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A Novel SAR Fractal Roughness Modeling of
Complex Random Polar Media and Textural
Synthesis Based on a Numerical Scattering

Distribution Function Processing
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Abstract—In this article, complex random polar media (CRPM)
are synthesized by a forward numerical modeling based on the
fractal statistical properties of the marginal ice zone (MIZ) in terms
of its energy balance under sea state conditions. The proposed
modeling was carried out by the parallel processing of a modified
JONSWAP directional spectrum function in a two-dimensional
hybrid domain. As a novel approach, the scattering formulation
has been modified in the form of a two-scale implementation,
which is optimized by the product of cosine-power and Gamma
probability distribution function (PDF). As a result, a composite
model of CRPM under different sea state conditions, including
wind speed and direction, has been made possible. Due to the high
dynamics of CRPM under sea state conditions, the presence of high
entropy samples in the form of random roughness fluctuations is
inevitable. These highly textured areas not only reduce the ability to
resolve fine details but also make the interpretation difficult from
a remote sensing point of view. According to the importance of
synthetic aperture radar in the observation of MIZ and analysis
of scattering properties, the spectral distribution modeling of these
roughness anomalies and their electromagnetic interactions, along
with surface tension synthesis, are presented here. Meanwhile, sev-
eral objective quality metrics under different sea state conditions
have been derived. The results show that the sea state not only
changes the spectral components, but also affects their contribution
to the roughness fluctuations and texture compositions. In short,
this is for the first time that the composite modeling of CRPM based
on directional spectrum function under sea state conditions along
with electromagnetic interactions investigation and its pertinent
texture analysis has been done.

Index Terms—Composite directional spectrum function,
numerical modeling, roughness, synthetic aperture radar (SAR),
sea state.

I. INTRODUCTION

S EA ice is a critical component of polar climate systems
composed of ice sheets, which range in a horizontal scale
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from meters to many kilometers [1], [2]. These floes are partic-
ularly important for the marginal ice zone (MIZ), a spatially
variable region separating open water from interior seasonal
ice, where ocean surface waves can penetrate [3]. During the
melt season, ocean waves are known to break up ice sheets and
affect the extension of the MIZ, which would otherwise occur
under quiescent freezing conditions [4], [5]. The ocean wave
energy decays exponentially with the distance of propagation,
and the rate is dependent on the frequency and thickness of
the floe, which might cause the floe to bend in some parts or
fracture in other areas [6]–[8]. As a result, small ice floes, in the
form of a newly grown size category or the broken parts of old
floes, are generated in the fetch, whereas ocean waves play an
important role in their distribution and energy dissipation [1],
[3], [9], [10]. In other words, as the incoming wave frequency
alters, the energy scatters as the wave penetrates farther into
the fetch. As a result, the MIZ constitutes an active region of
dynamic interactions between ice floes and open water as well
as the atmosphere, hereinafter referred to as complex random
polar media (CRPM), which redistributes ocean wave energy
and contributes to the formation of media [8], [9].

The analysis of this energy alteration phenomenon involves
many complicated variables, and considerable idealization is re-
quired, which is a twofold mechanism [10]. The first is the wave-
induced breaking of continuous ice and inelastic collisions in the
form of a dissipative mechanism, and the second is a wave energy
redistribution in the form of a CRPM scattering mechanism [11],
[12]. The two mechanisms have different approaches, and the
relative precedence of scattering and dissipative mechanisms in
both the evolution of CRPM and the wave energy alterations
is unclear; however, scattering tends to broaden the directional
spread of the wavefield properties, whereas dissipation does
not [13]. Accordingly, focusing on the wavefield properties of
CRPM based on a scattering mechanism has been considered a
suitable approach for studying the evolution of CRPM, which
has been the focus of several studies [1]–[3], [5], [7], [12],
[14]–[22].

In general, the scattering modeling of random media can be
categorized into three areas: experimental methods, analytical
models, and numerical simulations [23]. Despite the obvious
limitations of experimental methods, much work has been de-
voted to understanding the validity domains of these approxima-
tions [24], [25]. Analytical scattering theories are of importance
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in modeling applications. They provide valuable insight into
scattering properties and the physical behavior of surfaces. The
main drawbacks of analytical models are the lack of domain
categorization, the long computation time, and the scarce eval-
uation scenarios [26], [27]. To overcome the limitations of
analytical modeling and to provide validation for experimen-
tal methods, numerical simulations have been proposed [23],
[24], [28]–[32]. The bulk of numerical simulations in surface
roughness modeling have been restricted to one-dimensional
(1-D) surfaces relative to their mean direction, which makes
them similar to the surface cross-section [4], [12], [14], [15],
[20], [26], [28], [31], [33]. With the advent of computational
processing and numerical techniques, attention has turned to 2-D
or 3-D modeling of the surface [21], [22], [32], [34]–[36]. Since
all numerical simulations are approximate, a tradeoff between
accuracy, complexity, and dimensionality should be made in the
modeling procedure [23]. More precisely, a numerical modeling
remains well conditioned, as it follows the tradeoff in approx-
imations and dimensionality [37], [38]. It is worth noting that
other methods are exponentially unstable and only viable over
a limited range of parameters that place them in the category of
approximate methods [23].

Currently, both theoretical methods and numerical simula-
tions are being applied to the study of physical phenomena
that arise in ocean surface modeling that are inherently 2-D
and cannot be observed using 1-D approximations, specifically
while dealing with ocean waves known as sea state condi-
tions [35], [36], [39]–[43]. Hence, characterizing the stochastic
scattering properties of such nondeterministic complex media
with a given statistical distribution of concentration and normal
absorption data is considered a complicated approach to model
ocean roughness [24], [42], [44], [45]. Accordingly, a numerical
modeling of the MIZ under sea state conditions as an extreme
ocean medium will not only be more complicated due to its
complex structure but will also be a novel statistical scattering
approach to visualize CRPM, which has not been reported in
polar observations [1]–[3], [7]–[12], [16], [18], [19], [22], [36],
[40]–[42], [44]–[49]. As an approach, CRPM surface roughness
modeling is considered to be the scattering contribution of the
physical state, the extent and dynamics of the MIZ based on its
random distribution, and the concentration in terms of energy
balance and its spectral characteristics under sea state conditions,
which is of scientific importance in polar remote sensing [2]–[4],
[8], [12], [13], [21], [22], [47]–[53].

To date, there is no published numerical surface modeling
of CRPM and their relevant electromagnetic interactions or
pertinent texture synthesis, although there is anecdotal evidence
on the remote sensing interpretation of sea ice in the sense of
synthetic aperture radar (SAR) applications [2], [4], [8], [12],
[13], [21], [22], [40]–[43], [49]–[53]. It is worth noting that the
majority of studies have focused on the physical formulation
of solitary ice in the form of a dissipative layer floating on
the surface of the ocean, but no studies have provided a proper
model based on scattering properties under sea state conditions
[2], [4], [7]–[9], [12], [13], [16], [18], [22], [23]–[25], [27]–
[29], [31]–[37], [41], [42], [49]–[59]. In short, CRPM surface
roughness modeling and the pertinent texture synthesis under sea
state conditions, including wind speed alteration and direction
deviation, is a novel concept that has yet to be reported [2],

[4], [7], [9], [12]–[14], [16], [18], [19], [21], [22], [27], [29],
[31], [35], [37]–[39], [46], [49], [58], [59]. Another advantage
of such a texture visualization is the contribution of CRPM
surface roughness to electromagnetic interactions, which play
an important role in SAR sensor optimization, image formation
algorithm development, image enhancement and identification,
and reduce the need for experimental field observations [40]–
[42], [46], [49]–[59].

To this end, a forward statistical modeling of CRPM based on
the parallel processing of spectral distributions under sea state
conditions is investigated in this research. The proposed numeri-
cal approach is mainly characterized by applying a modified ver-
sion of the CRPM directional spectrum function in a 2-D hybrid
domain [58], [60]–[63]. This modification addresses the parallel
computation of the ice energy transfer function and its extraction
based on an enhanced spreading function formulation [23],
[60], [61]. This enhancement includes directional distribution
function modification in the form of a cosine-power gamma PDF
multiplied by an optimized distribution class under the control
of the sea state [23], [53], [58], [62]. Accordingly, scattering
properties are extracted in a domain whose frequency-dependent
components have been assigned in compliance with the time-
evolving sea state that affects the power spectral density (PSD)
function of the entire surface of the CRPM [59], [64]–[67]. As an
approach, the proposed numerical modeling has been modified
in a composite manner known as a two-scale spectrum model,
which includes both the high- and low-frequency components
of the stochastic CRPM spectrum function under different scat-
tering conditions of the sea state [23], [64], [65], [68], [69].
The proposed modeling covers major ocean wave modulation
phenomena, including wideband resonant modulation impacts
and narrowband filtering effects, which are determinative of the
spectral distribution and surface roughness [23], [49], [53], [65],
[67]–[69].

It is well known that for SAR image analysis of the polar
region, precise knowledge of the surface evolution and the tex-
tural behavior of roughness are the prime requirements [2], [4],
[12], [49]–[55], [59], [63], [70]. However, the embedded random
roughness fluctuations and their resulting pixel anomalies play
a significant role in the misinterpretation of such fractal analysis
[49]–[55], [71], [72]. Hence, this study is not limited to CRPM
modeling and has been extended to a fractal texture investigation
of CRPM and their electromagnetic interactions as well as a
surface tension synthesis in the presence of random roughness
fluctuations. As another novel approach, an exponential polyno-
mial (EP) probabilistic density formulation of random roughness
fluctuations in terms of inherent texture anomalies has been
adopted and evaluated under different sea state conditions [53],
[65], [71]–[73].

To the best of authors’ knowledge, this article takes a step
toward the composite surface modeling of CRPM based on the
parallel processing of scattering function modification under sea
state conditions and investigates the fractal texture information,
including roughness fluctuations, spectral distributions, electro-
magnetic interactions, and surface tension synthesis, which have
not been reported altogether previously. In general, this work
extends numerous studies [2], [10], [13], [23], [36], [41]–[43],
[45], [49], [52], [53], [56]–[59], [61], [63], [70], [71], [73]–[79]
that were only concerned with 1-D or 2-D formulations and
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never addressed sea ice roughness modeling and the relevant
textural evaluation. This evaluation includes the spectral prop-
erty extraction of texture based on PSD modeling [53], [57]
and an electromagnetic interaction investigation in terms of
received backscattered data generation [59], [70], [72], [76],
[80], as well as surface tension synthesis based on a tensor
structure descriptor (TSD) field map [73]. The reference CRPM
function is a modified two-scale JONSWAP directional spec-
trum function [79], which has been extended as a function of
sea state for roughness modeling [61]. The proposed numerical
modeling method reduces the reliance on 1-D approximations
and empirical formulations of CRPM as well as other limita-
tions associated with other surface roughness analyses, includ-
ing dimensionality, large-scale formulation, coherent scattering
effects, random geometry, and wavenumber complexities [1]–
[14], [23], [51]–[55], [57]–[64], [67], [70], [74], [76]–[80]. The
results have applications to polar remote sensing and SAR sea ice
image interpretation in terms of ice concentration calculations,
temperature profile derivations, polar radiometry applications,
sensor optimizations, etc.

This article is organized as follows. Section II presents the
CRPM modeling concept, formulation modifications, and sur-
face roughness simulation results. This section also includes
freeboard profile extractions under different sea state conditions.
This section also introduces a 2-D directional distribution func-
tion evaluation of the reference two-scale spectrum of CRPM
and the inherent highly textured area. In Section III, the resulting
CRPM textures are evaluated based on roughness fluctuations,
SAR electromagnetic interactions, and surface tension synthe-
sis. A highly textured area formulation, based on EP distribution,
raw data generation (RDG) and a TSD field map, is presented
in this section. In Section IV, a series of objective quality
assessment metrics are conducted to verify the whole roughness
modeling procedure. Finally, Section V concludes this article.

II. CRPM SURFACE ROUGHNESS MODELING APPROACH

The basis of the MIZ directional spectrum function and its
energy balance while ocean waves are scattered within the fetch
has been studied [61], [65]–[67]. Apart from modifications to the
existing theory and its typical 1-D or 2-D experiments, such as
uniform floating plate formulas, the proposed statistical surface
modeling of CRPM as a function of the sea state is a novel
concept that has yet to be reported. To this end, the directional
spectrum function of MIZ, in compliance with the JONSWAP
energy balances, is the prime requirement. Accordingly, a for-
ward numerical computation of the stochastic scattering proper-
ties of CRPM based on the JONSWAP function in contribution
to the sea state will be discussed here. These results will help
extract the freeboard profile and upgrade the scattering behavior
information of a fetch under sea state conditions.

A. CRPM Energy Balance Formulation

The linearized wavenumber formulation of ocean waves un-
der nonlinear boundary conditions, comprising superimposed
regular cosine waves with random amplitudes, directions, and
phases, can be stated as

η (r, t) = a cos (k.r − ωt+ ϕ) (1)

where r is the horizontal distance, t is time,k is the wavenumber,
a is the amplitude, ϕ is the initial angle of wave component,
and ω is the angular frequency that can be determined from the
dispersion relation as

σ (k) = 2πf =
√

gk tanh (kh) (2)

where h is the ocean depth, g is the gravitational constant,k/k is
the direction of the traveling wave, and the wavelengths are 2π/k
andk = |k| . The phase angleφ in (1) defines the displacement at
traveling time t but does not affect any of the physical properties
of the wave. Since the equation is linear, the sum of waves can
be expressed as

η (r, t) =

N∑
n=1

an cos (kn.rn − ωnt+ ϕn) , ωn = σ (kn) (3)

By assuming the independent and uniform phase distribution
of ϕn, the expectation E, and the variance v , the ocean wave
can then be obtained as

E (η (r, t)) = 0

v (η (r, t)) = E
(
η2 (r, t)

)
=

N∑
n=1

a2n
2

(4)

Subsequently, the primitive spectrum function of (3) with the
help of the Dirac function can be introduced as

Ψ (k) =

N∑
n=1

a2n
2
δ (k − kn) (5)

where Ψ contains the information about η as

v (η (r, t)) =

∫
k

Ψ(k) dk (6)

Subsequently, instead of a finite number of waves, a continu-
ous collection of waves in the form of Ψ(k) can be considered.
The corresponding function of Ψ is called the wavenumber
spectrum, which defines a wave’s scattering direction and wave-
length by means of the dispersion frequency. The dispersion
relation in (2) connectsk andω, which facilitates the application
of directions θn and ωn instead of kn. Accordingly, the polar
transformation of the proposed wavenumber formulation can be
substituted by its frequency and direction as∫

k

Ψ(k) dk =

∫ ∞

k=0

∫ 2π

θ=0

Ψ(k, θ) k dkdθ

=

∫ ∞

ω=0

∫ 2π

θ=0

Ψ(k (ω) , θ) k (ω)
dk

dω
dωdθ (7)

where the wavenumber spectrum in terms of angular frequency
ω and direction θ is called the directional wave spectrum as

F (ω, θ) = Ψ (k (ω) , θ) k (ω)
dk (ω)

dω
= Ψ(k (ω) , θ)

k (ω)

vg (k)
(8)

where vg = ∂ω
∂k is the group velocity of waves. Accordingly,

the directional spectrum function of the ocean, i.e., F (ω, θ),
can further be split into a product of

F (ω, θ) = S (ω) D (θ, ω) N (ω) (9)
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Fig. 1. CRPM boundary configurations and raw data backscattering geometry
for composite roughness modeling.

where the angular dependent part D(θ, ω) is called the direc-
tional distribution function, which is a function of the sea state,
and N(ω) is the power normalization function known as the
distribution class that not only affects the wave distribution
but also modifies its energy balance. S(ω) is called the energy
spectrum and contains all significant scattering components at
both small and intermediate scales of spatial frequencies, which
makes the spectrum similar to a two-scale or composite model
as follows:

S (ω) = Sl (ω) + Sh (ω) (10)

where Sl is the low-frequency component and Sh is the high-
frequency component of the spectrum that includes short and
medium scales of wave, which are responsive to the sea state
[65], [75], [77], [79]. Accordingly, S(ω) contains different
energy components that respond nearly instantly to the sea state
in the shape of capillary, gravity, and capillary–gravity wave
scatterings. In other words, the proposed two-scale spectrum
function in (10) is an omnidirectional spectrum that presents the
spectral information of progressive waves in terms of energy
dispersions [65]. Accordingly, every peak in the composite
spectrum around k = kn indicates the contribution of waves in
the direction of kn that corresponds to the spectral regime of the
ocean in the form of modulation effects, which modify the wave
scatterings and intrinsic statistical roughness [53]. Since there
is a direct correspondence between ω and k, it is possible to go
back and forth between F and Ψ and extend the omnidirectional
spectrum to the whole ocean regime. Accordingly, the composite
scattering formulation of (9) can evolve in time t and space r
based on the energy balance equation as [10], [64]

∂F (ω, θ; r, t)

∂t
+ vg (ω, θ) .∇F (ω, θ; r, t) = Sin + Smo + Sco

(11)
where Sin is the input energy component of the sea state, Smo is
the intermodulation and dispersion energy component, and Sco

is the coupling component due to nonlinear interactions among
other energy components, including the intramodulations. In the
case of CRPM and due to the complexity of the structure in
the presence of ice floes, as shown in Fig. 1, the energy balance
equation in (11) must be modified in a way that considers the
effects of ice floes on the ocean wavefields [61], [65]. Since
progressive waves can be neither generated nor dissipated by

the usual breaking mechanism in that spectrum fraction ωn

of the ocean surface covered by ice, both Sin and Smo are
reduced by a factor of (1−ωn) in (11). On the other hand, a
new term of the energy component corresponding to ice floes
Sice that presents the average ocean wavefield dispersion due
to its random presence within the CRPM will be added to (11).
Hence, the modified scattering version of the energy balance in
(11) takes the form of (12) for CRPM as [61]

dFCRPM (ω, θ; t)

dt
= (Sin + Smo) (1− ωn) + Sco + Sice

(12)
where the scattered spectrum of the CRPM can be obtained by
summing each energy component based on wave contributions
of the same frequency ωi from all directions [62]. However, to
simplify the surface modeling of CRPM, the medium is assumed
to be in an unbounded condition that reduces the equation into
the form of pure time-dependent scattering due to the elimination
of the advective term of vg.∇F [61]. Hence, at each time step
and for each frequency ωn, the forward numerical component
of the scattered spectrum FS

CRPM proceeds with a first-order
time difference integration under a particular sea state condition,
whereasSice is introduced in the form of the ice transfer function
as [61], [62]

FS
CRPM (ωn, θ; t+Δt) =

[
FS
CRPM (ωn, θ; t)

+ ((Sin + Smo) (1− ωn) + Sco)Δt] [T ice]ωn
(13)

As an approach, with the help of the reference CRPM energy
spectrum FCRPM, for each frequency ωn and the scattered
CRPM wavefield, i.e., FS

CRPM, the transfer function of ice
[T ice]ωn

or simply the ice energy component is obtained by
the linear time-invariant convolutional product of the scattered
spectrum and the reference function as [61]

[T ice]ωn
= FS

CRPM (ωn, θ; tn) ∗FCRPM (ωn, θ; tn) (14)

where the ice transfer function [T ice]ωn
has random scattering

characteristics with a random distribution that is under the
control of the sea state [61]. In other words, the roughness of
ice floes on the basis of T ice profile is an unbounded prob-
ability distribution of samples with random statistics that has
no preferred shape or orientation, as shown in Fig. 1. It is
worth noting that both the directional distribution function and
the reference composite spectrum play an important role in
the energy balance of CRPM and the roughness modeling. In
this research, the reference wavefield is assumed to follow the
JONSWAP spectrum, while the directional distribution function
is designed to be a gamma function, which is multiplied by an
optimized normalization function as [62], [67]

FCRPM (ω, θ) =
αg2

(2π)4
ω−5 exp

[
−5

4

(
ω

ωp

)−4
]

× γ
exp

[
(ω−ωp)

2

2ε2ω2
p

]
D (ω, θ)N (ω) (15)

where

ε =

{
0.07 for ω ≤ ωp

0.09 for ω > ωp
(16)

where γ is the peak enhancement factor, ωp is the peak
frequency radiance, andα is the time-dependent constant, which
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is derived as

α = 0.033

(
ωp

2U

g

) 2
3

(17)

where U is the specified wind speed. Accordingly, the product
of directional distribution function D(ω, θ) and normalization
function N(ω) is called the spreading function, which is de-
signed to be a mix of the cosine-power and gamma PDF that is
multiplied by the freeboard improvement factor as

D (ω, θ)N (ω) = ξcos2n
(
θ

2

)
22n−1Γ2 (n+ 1)

πΓ (2n+ 1)
(18)

where ξ is the optimization factor, which acts as a linear
interpolator for freeboard value smoothing and

n = 100.99
(

ω

ωp

)k

k =

{
4.06 for ω ≤ ωp

−2.34 for ω > ωp
(19)

The proposed CRPM surface roughness modeling is designed
to be a parallel processing of T ice extraction in the shape of
sparse floe distribution, which allows the ocean wave scattering
to follow the pattern of the JONSWAP spectrum as a function of
sea state, including the wind speed and direction. The whole
procedure of T ice profile extraction within the proposed
framework of (14) is similar to the match filter response of a
radar system, which deals with an incoming spectrum and the
scattered response [72].

B. CRPM Surface Modeling Procedure

The proposed scattering formulation of the CRPM in Sec-
tion II-A tends to decrease the energy content of the reference
function FCRPM and, more importantly, spread out the energy
over a broader range of directions based on the sea state. In other
words, the scattered energy spectrumF S

CRPM will be slightly di-
minished by dissipative processes that can affect the ice spectral
energy redistribution. More specifically, each mass of floating
ice dissipates and redistributes the energy balance as a function
of the sea state. Hence, an energy dissipation computation based
on scattered spectrum categorization is necessary for the purpose
of surface modeling. As stated in (13), the energy dissipation is
assumed to be divided into four major components. The first is
the input energy component identical to the reference energy but
of attenuated magnitudes in terms of Sin [79]

Sin (ω, θ) ={
0

0.25ρa

ρo

(
U cos θ

vp
− 1

)
ωFCRPM (ω, θ)

if
(

U cos θ
vp

− 1
)
< 0

otherwise
(20)

where ρa and ρo are the densities of the atmosphere and ocean,
and vp is the phase velocity. The second is the intermodulation
and energy dispersion components in terms of Smo, which
follows (21):

Smo (ω, θ) = −Cdω̄
(ω
ω̄

)2
(

α̂

α̂PM

)
FCRPM (ω, θ) (21)

where Cd is the dissipation constant and α̂ is the integral wave-
steepness parameter as [79]

α̂ =
Eω̄4

g2
(22)

ω̄ = E−1

∫ ∞

0

∫ 2π

0

FCRPM (ω, θ)ω dωdθ (23)

E =

∫ ∞

0

∫ 2π

0

FCRPM (ω, θ) dωdθ (24)

where the parameter α̂PM is an experimental value [65], [79].
In other words, the intermodulation components are quasi-linear
and proportional to the square of the frequency, with a coefficient
that depends on spectral integration. The third component is the
energy coupling due to nonlinear interactions of components
associated with the superposition of coherent traveling waves
in the back and forth directions. These nonlinear scatterings
represent the energy exchange between components as they
interact among themselves. This type of energy transmission is
weak, but are important to the evolution of the MIZ. Due to their
resonant characteristics, Sco is given by the Boltzmann integral
as [10], [65], [79]

∂Sco

∂t
=

∫ ∫ ∫
G (kn) δkδωf (kn) dk (25)

where f(kn) is the action density function of wavenumber kn,
G(kn) is the coupling effect function and δk and δω are delta
functions that represent the resonance conditions for wavenum-
ber and frequency. The fourth is the directional scattering com-
ponent of the reference function in the presence of ice that
spreads out over all directions with the magnitude apportioned
to Sice. The transformation of its energy spectrum depends on
the directional characteristics of the sea state. In this study,
modifications were properly made in the referenced JONSWAP
function of (15) in a way that follows the distribution pattern
of (18), which complies with the small and medium scales of
the sea state, including capillary, gravity, and capillary–gravity
waves known as progressive waves [61], [77], [79]. Accord-
ingly, T ice profile extraction, as the energy scattering distribu-
tion of floes, can be used as a criterion for CRPM roughness
modeling.

To this end, after initial boundary settings and appropriate
domain transformation, the scattered energies of F S

CRPM can
be computed by the parallel superposition of each energy com-
ponent based on sea state conditions and for all frequencies.
In this study, all ocean waves are assumed to be intimately
coupled, and the presence of discrete ice floes will homoge-
nously affect the F S

CRPM properties of the same frequency
simultaneously. Hence, for each frequency ωn, the ice transfer
function [T ice]ωn

can be concurrently obtained by (14), which is
the correlation process of the reference spectrumFCRPM(ωn, θ)
and the scattered spectrum F S

CRPM(ωn, θ). The whole compu-
tation procedure is based on a parallel processing method that
provides a faster computation of T ice. Finally, after deriving
an ensemble of scattered T ice samples for all frequencies, by
means of a discrete Fourier transform, a subsequent 2-D fast
Fourier transform (FFT), multiplying by the square root of the
PSD and then applying the 2-D inverse FFT, a set of composite
roughness values for the normalized CRPM will be generated.
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Fig. 2. CRPM surface roughness modeling algorithm.

Eventually, all these samples are frame formatted and integrated
on a 2-D grid configuration based on the geometry in Fig. 1. This
integration procedure is repeated for a series of time steps until
the dominant trend of the CRPM can be established. It should
be noted that at each computational time step, all the energy
components are computed to obtain a new energy spectrum for
each ωn [23], [61], [65]. Thus, the PDF normalization of the
JONSWAP spectrum plays an important role in an optimized
modeling of CRPM due to values fluctuations. The surface
roughness directly impacts the corresponding PSD behavior
over the entire surface of the CRPM and vice versa. The whole
modeling procedure of CRPM is presented in Fig. 2.

It should be noted that under the same sea state conditions, the
computational complexity becomes more significant as the ratio
of the mean roughness variance to the wavelength increases. In
other words, the resolution of the surface has a direct impact on
the roughness modeling. It is also worth noting that the fraction
of floes within the CRPM affects the spectrum energy balance
in (13).

Fig. 3. CRPM roughness under the reference sea state conditions of wind
speed = 13 km/h, θ = 12◦, Δ = 0. m. (a) 2-D. (b) 3-D. (c) Contour plot.

Thus, the ice coverage is considered to be approximately half
of the entire terrain, which is not only close to the real scenario
but also suitable for the extraction of scattering profiles [77],
[79]. According to the geometry in Fig. 1 and the modeling
procedure in Fig. 2, the surface roughness under the presumed
sea state condition with a wind speed of 13 km/h, direction of
12°, and 0.1 m resolution in an area of 120 m × 120 m under an
optimized gamma distribution is presented in Fig. 3. The result
in Fig. 3(a) shows the 2-D surface roughness presentation of the
CRPM, where the black pixels represent the ocean surface and
white pixels represent the ice distribution over the entire medium
at both small and medium scales under sea state conditions.
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Accordingly, the magnitude profile represents the height from
the ocean zero level known as freeboard height.

As seen in Fig. 3(a) and (b), the maximum freeboard is derived
as 0.2334 m and the minimum value is 0.11 m, while the average
mean height is approximately 0.17 1 m. In comparison to the
mean height of the freeboard, these minimum values can be
considered minor intramodulation effects of wave couplings that
relatively change based on the sea state in the form of small-scale
roughness fluctuations. Due to the homogenous texture of ice
floes on the one hand and the rapid small-scale fluctuations on the
other hand, these statistical roughness alterations are determined
to be surface zero levels or transitional edges between the ice
and the ocean. In short, the proposed CRPM energy spectrum
in (13) not only contributes to the random statistical distribution
of ice floes in terms of T ice but also contributes to their shape
and orientation based on boundary conditions. To further verify
the proposed modeling, the above-mentioned scenario has been
carried out under the same sea state conditions and a wider area
with a tenfold increase in size of 1.2 km× 1.2 km in conjunction
with a coarser resolution of up to ten times as 1 m. As shown in
Fig. 4(a) and (b), the maximum freeboard height is derived to be
approximately 0.2344 m, and the minimum value is 0.094 m,
while the mean average height is calculated to be 0.15 2 m. It
can be deduced that the difference in the freeboard profile is due
to terrain extension and resolution degradation by a factor of 10,
which makes the boundary conditions and the energy scatterings
different from the results in Fig. 3.

Hence, under the same sea state conditions and different ter-
rain parameters, the surface roughness profile will have almost
the same maximum freeboard height but with different rough-
ness details that are compared in Fig. 5. The azimuth direction
has a slightly higher sensitivity to roughness alterations than the
range while there is no particular pattern of such frictions on
the modeling. In other words, under the presumed sea state
and the designated boundary conditions, the increase in the
resolution value would result in the reduction of samples per
resolution cell. Under this condition, the probability of having
heterogeneous surfaces with one or a few predominant scatterers
increases, whereas the probability of having many diffusers
decreases. In short, random roughness fluctuations of the CRPM
result from energy scatterings of composite components under
the presumed boundary conditions, whereas the terrain parame-
ters will only affect the magnitudes. It should be noted that time
steps are set to be small enough for rapid spectrum change detec-
tion, and the frequencies are adjusted independently. Therefore,
it is necessary to analyze the effects of ocean momentum on the
CRPM modeling. To this end, a surface roughness investigation
based on the sea state, including wind speed alteration and
direction deviation, was carried out on the reference image in
Fig. 3, with a size of 120 m× 120 m and a resolution of 0.1 m.
As seen from the results in Figs. 6 and 7, changes in the sea state,
whether the speed alteration or deviation in the direction, have a
direct impact on the freeboard height profile and the embedded
fluctuations, whereas no sea state condition outperforms the
other. Similar to Fig. 5, the azimuth direction is more sensitive to
roughness fluctuations than the range while no specific pattern
is observed for their presence.

More specifically, neither the static nor the kinetic frictions
of the CRPM surface in the form of freeboard height and its

Fig. 4. CRPM roughness under the reference sea state conditions of wind
speed = 13 km/h, θ = 12◦ , and Δ = 1 m. (a) 2-D. (b) 3-D. (c) Contour plot.

fluctuations are significantly affected by a predictable pattern
of sea state [78]. However, the fact that the freeboard changes
relative to the sea state indicates its direct contribution to the
redistribution ofT ice energy components. In other words, energy
couplings that can dampen waves, the boundary setting that mod-
ifies the energy convergence, and the intermodulation effects that
directly affect the scatterings play roles in the balance of (13)
and the transformation of T ice [80]. As an approach, extracting
the determinative spectral properties of CRPM under the sea
state would help in investigating the behaviors of composite
components and their wave interactions.

To this end, PSD properties of D(ω, θ) based on gamma PDF
in conjunction with a wind speed of 13 km/h and direction of
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Fig. 5. CRPM freeboard height profile estimation with fixed wind speed 13
km/h, fixed wind direction θ = 12◦ and variable resolutions Δ = 0.1 m and
Δ = 1 m. (a) Azimuth direction. (b) Range direction.

12◦ as well as 0.1 m resolution, hereinafter referred to as the
reference sea state condition, have been estimated in both range
and azimuth directions, as shown in Fig. 8. As seen, a low-
frequency peak of 1 dB can be found in both directions while they
have slight differences in their spatial distribution of medium
and higher scales of frequency components. This is due to the
formulation of the CRPM based on (10) and the sensitivity of
higher frequency scales to the spectral distribution as a function
of sea state. In other words, the PSD ofD(ω, θ) is associated with
the scattering components of short and medium scales of ocean
modulations in (18). It is worth noting that the PSD profile is
simulated based solely on the directional distribution ofD(ω, θ),
whereas the effects ofN(ω) in the form of optimization function
are neglected here due to further detailed investigation in the
following sections.

Similarly, the PSD profile ofD(ω, θ) for the reference CRPM
function under different sea state conditions was modeled and
compared with the conditions in Figs. 9 and 10. As seen in
Fig. 9(a) and (b), the maximum magnitude of the PSD dif-
ference profile in the case of the speed alteration scenario is
approximately 0.1 dB, which is much stronger than its direction
deviation counterpart, with a value of 0.03 dB in Fig. 10(a) and
(b). It can also be deduced that the order of changes in both
directions has no specific pattern and mostly follows the same
random attributes of Figs. 6 and 7. Regardless of the maximum
values and their attributes in the direction deviation scenario in
Fig. 10, the PSD difference profiles are generally limited to a
few hundredth of dB, whereas the speed alteration scenario in
Fig. 9 has a relatively stronger impact on the PSD. As a result,
the control of D(ω, θ) and the ice transfer function are limited
by the sea state, whereas the wind speed plays a significant role
in its directional distribution rather than the wind direction.

As a rule of thumb, in the case of speed values lower than
the reference, the chance of similar spectral behavior to the
reference PSD is more likely to occur than the higher values.

Fig. 6. CRPM freeboard height profile estimation with fixed wind direction
θ = 12 and variable speeds. (a) and (b) azimuth direction. (c) and (d) Range
direction.

In other words, the higher the speed, the more significant the
PSD difference would be. However, there is no such rule for the
direction deviation scenario.

In short, CRPM surface roughness modeling in terms of ice
transfer function computation is entirely dependent on PDF
properties of the JONSWAP function, and their PSD levels
are under the control of the sea state. However, there is no
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Fig. 7. CRPM freeboard height profile estimation with fixed wind speed
13 km/h and variable wind directions. (a) and (b) Azimuth direction. (c) and
(d) Range direction.

specific pattern for the impacts of sea states on the surface
roughness and its fluctuations. The result is shown in another
way by surface mesh generation. To this end, after the roughness
modeling procedure, it is converted into a triangular network
based on a triangulation structure. This structure contains a set of
vectors defining the vertices of the roughness and the continuous
tetrahedral mesh that links them based on their different values.

Fig. 8. 2-D PSD profile extraction of directional distribution functionD(ω, θ)
under the reference sea state condition of wind speed = 13 km/h, θ = 12◦ , and
Δ = 0.1 m.

Fig. 9. PSD difference profile estimation of directional distribution function
D(ω, θ) under the reference sea state condition Δ = 0.1 m with speed alter-
ations. (a) Azimuth direction. (b) Range direction.

Fig. 11 presents the mesh structure of the surface under the
minimum and maximum values of the sea state. Small and
large sizes of tringles are linked together, which shows texture
consistency, namely, surface roughness fluctuations. The small
triangle concentrations present intense freeboard fluctuations or
rapid alterations of roughness within the resolution cells, while
the larger triangles are signs of homogenous texture behavior in
a more harmonized way. The cluster of small triangles indicates
high entropy regions within the CRPM known as highly textured
areas, which have rapid roughness fluctuations. These highly
textured areas suffer from high error rates due to their inherent
spectral distribution. Hence, the energy redistribution under sea
state conditions in terms of ocean wave modulations directly
impacts the consistency of the texture and its roughness in the
form of clusters of tringles that are linked together. In short,
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Fig. 10. PSD difference profile estimation of directional distribution function
D(ω, θ) under sea state condition Δ = 0.1 m with direction deviations. (a)
Azimuth direction. (b) Range direction.

these congested clusters of small triangles present unstable
areas within the texture of the CRPM, which result from ocean
wave modulation effects and their energy distribution. It is also
noteworthy that the above-mentioned surface roughness, in the
shape of triangular structures of the texture in collaboration with
the JONSWAP spectrum, would result in different PSD behavior
if the spectrum function or the sea state condition changes. As
a result, the presence of roughness fluctuations is inevitable in
the surface modeling, but the level of their presence depends on
the sea state and its formulation.

III. CRPM TEXTURE STATISTICAL DISTRIBUTION

FORMULATION AND SYNTHESIS

The statistical interpretation of CRPM properties under a par-
ticular sea state condition is crucial for texture synthesis. How-
ever, due to the highly dynamic nature of CRPM under sea states,
the presence of highly textured areas in the form of roughness
fluctuations presents a challenge to such texture interpretation
[49]–[51], [53], [57], [73]. On the other hand, these embedded
fluctuations not only reduce the ability to resolve fine details
but also make the evaluation of roughness modeling difficult.
To overcome this inherent drawback, an amplitude or intensity
evaluation of the presence of such roughness anomalies is im-
portant. Many evaluation techniques have been proposed, some
relying on physical hypotheses of scattering mechanisms and
others relying on more empirical formulation. On the one hand,
the texture-based approach is assumed to be a proper alternative
for such information investigation. On the other hand, due to the

Fig. 11. CRPM surface triangular mesh generation chunk view with fixed
resolution Δ = 0.1 m and variable sea state conditions. (a) 13 km/h and θ =
8◦. (b) 13 km/h and θ = 16◦. (c) 9 km/h and θ = 12◦. (d) 17 km/h and θ = 12◦.
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significant contribution of highly textured areas to the energy
dissipation and spectrum redistribution of energy components,
every evaluation scenario should be dependent on roughness
fluctuations and their adverse effects, which have not yet been
reported. To this end, spectral modeling of the highly textured
areas and their electromagnetic interaction investigation along
with their texture tension synthesis are considered the solutions
to the evaluation of such inherent roughness anomalies. Hence,
the focus of this section is on the highly dynamic CRPM texture
and the assessment of intrinsic roughness fluctuations under the
condition of a modified distribution function in (18).

A. CRPM Highly Textured Area Formulation and Simulation

As previously described, due to the dynamic spectral behavior
of FCRPM in the presence of ocean waves, independent scatter-
ing components within resolution cells will generate random
roughness fluctuations in the form of highly textured areas.
The characteristics of these multiplicative roughness anoma-
lies differ from those found in other reference functions under
different sea state conditions, such as their magnitude, PDF,
energy distribution, and modulation effects. Hence, as the sea
state changes, these inherent anomalies will be tuned based
on the expectation and variance of samples. In short, a proper
analysis of highly textured areas would help further evaluate
the modeling procedure of CRPM and provide insight into the
statistical distribution of scattering centers. According to Fig. 1,
let us consider a 2-D roughness map of CRPM, after frame
formatting provides the following model:

h = rm .re (26)

where h is the freeboard height, rm is the roughness magnitude,
and re is the intensity of inherent anomalies, which are two
random independent variables within the resolution cell in a
multiplicative manner [49]–[51], [53], [57], [73]. Accordingly,
h1 and h2 can be described as two adjacent cells over the texture
with the distance of resolution Δ as

h1 = αre

h2 = βre (27)

where α and β are the roughness rates and re is an independent
random fluctuation with identical PDFs that follow the modified
gamma distribution Γ(n, λ) in (18) as

p (re) =
λn

(n− 1)!
re

n−1 exp (−λre) (28)

Hence, if α = β, the two adjacent cells h1 and h2 belong to
a homogenous texture. Otherwise, h1 and h2 are heterogeneous
samples with different specifications. Accordingly, if α �= 0 and
β �= 0, h1 and h2 follow the general gamma PDF as

ph1
(re) =

λn

α (n− 1)!

(re
α

)n−1

× exp

(−λ

α
re

)
where re, n ≥ 0,

and ph2
(re) =

λn

β (n− 1)!

(
re
β

)n−1

× exp

(−λ

β
re

)
where re, n ≥ 0 (29)

The properties of h1-h2 are the basis for highly textured area
and roughness anomalies. Hence, if the cumulative distribution
function of h1-h2 is defined as

P (h1 − h2 < t) =

∫∫
re≤t

ph1
(re) ph2

(re) dre (30)

then the following will result:

P (h1 − h2 < t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
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(31)

As a result, the PDF of h1-h2 can be derived as

ph1−h2
(re) =

exp
(
− λ

β |re|
)

(n− 1)!
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α

)n(
λ

β

)n

×

⎡
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⎤
⎥⎦ (32)

Hence, the instantaneous value of h1-h2 can be derived by

E
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i
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⎥⎦ if i is even

E
[
re

i
]
= 0 if i is odd. (33)

For the behavioral modeling of roughness fluctuations, let
α = β = 1. Then, (32) can be rewritten as

ph1−h2
(re) =

exp (−λ |re|)
(n− 1)!

(λ)2n

×
⎡
⎣n−1∑
j=0

(n+ j − 1)!

j! (n− j − 1)!(2λ)n+j
|re|n−j−1

⎤
⎦

(34)

Equation (34) is a combination of EP functions, and if a ran-
dom roughness sample follows the EP function, it can be called
EP(n, λ). Accordingly, the EP distribution and its corresponding
statistical features are the basis of highly textured areas. Hence,
an analysis of joint resolution cells Δi within a certain interval
of frequencies based on their energy distribution in the form
of PSD function modeling would help in investigating inherent
roughness fluctuations of such a high entropy area within the
CRPM surface. As a result, the PSD function of the texture in
Fig. 3 and its inherent highly textured areas under the reference
sea state are investigated and presented in Fig. 12.
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Fig. 12. 3-D PSD function profile estimation ofTice texture information under
the reference sea state condition of wind speed = 13 km/h, θ = 12◦, and Δ =
0.1 m. (a) Main body of texture information. (b) Highly textured area
information.

As seen in Fig. 12(a), the major peak in the low-frequency
part on the corner of the spectrum represents the major spectral
components of CRPM in the shape of nonoverlapping structures
known as major entities or main bodies of texture. In compar-
ison to the PSD function of D(ω, θ) under the same sea state
condition in Fig. 8, the PSD magnitude of the major entity in
Fig. 12(a), which is the direct result of D(ω, θ)N(ω) and the
application of ξ, not only amplifies by approximately 0.5 dB
but also suppresses the high-frequency components Sh(ω) due
to its modifications. It is worth noting that high-frequency com-
ponents are maintained within the texture and are transformed
into highly textured areas or overlapping structures, which exist
in the form of several high-frequency peaks in the PSD function
as in Fig. 12(b). As shown, highly textured areas with higher
entropy or simply inherent roughness fluctuations mainly consist
of medium and higher scales of scattering components, whereas
their PSD magnitudes are approximately a hundredth of their
low-frequency counterparts in Fig. 12(a).

In short, low-frequency components of the modified JON-
SWAP spectrum shape the major entity of the CRPM texture,
whereas high-frequency components transform into highly tex-
tured components with higher entropy that are mostly sensi-
tive to the sea state and are a potential source of roughness
fluctuations. Hence, a complete PSD profile evaluation under
different sea state conditions for both the low-frequency and
high-frequency components would help understand the texture
interactions and scattering behaviors of medium. Accordingly,
the PSD profile of Sl(ω) in terms of the major entity and Sh(ω)
in the form of a highly textured area are extracted under different
sea states, as shown in Figs. 13 and 14.

Fig. 13. PSD function difference profile estimation of Tice low-frequency
component texture information analysis under the reference sea state condition
of Δ = 0.1 m with (a) speed alterations and (b) direction deviation.

Fig. 14. PSD function difference profile estimation of theTice high-frequency
component related to the highly textured area under the reference sea state
condition of Δ = 0.1 m with (a) speed alterations and (b) direction deviation.
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The results present spectral interactions and texture charac-
teristics in the form of two-scale frequency component under
different sea states while being compared with the reference
condition. As seen, both the wind speed alteration and direction
deviation directly impact the PSD while there is no specific
pattern for their changes or attenuations. As shown in Fig. 13(a),
the spectral response of low-frequency components to the speed
alteration is relatively stronger than the wind direction deviation
in Fig. 13(b). According to Fig. 13(a), the maximum attenuation
is approximately 0.33 dB for a speed difference of 1 km/h, from
13 km/h to 12 km/h, whereas the maximum attenuation for
wind direction deviation is derived to be approximately 0.06
dB for a total of 4° of difference from 8° to 12◦. In short, the

low-frequency components in the form of the major entity within
the texture of the CRPM are mostly under the control of wind
speed with stronger magnitudes rather than the wind direction.
However, speed has a limited range of frequency interactions
compared to the direction. As shown in Fig. 13, the valid domain
of frequency interactions to the wind direction in the case of
the low-frequency component is almost three times larger than
the speed alteration. In other words, wind direction affects the
low-frequency components of JONSWAP in a wider spectral
range but with smaller magnitudes rather than speed.

Similarly, PSD profile extraction for the highly textured area
or the high-frequency component is presented in Fig. 14. As
shown in Fig. 14, the high-frequency components are more
responsive to ocean scatterings in a broader range of spectrum
than their low-frequency counterparts in Fig. 13. However, the
magnitude of speed alteration in Fig. 14(a) is relatively smaller
than that in Fig. 13(a). Similar to Fig. 13(a), the speed alteration
in Fig. 14(a) plays an important role in the spectral distribu-
tion compared to its wind direction deviation counterpart in
Fig. 14(b), which is approximately ten times stronger. It is worth
noting that in comparison to Fig. 13, high-frequency components
in the form of roughness fluctuations are responsive to sea states
over a wide range of frequencies due to their spectral interac-
tions. In other words, the high-frequency components of CRPM
spectrum are responsive to ocean scatterings over a wide range of
frequencies, or simply, the roughness fluctuations are wideband
modulation effects of the sea state conditions. However, due
to macroscale specifications of JONSWAP formulation based
on the swell regime, microscale features of ice such as ice
dimensionality and their scattering effects are not included in the
high-frequency components. Accordingly, the low-frequency
components Sl(ω) act as a low-pass filter for ocean scatter-
ings and its modulation effects, whereas the high-frequency
components Sh(ω) inherently contain wideband modulation ef-
fects of ocean scatterings. Therefore, the roughness model of
CRPM is derived from its two-scale scattering function, which
makes the fluctuations to be dependent on modulation effects.
As a result, the modified scattering function of CRPM has direct
impact on roughness and texture characteristics.

Since the sensor cannot extract the sea state conditions, and
because of inherent limitations for the reconstruction of 2-D
image, the texture analysis is not fully reliable based on pixel
information. Accordingly, any investigation on the visualized
texture would help predict the backscattering properties of frac-
tal roughness, and their pertinent fluctuations under the sea state
conditions. Hence, the electromagnetic interaction analysis of

CRPM and its backscattering modeling would help to further
understand the composite nature of CRPM.

B. CRPM Texture Electromagnetic Interaction Evaluation

The result of the surface modeling of CRPM based on the
modified JONSWAP energy function is a numerical matrix T ice

that presents roughness in terms of complex values. The contri-
bution of these values to surface electromagnetic interactions
is important for texture homogeneity evaluation and energy
coupling capabilities. Therefore, the RDG and spatial profile
extraction of CRPM under different sea state conditions in the
sense of SAR along with their objective metric assessments
are considered here. The prerequisite for such evaluation is the
development of a roughness matrix that meets the grayscale
criterion of SAR imagery. To this end, complex values are
assumed to be pixel intensities, whereas the original aspect ratio
during the transformation procedure is maintained. Accordingly,
each sample of the matrix is interpreted as the corresponding
SAR image pixel based on its grayscale range span. The major
steps of such transformation are grayscale normalization and the
stretching of values within the scale. In addition, specific classes
are applied to identify the lower and upper limits of the array
that make the roughness matrix a complex homogenous terrain.

The result of the roughness transformation into the SAR
grayscale image is presented in Fig. 15(a). As discussed pre-
viously, due to the high dynamics of CRPM under sea state
conditions, the presence of a highly textured area is inevitable.
Hence, the transformed image would be responsive to these
inherent fluctuations in terms of pixel anomalies. Fig. 15(b)
presents an advection map of the presence of inherent roughness
fluctuations, hereby referred to as pixel anomalies. From an SAR
point of view, these pixel anomalies result from the uncorrelated
and noncoherent backscattering of the nondeterministic and
completely time-dependent structure of surface, which can eas-
ily affect the reflection in the shape of dephased echo with diverse
backscattering coefficients. The result in Fig. 15(c) presents a
kurtosis map of embedded pixel anomalies related to Fig. 15(a),
which is derived based on their probability distribution among
the adjacent cells. As seen in Fig. 15(b) and (c), specific areas
are distinguished from other homogenous textures due to the
tailedness of their distribution, which not only gives them large
gradient values but also makes them responsive to the sea
state in the form of anomalies. As a result, random roughness
fluctuations are most likely to occur in these areas, which are
called unstable regions.

Therefore, along with CRPM roughness evaluation in Sec-
tions II and III-A, spatial resolution investigation based on the
RDG might help better understand the electromagnetic inter-
actions of surface. It should be noted that, in comparison to
the abovementioned evaluations, spatial resolution profile is
not only dependent on the surface roughness but also relies
on SAR sensor parameters, such as the carrier frequency and
the observation time. However, the results of electromagnetic
interaction analysis are not parameter oriented, which implies
that sensor parameters will not change the properties of CRPM.

The spatial resolution analysis is an active evaluation of
sensor-terrain interactions in the form of phase history. In this
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Fig. 15. Tice Surface texture presentation based on (a) SAR point of view,
(b) advection map analysis, and (c) highly textured area kurtosis image overlay.

research study, the RDG is carried out on the basis of a hybrid-
domain processing algorithm based on Table I and the routines in
Fig. 16 [72]. It is worth noting that the selection of parameters
for RDG is dependent on the size of the texture. Referring to
the proposed RDG method in Fig. 16, incoherent information
of the reference transformed grayscale image of CRPM will

TABLE I
SYSTEM PARAMETERS OF THE SENSOR FOR SPATIAL PROFILE

Fig. 16. CRPM raw data generation procedure based on the hybrid-domain
SAR algorithm.

be imported to the algorithm first. As a result, the received
backscattered data from the surface of CRPM are simulated and
presented in Fig. 17(a), whereas its heat map is overlaid on the
reference image in Fig. 17(b). As can be seen, the homogenous
ice floes have stronger reflectivity and better uniformity in
the texture. As the texture changes to open water, including
the edges, the magnitude attenuates, and its minimum value
is derived to be approximately 0.46 dB. All these reflectivity
variations generate noncoherent phase modulations that will
be transform into highly textured areas over the entire surface
known as roughness fluctuations. The kurtosis result in Fig. 17(c)
presents these anomalies in the form of uncorrelated variations
and noncoherent reflectivity within the phase history. As seen,
these uncorrelated backscattering and roughness fluctuations are
mainly found in the open water and their edges. The peak values
in Fig. 17(c) indicate the severity of such noncoherency, which
are signs of unstable regions as the major source of roughness
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Fig. 17. Normalized SAR complex CRPM. (a) Received backscattered data.
(b) RDG overlay with the reference image. (c) RDG kurtosis overlay with the
reference image.

fluctuations and pertinent SAR texture anomalies. The higher
the kurtosis, the more resolution cells will have the dominant
attenuation; however, a uniform distribution of kurtosis is an
extreme case that will not occur in a model, specifically while
dealing with dynamic mediums such as CRPM.

As a result, between high-frequency components, i.e., Sh(ω),
and noncoherent phase modulations, a contribution to the gen-
eration of roughness fluctuations can be found. As seen, the
sensitivity of high-frequency components to the sea states will
lead to intermodulation effects in the form of wideband ocean

Fig. 18. Gradient vector field (GVF) presentation of (a) normalized reference
SAR Tice RDG and (b) normalized reference SAR Tice image.

modulations that can generate uncorrelated reflections and sub-
sequently signal noncoherency within the phase history, which
are the source of SAR geometric distortions. The results in
Fig. 18 present the presence of such texture anomalies in terms
of a GVF map from the RDG and image points of view.

As seen, these noncoherent effects can generate a dense
spatial cluster of GVFs within their resolution cells while being
diffused to the neighboring cells in the form of uncorrelated
anomalies. Therefore, RDG will be affected in both azimuth
and range directions by the adverse presence of random surface
fluctuations, as shown in Fig. 19. It should be noted that the RDG
profiles are extracted based on two different scenarios, including
the proposed method in Fig. 16 and the improved version with
relatively suppressed fluctuations, known as damped version
[70]. However, the enhanced version of RDG is an optimized
case with a relatively minor loss of information that has pros
and cons, but it is necessary to show how roughness fluctuations
degrade the electromagnetic interactions. As shown in Fig. 19(a)
and (b), the deteriorative effects of such anomalies on the spa-
tial resolution tend to have a faster rate in azimuth direction
rather than the range, whereas they have the same maximum
instantaneous attenuation value of 0.1 dB per resolution cell and
approximately 1.5 dB peak to peak. As shown in Fig. 19(c),
the adverse presence of random roughness fluctuations directly
contributes to the instantaneous attenuation of spatial resolution
and SAR geometric loss. In other words, the resulting infor-
mation loss is due to modulations effects in terms of two-scale
frequency components. However, the azimuth direction in the
spatial resolution profile is more sensitive to such loss due to its
Doppler dependence, which is under the control of the boundary
condition. Hence, inherent roughness fluctuations within the
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Fig. 19. SAR complex RDG profile presentation of Tice surface texture under
real and damped conditions. (a) Azimuth direction. (b) Range direction. (c) RDG
difference profile in both directions.

texture are observed to be a normal destructive phenomenon
with different rates and magnitudes based on sea states.

Since the information capacity per resolution cell is limited,
the perfect suppression of these roughness anomalies is impos-
sible without sacrificing the information. Thus, extracting the
complete spatial resolution profile of CRPM as a function of
sea state would be helpful for further roughness investigations
and the pertinent evaluation of information loss. Hence, the
normalized SAR received backscattered data of CRPM under
sea state conditions in Figs. 6 and 7 with a wind speed of
13 km/h, wind direction of 12°, and resolution of 0.1 m within
an area of 120 m × 120 m were generated and are presented
in Fig. 20. As shown in Fig. 20, every specific texture has elec-
tromagnetic interactions, which bolsters the role of the sea state
in terms of surface roughness modeling and electromagnetic
interactions. As seen, every specific sea state, whether it is the
speed alteration or the direction deviation, has its information
loss and attenuation on the RDG. The peak-to-peak value of
loss reaches approximately 1.5 dB, the same as the results in

TABLE II
RDG OBJECTIVE METRICS OF THE NORMALIZED CRPM SURFACE UNDER SEA

STATE CONDITIONS [WIND DIRECTION =12◦, Δ = 0.1 m,
AND SPEED ALTERATION]

TABLE III
RDG OBJECTIVE METRICS OF THE NORMALIZED CRPM SURFACE UNDER SEA

STATE CONDITIONS [SPEED = 13 KM/h, Δ= 0.1 m,
AND DIRECTION DEVIATION]

Fig. 19(c), whereas in the case of the spectral PDF, the sea state
behaves differently, and the wind speed plays a critical role in
the roughness fluctuations.

The peak-to-peak value of loss reaches approximately 1.5 dB,
the same as the results in Fig. 19(c), while in the case of the
PDF, the sea state behaves differently, and the wind speed plays
a critical role in the formation of fluctuations. Hence, the way
the sea state affects the roughness is different from the way
it affects the electromagnetic interactions. In other words, sea
state conditions have major impacts on the spectral components
of JONSWAP and their PSD regarding the PDF modifications,
while in the case of the electromagnetic interactions, they have
similar attenuation profiles. As a result, the texture of CRPM is
a nondeterministic structure that is constantly changing based
on origination, formation, growth and melting as a function of
sea state, while the electromagnetic properties follow a specific
pattern of attenuation.

Accordingly, an objective quality assessment based on texture
and its contribution to the electromagnetic interaction might help
better understand the concept. The results in Tables II and III
present SAR objective metrics based on peak side-lobe ratio
(PSLR) and integrated side-lobe ratio (ISLR) estimation as a
function of sea state conditions. The proposed evaluation method
determines the ability of the sensor to identify random rough-
ness fluctuations in the shape of noncoherent and uncorrelated
backscattering from nearby strong reflectivities. Accordingly,
the lowest ISLR and PSLR values are signs of better spatial
resolution performance.

As listed in Tables II and III, in the case of speed alteration,
the highest ISLR value is achieved at 15 km/h with a value
of −4.6 dB, whereas the lowest ISLR is observed at 9 km/h
with a value of –16.8 dB. Similarly, in PSLR measurements,
the highest value is derived to be approximately −6.1 dB at
9 km/h, and the lowest value is derived to be −16.2 dB at
16 km/h. Furthermore, in the case of wind direction deviations,
the highest value of ISLR is −5.1 dB at 8°, whereas the lowest
value of ISLR is observed at 13° with −16.5 dB. Additionally,
in the case of the PSLR measurement under the wind deviation
scenario, the highest value is derived as −9.8 dB at 15°, and
the lowest value is −14.1 dB at 8°. In short, the metrics in
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Fig. 20. SAR complex RDG profile presentation of Tice surface texture under
the reference sea state condition of Δ = 0.1 m with variable speeds and direc-
tions. (a) and (b) Speed alteration—azimuth. (c) and (d) Speed alteration—range.
(e) and (f) Direction deviation—azimuth. (g) and (h) Direction deviation—range.

Fig. 20. Continued.

Tables II and III confirm the whole roughness modeling pro-
cedure and simulation results, where the sea state affected the
surface fluctuations and its electromagnetic interactions in a way
different from the scattering components. The metrics also show
that no specific sea state condition consistently outperforms the
other when dealing with roughness and electromagnetic interac-
tions. However, the evaluation of inherent roughness anomalies
needs a complementary framework of synthesis. Therefore, a
method of texture synthesis based on surface tension analysis
in the aftermath of random roughness fluctuations would help
rationalize the relationship between the metrics and simulations
results. Hence, the next section will discuss the CRPM roughness
tension synthesis based on the joint geometrical distribution of
cells on a single scale of the texture.

C. CRPM Texture Tension Synthesis

From the SAR point of view, the texture of CRPM can be
defined in terms of variations in the gray levels that describe
the distribution of ice floes and open water based on a specific
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Fig. 21. CRPM surface roughness tension analysis based on TDS field map.

pattern as a function of sea state. Prior to this approach, however,
the phase history of raw data was modulated by the surface
characteristics in the shape of additional uncertainty within the
spatial resolution profile. These nondeterminative and stochastic
scattering phenomena will lead to noncoherent phase reception
and reflectivity anomalies, which can result in the information
loss. To date, several parametric and nonparametric algorithms
have been proposed for the synthesis of texture anomalies and
their pertinent geometrical loss [67], [73]. Unfortunately, most
of these algorithms fail to extract the geometrical information
of inherent structures with directional variations identical to
the embedded roughness fluctuations. Since backscattering is
highly sensitive to these geometrical anomalies and the recon-
structed SAR image suffers from the relevant phase disorders,
a surface tension synthesis based on geometrical information
would be another novel approach to evaluate CRPM surface
fluctuations [53]. In such an analysis, TSD field investigation,
as a nonparametric method, has led to impressive results when
dealing with anomalies [73]. As an approach, this patch-based
method allows us to represent the tension of texture through the
tensor analysis of roughness, taking into account both the local
orientation energy and degree of anisotropy. As a result, the TSD
field will summarize the predominant geometrical directions of
the roughness gradient in a specified neighborhood of resolution
cells and the degree to which those directions are coherent.
Therefore, the proposed TSD synthesis is a numerical matrix
that visualizes partial derivatives of geometrical information and
their distribution pattern within the texture. Fig. 21 presents an
overview of the TSD field visualization scenario for the purpose
of CRPM roughness tension synthesis.

According to Fig. 21, the TSD field map, SCRPM, of the
texture, i.e., T ice, is defined as the field of local covariance
matrices of its partial derivatives in both the range and azimuth
directions that have been derived from estimated gradients of
texture, ∇ T ice = [T x T y ], with T x = T ice ∗Gx and T y =
T ice ∗Gy , where Gx and Gy are Gaussian derivative kernels

and ∗ denotes the convolution. Then, SCRPM is computed by
spatial smoothing of the gradient output product of texture as

SCRPM = Gσ ∗∇T ice∇T T
ice (35)

whereGσ is a Gaussian averaging kernel with standard deviation
σ and∇T T

ice is the transpose matrix of CRPM. Note thatSCRPM

is of the same size as the reference texture with Nr ×Na,
whereas T ice is applied in the form of its stretched version in
Fig. 16. Spatial smoothing not only makes the TSD robust to
roughness fluctuations but also harmonizes the random distri-
bution of fluctuation orientations among the cells. The choice of
σ is important to generate a relevant TSD map overlay; a high
value of σ covers both the low- and high-frequency spectral
components of CRPM in (10) and improves local orientation
estimation. In contrast, a low value of σ ensures the major
entity of local CRPM components, known as sl(ω), has fewer
geometrical disorders. It should be noted that the margin of σ
is chosen according to the size of the texture to ensure that the
Gaussian averaging window size is large enough to faithfully
cover the fluctuations.

At each resolution cell position of ni over the entire terrain,
an eigenvalue decomposition of SCRPM(ni) results in two non-
negative eigenvalues λ1(ni) and λ2(ni) that show the strength of
the local roughness, i.e., the strength of the directional intensity
fluctuations of the cell, and two corresponding eigenvectors
v1 (ni) = [ v1x(ni) v1y(ni) ] and v2 (ni) = [ v2x(ni) v2y(ni) ]
that point orthogonal and parallel to the local roughness of the
resolution cell. The local orientationO(ni) in the direction of Y ′
is computed from the eigenvector v1(ni) associated with λ1(ni)
that ranges between −π/2 and π/2 as

O (ni) = arctan

(
v1y (ni)

v1x (ni)

)
(36)

The coherence factor is obtained from the TSD eigenvalues
and ranges between 0 and 1, which can be considered a measure
of the roughness local anisotropy as

C (ni) =
λ1 (ni)− λ2 (ni)

λ1 (ni) + λ2 (ni)
(37)

This approach also characterizes the geometrical dispersion
of gradient orientation over the surface. In other words, the min-
imum value of C is equivalent to the most negative orientation,
whereas the maximum value is equal to the maximum positive
inclination of the ellipse within the coordinate system, which is
a criterion for roughness fluctuations. Regarding the symmetric
formulation of (35) and the application of Gaussian smoothing
kernel, as well as calculating the corresponding eigenvalues, a
bilinear mapping of eigenvectors in the form of a 2-D quadratic
surface of ellipses with orientations of O and coherences of
C will be overlaid on the texture of the CRPM. This tension
computation procedure is repeated for the entire texture until the
complete TSD field map is determined. To this end, a survey of
TSD synthesis on the realized texture of CRPM and the pertinent
received backscattered data was carried out and is presented in
Figs. 22 and 23. As shown, the TSD field map focuses on the
geometrical properties of resolution cells and their stochastic
texture anomaly distributions.

According to the results in Fig. 22, the color of the TSD
field map ranges from low to high coherency values of C, while
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Fig. 22. CRPM surface roughness tension results based on TDS field synthesis
of the reference sea state condition with wind speed = 13 km/h, θ = 12◦, Δ =
0.1 m, and pixel group of four. (a) σ = 2. (b) σ = 10.

the Gaussian values are set as σ = 2 and 10. The blue ellipse
indicates the low coherency of texture or the normal tension of
roughness fluctuations, whereas red indicates data inconsistency
with higher entropy as well as rapid intensity alteration known
as highly textured areas. Their elliptic axes can be oriented
toward a specific direction ofO that shows coherency toward the
surrounding cells, which signifies the local structural similarity
(SSIM) among the neighboring cells. It should be noted that the
cell set number selection plays an essential role in TSD field map
computation. A larger number gives a better visualization result
with larger ellipses, but it also reduces the precision and accuracy
of the analysis, which is not good. In this study, the number is
considered a group of four pixels. Similarly, the TSD synthesis

Fig. 23. CRPM received backscattered data tension results based on TDS field
synthesis of the reference sea state condition with wind speed = 13 km/h, θ =
12◦, Δ = 0.1 m, and pixel group of four. (a) σ = 2. (b) σ = 10.

results of the received backscattered data are determined under
the same conditions as in Fig. 22 and are presented in Fig. 23.

The TSD map in Fig. 23(a) with σ = 2 has less harmony in
the orientation and less consistency in the coherency compared
to its counterpart with σ = 10 in Fig. 23(b) or the TSD field map
of texture in Fig. 22(a). This shows that backscattering is more
sensitive to the surface roughness, and image formation plays
a key role in the focusing of noncoherent reception and texture
consistency [53], [67], [70], [73]. Accordingly, roughness fluc-
tuations play a significant role in noncoherent backscattering
and the inconsistency of raw data rather than its pertinent re-
constructed image. However, the role of the Gaussian factor is
important in such a synthesis. As a result, in the case of CRPM
texture including homogenous areas such as thick ice floes or
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TABLE IV
QUANTITATIVE METRICS OF THE NORMALIZED CRPM SURFACE UNDER SEA

STATE CONDITIONS [WIND DIRECTION =12◦ , Δ = 0.1 m, AND SPEED

ALTERATIONS]

pure open water that spatially deal with the uniform changes of
surface roughness, the coherency of texture is almost low, and
they are oriented toward their local vectors.

However, as the magnitude of fluctuations increases at a
higher rate within each principal direction, which is a sign of
ice edges or undulating open water, not only will the shape of
elliptic descriptors change, but their orientation and coherency
will also be modified into anisotropic structures. In this case, a
higher order of σ provides a smoother tension, which is quite
sensitive for raw data analysis. Hence, prior to SAR image
reconstruction, a nonparametric dataset synthesis consisting of
geometric distortions via TSD synthesis would help reconstruct
the texture closer to reality. As previously mentioned, the group
number of cells will only affect the computation complexities,
and the larger the number is, the lower the computational burden
and the lower the accuracy. The results in Fig. 24 show how
the group number changed the detailed information of the TSD
synthesis of texture under the same conditions as in Fig. 22. Here,
the group number is selected to be 23, which is 6 times larger
than in Figs. 22 and 23. As seen in Fig. 24, the information is not
as complete as expected. As a rule of thumb, it is recommended
to use a low group number with a medium value of σ, which is
related to the size of the texture.

IV. OBJECTIVE QUALITY ASSESSMENT VERIFICATION

Various metrics can be used for surface roughness assess-
ment to determine how precise the CRPM roughness model-
ing has been performed. However, the importance of the sea
state conditions on the CRPM is decisive, which makes metric
selection a crucial task for texture evaluation. Hence, in this
section, a quantitative objective assessment will be carried out
on the simulation results under different sea state conditions
and will be compared with the reference sea state conditions
of 13 km/h, θ = 12◦, and Δ = 0.1 m. The objective assess-
ment consists of pixel-based metrics such as the mean square
error (MSE), signal-to-noise ratio (SNR), peak SNR (PSNR),
variance, mean intensity value (MIV), SSIM index, and SSIM
map. In addition, with the help of normalized cross-correlation
(NCC) measurements between the reference model and other
simulation results, an extended correlation-based technique that
evaluates the pattern of roughness will be presented. The results
of objective quality assessments are listed in Tables IV and V
as well as shown in Figs. 25 and 26. It should be noted that
all textures have experienced roughness fluctuations due to the

Fig. 24. CRPM surface roughness tension results based on TDS field syn-
thesis under the reference sea state condition of wind speed = 13 km/h, θ =
12◦, Δ = 0.1 m, and pixel group of 20. (a) σ = 2. (b) σ = 10.

TABLE V
QUANTITATIVE METRICS OF THE NORMALIZED CRPM SURFACE UNDER SEA

STATE CONDITIONS [SPEED = 13 KM/h, Δ= 0.1 m, AND DIRECTION

DEVIATIONS]
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Fig. 25. CRPM surface roughness SSIM map between (a) wind speed = 9
km/h, θ = 12◦ versus wind speed = 17 km/h and θ = 12◦ and (b) wind speed
= 13 km/h and θ = 8◦ versus wind speed = 13 km/h and θ = 16◦.

Fig. 26. CRPM surface roughness NCC comparison between different sea
states and the reference speed = 13 km/h, θ = 12◦, and Δ = 0.1 m. (a) Speed
alteration scenario. (b) Direction deviation scenario.

random entity of scattering components under the control of the
sea state, which are investigated quantitatively here.

As seen from the metrics, the impact of change in the sea
state is relativistic, and no sea state outperforms the other.
Additionally, there are no limits for metrics in their domain
compared to the reference condition. As seen from the results in
Table IV and specifically at speed values higher than 14 km/h,
MSEs are derived higher than the unit, and subsequently, their
PSNRs are obtained as negative values. To explain such metric
behaviors, the CRPM surface under the speed alteration scenario
in Fig. 6 should be referred to, where the freeboard heights
were derived to be larger than other sea state conditions at
speeds higher than 14 km/h. If the resolution cell scatterings
are overly affected by the sea state, which makes the entity of
the spectral component change in a nonlinear manner different
from the reference, then the MSE would drive larger than one
unit compared to the reference. In other words, the high value
of MSE indicates more significant variance in individual cells
within the texture in comparison to the reference texture, which
confirms that the roughness at speeds greater than 14 km/h are
not structurally located on the same class as the reference image,
and they can be categorized into different type based on their
freeboard height. This is also true for the negative values of
PSNR. These metric behaviors cannot be found in Table V in
the case of wind direction deviations. As a rule of thumb, the
lower the MSE is, the higher the match between textures, and
the quality effects of speed alteration in metrics are much more
intense than direction deviation.

As seen from the results listed above, wind direction instills
small-scale changes in the texture, whereas speed alterations
higher than 14 km/h instill medium-scale changes in terms of
different classes of CRPM. The SSIM maps in Fig. 25 confirm
the structural similarity of textures. As shown in Fig. 25(a), under
the reference sea state conditions of θ = 12◦ and Δ = 0.1 m
with the alteration in speed, the SSIM map between the lowest
speed 9 km/h and the maximum speed 16 km/h is derived
to be approximately 0.7. Meanwhile, in Fig. 25(b), under the
similar reference condition of 13 km/h and Δ = 0.1 m with
the alteration in direction, the SSIM map between the lowest
direction of 8° and the maximum direction 16° is derived to
be approximately 0.8, which shows the rate of similarity. This
also shows that under the speed alteration scenario, the ice floes
have the least structural similarity due to their orientations and
structures, which is a medium-scale effect.

The results are almost different in the direction deviation
scenario, and ice floes mostly present small-scale structures in
a similar manner. The simulation results in Fig. 26 are also true
for other roughness evaluation scenario under different sea state
conditions. Fig. 26 shows the NCC value between the reference
roughness modeling and other sea state modelings. As seen in
Fig. 26(a) and (b), roughness under different sea state conditions
not only lack structural similarity to the reference condition, but
each texture is entirely different from the other modeling. In
short, each sea state condition leads to energy scattering in the
form of specific spectral components, which leads to distinct
coupling effects and textures that belong to a particular class of
surface roughness.
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V. CONCLUSION

In view of the importance of polar regions and their impact
on global climate change, there is an urgent need for a reliable
polar media modeling. Such a modeling will provide data for the
generation of the medium and the formation and melting of its
structures due to ocean wave interactions. However, to date, most
models have ignored the role of ocean waves in the modulation
processes, and their wavefield scattering in the presence of ice
floes do not specifically describe the problem of roughness
under sea state conditions. In this research, these processes
are studied in terms of CRPM energy scattering functions by
using a modified version of the JONSWAP formulation, which
is finally visualized in the form of a CRPM surface roughness
model. The main approach of this study is the modification of
the JONSWAP formulation based on an optimized cosine-power
gamma PDF application under the control of the sea state along
with roughness smoothing, which comprises two-scale approach
of statistical CRPM surface modeling. The two-scale model,
known as the composite model, is widely applied to describe the
directional wave spectrum and its contribution to radar obser-
vations but suffers from spectrum computational complexities.
Accordingly, a parallel processing technique has been adopted
for the optimized computation and extraction of ice energy
function.

The results obtained from the parallel processing of CRPM
modeling carried out under the designated sea state condition
paved the way for simulating sea ice textures under different sea
states, including wind speed alterations and direction deviations,
known as fractal visualization. From the results of fractal texture,
it is deduced that some of the reference input energy is modified
or lost in different modes as a function of sea state, while the
waves are redistributed with different rates and magnitudes.
As those modified waves travel further along the fetch, their
wavenumber changes, and likewise, the shapes of floes and their
orientation change, which is under the control of wind speed and
direction. However, the speed alteration plays a major role in the
origination of CRPM rather than the direction.

The results also show that the sea state directly affects the
composite structure of CRPM so that low-frequency com-
ponents act as narrowband filters for ocean waves, whereas
high-frequency components proceed as wideband modulations
that have a major contribution to roughness fluctuations. Ac-
cordingly, regions of roughness fluctuations, known as highly
textured areas, which are sensitive to sea state conditions, are
considered for further texture investigation. The investigation
includes PSD formulation and the simulation of the highly tex-
tured area as well as their electromagnetic interaction evaluation
in terms of RDG, both in a hybrid domain. For further surface
texture analysis, a nonparametric texture synthesis for surface
tension in terms of TSD was also applied. The obtained results of
PSD, RDG, and TSD show their capacity to synthesize different
textures of CRPM and prove that the proposed CRPM modeling
method, in addition to its evaluations, works correctly in terms
of composite structures.

Additionally, to evaluate the quality of numerical modeling,
an objective quality assessment was used along with the above-
mentioned items. The obtained results are highly compliant
with the modeling results and prove that the proposed statistical

method of two-scale CRPM roughness modeling is in compli-
ance with the theory and formulations. The proposed approach
appears to be faster when the parallel processing method is used.

Although brief, this research, together with the extensive
references, can hopefully help readers obtain a comprehensive
view of the evolution of the CRPM. There are several critical
future improvements required, which are listed as follows:

1) study the source terms of wind input, dissipation, and
nonlinear interaction for ocean waves in the modeling of
CRPM based on different scattering functions;

2) derive a governing equation for energy scattering to be
implemented into a global ocean wave model;

3) apply the inverse method to estimate the physical parame-
ters in viscoelastic models from laboratory and field data;

4) conduct roughness tension analysis based on other do-
mains of validity.

Hence, we expect the continuation of this study to provide
answers to further questions in terms of spectral energy, sea
states, energy balance, and composite behaviors, which are help-
ful for microwave radiometry, temperature profile derivation,
band fusion, and other applications.
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