic medium, wind-
waves exhibit multidirectional randomness and gain energy
with increasing wind speed, duration, and fetch size [102],
leading to the alignment of the peak wave direction with
the wind direction and subsequent alterations in the distri-
bution of energy [103]. This underscores the importance of
the angular distribution of ocean waves within the realm of
wave kinematics [104], characterizing the directional spread-
ing of wave energy and emphasizing the influence of sea
states on angular wave distributions, commonly known as
angular spreading [83], [84], [103]. Therefore, further anal-
ysis is required to investigate the directional distribution of
Elfouhaily’s WFS [74], [99], [105], with a specific focus on
directional scatterings in the form of directional WFS [106],
[107], [108], resulting from the product of the Elfouhaily’s
spectrum and an angular spreading function [102], [105],
with the spreading function available in various forms [43],
[109], [110], [111], [112], [113].

As an approach, this survey aims to explore a forward
statistical surface roughness modeling of ROM using a series
of well-established spreading functions in conjunction with
the Elfouhaily’s two-scale WFS, hereinafter referred to as
directional two-scale WFS, to synthesize composite ROM
surface roughness under varying sea state conditions [114],
[115], [116], which have yet to be reported [6], [15], [23],
[25], [30], [43], [44], [49], [52], [55], [56], [57], [58],
[59], [63], [65], [81], [99], [102], [108], [113]. To achieve
this, the wavenumber-domain is employed to express ROM
scattering characteristics, incorporating frequency-dependent
components derived from time-evolving sea states [94]. This
approach captures the maximum impact of hydrodynamic
modulations and atmospheric instabilities arising from wind-
wave interactions [43], [53], while also emphasizing the
contribution of shear and divergence of surface currents
as directional roughness features, especially in the pres-
ence of wind fields [9], [59], [117], [118]. Building upon
the composite roughness modeling as a function of direc-
tional WFS, the reconstructed ROM models are further
analyzed by characterizing their surface height profiles to
account for variations in sea states, including changes in
wind speed and deviations in wind direction [52], [62],
[118], [119], [120], [121]. This analysis provides valuable
structural insight into ocean hydrodynamics and directional
wind-waves scatterings, which are of significance for radar
probing, particularly SARs [120], [121], [122]. The survey
extends beyond ROM modeling, encompassing the synthesis
of ocean surface roughness and its electromagnetic inter-
actions, with a specific focus on the intricate dynamics of
texture structures as manifested through scattering patterns,
scattering orientations, and variations in wave height details,
known as roughness fluctuations [43], [48], [50], [63], [66],
[77], [82], [91], [92], [113], [118], [121], [123]. Given the
dependency of directional WFS formulation on both spread-
ing function and its boundary conditions, which includes
the effects of sea states [84], [108], [112], no ROM model
generated thus far outperforms others in terms of representing
reference roughness pattern and texture characteristics [45],
[49], [56], [63], [65], [77], [88], [89], [93], [99], [103], [108],
[113], [117], [120]. To address this limitation, a multi-scale
transform domain (MTD) fusion method is proposed [124],
[125], [126], [127], incorporating a convolutional neural net-
work (CNN) [128], [129], enabling the reconstruction of a
fused roughness model independent of spreading functions
as a reference ROM [50], [80], [103], [129], and facilitating
the generation of an optimized SAR raw data [59], [60], [73],
[74], [77], [80], [83], [84], [85], [86], [87], [93], [106], [107],
[119], [121].

To the best of the authors’ knowledge, this survey presents
an end-to-end approach to SAR remote sensing of the ocean,
incorporating a composite roughness modeling of ROM
based on directional two-scale WFS formulation under vary-
ing sea state conditions that has yet to be reported [9],
[29], [30], [37], [44], [45], [46], [52], [55], [59], [61], [63],
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[65], [74], [80], [87], [91], [92], [99], [106], [113], [114],
[115], [117]. It encompasses a range of surveys, including
numerical modeling of ROM, synthesis of surface texture,
analysis of roughness patterns and fractal fluctuations, inves-
tigation of SAR texture electromagnetic interactions, and the
generation of an optimal reference roughness model. The
proposed approach reduces the reliance on ocean empiri-
cal approximations and field observations [11], [35], [38],
as well as the limitations of formulations [6], [22], such as
dimensionality [30], [50], [55], large-scale formulations [3],
[41], modulation effects [53], [68], [74], stochastic distribu-
tions [19], [42], [76], and wavenumber complexities [36],
[47], [101]. In a broader context, this research extends the
groundwork laid by [9], [12], [24], [25], [26], [27], [29],
[30], [34], [37], [42], [46], [48], [49], [50], [55], [56], [57],
[58], [59], [60], [61], [62], [64], [65], [67], [68], [73], [74],
[75], [76], [77], [78], [80], [82], [86], [87], [91], [92], [93],
[94], [96], [98], [100], [103], [106], [113], [114], [117],
[119], [121], [124], [125], [126], [127], [128], [129], [130],
and [131], addressing gaps in the modeling of composite
ROM, synthesis of texture in response to sea states, and inves-
tigation of directionality effects through spreading functions
implementation. Moreover, the survey introduces an opti-
mal reference ROM model generation through MTD fusion,
employing CNN, and investigates its impacts on the backscat-
tering profile, followed by objective assessment.

This paper is organized as follows. In Section. II the con-
cepts and formulations of omnidirectional two-scaleWFS are
discussed, including simulations comparing it to conventional
WFS at different wind speeds. Section. III, focuses on the
directional approach toward WFS formulation, specifically
highlighting the implementation of a directional two-scale
WFS through a series of well-known spreading functions.
Section. IV covers the numerical modeling procedure for
ROM, while Section. V presents simulation results for the
introduced directional WFS functions under varying sea
state conditions. Furthermore, this section investigates the
structural properties of texture in relation to directionality
effects, analyzing aspects such as scattering pattern, scatter-
ing orientation, and fractal roughness fluctuations. Section.
VI, highlights the importance of a reference ROM model
and introduces the concept of optimal roughness MTD
fusion using CNN, followed by and inverse problem solu-
tion for extracting SAR electromagnetic interaction profiles,
supported by simulation results and objective verification
scenarios. In conclusion, Section. VII offers the concluding
remarks for this survey article.

II. OMNIDIRECTIONAL TWO-SCALEWFS CONCEPT AND
APPROACHES
Due to the lack of a unified and widely recognized wave
model [89], ocean WFS is marked by a variety of forms,
each showing notable discrepancies due to the utilization of
different scattering formulations [43]. Consequently, it is cru-
cial to reevaluate and replace arbitrary parameters with fixed
values to improve the spectral response [103], facilitating the

developments of a more unified scattering formula capable
of accommodating both long-wave and short-wave curvature
spectrums in parallel [89]. To address this, the application of
a two-scale WFS formulation, which can be easily extended
to incorporate angular energy distribution across varying sea
states, holds significant importance [103]. In this context,
Elfouhaily’s formula, which integrates two spectral regimes,
has been introduced [74], [87]. To discern the unidirec-
tional spectral dependency on angular distribution [109],
[110], [111], [112], [113], the formulated WFS incorporates
a matching angular spreading function [43], [94]. This allows
for effective evaluation of the directional characteristics of the
wavefield within the fetch [16], resulting in a unifiedWFS for
modeling [53], [94]. Hence, this section will delineate the for-
mulation of the Elfouhaily’s two-scale WFS, encompassing
its key components, including the long-wave and short-wave
curvature spectrums.

A. LOW-FREQUENCY CURVATURE SPECTRUM
The low-wavenumber components of the two-scale WFS,
which represent long-waves with wavenumbers up to
10 times the spectral peak kp, are expressed as [94], [132]:

Bl= 0.5αp
cp
c
Fp (1)

where, αp is the generalized equilibrium range parameter for
long-waves that is dependent on the dimensionless inverse
wave age parameter � [10], [133], c is the wave phase speed,
cp = c(kp) is the phase speed at the spectral peak or the
dominant long-wave, and Fp is the long-wave side effects
function as follows:

Fp = LpJp exp
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σ = 0.08
[
1 + 4�−3

c

]
(10)

where, Lp represents the shape spectrum, Jp is the peak
enhancement factor, U10 is the wind speed at 10m above
the ocean surface, and θ̄ denotes the mean wind direction,
indicating the alignment between the wind and the dominant
waves at the spectral peak. The third term in (2) accounts
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for a wind-generated wavefield property, serving as an addi-
tional cutoff that limit the energy-containing part of the
spectrum to less than 10kp [134]. As a result, the curva-
ture spectrum oscillates at 10kp [96], indicating that steep
mechanically generated waves produce parasitic capillary
waves in the absence of wind [134]. This highlights that long-
waves, referred to as low-frequency curvature spectrum, are
dependent on wave-age and fetch [94]. Consequently, the
dimensionless significant wave height can be calculated as
a function of fetch, particularly the long fetch, which aligns
with other spectral models such as Pierson-Moskowitz (PM)
[32], [57], [135].

B. HIGH-FREQUENCY CURVATURE SPECTRUM
Since the spectral form appeared to be independent of
the fetch in the gravity-capillary range [136], [137],
the short-wave curvature spectrum, representing the
high-wavenumber components of the two-scale WFS, can be
expressed as [138]:

Bh = 0.5αm
cm
c
Fm (11)

αm =

{
10−2 [

1 + ln
(
u∗

/
cm

)]
, u∗ < cm

10−2 [
1 + 3ln

(
u∗

/
cm

)]
, u∗ > cm

(12)

where, αm represents the generalized equilibrium range
parameter for short waves in the two-regime, which depends
on the dimensionless parameter (u∗

/
cm), where u∗ denotes

the friction velocity at the surface, and cm represents the
minimum phase speed at the wavenumber km associated with
a gravity-capillary peak in the spectrum, defined as:

cm =

√
2g

/
km (13)

where, g denotes the acceleration due to gravity, and Fm
in (11) stands for the short-wave side effect function, and can
be expressed as:

Fm = exp

{
−0.25

[
k
km

− 1
]2}

(14)

The exponential factor in (14) addresses both the vis-
cous cutoff and the gravity-capillary wave bandwidth. The
logarithmic behavior of αm in the bimodal formulation is
influenced by the ratio of wind friction velocity to wave
phase speed [139], indicating the comparable importance of
spectral flux divergence, wind input, and dissipation in shap-
ing the short-wave spectrum. Specifically, wind energy input
primarily occurs at scales with concentrated energy, whereas
dissipation becomesmore significant at higher wavenumbers.
This interaction between input and dissipation influences the
growth rate and formation of the short-scale spectrum, mak-
ing a transition from hydrodynamically smooth to rough flow
as small-scale wave breaking intensifies, ultimately leading
to a noticeable saturation of the curvature spectrum at high
speeds [140].

FIGURE 1. Wavenumber simulation of the Elfouhaily’s two-scale WFS
based on different wind speeds from 10 m/s to 20 m/s with a 2 m/s step
(a) low-frequency curvature spectrum (b) high-frequency curvature
spectrum (c) elevation spectrum.

C. OMNIDIRECTIONAL TWO-SCALE WFS APPROACH
When a steady wind persists over a long fetch of deep water,
it gives rise to an equilibrium wave spectrum that mirrors the
Maxwellian distribution of velocities in a uniform medium,
representing a state of maximum entropy [43], [141], and
facilitating the development of a WFS formulation [142].
However, achieving a fully consistent WFS across the entire
wavelength range is idealistic and constrained by the lim-
itations of time, location, and methodology, which hinders
the development of a coherent formula [43]. To address this,
an omnidirectional two-scale WFS is introduced [94], pro-
viding a unified algebraic representation of ROM spectral
scatterings, which resulted in achieving satisfactory agree-
ment with data in hydrodynamic and energy scatterings,
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as follows [94], [103]:

S (k) = k−3 [Bl + Bh] (15)

where, S (k) denotes the elevation spectrum, with subscripts
l and h indicating low and high-frequencies respectively,
and B referring to the corresponding curvature spectra. It is
important to highlight that the wavenumber representation
of S (k) exhibits physical consistency, aligning with the
minimum phase speed at which the combined impacts of
wind-induced hydrodynamic and aerodynamic modulations
by longer waves exert the most significant influence [53].
This also enables the spectrum to account for wind and
frequency variations in wave scatterings [143], indicating that
the curvature spectra and the formulated elevation spectrum
are adept at capturing wave height variations while being
influenced by wind speeds [103]. The simulation results in
Fig. 1, depicts the spectral components of Bl,Bh, and the
resultant two-scale S (k) over a wide range of wavenum-
bers based on different wind speeds. As can be deduced,
Fig. 1(a) illustrates the spectral components of Bl , which
are impacted by wave-age and fetch, resulting in a spectrum
divergence as both wavenumber and wind speed increase.
This divergence is accompanied by the appearance of a
dominant peak corresponding to the highest energy wave
frequency, typically characterizing the energy distribution of
larger, slower-moving waves [94]. Similarly, in Fig. 1(b), the
high-wavenumber components of Bh are shown, exhibiting
a predominantly consistent pattern at high wavenumbers,
accompanied by a distinct saturation of the curvature spec-
trum under high wind speeds [103]. These wave components
tend to display sharper and more tightly spaced features
within the spectrum, which is a critical factor for captur-
ing fine details and roughness fluctuations in wave height
patterns, particularly in response to strong winds and shorter-
period waves [94].

Accordingly, Fig. 1(c), representing the algebraic
two-scale presentation of WFS, offers insights into the
characteristics of the elevation spectrum in (15), indicat-
ing wave growth and energy dissipation in the presence of
extreme wind conditions, particularly at high wavenumbers.
The results affirm the effectiveness of composite formula-
tion for wave regimes in capturing features across a wide
range of scales influenced by wind speeds. They emphasize
the intertwined impacts of both the long-wave spectrum
characterizing fetch-limited wind waves and the short-wave
spectrum representing capillary-gravity waves, with the
dynamics of these components intimately coupled [103].
In other words, the validity of two-scale WFS extends across
the entire wavenumber ranges, capturing diverse interactions
between wind and waves at both low and high wavelengths in
all directions, thus referred to as the unified omnidirectional
two-scale WFS.

While two-scale S (k) excels at capturing intricate ROM
details and their complex interactions between wind and
waves across a wide range of wavelengths, not all WFS for-
mulations possess the same level of detail. For instance, the

FIGURE 2. Wavenumber simulation of the Pierson-Moskowitz WFS based
on different wind speeds from 10 m/s to 20 m/s with a 2 m/s step.

PM model, another widely recognized formulation, mainly
characterizes the spectrum of fully developed wind-generated
waves using a uniscale spectral structure of [144]:

S (k) =
α

2πk4
exp

{
−

(
βg2

k2U4

)}
(16)

where, S (k) represents the PM spectra, with constants
α =0.008 and β= 0.74, andU represents the wind speed. It is
important to note that the PM spectrum relies on particular
idealizations and assumptions related to wave behavior, valid
under the steady wave conditions with constant wind speed
over a specific distance, primarily driven by local winds,
and without significant interactions with the ocean. These
constraints potentially limit its ability to accurately represent
complex ocean wave modulations in intricate sea conditions
characterized by highwind speeds, crucial for capturing wave
interactions and the fine details of wave patterns. Figure. 2
demonstrates the PM wave frequency spectra over the same
wavenumber domain as used in Fig.1. As can be inferred from
the results in Figs. 1 and 2, both spectral models display a
concentration of energy around their respective peaks, with
a rapid decrease in energy as one moves away from the
peak of the spectrum [140]. As the wind speed increases,
the spectrum experiences a gradual increase in its peak, and
this increase occurs at smaller wavenumbers. This trend sug-
gests that with higher wind speeds, the energy within the
wave spectrum intensifies, becoming more focused on longer
waves characterized by long wavelengths [43]. In the high
wavenumber domain, the PM spectrum remains relatively
stable, showing minimal deviations as wind speed increases.
In contrast, the two-scale spectrum experiences an increment
in the energy of its short-wave components as wind speed
rises. This suggests that the Elfouhaily WFS is built upon
the foundation of the PM, with additional influence of the
short-waves being incorporated into the components [140].

Furthermore, within the low-wavenumber range, both the
two-scale spectrum and the PM spectrum exhibited lim-
ited variations as wind speed increased. However, in the
high wavenumber domain, as the wind speed increased,
the energy of the short-wave components in the two-scale
spectrum progressively intensified and shifted towards larger
wavenumbers, indicating its capability in capturing a more
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FIGURE 3. 1D ROM surface roughness profiles under different wind
speeds ranging from 10 m/s to 20 m/s with a 2 m/s step based on the
(a) Elfouhaily two-scale WFS (b) PM spectrum.

extensive set of ocean wave height information compared
to the PM spectrum [140]. In essence, the two-scale spec-
trum is regarded as a more comprehensive wavenumber
spectrum, capable of accommodating a broader range of
wave scattering information in high wind speed conditions.
This makes Elfouhaily’s model suitable for ROM rough-
ness profile extraction, representing diverse sea wave types
and wind speeds, while the PM spectrum consistent spectral
shape and limited sensitivity to short-wave variations in the
high-wavenumber domain make it less accurate for repre-
senting complex oceanic conditions characterized by high
wind speeds [140]. This distinction is particularly notable
in applications related to ROM radar observations and the
study of fine roughness details [43], [92]. To further explore
this, simulations and evaluations of ROM surface roughness
profiles were conducted based on the two-scale WFS and the
PM spectrum under the wind speed conditions depicted in
Figs. 1 and 2. The results presented in Fig. 3 depict ROM
surface profiles formed through the superposition of wave
harmonics characterized by random phase. Amplitudes as
functions of spatial coordinates were obtained using a numer-
ical simulation approach [37], [46]. This involves filtering
Gaussian random noise in spatial coordinates using the square
root of spectra. The filtered spectrum is then inverse Fourier
transformed to obtain amplitude variations in spatial coordi-
nates. This method ensures that the amplitude information
is represented with respect to spatial coordinates, providing
a more comprehensive understanding of the ROM surface

FIGURE 4. 1D ROM roughness profile comparisons between Elfouhaily
and PM spectrums (a) wave height variance (b) WFS spectral slope.

profiles. Notably, the selection of specific parameters, includ-
ing the capillary peak wavenumber value, fetch constant,
and dimensional fetch value, adheres to the principles of the
two-scale spectrum structure [94]. As can be deduced, each
wind speed level manifests a unique surface roughness profile
characterized by differences in wave heights and fluctuations.

Lower wind speeds yield reducedwave heights and smaller
roughness fluctuations, whereas higher wind speeds produce
larger wave heights with more significant fluctuations. The
provided results are further illustrated in Fig.4, highlighting
surface roughness fluctuations for both the two-scale WFS
and PM spectrum, as well as their average wave heights.
It is evident that higher wind speeds correspond to increased
average wave heights and more significant wave height fluc-
tuations, representing the difference between maximum and
minimum ocean wave heights at that specific wind speed.
This difference is particularly pronounced in Elfouhaily’s
spectrum compared to PM, owing to the heightened energy
of short-wave components in the high-wavenumber domain,
resulting in an intensified and shifted energy spectrum.
The comparison is further supported by the spectral slope
analysis, which consistently shows the two-scale spectrum
surpassing PM at each specified wind speed, with the dif-
ference becoming more prominent as wind speed increases.
In essence, the two-scale formulation results in a rougher
and more complex ROM surface compared to PM at these
wind speeds. This leads to greater ocean wave variance and
roughness fluctuations, making it well-suited for ROM sur-
facemodeling and roughness pattern interpretations in remote
sensing applications [94], [140]. Nonetheless, despite the
two-scale WFS outperforming the PM model, Elfouhaily’s
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spectrum has a limitation in that it does not account for the
directional distribution of significant wave heights based on
wind speeds, known as angular spreading. This constraint
hinders the accurate representation of fine details in sig-
nificant wave patterns, especially regarding WFS skewing.
The omission of directional spreading may overestimate flow
velocities and wave heights, a critical factor that should not
be overlooked [3]. To address this limitation, directionalWFS
formulations incorporating angular spreading functions are
developed, as discussed in the subsequent section.

III. DIRECTIONAL TWO-SCALEWFS CONCEPT AND
APPROACHES
Under steady sea state conditions with wind forcing, ocean
waves generated by the wind propagate in the direction of the
wind vector, with fieldmeasurements indicating that the spec-
tral width is narrowest near the peak frequency and increases
towards higher and lower frequency components [94], [96],
[104], [105], [111]. This spectral distribution pattern is influ-
enced by various physical processes, including wind-induced
energy flux, energy dissipation, and nonlinear interactions,
with their relative contributions varying at different stages
of wave development. Therefore, examining the effects of
wave components concerning sea state and gaining a com-
prehensive understanding of the physical mechanism of wind
wave generation and distribution under these conditions can
improve our ability to estimate ROM structural interactions
and the behavior of wave patterns. As an approach, a relative
algebraic formulation of the two-scale WFS under constant
sea state conditions is considered. This formulation aims
to replicate the directional characteristics of ROM interac-
tions through the utilization of angular spreading functions,
hereinafter referred to as directional two-scale WFS [74],
[96], [103]. The directional formulation incorporates diverse
empirical metrics to achieve satisfactory agreement in both
hydrodynamic and energy scatterings across a broad fre-
quency range, spanning both above and below the peak
frequency [99], [104]. Nevertheless, it is crucial to recognize
that while spreading functions effectively represent the direc-
tional distribution under varying sea state conditions, they
can significantly smear the essential attributes of a wavefield
distribution when wind and waves interact concurrently [96],
[97], [103], [104]. As a result, there is a discernible need for
a more realistic synthesis of directional WFS that establishes
a correlation between the two-scale WFS and the angular
spreading occurring within the fetch, particularly in relation
to ROM surface roughness under varying sea states. This
section, therefore, focuses on the formulation of directional
WFS and angular spreading functions, accompanied by a
series of well-established spreading functions intended for
ROM numerical modeling.

A. ANGULAR SPREADING FUNCITON CONCEPT
By definition, the elevation spectrum can be mathematically
defined as the Fourier transformation of the autocovariance

function of surface displacements as [30], [42], [109]:

9(k)= FT {⟨η (r0) η (r0 + r)⟩} (17)

where, FT is the Fourier transform operator, angle bracket
denotes the ensemble average operator, η represents the sur-
face elevation with zero mean, and r denotes the horizontal
lag over the fetch. To account for the spatial variability of the
spectrum, it is normalized as:

σ 2
η =

〈
η2

〉
=

∫
+∞

−∞

∫
+∞

−∞

9
(
kx , ky

)
dkx dky

=

∫
∞

0
9 (k, ϕ) k dkdϕ =

∫
∞

0
S(k)dk (18)

where, ση is the standard deviation of surface elevations, and
9

(
kx , ky

)
and 9 (k, ϕ) are directional spectra in Cartesian

and polar coordinates, with the wind assumed to be blowing
in the positive x direction, referred to as downwind. There-
fore, the omnidirectional spectrum of S (k) is expressed as:

S (k) =

∫
+π

−π

9 (k, ϕ) k dϕ (19)

In order to separate the unidirectional dependence of the
vector spectrum from the angular spread, one can write [94]:

9 (k, ϕ) =
1
k
S (k) 8 (k, ϕ) (20)

where, ϕ represents the wave direction relative to the wind,
and 8 denotes the spreading function as [18] and [131].
In other words, calculating the directional WFS 9 (k, ϕ)

entails multiplying the omnidirectional spectrum S (k) by an
angular spreading function 8 (k, ϕ), which can take different
forms. Yet, a universally accepted formula for the spreading
function is absent due to idealization and site-specific consid-
erations, necessitating expert judgment for their application.

B. SERIES OF SPREADING FUNCTIONS FORMULATION
This section discusses various recognized spreading func-
tions, all emphasizing directionality. Analyzing these func-
tions allows for a reliable assessment of the directional
characteristics of the two-scale WFS under sea state condi-
tions, aiding in understanding the impact of angular spreading
on ROM roughness.

1) COSINE TYPE
The earliest angular spreading function, known as the co-
sine-squared type, was utilized in the following form [145]:

8 (ϕ) =


2
π
cos2 (ϕ) , for |ϕ| ≤

π

2
0, otherwise

(21)

As the cosine-squared function remains independent of fre-
quency and wind speed, researchers have adjusted exponent
values and coefficients to modify directional spreading,
including variations such as the cosine-fourth function, while
ensuring adherence to the following condition:∫ π

2

−
π
2

8 (ϕ) dϕ = 1 (22)
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Later, a generalized form of the cosine-squared distribution,
known as the cosine k-power distribution, was developed to
offer a broader range of directionality as [145]:

8 (ϕ) =


0 (k + 1)

2k02
(
k+1
2

)cosk (ϕ) , for |ϕ| ≤
π

2

0, otherwise

(23)

where, 0 is the Gamma distribution function. Both the
cosine-squared and cosine k-power functions, originally used
for the half plane of |ϕ| ≤ π

/
2 to represent waves, encounter

limitations in field experiments where wave components can
extend beyond this range, thus limiting their applicability.

2) HALF-COSINE 2s-POWER TYPE
To cover the entire direction range of 0 ≤ϕ ≤ 2π , the half
cosine 2s-power function 8 (f , ϕ) was introduced, facilitat-
ing estimation of the angular extent of energy distribution
within each frequency band, as follows [145]:

8 (f , ϕ) = N (s) cos2s
(

ϕ − ϕ0

2

)
(24)

N (s) =
22s

2π
02 (s+ 1)
0 (2s+ 1)

=
1

2
√

π

0 (s+ 1)
0 (s+0.5)

(25)

where, f represents the wave frequency, s is the spreading
parameter, and N (s) is a normalizing function that ensures
the condition of: ∫

8 (f , ϕ) dϕ = 1 (26)

The spreading parameter regulates directional spreading
around the mean wave direction and is derived from buoy
measurements, involving Fourier coefficient calculations.
The half cosine 2s-power function identifies the principal
direction for each frequency band, with narrower directional
spread as the power of the cosine function increases.

3) PARAMETERIZED HALF COSINE 2s-POWER TYPES
To refine the half cosine 2s-power spreading function, addi-
tional parameters have been introduced [109], [137]. For
instance, Mitsuyasu et al. suggested determining the maxi-
mum spreading parameter associated with the peak frequency
of the wave spectrum based on the non-dimensional wave age
parameter, defined as the ratio of wave phase speed to wind
speed, as follows [145]:

sp = 11.5�−2.5
= 11.5

(
U10

/
cp

)−2.5

= 11.5
(
2π fpU10

/
g
)−2.5

, for 0.7 ≤ � ≤ 1.2 (27)

where, cp denotes the phase speed at the peak frequency. They
also extended their estimation and proposed an empirical
formulation describing directional spreading variation with
respect to spreading parameter as [33]:

s
sp

=

(
f
fp

)µ

(28)

where sp represents the spreading exponent at the peak of the
spectrum, denoted as fp, while:

µ =

{
−2.5, for f ≤ fp
5, for f > fp

(29)

Later, investigations explored directional spreading under
conditions of waves generated with veering wind, along
with contributions from swells. Initially adopting the same
parametrization, as reported by Hasselmann et al. [110],
[145], they later proposed a new formulation upon observing
no significant dependence on wave age. In their formulation,
they found that the maximum spread remained constant, its
value contingent on whether f was smaller or larger than peak
frequency fp, as stated below [146]:{
sp=9.77 ± 0.43
µ=− (2.33 ± 0.06)−(1.45 ± 0.45)(� − 1.17)

, for f > fp

(30){
sp = 6.97 ± 0.83
µ = 4.06 ± 0.22

, for f ≤ fp (31)

The values of sp differ notably from Mitsuyasu’s formu-
lation, particularly at high frequencies influenced by wind
velocity.

4) HYPERBOLIC SECANT-SQUARED TYPE
Due to incomplete experimental knowledge and the necessity
to establish correlations between the spreading parameter
and fundamental measurable wave parameters, Donelan et al.
systematically measured directional spread spectrum values
using a buoy array, proposing a hyperbolic secant-squared
function instead of the half-cosine power type as [146]:

8 (f , ϕ) =
1
2
s sech2s[ϕ − ϕ0] (32)

where, in the field data with 0.83 ≤�≤ 4.6, the spreading
parameter s and the mean wave direction exhibit variations
with respect to frequency as follows:

s =


2.61

(
f
/
fp

)1.3
, for 0.56 ≤ f

/
fp ≤ 0.95

2.28
(
f
/
fp

)−1.3
, for 0.95 < f

/
fp < 1.6

10

{
−0.4+0.83 exp

[
−0.56 ln(f

/
fp)

2
]}

, for others f
/
fp
(33)

However, when f
/
fp = 0.95, s= sp indicates that the

directional spreading is narrowest at the peak frequency and
widens both above and below it. Nevertheless, this model
does not incorporate a parameter to capture wave growth.

5) COMPOSITE STRUCTURED TYPE
Spreading functions must exhibit centrosymmetric properties
because the directional spectrum is the Fourier transform
of the bidimensional covariance of real and even surface
displacement [49], [94]. This means that the Fourier series
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expansion of the spreading function consists only of even
harmonics, as follows:

8 (k, ϕ) =
1
2π

[
1 +

∑∞

n=1
a2n cos (2nϕ)

]
(34)

To ensure the centrosymmetric properties, an additional
parameter, 1, representing the downwind-crosswind ratio,
is introduced. This ratio assists in deriving the second har-
monic when truncating the Fourier series expansion of the
angular function, as below:

8 (k, ϕ) =
1
2π

[1 + 1 (k) cos (2ϕ)] (35)

1 (k) =
8 (k, 0) − 8

(
k, π

2

)
8 (k, 0) + 8

(
k, π

2

) (36)

where, 1serves as the coefficient for the second harmonic,
which decreases as the wavenumber increases. To address
interactions between independent long and short waves, it is
assumed that long-waves are aligned with the mean wind
direction under steady conditions, governed by the wavenum-
ber factor kp

/
p ≈

(
c
/
cp

)2 [94]. Considering the natural
involvement of the hyperbolic tangent function from the
cosine function in (34) and its subsequent derivation in (36),
alongside the inclusion of the phase speed ratio, a composite
spreading function is formulated as follows:

1 (k) = tanh
{
a0 + ap

(
c
/
cp

)2.5
+ am

(
cm

/
c
)2.5} (37)

where, the constants a0= 1.4×10−2 and cm= 0.23 are fixed
values, and ap and am are functions of U10

/
cp and U

/
cm,

as mentioned earlier. Worth noting that the 1 ratio in (36)
exhibits a tangential form with a monotonically decreasing
behavior, whereas (37) satisfactorily overcomes these limita-
tions [94].

IV. NUMERICALROM MODELING ROUTINES
Modeling the surface roughness of the highly dynamic
structure of ROM, considering sea state, is vital for address-
ing ocean remote sensing challenges such as momentum
exchange, energy balance, electromagnetic interactions, and
texture interpretation. The surface of the ROM, on the other
hand, is characterized by stochastic scattering properties due
to nondeterministic, time-dependent hydrodynamic interac-
tions that evolve with sea states, emphasizing the importance
of adopting a two-fold approach for accurate roughness mod-
eling. The first aspect of this approach involves implementing
a numerical routine to calculate the scattering of ocean waves
across various temporal and spatial scales using the WFS
scattering formulation. The second aspect entails incorporat-
ing the angular distribution of time-dependent wind-waves,
considering various spreading functions under varying sea
states, to account for the directional characteristics of the
model. To implement such an approach, it is important
to recognize the limitations of commonly accepted rough-
ness modeling criteria, such as root-mean-square, maximum
height, and skewness, which fail to capture the intricate
and time-varying features of ROM across different length

scales due to their scale-dependency. Therefore, it becomes
imperative to adopt a feature-based method that transcends
the constraints of a single or limited length scales. In this
context, incorporating WFS enables the dynamic character-
ization of wind-wave generation across various wavelength
scales, enhancing the precision in depicting the directional
aspects exhibited by the two-scale formulation. This process
involves calculating the elevation information age, indicating
the height from the average plane, by superimposing short-
wave and long-wave curvature spectrums that incorporate
diverse wavenumbers and intensities derived from directional
WFS formulation in a wave number scattering coordinate.
This results in a complex dataset that adeptly portrays the
intricate variations of ROM roughness features across distinct
wavelength scales. Subsequently, the obtained dataset under-
goes Fourier transformation, converting the surface data from
the lateral wavenumber scattering coordinate system into a
function of wave vector frequency.

In order to initiate the ROM modeling and characterize
the wind-wave interactions, it is necessary to establish the
scattering coordinate system, which is represented by a Carte-
sian system. This coordinate system features the XY plane
that corresponds to the fetch with dimensions L×W , while
the Z -axis is oriented upwards, perpendicular to the mean
plane at z = 0. The height, denoted by Z (x, y), represents
the surface elevation in meters at a given spatial location
(x, y) . Under specified sea state, characterized by the wind
speed U and direction ϕ as depicted in Fig. 5, a boundary
condition is adopted to ensure consistency between surface
height and bidirectional spectral distribution. This enables
the transformation of the directional WFS 9 (k, ϕ) into a
Cartesian coordinate system, denoted as9

(
kx , ky

)
, thereby

making it feasible to extract elevation variance information
in physical quantities through superimposition across all
wavenumbers. To provide additional clarity to the coordinate
system, it is specified that theX -direction represent the down-
wind direction, and in this context kx corresponds to wave
samples propagating in that specific direction. Likewise, the
Y -direction corresponds to the crosswind direction, with ky
indicating the crosswind samples in that specific direction.
Accordingly, in the context of a deep-water condition gov-
erned by the gravity wave dispersion relationshipω =

√
gk ,

the magnitude and direction of the spectrum, represented by
k and ϕ respectively, are related to the Cartesian coordinate
samples kx and ky as follows:

k =

√
k2x + k2y (38)

kx = k cosϕ (39)

ky = k sinϕ (40)

where, the associated samples are uniformly distributed at
intervals of1, and the spacing can be determined as:

1x =

{
−
Nx
2

+1, −
Nx
2

+2, · · · ,
Nx
2

−1,
Nx
2

}
1
L

(41)
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FIGURE 5. ROM boundary conditions, surface roughness pattern reconstruction, MTD features fusion and
SAR dataset configuration.

1y =

{
−
Ny
2

+1, −
Ny
2

+2, · · · ,
Ny
2

−1,
Ny
2

}
1
W

(42)

where, Nx and Ny represent the number of samples at which
the spectrum will be calculated.

Worth noting that the conversion of 9 (k, ϕ) to 9
(
kx , ky

)
involves the cancellation of the k factor in (18) by 1/

k
in (20) through the Jacobian calculation, ensuring that the
directional WFS having the same unit of m2

/ (
rad

/
m

)2.
Moreover,9 (+k) ̸= 9 (−k), due to the tendency of
more energy propagating upward at a given frequency. This
underscores the significant role of the directionality effect,
resulting in a higher concentration of energy variance in
waves propagating upward along the ϕ direction compared
to other directions. Incorporating these insights enables the
establishment of ROM directional spectral scattering charac-
terization, facilitating the implementation of two-scale WFS
and subsequent ROM roughnessmodeling. It is crucial to note
that directional WFS encompasses essential statistical prop-
erties related to surface scattering, with spectrum moments
playing a pivotal role in determining quantities like mean
surface roughness. Therefore, when implementing the ROM
roughness modeling routine, careful selection of fetch bound-
ary conditions aligning with theoretical and experimental
principles is essential. This ensures the generation of a dataset
Z (x, y), with Nx and Ny samples, capturing uncorrelated

structural information pertaining to the dominant sea state
in the fetch with dimensions of L and W , obtained at reg-
ular spatial intervals 1x and 1y. Note that the number of
samples, determined by the spatial intervals, directly impacts
model resolution. Thus, selecting ROM resolution involves
a trade-off between accuracy and computational efficiency,
with finer resolutions increasing sample numbers and com-
putational complexity, while coarser resolutions reduce the
number of samples and computational burden.

Taking all of that into considerations, as shown in Fig. 6,
the spectral components of the two-scale WFS are generated
based on the defined Cartesian system and the specified
boundary conditions. These components comprise the high-
frequency Bh and the low-frequency curvature spectrums Bl ,
frame formatted to match the scattering dataset attributes and
sea state. Following this, the omnidirectional two-scale WFS
S (k) is obtained by adding these two curvature spectrums.
Once the composite WFS is formed, the selected directional
spreading function 8 (k, ϕ), which is highly influenced by
wind direction, is formulated and adjusted to align with the
coordinate system. To ensure efficient spreading function
implementation, parallel processing is utilized for accelerated
computation. In the subsequent step, the directional two-scale
WFS 9 (k, ϕ) is constructed through spectral multiplication.
It is important to note that each sea state condition, along
with its corresponding spreading function, exhibits a unique
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variance spectrum resembling a random distribution, rep-
resenting directional scatterings. Hence, for generating the
ROM surface model, a set of discrete Gaussian samples,
randomized in nature, is defined and aligned with the direc-
tional two-scale WFS. These samples intricately modify the
wave height information by introducing random amplitudes
and phases, thereby facilitating the generation of the rough-
ness samples based on the square root of the spectrum of
different frequency components under varying sea state con-
ditions. During modeling, the inherent Gaussian variability
embedded in these spectra is averaged out, retaining only the
variance spectrum. To maintain surface texture consistency,
interpolation techniques are utilized, ensuring a smooth tran-
sition in elevation information during sample generation.

Finally, the inverse 2D FFT is computed, resulting in a
complex dataset representing the surface elevation, with the
real part corresponds to physical wave heights. A detailed
illustration of the entire numerical ROM modeling routine
is presented in Fig 6. It is worth noting that implement-
ing the two-scale directional WFS function requires careful
data size matching during modeling, involving surface mesh-
grid generation with desired resolution and consideration
of directionality effects of spreading functions relative to
sea state, especially wind direction. Consequently, the con-
ventional autocorrelation approach proves inadequate for
accurately modeling ROM surfaces. Instead, employing a
filtering approach with Gaussian information distribution fol-
lowed by a 2D FFT algorithm proves more suitable for such
composite modeling.

Considering the objective of this manuscript, which is
to investigate the directional scattering properties of wind
waves under varying sea states, a comprehensive analy-
sis will be conducted on the reconstructed ROM models.
This entails investigating composite directional ocean wave
spectra derived by multiplying spreading functions with the
formulated two-scale WFS. Through exploring these spec-
tra and their corresponding roughness models, this survey
aims to enhance understanding of estimating ROM roughness
profile fluctuations and their impact on electromagnetic inter-
actions. Detailed discussions on these aspects will follow in
subsequent sections.

V. ROM SURFACE ROUGHNESS MODELING AND
SCATTERING DISTRIBUTION MODE ANALYSIS
To effectively investigate the ROM modeling routine, it is
crucial to consider the contribution of spreading functions
and their scattering effects on directional distribution, given
their significant influence on the wave pattern. In this con-
text, various spreading functions, including the half-cosine
2s, parameterized half-cosine types such as the Mitsuyasu
and Hasselmann formulations, hyperbolic secant-squared,
and composite structured type, are examined under identical
boundary conditions with a moderate wind speed of 8m/sec
and varying wind directions [147]. The wind direction is
incrementally varied in steps of 18 degrees, ranging from
0 degrees in the downwind direction to 90 degrees in the

FIGURE 6. ROM surface roughness modeling routines.

crosswind direction. These considerations are incorporated
into the ROMmodeling routine depicted in Fig. 6, resulting in
the generation of ROM roughness models presented in Fig. 7.
As shown in Figs. 7(a) to 7(f), the models display distinct
wave patterns and orientations consistently aligned with the
wind direction. For instance, Fig. 7(a) with a wind direction
of 0 degrees exhibits random ocean waves predominantly
oriented in the downwind direction, while Fig. 7(f) with a
wind direction of 90 degrees shows waves mainly oriented
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FIGURE 7. ROM surface roughness modeling results based on fixed wind speed of 8 m/s and varying wind directions using different spreading
functions (a) Cosine, (b) Half-cosine 2 s-power, (c) Parameterized half-cosine Mitsuyasu, (d) Parameterized half-cosine Hasselmann, (e) Hyperbolic
secant-squared, (f) Composite structured, (g) Downwind direction roughness profile presentation of (a) to (f), (h) Crosswind direction roughness
profile presentation of (a) to (f).

in the crosswind direction, perpendicular to the downwind
direction. This consistent trend of roughness pattern can be

observed for other wind wave directions at 18-degree steps,
as illustrated in Figs. 7(b) to 7(e).
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FIGURE 8. ROM surface roughness modeling results based on varying wind speeds and directions using different spreading functions (a) Cosine, (b)
Half-cosine 2 s-power, (c) Parameterized halfcosine Mitsuyasu, (d) Parameterized half-cosine Hasselman, (e) Hyperbolic secant-squared (f) Composite
structured.

The results further reveal that regardless of the spreading
functions and wind directions used, each ROM model con-
sistently display a maximum wave height of nearly 1.25 m
at wind speed of 8 m/sec. This suggests that wind direction
influences the orientation of the ROM roughness pattern,
redistributing composite spectral components while main-
taining a consistent maximum height, despite ocean wave
height variations. For additional insight, Figs. 7(g) and 7(h)
depict detailed representations of the maximum roughness
profile within a specified fetch of 150m in both the downwind
and crosswind directions for the models shown in Figs. 7(a)
to 7(f). The results also highlight that the wave height pro-
file includes ripples and random roughness fluctuations in
both directions, maintaining the maximum wave height con-
sistently irrespective of sea states and spreading functions.
Specifically, the roughness profile shows rapid variations in
wave height at lower elevations near the mean zero level,

followed by smoother transitions to higher peaks. These
behaviors suggest the presence of inherent fractal properties
in wave patterns, generating roughness fluctuations across
various scales. The composite structure of the two-scale
WFS and spreading functions, influenced by the sea state,
significantly contribute to these fractal properties observed
throughout the entire fetch in both directions.

To gain a detailed understating of ROM roughness varia-
tions, especially in synthesizing wave patterns under dynamic
sea states, it is crucial to analyze the wave height profile
using directional two-scale WFS with varying wind speeds
and directions [65]. To this end, a detailed assessment is
conducted to evaluate the impact of spreading functions on
ROM roughness patterns, considering their response to sea
states. This synthesis involves assigning different spreading
functions to different sea states, facilitating a thorough eval-
uation of the directional WFS. In doing so, the sea states
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are categorized into seven major physical states, ranging
from smooth sea states with wind speeds below 3.5 m/s to
very-high states approaching 24 m/s, as listed in Table 1
[147]. It should be noted that smooth and slight sea states,
characterized by wind speeds below 7m/s, are excluded from
the assessments due to their relatively small-scale heights
of less than 1 m compared to the other five major states.
The assessment results, as presented in Fig. 8 and summa-
rized in Table 1, highlighting the significant influence of sea
states, including wind speeds, wind directions, and spread-
ing function types, on both the maximum wave height and
the roughness profile. Comparing Fig. 8 to Fig. 7 reveals
the noticeable impact of changes in sea states on maxi-
mum wave heights and overall wave patterns. Increased wind
speed correlates with higher wave heights, while variations
in wind direction or spreading function induce changes in
the roughness pattern, aligning it with the wind direction.
This highlights the dynamic characteristics of ROM surface
and underscores the inherent fractal properties shaped by
directional WFS. To delve deeper into these dynamic charac-
teristics and fractal fluctuations, a comprehensive analysis of
ROMmodeling investigates the influence of directional WFS
formulation and its scattering characteristics in response to
dynamic sea states. This analysis includes two additional
evaluation scenarios. Firstly, the maximum wave height is
determined for each categorized sea state using randomly
assigned spreading functions, as outlined in Table 1. Sec-
ondly, the analysis focuses on the scattering distribution
mode, examining the scattering pattern and scattering orien-
tations of directional WFS concerning the assigned spreading
function types and their response to diverse sea states,
as depicted in Figs. 9 and 10

Referring to Table 1, a correlation emerges between the
progression of sea states and the corresponding maximum
wave height. Ocean wave heights increase progressively from
approximately 1 m in moderate sea states with a wind speed
of 7m/s to over 12m in very-high sea states with awind speed
of 24 m/s. This increase in maximum wave height coincides
with a simultaneous rise in wave height fluctuations, consis-
tent with trends observed in Figs. 2 and 4. To analyze the
spectral scattering distribution mode of ROM, spectral scat-
tering contours, referred to as scattering pattern, are simulated
in Fig. 9. The contours illustrate directional scattering distri-
bution of the formulated WFS influenced by the spreading
function and input sea states. For standardized investiga-
tion of distribution mode, each specified directional WFS,
characterized by its assigned spreading function, underwent
evaluation under the same very-rough sea state conditions,
featuring a wind speed of 12 m/s and a wind direction
of 30 degrees. The findings of this evaluation reveal that
each directionalWFS exhibits a unique scattering distribution
mode influenced by its assigned spreading function, leading
to variations in both the scattering pattern and scattering
orientation [97].
Notably, the scattering orientations depicted in Fig. 9

consistently align with the wind direction, emphasizing the

TABLE 1. ROM surface roughness profile evalaution based on sea state
classification conditions.

significant influence of wind direction on the orientation
of the wave pattern. In other words, when considering the
distribution of directional WFS and its impact on ROM sur-
face roughness, both sea states, with a particular emphasis
on wind direction, and the spreading function play crucial
roles in shaping the scattering pattern and orientation of the
roughness. These factors contribute to the distinct fractal
features observed in ROM roughness profile, emphasizing
the complex interplay between sea state, wind direction, and
spreading function in determining the scattering distribution
mode [97]. To further explore these intricate ROMdirectional
WFS properties, Fig. 10 investigates the spectral distribu-
tion mode of the Mitsuyasu spreading function. The figure
presents two sea state scenarios, one with a fixed wind speed
and variable wind directions, and the other with variable wind
speeds and directions. As depicted in Fig. 10, the scattering
pattern remains largely consistent in both scenarios, while the
scattering orientation consistently aligns with the specified
wind direction, resulting in a distinct directional distribution.
This indicates that the spectral distribution mode, particu-
larly the scattering pattern, is determined by the directional
WFS formulation, while the scattering orientation is influ-
enced by the wind direction, and the intensity, represented by
wave height, is influenced by the wind speed. In summary,
achieving the ROM model requires formulating a direc-
tional WFS that aligns with spreading function multiplication
and responds to dynamic sea states. This entails investigat-
ing wave scattering modes under varying wind speed and
direction to determine both the wave scattering pattern and
roughness orientations. To perform a detailed analysis of
spectral scattering distribution, power spectral density (PSD)
function modeling of directional WFS was conducted using
the Mitsuyasu spreading function. The results are presented
in Figs. 11 to 13, with Figs. 11(a) and 11(b) illustrating
the unidirectional PSD function for both the downwind and
crosswind directions under the high sea state conditions,
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with a wind speed of 14 m/s and an average direction of
45 degrees.

As can be deduced, that the PSD components compre-
hensively occupied nearly the entire range of the spectral
domain within their respective directions, with spectral
interactions increasing as frequency rises. Comparing the
bidirectional PSD function in Fig. 11(c), representing the
entire fetch domain, to its unidirectional counterparts, the
bidirectional model presents a unified and coherent peak in
the low-frequency range. This major peak effectively fills
the low-frequency spectral regions observed in Figs. 11(a)
and 11 (b), indicating its ability to complement ocean WFS
scattering characteristics and provide full spectral coverage.
The distinct properties of the PSD functions stem from the
formulation of directionalWFS, influencing intricate spectral
interactions and significantly the ROM’s scattering distri-
bution mode. In essence, the low-frequency components of
the PSD represent the ROM’s dominant roughness features,
characterized by long waves with distinct structures. Con-
versely, the medium and high-frequency components capture
the effects of the spreading function and the high-frequency
curvature spectrum, shaping the ROM’s roughness fluctu-
ations [97]. It is noteworthy that both the unidirectional
and bidirectional PSD functions exhibit symmetric scattering
patterns around the origin, highlighting the importance of
centrosymmetric spectral properties in the two-scale WFS
formulation. These spectral properties extend beyond the
specific sea state and Mitsuyasu spreading function men-
tioned, being applicable to other spreading functions under
diverse sea states, albeit with potential variations in inter-
action behaviors and intensities. For instance, in Fig. 12,
a PSD investigation is conducted on the Mitsuyasu spread-
ing function under high sea state condition with a wind
speed of 14 m/s and variable wind directions. The unidi-
rectional PSD profiles in Figs. 12(a) and 12(b), along with
the bidirectional profile in Fig. 12(c), exhibit similar spectral
interaction behaviors as observed in Fig. 11. The bidirec-
tional PSD function demonstrates a narrowing trend in the
low-frequency region as the wind direction deviates from
downwind to crosswind direction, indicating a more focused
energy distribution in specific wave directions. Conversely,
the unidirectional PSD function displays higher power at
0 and 90 degrees, corresponding to wind directions. This
suggests that as the frequency increases, the unidirectional
PSD function becomes stronger when the wind speed remains
constant and wind direction varies, with maximum intensity
observed in the downwind or crosswind direction. However,
as the mean wind direction approaches the medium direction
of 45 degree, the intensity of the unidirectional PSD function
decreases, while the overall trend of spectral scattering and
their interactions remains consistent [97], [115].
Remarkably, the behavior observed in bidirectional PSD

function model can be attributed to the characteristics
of the low-frequency components governed by directional
WFS, particularly in the context of the two-scale WFS
formulation. This narrowing trend and heightened spectral

interactions in the low-frequency range, corresponding to
the low-wavenumber curvature spectrum, underscore their
resilience to changes in wind direction. These low-frequency
components play a crucial role in shaping non-overlapping
structures with higher consistency, resulting in the genera-
tion of major surface structures within the ROM surface.
Conversely, the broader and weaker spectral interactions of
the unidirectional PSD components in the medium to high-
frequency range, corresponding to the high-wavenumber
components of the two-scale WFS, play a pivotal role in
forming overlapping fractal structures including ripples, tur-
bulences, and fluctuations. These fine detailed structures are
influenced by wind direction, ultimately result in the forma-
tion of highly-textured areas in the wave pattern. Figure. 13
depicts PSD profiles for high and very-high sea states using
the Mitsuyasu spreading function, providing insight into how
sea states influence directional WFS spectral interactions
and ROM roughness patterns. The simulations cover wind
speeds ranging from 13m/s to 17m/s, with a constant wind
direction of 45 degrees. Both unidirectional and bidirectional
PSD profiles exhibit comparable spectral interaction patterns
under varying wind speeds while maintaining a fixed direc-
tion, as seen in Fig. 12. However, discernible differences
in magnitude suggest that changes in wind speed distinctly
influence composite spectral interactions, apart from wind
direction impacts.

Notably, increasing wind speed in the unidirectional
profiles of Figs. 13(a) and 13(b) leads to more rapid
and significant variations in spectral interactions associ-
ated with high-wavenumber components. This implies a
higher occurrence of highly-textured areas at higher wind
speeds, albeit with relatively weaker intensities at certain
frequencies compared to those observed in Figs. 12. These
areas arise from the interactions among gravity-capillary
waves, involving wide-band ocean wave intermodulations
and dispersion effects, as observed in the PSD profile with
varying wind direction in Figs. 12(a) and 12(b) [37], [75].
Moreover, the spectral interaction behavior demonstrated
in Fig. 13(c), influenced by low-wavenumber components
representing long-wave structures affected by resonant mod-
ulation impacts and narrow-band filtering effects of fetch,
signifies the formation of major texture entities within ROM
surface. This structural pattern of wave behavior is notably
influenced by sea state conditions, with wind speed being a
significant factor [37], [94]. Analysis of Figs. 12(c), 13(c),
and Table 1 data reveals a decreases in the magnitude of the
bidirectional PSD profile with increasing wind speed. This
decrease in power is attributed to the presence of larger wave
heights, indicating greater consistency in the major structure
of ROM roughness, characterized by non-overlapping struc-
tures generated by long-waves at higher wind speeds. On the
contrary, an increase in wind direction results in the narrow-
ing of the PSD function, particularly for low-wavenumber
components, primarily influencing the scattering orientation
of ocean waves rather than their intensity. These observa-
tions suggest that, despite the stochastic nature of two-scale
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FIGURE 9. ROM directional WFS synthesis based on different spreading function under varying wind speeds and directions (a) Cosine, (b)
Half-cosine -power, (c) Parameterized half-cosine Mitsuyasu, (d) Parameterized half-cosine Hasselmann, (e) Hyperbolic secant-squared, (f)
composite structured.

WFS components and variations in PSD interactions, the
proposed spectral formulation for achieving the ROM model
remains applicable across diverse sea states with different
spreading functions [97]. Put simply, the energy scattering
contributions from the physical states, combined with the
extent and dynamic interactions of the directional WFS,
can be utilized to generate a distinctive fractal wave pat-
tern with notable structural properties in the ROM, as
intended.

Accordingly, a thorough investigation into the fractal sur-
face roughness profiles of ROM has been conducted across
four distinct categories of sea states, including moderate-
rough, very-rogh, high, and very-high states. This analysis
utilized directional WFS with different spreading functions,
considering varying wind speeds and directions. The results,
presented in Fig. 14., show case the maximum average ocean

wave height for each sea state, represented by a sloid black
line. The hatched area in the simulation results outlines the
boundary of the roughness profile encompassing all individ-
ual ROM models. For instance, in Fig. 14(a), the solid black
line represents the maximum average roughness profile in
a moderate-rough sea state, with wind speeds ranging from
7 m/s to 9 m/s and wind directions from 0 to 90 degrees.
The hatched area represents the roughness boundary where
ROM models demonstrate variations in wave height values,
providing insights into roughness fluctuations. As sea state
levels progress from moderate to very-high, the roughness
profile exhibits a wider boundary area and increased peak-
to-peak sizes, consistent with earlier results. The shape of the
hatched area is influenced by wind direction and the type of
spreading function used, while its magnitudes is determined
by wind speed.
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FIGURE 10. ROM directional WFS synthesis based on Mitsuyasu
spreading function under (a) fixed wind speed and variable wind
directions, (b) variable wind speeds and directions.

As wind speed and wave height increase, the rough-
ness profile of the ROM undergoes a transition from
small-scale waves with rapid height alterations, indicat-
ing highly-textured areas, to more uniform structures with
enhanced consistency. Consequently, each ROM surface
exhibits unique wave pattern characteristics influenced by sea
states and the formulation of the directional WFS [74]. These
versatile roughness fluctuations give rise to a wide range of
surface structures, resulting in unpredictable variations in its
electromagnetic interaction estimations, which poses chal-
lenges in accurately predicting backscattering properties [87].
To address this issue, the upcoming section will explore ROM
electromagnetic interactions using a deep learning approach
sensitive to roughness patterns in the transform domain, aim-
ing to provide valuable insights and effective solutions.

VI. OPTIMAL ROM ROUGHNESS FRACTAL FEATURES
FUSION AND SAR RAW DATA GENERATION
Microwave remote sensing is of utmost importance in the
context of global ocean observations, with SAR imaging
proving particularly adept in various tasks such as map-
ping ocean currents, identifying wave generation regions,
estimating wave distribution and phase speed, assessing sea
states, and inferring information about the intricate struc-
tures of ocean surface [91], [92]. However, when designing
a SAR sensor, a trade-off must be made between radar
spatial resolution and the complexity of the image forma-
tion algorithm (IFA) due to the time-varying ocean wave
height variations [122]. These roughness fluctuations lead
to random non-coherent backscattering in the received sig-
nal, causing dataset inconsistencies, resolutional anomalies,

FIGURE 11. PSD function modeling of ROM directional WFS based on
Mitsuyasu spreading function type under specified sea state condition in
(a) Downwind-direction, (b) Crosswind-direction, (c) Bidirectional domain.

and potential misinterpretations of texture, posing challenges
for real-time ocean observations [60], [148]. Hence, inves-
tigating the electromagnetic interaction between the SAR
sensor and ROM roughness models is highly advantageous
for extracting properties related to uncorrelated ocean sur-
face backscattering and developing an effective IFA for
interpreting ocean surface behaviors [59]. However, the direc-
tional distribution of the two-scale WFS introduces heuristic
effects on ROM roughness, as the spreading function does
not decisively determine the optimal formulation for pro-
viding surface structure details [65], [145]. Hence, from
a SAR observation point of view, these nondeterministic
and time-dependent roughness fluctuations can result in
uncorrelated and non-coherent reflectivities [148], leading
to degraded electromagnetic interactions and dephased echo
with a diverse range of backscattering coefficients [149].
In other words, constraints imposed by the contributions
of low and high-wavenumber spectral components to ROM
roughness, influenced by various spreading functions and
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sea states, limit SAR investigations into the backscattering
properties of texture using reconstructed ROMmodels [147].
To address uncertainties in spreading function application

and achieve an optimal ROM model for texture electro-
magnetic interaction investigations, a MTD fusion technique
is proposed here [125], [126]. This method overcomes
challenges of manual measurements and fusion rules by con-
ducting joint measurements and fusion through a learning
process [128], offering advantages over existing methods.
To investigate the fusion results, referred to as the optimal
roughness model, an inverse problem solution is applied to
the fused roughness model for SAR raw data generation
(RDG) [149]. In this context, the upcoming section will
introduce the MTD fusion approach, employing a CNN, and
then present the inverse equalized hybrid-domain algorithm
for RDG, which effectively addresses the challenges of
domain adaptability and spatial variations in the echoed spec-
trum. To the best of the author’s knowledge, no research
manuscripts have reported the generation of an optimal ROM
roughness profile and investigation of its relevant texture
electromagnetic interactions. To further validate the efficacy
of the proposed MTD fusion and RDG, objective quality
assessment technique are provided alongside simulations,
demonstrating the method’s efficacy.

A. ROM OPTIMAL ROUGHNESS MODEL GENERATION
BASED ON DEEP LEARNING FUSION APPROACH
Various data fusion techniques have been developed, broadly
classified into transform domain and spatial domain meth-
ods [124]. These approaches rely on two crucial processing
steps, namely features extraction and coefficients mapping,
to assess measurements by extracting detailed structural
information from registered data and ensuring consistent
scaled mapping of coefficients from segmented structures.
These measurements are then compared using carefully
adopted fusion rules to generate a fused map containing
integrated information. However, in most existing fusion
schemes, these two steps are designed separately and opti-
mized manually, making it challenging to develop an optimal
fusion rule that considers all necessary aspects of input data.
This complexity is further heightened when fusing ROM
models influenced by diverse WFS formulation under dif-
ferent sea states, resulting in different scattering distribution
modes that modify the directional wave patterns, leading
to multi-mode local structures with time-varying roughness
patterns. In this context, the MTD fusion method, capable
of merging decomposed coefficients to combine complemen-
tary structural information frommulti-mode inputs, offers the
potential for higher consistency in fusing ROM models com-
pared to spatial-domain methods. However, it is important to
consider that when dealing with surface roughness pattern,
the design and optimization of ROM fusion schemes based on
data decomposition have limitations, rendering them suscep-
tible to roughness fluctuations, and textured area in particular.
Moreover, the complexity is further compounded by the
requirements for specific fusion rules for each ROM model,

FIGURE 12. PSD function profile of ROM directional WFS based on fixed
wind speed and varying wind directions using Mitsuyasu spreading
function type in the (a) Downwind-direction, (b) Crosswinddirection,
(c) Bidirectional.

given their varied roughness patterns resulting from diverse
scattering distribution modes. This intricacy adds layers of
complexity to the fusion scheme. In response, deep learn-
ing presents a novel solution for ROM roughness fusion.
Leveraging its agile and adaptive non-linear capabilities, deep
learning enables the MTD fusion scheme to adapt to various
roughness pattern stemming from different directional WFS
formulations. This adaptability facilitates enhanced rough-
ness reconstruction and texture synthesis under multi-mode
scattering conditions [150].

To this end, a deep learning fusion scheme based on CNN
registration and Laplacian pyramid (LP) fusion using local
gradient energy (LGE) strategy is proposed to fuse ROM
models [125], [126], thereby enhancing the performance of
the MTD fusion method. In this scheme, illustrated in Fig.15,
two highly correlated ROM models derived under similar
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FIGURE 13. PSD function profile of ROM directional WFS based on fixed
wind direction and variable wind speeds using Mitsuyasu spreading
function type in the (a) Downwind-direction, (b) Crosswinddirection,
(c) Bidirectional.

sea states but with different spreading functions undergo
roughness enhancement via CNN. Subsequently, the LP
decomposes the reconstructed roughness, and the LGE fusion
strategy fuses the enhanced structural features. The fused
roughness model is then output by the Laplacian inverse
transform. This MTD fusion scheme can refine texture and
preserve wave pattern, addressing challenges in multi-mode
ROM fusion [150]. The upcoming section describes the
proposed CNN roughness reconstruction [129], the LGE
strategy [126], pyramidal fusion [127], and implementation
scenario [150]. However, design details exceed the scope
of this survey, and further instructions on architecture and
training scenarios are available in [125] and [150].

1) CNN RECONSTRUCTION, LP FUSION, AND LGE STRATEGY
As per the proposed method depicted in Fig. 15, the CNN
used in MTD fusion is designed to be a deep super resolution

FIGURE 14. ROM surface roughness profiles based on different spreading
functions under varying sea states including variable wind speeds and
wind directions (a) moderate-rough, (b) very rough, (c) high, (d) very high
sea states.

(DSR) network with 20 convolutional layers and 20 rectified
linear unit (RLU) activation layers [129]. Each convolu-
tional layer features a 3×3 kernel size, 1×1 the padding,
and 1×1 stride, ensuring an output size identical to the
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FIGURE 15. ROM optimal roughness model generation based on
proposed MTD fusion scheme.

input. Furthermore, the constant gradient of the non-negative
part in RLU prevents the vanishing gradient problem during
training, thereby maintaining stable convergence rates, while
the RLU itself significantly enhances training speed. The
primary objective is to optimize the learning to predict an
estimate of the input ROM, aiming to minimize the mean
square errors (MSE) averaged over the training, serving as
the loss function. The training consists 500 iterations, with
a fixed learning rate of 0.0001, concluding upon the des-
ignated number of iterations. In essence, incorporating the
DSR network into the solution enhances the reconstructed
roughness by increasing residual information over the input
ROM model, which is advantageous when dealing with
a nondeterministic surface texture characterized by fractal
roughness fluctuations. Following this, the proposed fusion
scheme incorporates LP fusion, a pattern-sensitive approach
that decomposes the reconstructed ROMmodels into various
components using a set of transform functions and fuses them
through a recursive algorithm, creating a multi-scale repre-
sentation of ROM [124], [125], [127], [150]. The process
begins with constructing a pyramid decomposition for each
reconstructed roughness, followed by pyramidal fusion at
each decomposition level based on the feature selection deci-
sion, which is designed to be an averaging mechanism. This
mechanism reduces disparities and enhances data consis-
tency, especially when reference ROM models share similar
structural information, making it well-suited for wave pattern
fusion, especially in textured area. The multi-scale pyramidal
approach involves three major tasks, including LP decom-
position, LP fusion, and LP reconstruction [150]. It’s worth
noting that the pyramidal approach in this research employs
three layers of operation with gmn representing Gaussian
decomposition of input modelm at scale n, Lmn for Laplacian
reconstruction of input model m at scale n, and 0n for the
reconstructed Gaussian model at scale n [125].
The fusion strategy is the final component of the proposed

MTD fusion scheme. Given the inherent fractal properties
of ROM roughness spread across the surface with varying
fluctuation rates, the fusion rule must effectively capture the
most relevant structural features of the ROM while minimiz-
ing disparities, resulting in the adoption of the LGE strategy.
This strategy outperforms many other fusion rules for ROM

FIGURE 16. NCC profile evaluation under high sea state with wind speed
14 m/sec of and direction of 45 degrees (a) 3D view of NCC between
cosine and hyperbolic secant-squared type applications, (b) 2D profile
presentation of maximum NCC values using different pairs of spreading
functions.

texture, thanks to its accurate detection of roughness fluctu-
ations, effectively reduces disparities. When dealing with the
decomposed models, a 3×3 window is defined around each
coefficient value, and the local energy of the center coeffi-
cient is computed as the sum of squares of all coefficients
within the window. Bymoving this window across the model,
the local energy of all other coefficients in the decomposed
model is determined [125]. If the local energy of the center
coefficient is high, indicating roughness fluctuation referred
to as wave height edge, it affects the center and its surround-
ing coefficients. Consequently, the local energy values of
the reconstructed roughness and the decomposed model are
compared, and coefficients with higher local energy values
are selected using the LGE strategy [125]. This selection
process ensures that the fused roughness model contains
minimal errors compared to other single coefficient-based
fusion rules. The entire MTD fusion scheme for optimal
roughness model generation, including the DSR network,
LP fusion, and LGE strategy, is depicted in Fig. 15, while
specific implementation details can be found in [124], [125],
[126], [127], and [150].

2) OPTIMAL ROUGHNESS MODEL FUSION SCHEME
To initiate the fusion scheme, the first step involves subjecting
all input ROMmodels to cross-correlation assessment. A pair
of highly correlated models is then selected to be fed into
the DSR network. Notably, the reference ROM models must
be derived under the same sea state conditions, ensuring

VOLUME 12, 2024 44371



I. H. Shahrezaei, H.-C. Kim: Directional Wave Scattering Distribution Modes Analysis and Synthesis of ROM Roughness

FIGURE 17. Evaluation of optimal ROM surface roughness model (a) 3D
view of the reconstructed roughness map, (b) height profile comparison in
downwind direction, (c) height profile comparison in crosswind direction,
(d) NCC profile comparison of optimal ROM model with other models.

each sea state has its unique set of scattering distribution
mode necessary for fusion. Based on the DSR network’s
learning rate, which is set to 0.0001, and a training iteration
of 500 using the MSE convergence criteria, once the train-
ing process is completed, the residual information derived
from each layer of the DSR network is integrated into the
input ROM model [126]. As a result, the input ROM models

are reconstructed, generating a refined output that captures
the essential fractal characteristics under specified sea state
conditions. Remarkably, the reconstructed ROM remains the
same size as the input, and as the number of layers increases,
the residual information becomes more distinct. After the
CNN step, the MTD fusion scheme is applied using pyrami-
dal decomposition illustrated in Figure 15 [125]. The fusion
rule combines the LGE strategy and LP fusion to merge
various coefficients of corresponding decomposition layers,
resulting in an optimized roughness model through inverse
Laplacian transform [127]. However, increasing decomposi-
tion layers heightens susceptibility to roughness fluctuations
and computational costs. To strike an optimal balance,
3 decomposition layers are chosen, utilizing a Gaussian win-
dow of 3, similar to the LGE strategy, and a smoothing factor
of 0.3 [126]. It is essential to note that during decomposition,
down-sampling and up-sampling are carried out to maintain
input ROM size throughout the fusion routine.

As per the proposed fusion scheme, two scenarios for
generating optimal roughness model are introduced here. The
first scenario reconstructs the optimal roughness model under
an average sea state, specifically a high sea state with a
wind speed of 14 m/sec and a wind direction of 45 degrees.
In the second scenario, an extension of the results presented
in Fig. 14, optimal fractal roughness profile are generated for
moderate-rough, very-rough, high, and very-high sea states
with varying wind speeds and directions. In the first sce-
nario, the selected highly correlated ROM models, cosine
and hyperbolic secant-squared spreading functions, exhibit a
maximum normalized cross correlation (NCC) value of 0.15,
as depicted in Fig. 16(a). Despite some minor peaks observed
around the center due to the low NCC value, it remains the
highest value among any other pair of spreading functions
for this scenario, as shown in Fig. 16 (b). Notably, attaining a
maximum NCC value of 1 for ROM surface roughness is an
extreme case due to its time-varying characteristics caused by
directional WFS formulations, resulting in fractal structural
differences in both roughness and pattern. Following the
selection of two highly-correlated ROM models, the MTD
fusion depicted in Fig. 15 is executed, resulting in optimal
ROM surface roughness displayed in Fig. 17(a).
The results in Figs. 17(a) to 17(c) further demonstrate the

successful reconstruction of the optimal roughness model
by the fusion scheme in both downwind and crosswind
directions based on profile comparison. Both downwind and
crosswind roughness profiles have been accurately restored,
effectively capturing wave pattern characteristics from the
input models with remarkable refinement. As observed in
Figs. 17(b) and 17(c), the fusion scheme preserves the mini-
mum and maximum ocean wave heights while refining the
roughness fluctuations based on the input ROM models.
This ensures that the reconstructed ROM model maintains
consistency with the sea state classifications concerning the
maximum wave height, resulting in the optimal ROMmodel.
The simulation results in Fig. 17(d) further support this claim,
revealing a significant increase in the NCC value of the
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optimal roughness from 0.15 to approximately 0.7, indica-
tive of the scheme’s effectiveness in handling time-varying
roughness patterns. It is important to note that although
the proposed fusion scheme may yield high NCC values
when applied to other input pairs of spreading functions, the
resulting NCC value may not be as high as demonstrated in
Fig. 17(d), as those models are not highly correlated. Thus,
the maximum achievable NCC of the proposed MTD fusion
scheme heavily relies on using highly correlated ROM mod-
els as input. However, uncertainties remain regardingwhether
the MTD fusion retains the scattering pattern and orientation
as defined by the spectral distribution mode under sea state
conditions.

To investigate directionality effects, employing a tensor
field descriptor (TFD) map for structural surface tension
synthesis would be valuable in assessing roughness pattern
and wave height orientation within the reconstructed optimal
ROM model, compared to its reference input models [151].
The TFD map serves as an effective tool to summarize
prevalent geometrical directions of surface roughness gra-
dient in a given vicinity of samples, along with coherence
degree in those directions [152]. Essentially, the TFD map
represents a normalized surface tension matrix visualizing
partial derivatives of roughness geometrical information and
their scattering distribution mode, providing valuable insight
into roughness pattern orientation. TFD maps are gener-
ated for both the reference input ROM model with a cosine
type spreading function and the reconstructed optimal ROM
model, depicted in Fig. 18. The blue vector indicates areas
with low texture coherency or surfaces with normal tension
within the ROM model, while red vectors represent surface
wave height fluctuations with higher entropy, commonly
known as highly-textured areas. As can be seen, the vectorial
axes are oriented in specific direction, indicating coherency
with neighboring samples and collectively revealing the dom-
inant scattering pattern orientation.

Upon analyzing Figs. 17 and 18, along with fractal
roughness fluctuations manifesting as ocean wave height
alterations, some partial differences are observed between
the input models and the optimal ROM model after fusion.
However, It is noteworthy that the main textural pattern
orientation aligns in the same direction for both the opti-
mal ROM model and the input reference ROM models,
initially set at 45 degrees. This indicates that the proposed
MTD fusion effectively preserves the wave pattern orienta-
tion, specifically the scattering orientation, while refining the
roughness information. It is crucial to emphasize that while
the proposed MTD fusion is not the exclusive technique for
generating an optimal ROM roughness profile, any fusion
scheme used must satisfy two vital criteria, including fine
pattern refinement and preservation of scattering distribution
mode, particularly scattering orientation, which are character-
istics typically found in pattern-sensitive fusion techniques.
In the second scenario, the same fusion scheme used in
the previous results is applied, investigating the results of
Fig. 14 representing four major sea states with varying wind

FIGURE 18. Evaluation of ROM surface roughness tension synthesis
based on TFD map investigation under high sea state condition with wind
speed 14 m/sec of and direction of 45 degrees (a) Optimal ROM
(b) Reference input ROM based on cosine type spreading function.

speeds and directions. The objective of this optimal rough-
ness profile evaluation is twofold. Firstly, to provide optimal
roughness profile for estimating the wave height profile with-
out considering spreading functions in the fusion process.
Secondly, to utilize the optimal profile for electromagnetic
interaction investigations, focusing on the surface roughness
profile rather than solely on spectral functions. To achieve
this, the output ROM models from Fig. 14 serve as input
for the proposed fusion scheme. Due to the high correlation
criteria, the number of output models is reduced to one-sixth.
However, this reduction does not hinder optimal roughness
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FIGURE 19. Optimal ROM roughness profiles based on MTD fusion using
different spreading functions under varying sea states with variable wind
speeds and directions (a) moderate-rough, (b) very rough, (c) high, (d)
very high sea states.

profile generation, as the primary goal is to find an optimal
patternmatching sea state rather than specific spreading func-
tions. The resulting optimal roughness profiles for different

sea states are presented in Fig. 19. Comparing these results
to Fig. 14, the optimal counterparts exhibit fewer rapid wave
height alterations and narrower fluctuation areas due to the
fusion scheme, resulting in a more consistent model.

Importantly, both scenarios exhibit the same maximum
ocean wave heights, aligning perfectly with the directional
WFS formulations and sea state classifications. This demon-
strates the successful preservation of critical characteristics
by the fusion scheme while improving fine roughness details
to match optimal patterns for various sea state conditions. The
comparison between the results in Figs. 14 and 19 further
highlights that MTD fusion not only refines roughness infor-
mation but also preserves its scattering distribution mode,
valuable for investigating backscattering properties. Thus, the
following section will explore ROM texture roughness and
its electromagnetic interactions from the SAR perspective,
specifically comparing the backscattering profiles of the ref-
erence ROM model and the optimal profile derived through
the fusion scheme.

B. ROM OPTIMAL SAR RAW DATA GENERATION BASED
ON HYBRID-DOMAIN INVERSE PROBLEM SOLUTION
The backscattering properties of the ocean surface are valu-
able for radiometric calibrations, particularly in SAR image
reconstruction. However, due its time-varying characteristics,
dynamic structure, and composite spectral distribution influ-
enced by sea states, the precise contribution of ROM surface
to electromagnetic interactions remains largely unestab-
lished. This is mainly due to the lack of a comprehensive
reference dataset, necessitating extensive field surveys and
detailed experimental measurements, tasks often impractical
in real-world settings. In contrast, the proposed ROMmodels
and fused optimal model offer an alternative approach to
studying ocean electromagnetic interactions without relying
on field experiments. However, to conduct such backscatter-
ing analysis, it is essential to generate a dataset that aligns
with both SARobservation geometry and IFA. In this process,
the ROM surface is regarded as the terrain to be imaged,
with its roughness values being mapped to complex image
samples under SAR observation geometry while maintaining
the original aspect ratio. Each sample is then interpreted as
the SAR pixel intensity based on its grayscale range. Ter-
rain adaptation plays a crucial role in this transformation,
ensuring that ROM backscattering entities remain unchanged
while adjusting intensities and attributes affected by system
parameters and observation geometry through zero padding
and surface reflectivity stretching. Moreover, normalization
is employed to ascertain the lower and upper bounds of the
array, thereby yielding a complex homogeneous ROM terrain.
Subsequently, following the model transformation and tex-
ture adaptation, the incoherent information from the reference
transformed grayscale image of ROM is imported into the
RDG step, as depicted in Fig. 20.

The RDG in this study employs an inversed equalized
hybrid-domain algorithm based on the SAR system param-
eters listed in Table 2, with some directly and indirectly
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FIGURE 20. Optimal ROM raw data generation routine based on inverse
pr oblem solution using a hybrid-domain algorithm.

TABLE 2. SAR system parameters for RDG extraction.

TABLE 3. ROM texture SAR image evaluations under high sea state of
14 m/sec and 45 degrees.

determined by the ROM size [122]. The normalized SAR
received backscattered data is derived using the procedure
in Fig. 20 and the two optimal roughness generation sce-
narios in Section VI. A. 2, used for MTD fusion, to verify
the results and generate their optimum backscattered pro-
file. Table 3 presents SAR texture objective metrics based
on peak side-lobe ratio (PSLR) and integrated side-lobe
ratio (ISLR) estimation, showing that the provided texture
adaptation in the proposed inverse problem solution meets
the RDG requirements, with no specific spreading function
consistently outperforming the other. Both the cosine and

FIGURE 21. Comparison of the received backscattered profile of the
optimal ROM surface roughness in fast-time and slow-time with its
reference models based on cosine and hyperbolic secant-squared
spreading functions.

hyperbolic secant-squared types exhibit MSE of 0.02 and
peak signal-to-noise ratio (SNR) of 16.63 dBwhen compared
to the optimal texture, despite slightly different SNR values.
The SAR terrain adaptation is followed by the extraction of
the spatial resolution profile, involving an active evaluation
of sensor-terrain interactions in the form of phase history
using the remaining steps of Fig. 20. The RDG results in
Fig. 2 show a maximum backscattered magnitude of the
terrain reflectivity in the fast-time direction of -4.03 dB for the
cosine type spreading function, -4.64 dB for the hyperbolic
secant-squared type, and -4.29 dB for the optimal rough-
ness model. Similarly, in the slow-time direction, they are
-4.03 dB, -4.59 dB, and -4.17 dB, respectively. The optimal
ROM roughness exhibits a received signal strength enhance-
ment of approximately 0.5 dB, as shown in Fig. 21. It is
noteworthy that the attenuation in the received signal strength
of the reference ROM models stems from the undulating
ocean terrain, resulting in spectral interactions that may cause
information loss in the dataset.

However, MTD fusion not only mitigates these attenu-
ations by up to 0.5 dB but also provides an alternative
optimal roughness, which is particularly valuable. Despite
the advantages of an optimal model retaining scattering
information, obtaining a comprehensive spatial resolution
profile of the ROM concerning sea state is challenging due
to the limited information capacity per resolution cell and
the time-varying nature of the surface, leading to discrete
signal returns and potential data loss. Therefore, acquiring
a thorough spatial resolution profile of ROM, covering all
potential roughness fluctuations, is essential for understand-
ing electromagnetic interactions on the ocean surface and
the associated information loss. To address this challenge,
the second RDG evaluation scenario utilizes optimal ROM
roughness profiles from Fig. 19, extracting normalized SAR
received backscattered profiles under varying sea state con-
ditions, including moderate-rough, very-rough, high, and
very-high sea state conditions, with considerations for wind
speeds and directions. This profile extraction serves two
main purposes. Firstly, it provides an approximate profile of
ROMbackscattering under different sea states independent of
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FIGURE 22. Evaluation of optimal ROM surface roughness received
backscattered profiles based on MTD fusion under varying sea states with
variable wind speeds and directions (a) moderate-rough, (b) veryrough,
(c) high, (d) very-high sea states.

directional WFS formulations. Secondly, it aids in SAR link
budget calculation, ensuring compliance with ROM rough-
ness behaviors across varied sea states, crucial for accurate
ocean texture interpretations. As a result, utilizing the optimal
ROM models from Fig. 19 as input for the RDG scenario,

FIGURE 23. Comparison of optimal ROM received backscattered profile
under varying sea states with variable wind speeds and directions.

TABLE 4. Optimal ROM models RDG profile evaluation based on intra sea
state conditions.

Fig. 22 showcases the relevant optimal RDG profiles of
ROM under various sea states with varying wind speeds and
directions, independent of spreading functions. Observing
Fig. 22(a) to 22(d), as sea state conditions progress from
moderate-rough to very-high, accompanied by increasing
wind speed and direction changes, the optimal RDG area
widens and strengthens, while its change rate slows and takes
a smoother trend. This backscattering behavior highlights
the spectral interactions between directional WFS compo-
nents, encompassing both long and short waves, affecting
electromagnetic interactions across varying sea states. It sug-
gests that asymmetrical roughness fluctuations, influenced
by spectral properties, coupled with centrosymmetric angular
spreading of waves, pose challenges in establishing a deter-
ministic backscattering profile solely based on sea states. The
results in Fig. 22 reaffirm that high sea states with strong
wind speeds predominantly exhibit a dominant texture char-
acterized by long waves, which smooth out small roughness
variations and diminish rapid intensity alterations in the RDG
profile.

Conversely, lower sea states with lower wind speeds
are affected by short-wave structures, leading to frequent
roughness alterations and rapid signal intensity variations.
Consequently, lower sea states are more susceptible to signal
intensity attenuations resembling random noise, increasing
likelihood of SNR degradation and SAR image anoma-
lies. Higher sea states, on the other hand, with smoother
but stronger profiles risk a drop in received signal level,
impairing signal integrity, causing information loss, and
degrading image resolution [147]. It is important to note
that the SAR sensor observes ROM texture reflectivity
directly, manifesting as spatially varying quantities, poten-
tially resulting in abnormal intensity variations in the spatial
resolution profile and texture inconsistencies, particularly
at higher resolutions. Figure. 23 compares the average
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FIGURE 24. Volumetric mesh evaluation of optimal average ROM surface
roughness based on MTD fusion (a) moderate-rough, (b) veryhigh.

normalized received backscattered profile of the four catego-
rized sea states depicted from Fig. 22, indicating an increase
in maximum magnitude difference as sea states progress
from moderate-rough to very-high, driven by the dominant
effects of long waves. Moderate and very-rough sea states
mostly suffer from rapid signal intensity variations caused
by small-wave modulations, resulting in different ampli-
tude profiles. To provide a detailed demonstration, Table 4
provides an intra-sea state condition evaluation, detailing
maximum amplitude difference and attenuation within each
categorized sea states using the profiles from Fig. 22. The
results reveal significant variations in signal reflectivity and
attenuation among different sea states. Very-high sea states

exhibit the highest reflectivity difference of 11 dB, primar-
ily due to the dominance of long waves, along with the
greatest attenuation of nearly 8 dB in response to wave
height changes, resulting in broader RDG areas and increased
SNR degradation. Very-rough and high sea states display
similar intra-state properties, with average attenuations and
maximum amplitude differences around 7.5 dB and 7.2 dB,
respectively. In contrast, the moderate-rough sea state shows
less attenuation and a smaller maximum amplitude differ-
ence, approximately 5 dB and 6.5 dB, respectively. The
same evaluation is conducted for inter-state properties, show-
ing that the difference in average attenuation between the
moderate-rough and very-high sea states is approximately
9.73 dB, with the maximum difference in average ampli-
tude being 4.9 dB, indicating that higher sea states have
stronger reflectivity while also suffering from higher atten-
uation than the lower sea states. The amplitude difference
between very-high and very-rough sea states is 4.1 dB with
a 9.2 dB attenuation, whereas it is about 3.3 dB with an 8.7
dB attenuation for very-high and high sea states.
The observable features of the ROM texture that best

explain the origin of inter and intra-backscattering properties
are roughness fluctuations, including large-scale and small-
scale wave breakings or microbreakers, induced by both
waves and non-linear interactions among them. Remarkably,
all optimal ROM models experience roughness fluctuations
due to the random entity of WFS components in response
to sea states, and no sea state follows a specific trend in
the resolution profile. In other words, the changes in both
inter and intra-sea states is relative; however, the likelihood
of observing similar spectral behavior and roughness fluctu-
ations under the same category of sea state is higher compared
to different categories. To further support this claim, Fig. 24
presents volumetric mesh representation of surface roughness
for both the optimal average moderate-rough and very-high
sea states, as displayed in Figs. 19(a) and 19(d). In this visu-
alization, roughness samples are converted into a triangular
network based on triangulation structure, consisting of vec-
tors defining roughness vertices, and a continuous tetrahedral
mesh connecting them based on ocean wave height val-
ues. Smaller triangle concentrations indicate rapid changes
in ROM roughness or intense fluctuations in wave heights
within the specified cell size, while larger triangles signify
more homogeneous texture behavior with slower changes.
More specifically, dense clusters of small triangles represent
high entropy regions within the texture, known as ROM
highly textured areas, which undergo rapid oceanwave break-
ings and signal intensity variations. These highly-textured
regions are the source of pixel anomalies and are susceptible
to alteration over time, demonstrating the stochastic features
of ocean wave spectra. Therefore, in fully developed ROM
conditions, longer waves tend to propagate in the direction
of the wind, while smaller waves exhibit more isotropic
behavior. To summarize, each sea state condition redistributes
energy through physical ocean wave scatterings, resulting in
stochastic directional coupling effects that not only generate
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a distinct pattern of fractal roughness but also lead to specific
variability in the surface wave pattern.

On the other hand, the identification of such variations
in scattering patterns, including fractal roughness, embed-
ded fluctuations, spectral distribution mode, and pattern
orientation, has become crucial in understanding pattern real-
ization and quantitatively predicting ROM roughness and its
backscattering properties. The results further demonstrated
that the proposed pattern-sensitive fusion approach effec-
tively reconstruct optimal models and facilitates investigation
into ROM electromagnetic interactions.

VII. CONCLUSION
Given the significant ramifications of climate change on
ocean sustainability, accurate observation of ocean envi-
ronments and provision of precise, reliable, and up-to-date
data for global studies are imperative. Advancements in
remote sensing enable observation of Earth’s surface and
oceans across diverse spatio-temporal scales and imaging
resolutions, facilitating extensive remote sensing of oceans
and detailed insights into associated processes. The ocean
WFS formulation serves as the fundamental portrayal of
ocean surface structure, providing valuable information about
wind-generated wave statistical distribution and significantly
contributing to ocean predictions and surface roughness inter-
pretations. However, significant insight remain unexplored
in oceanic hydrodynamics and structural properties, partic-
ularly from the SAR perspective, due to the time-varying
surface characteristics resulting in data disparities between
sensor designers and oceanographers regarding wave height
measurements. Accurate modeling of ROM roughness is
crucial for understanding surface structural characteristics
and complex interactions within sea state context, including
factors like wind speed and direction. Despite efforts, many
ROM models overlook the directional spreading’s influence
on wave height distributions, necessitating a comprehen-
sive portrayal beyond relying solely on wind speed-based
wavefield scattering. Additionally, existing models often
underutilize spectral interactions and wave pattern charac-
teristics, focusing primarily on one-dimensional directional
WFS. In essence, understanding prevailing sea state condi-
tions, including both wind speed and direction, is essential
for robust ROM surface roughness modeling and SAR inter-
pretation, as they significantly influence spectral scattering
distribution and wave patterns.

The present research investigates the angular distribution
of energy scattering in ROM, focusing on the impact of sea
states on directional WFS and its role in surface roughness
modeling. By formulating ROM spectral component distribu-
tions using established spreading functions, the study analyze
evolving surface interactions, revealing a balance between
directional distributions and spectral scatterings. This equi-
librium yields a comprehensive composite ROM surface,
providing insights into wave pattern fractal properties. Wind-
generated waves, influenced by sea states, undergo energy
variations, prompting the synthesis of spreading functions

based on distinct scattering distribution modes in com-
posite ROM models. Wind direction, in conjunction with
spreading functions, emerges as a more indicative factor
of distribution modes compared to surface elevation, while
wind speed predominantly governs wave heights. The inter-
play between directional WFS and sea states significantly
influences the manifestation of intricate fractal roughness
fluctuations inherent to ROM surfaces. To explore this, ROM
models were investigated using a three-fold approach. Firstly,
comparing ROMmodeling via directional WFS formulations
with different spreading functions under varied sea state con-
ditions. These conditions were categorized into five distinct
groups, each defined by specific wind speed ranges from
7m/s to 24 m/s and directions spanning 90 degrees from
downwind to upwind. The resulting profiles of maximum,
minimum, and average ocean wave heights corresponding
to these designated sea states were precisely simulated, and
subjected to in-depth analysis. Subsequently, theMTD fusion
algorithm, a pattern-sensitive fusion technique, was devel-
oped to deduce and explore optimal roughness profiles for
each sea state. This fusion method ensures optimal profile
estimations and roughness predictions while preserving tex-
ture pattern orientations, crucial for investigations. Notably,
it extends seamlessly to other ROM models with diverse
spreading functions under varying sea states, producing an
optimal roughness profile aligned with the research scope.
Finally, a comparative assessment was undertaken between
the electromagnetic interaction profiles of the two roughness
profiles, including the realizedROMmodel and its correspon-
dent optimal fused one, using an inverse problem solution.
The provided RDG profile highlights that fractal roughness
fluctuations, whether within the ROM model or its optimal
counterpart, involve phenomena such as large-scale wave
breaking and small-scale microbreakers, contributing to both
inter- and intra-backscattering properties. This implies that
the optimal fused roughness reduces the need for extensive
simulation, offering a similar optimal response to distinct
roughness properties demonstrated by applying different
spreading functions under varying sea states.

In conclusion, diverse sea states coordinates the redistri-
bution of ocean wave energy through spectral scatterings,
resulting in distinctive directional WFS properties that man-
ifest discernible wave patterns in the ROM characterized
by significant wave height fluctuations and directions. Pre-
cise characterization of these complex fractal properties is
essential for successful ROM modeling and comprehensive
understanding of their intricate backscattering attributes. This
literature survey, in its succinct form, offers an objective
assessment through modeling, synthesis, and analysis stages.
Complemented by an extensive array of references, it aims
to provide readers with an in-depth grasp of the intricate
nuances underpinning ocean spectral scatterings, directional
influences, and their consequential electromagnetic interac-
tion properties.

Looking forward, several avenues for enhancement present
themselves, including (a) the integration of ships into the
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ROM modeling and the consideration of target detection
within SAR images, (b) assessing the motions of both target
and platform to facilitate spatiotemporal image reconstruc-
tion of ROM, (c) the systematic assessment of the SAR radio
link budget analysis to refine ROM observation and IFA,
(d) the exploration of methodologies for clutter analysis and
its suppression, the optimization of the modeling routine,
and (f) the exploration of alternative spreading functions and
fusion techniques to further enrich the evaluation process.
Consequently, the continuation of this survey endeavors to
unravel deeper insights into sea states and composite ROM
roughness models, thereby bestowing valuable contributions
to the realm of ocean remote sensing and radar probing.
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