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To study the electromagnetic (EM) backscatter characteristics of freak waves at moderate incidence angles, we

establish an EM backscattering model for freak waves in (1+1)-dimensional deep water. The nonlinear interaction

between freak waves and Bragg short waves is considered to be the basic hydrodynamic spectra modulation mechanism

in the model. Numerical results suggest that the EM backscattering intensities of freak waves are less than those from

the background sea surface at moderate incidence angles. The normalised radar cross sections (NRCSs) from freak

waves are highly polarisation dependent, even at low incidence angles, which is different from the situation for normal

sea waves; moreover, the NRCS of freak waves is more polarisation dependent than the background sea surface. NRCS

discrepancies between freak waves and the background sea surface with using horizontal transmitting horizomtal (HH)

polarisation are larger than those using vertical transmitting vertical (VV) polarisation, at moderate incident angles.

NRCS discrepancies between freak waves and background sea surface decreases with the increase of incidence angle, in

both HH and VV polarisation radars. As an application, in the synthetic-aperture radar (SAR) imaging of freak waves,

we suggest that freak waves should have extremely low backscatter NRCSs for the freak wave facet with the strongest

slope. Compared with the background sea surface, the freak waves should be darker in HH polarisation echo images

than in VV echo images, in SAR images. Freak waves can be more easily detected from the background sea surface in

HH polarisation images than in VV polarisation images. The possibility of detection of freak waves at low incidence

angles is much higher than at high incidence angles.
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1. Introduction

Freak waves have become an active research topic

in engineering and science over the past 20 years.

The notion of freak waves was first introduced by

Draper.[1] According to the Rayleigh distribution of

wave heights, a freak wave is an extremely unlikely

wave whose height exceeds 2.2 times the significant

wave height Hs of the background sea.[2,3] The study

of freak waves started in the late 1980’s. How high

is the highest freak wave? What properties does it

have? How often and under what circumstances does

the extreme wave occur? These and additional ques-

tions have been studied.[4−17]

Freak waves have been observed in both shal-

low and deep water, with and without the presence

of strong currents. Many explanations and possi-

ble mechanisms have been proposed to analyse their

formation subject to the specific physical conditions.

Why do freak wave phenomena occur? There are

many possible reasons. Generally, in shallow water ar-

eas, extreme wave events can be explained by the pres-

ence of ocean currents or bottom topography that may

cause wave energy to focus in a small area because of

refraction, reflection, and wave trapping. These mech-

anisms may be explained by linear wave theory.[18]

The nonlinear effects on freak waves are discussed by

Yasuda et al.[19,20] They drew a conclusion that third

order nonlinear interactions enhance the occurrence of

freak waves and are the primary cause of freak wave

generation in a general wave field except for the case

of strong wave-current interactions or wave diffraction

behind an island. In areas where waves from storms in

the open ocean approach shallower waters, the waves
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will be refracted and diffracted. Fedele and Arena[21]

extend the quasi-deterministic theory of Boccotti[22,23]

to the second-order case, deriving new wave crest and

wave trough distributions that take into account non-

linear effects and hold true for the finite bandwidth of

the spectrum in deep-water.

Several numerical studies give results for freak

waves in deep water.[15,24,25] Schober,[25] Islas and

Schober[26] investigated freak waves within the frame-

work of the nonlinear Schördinger (NLS) equation

and related the development of freak waves in oceanic

sea states characterised by the Joint North Sea Wave

Project (JONSWAP) spectral with the proximity to

homoclinic solutions of the NLS equation. Using the

inverse spectral theory of the NLS equation, they built

a model for predicting freak waves in deep water. Os-

borne et al.[24] discussed analytical results for 1+1

dimensions (i.e. spatial dimension and temporal di-

mension) and demonstrated numerically, for certain

sets of initial conditions, the ubiquitous occurrence of

freak waves in 2+1 dimensions (2 spatial dimensions

and 1 temporal dimension). They obtained a conclu-

sion that a typical wave field evidently consists of a

background of stable wave modes punctuated by the

intermittent up-thrusting of unstable rogue waves.

Recently, for the purpose of the detection of freak

wave events, Lehner et al.[27,28] analysed synthetic-

aperture radar (SAR) wave mode images from the En-

vironmental Research Satellite (ERS) and ENVISAT

satellites, and found the wellknown Draupner time

series, in which a wave of 26 m in height was mea-

sured. They also found high wave groups in the case

where storm systems move at the group speed of the

ocean waves. In order to detect freak wave targets on

or above the storm sea surface by radar, the electro-

magnetic (EM) backscattering characteristics of freak

waves must be studied. The EM wave backscatter re-

sults from a rough sea surface and has been studied

by many different methods in recent years, such as

Kirchhoff approximation (KA), physical optics (PO),

small perturbation approximation (SPA) and Bragg

scattering (see, for example, Refs. [29]–[44]. In the

present paper, our intention is to numerically analyse

the EM backscattering characteristics of freak waves

in 1+1 dimensions in deep-water. As far as we know,

this topic has received little attention thus far.

A freak wave model is presented in Section 2, and

a two-scale freak wave sea surface model is given in

Section 3. In Section 4, an EM Backscattering model

of the two-scale freak wave sea surface is presented.

We also give the numerical results and discussion.

2. Long freak wave in (1+1)-

dimensional deep sea

Here we use the freak wave model in (1+1)-

dimensional deep sea presented by Osborne et al.[24]

Because it is an analytical solution to describe freak

waves, one can easily use it to calculate EM backscat-

tering intensity from freak wave. In the (1+1)-

dimensional deep sea, the envelop soliton or the

breathers solutions of the NSL equation are related to

the freak wave sea surface.[24,45,46] Osborne et al.[24]

gave two analytical examples of unstable modes which

are readily found from the periodic inverse scattering

transform (IST) solution for the (1+1)-dimensional

NLS equation in the 1-dimensional form. Here we

rewrite the NLS equation given by Osborne et al. as

follows:[24]

iuT + uXX + 2 |u|2 u = 0. (1)

Equation (1) turns back to the equation given by Os-

borne et al.[24] by using u = λψ, X = x−Cgt, T = µt,

and λ =
√
ν/2µ, where Cg = ω0/2k0, µ = ω0/8k

2
0

and ν = ω0k
2
0/2, where k0 is the carrier wave num-

ber and ω0 is its frequency, the dispersion relation is

ω0 =
√
gk0 and g is the acceleration of gravity. For the

purpose of simulating a freak wave sea surface, follow-

ing the way of Osborne et al.,[24] we select particular

homoclinic solutions of Eq. (1), i.e. for λ = ia/
√
2,

Af(x, t)

= −i
√
2 e2ia

2T

×

[
cos[

√
2aX] sech[

√
2a2T ] + i

√
2 tanh

[
2a2T

]
√
2− cos[

√
2aX] sech[

√
2a2T ]

]
,

(2)

where Af(x, t) denotes the complex envelope function

of a deep-water wave train whose surface elevation is

ξf(x, t) = Re
[
Af(x, t) e

i(k0x−ω0t)
]
, (3)

where a > 0 is an initial regular envelop amplitude.

Thereafter the elevation of the freak wave surface in

the (1 + 1)-dimensional deep sea is

ξf = B(x, t)/C(x, t), (4)

where

B(x, t) = 2 tanh(2a2T ) cos(ψ0) +
√
2 cos(

√
2aX)

× sech(
√
2a2T ) sin(ψ0),
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C(x, t) =
√
2− cos(

√
2aX) sech(

√
2a2T ),

and

ψ0 = k0x− ω0t+ 2a2T.

Following Eqs. (2) and (4), we simulate the freak

sea surface as shown in Fig. 1. From Fig. 1, one can

find that the maximum height is more than 2.2Hs,

where Hs is the significant wave height of the group.

Thus, we can simulate the long-scale freak wave sea

surface with the selected model.

Fig. 1. Spatial evolution of a freak wave sea surface in the

deep sea, where wavelength λ = 200 m, −1500 m≤ x ≤
1500 m at time t = 0.

3. Two-scale freak wave sea sur-

face model

The incident electromagnetic wave is scattered

by the sea surface. The main EM scattering mech-

anism is Bragg scattering for small scale waves. The

normalised radar corss section (NRCS) is modulated

(which is called tilt modulation) by the long waves. To

calculate multiple polarized NRCS for freak waves, we

use a similar method to that given by Franceschetti et

al.[44] except that we only consider one spatial dimen-

sion.

3.1. Facets of long freak waves

Long waves (or freak waves) can be modeled by

Eq. (4). They can be divided into a number of

scattering facets by using the criterion (according to

Franceschetti et al.[44]):

Lx =
λe

8 |s′x − sx| cos θ
, (5)

where θ is the incidence angle of the EM wave, λe is

the EM wavelength, Lx is the length of facet, s′x and

sx (equation (8)) are the slope of a given facet and

that of the next neighboring facet, respectively. For

each facet, one can select the same value of |s′x − sx| .

3.2.Bragg short waves riding on freak

waves

According to the Bragg scattering mechanism of

small scale Bragg waves whose wave-numbers satisfy

kb(θ) = 2ke sin θ. (6)

For each facet, there is a different Bragg short

wave. There are N backscattering facets within a cer-

tain SAR image pixels. On the nth facet, the relative

elevation of this facet is

ξr(x, t, θ)|x=xn
= ξb(x, t, θ) + sxLx|x=xn

, (7)

where sx is the slope of this facet, and

sx|x=xn
= ξx|x=xn

=
∂

∂x
ξf(x, t)

∣∣∣∣
x=xn

, (8)

where ξx = dξf(x, t)/dx can be calculated following

the appendix of Ref. [47]. Moreover, ξb(x, t, θ) should

satisfy

ξb(x, t, θ) = ab(θ) sin(ψb(θ)), (9)

where

ψb(θ) = kb(θ)x− ωb(θ)t+ φb(θ), (10)

ωb(θ) =
√
gkb(θ), (11)

ab(θ) = abb

√
S(kb(θ))

S(kbb)
, (12)

where S(kb(θ)) and S(kbb) denote the spectrum inten-

sity of the Bragg wave and that of another short wave

with a different wave number, respectively.

The short wave spectrum S(k) is truncated from

the 1D Pierson–Moskowitz (PM) spectrum:[48]

S(k) =
α

4k3
exp

(
− 0.74g2

k2WSP 4
19.5

)
, (13)

where α = 0.0081, and WSP19.5 is the wind speed at

19.5 m above sea surface.

Thus, from Subsections 3.1 and 3.2, one can ob-

tain a two-scale freak sea surface model whose eleva-

tion is

ξ(x, t, θ) = ξf(x, t, θ) + ξr(x, t, θ). (14)

4. Backscatter from a freak wave

sea surface

We consider multiple polarised backscatter from a

freak wave sea surface. The polarisations include ver-

tical transmitting-vertical receiving EM wave (VV po-

larisation), horizontal transmitting-horizontal receiv-

ing EM wave (HH), vertical transmitting-horizontal
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receiving EM wave (VH polarisation) and horizontal

transmitting-vertical receiving EM wave (HV polar-

isation). But for our case, i.e. VH and HV polar-

isations, the EM backscattering intensities are zero,

owing to the Bragg scattering mechanism.

Before creating an EM backscattering model for

the freak sea surface, we discuss the two main NRCS

modulations related to long freak waves.

4.1.NRCS tilt modulation by long freak

wave

As mentioned above, we consider the Bragg scat-

tering mechanism for EM scattering from ripples. The

Bragg backscattering NRCS is modulated by tilt mod-

ulation of long freak waves. For the nth facet, its

gravity point is denoted by Pn(xn, ξf(n)) and its slope

is represented by sxn . For each facet, the incident an-

gle θ in Eq. (6) is determined by the local incidence

angle. Let the local incident angle be θlocal, which is

related to the local normal, then we will have

θlocal =

 θ + tan−1 sx, tan−1 sx < 90◦,∣∣θ + tan−1 sx − 180◦
∣∣ , tan−1 sx ≥ 90◦.

(15)

Using Eqs. (9)–(14), one can create a model which

includes Bragg scattering from ripples in facets and

tilt modulation of the NRCS by long freak waves. In

fact, because we estimate maximum value of tan−1sx

to be about 6◦ and the minimum value of tan−1sx to

be about 175◦, we can ensure that the Bragg scatter-

ing condition is satisfied in our study by restricting

θlocal to be within a range from 20◦ to 84◦ (The range

from 20◦ to 84◦ is the incidence angle limitation of

two-scale Bragg EM backscattering model) when θ is

restricted within (26◦, 79◦).

4.2.NRCS hydrodynamic modulation

by long freak waves

A second important NRCS modulation is the

Bragg wave spectrum nonlinear hydrodynamics mod-

ulation by long freak waves.

For the incidence angle of each EM wave, the cor-

responding Bragg short wave number can be deter-

mined by kb(θ) = 2ke sin θ. The Bragg short wave

amplitude ab(θ) can be calculated from Eq. (12) if

there are no nonlinear interactions (i.e. hydrody-

namic modulation) between Bragg waves and long

freak waves. Unfortunately, the hydrodynamic mod-

ulation of short waves by long waves should not be

ignored (see Ref. [49]). Thus, hydrodynamic modula-

tion needs to be considered when one determines the

Bragg parameters.

According to Ref. [49], wave-number and ampli-

tude expressions of short Bragg waves that are mod-

ulated by long freak waves can be written as follows:

kb(x, t, θ) = kbb (1 + |Af | kf sinψf) , (16)

ab(x, t, θ) = abb (1 + |Af | kf sinψf) , (17)

where kbb is the wave number of short wave which

would be modulated by long freak waves and abb is its

amplitude, subscript f refers to the freak wave.

From Eqs. (16) and (17), one can find that the

Bragg wave number, amplitude and phase vary with

those of the freak wave at different spatial sites and

temporal points. This means we have to calculate

those parameters for each facet. Our main purpose

in this section is to determine ab(x, t, θ) which is used

to feedback to Eq. (9).

To solve ab(x, t, θ) from Eq. (17), abb, |Af |, kf and
ψf (includes ωf , φf) should be evaluated, while abb
can be derived from Eq. (16). Thus, first of all, one

should compute the parameters of the freak wave ac-

cording to Refs. [47] and [50]. One can obtain |Af |
from Eq. (2). We present a new method to derive kf ,

ωf and φf , here.

Before introducing the numerical method, we

present the following concepts.

(i) A given freak wave (whose subscript is f) can

be considered as a ‘nonlinear long wave’ when a short

wave (which will be hydrodynamically modulated by

the freak wave to become a Bragg short wave—its pa-

rameters are denoted by subscript bb) rides on the long

freak wave.

(ii) Frequencies, amplitudes and wave numbers

may be variable. Long freak waves can be regarded as

waves whose frequencies, amplitudes and wave num-

bers vary temporally and spatially.

(iii) A given long freak wave can be considered

to be discrete; there is a corresponding amplitude and

wave number at every temporal and spatial point. The

surface elevation of the long freak wave at a given lo-

cation can be regarded as corresponding to the surface

elevation of a sine wave whose amplitude and wave-

number are those of the long freak wave at that point.

(iv) Discrete interactions between a long freak

wave and short wave are assumed. The result of in-

teractions between a long freak wave and short waves
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can be regarded as the sum of interactions between

short waves and different sine waves whose amplitude

and wave-numbers are equal to those of the long freak

wave at different points.

Therefore, Eq. (4) can also be expressed as the

set function of all temporal and spatial points (xi, tj):

ξf(xi, tj)

= |Af(x, t)| sinψf |(xi,tj)

= |Af(xi, tj)| sin(kf(xi, tj)xi
− ωf(xi, tj)tj + φf(xi, tj)), (18)

where i and j are the spatial and temporal indices, re-

spectively, and spatial and temporal variables a(xi, tj)

in Eqs. (16) and (17).

According to Ref. [43], one can derive the

corresponding wave numbers kf(xj , tk), frequencies

ωf(xj , tk) and initial phases φf(xj , tk). Substitut-

ing kf(xj , tk), ωf(xj , tk), φf(xj , tk) and Eq. (6) into

Eq. (16), one can obtain kbb. With Eq. (12), one can

obtain abb at kbb. Then ab(x, t, θ) can be obtained

from Eq. (17).

Here we mention that the solved ampli-

tude ab(x, t, θ) which corresponds to wave number

kb(x, t, θ) is only one component of spectra intensity

which is transferred from the short wave spectra be-

fore it is modulated by freak waves. Thus to obtain

the Bragg wave amplitude ab(θ) in Eq. (9) at a specific

time and location such as (xi, tj), we calculate the am-

plitude distribution < ab(θ) > (averaged in temporal

domain) for the wave number domain corresponding

to all incident angles of interest, then we use< ab(θ) >

to replace ab(θ) in Eq. (9) for each wave number sep-

arately.

4.3.Multiple polarised backscattering

coefficients

In the present paper, as the method of solving

multiple polarised backscatter coefficients is similar to

that given by Franceschetti et al.,[44] we briefly intro-

duce the results of our case.

We consider moderate incidence angles θ(20◦ ≤
θ ≤ 84◦) which are coincide with the incident angles

of SAR, and we assume that the EM backscattering is

dominated by the Bragg scattering mechanism. The

sea surface has an infinite conductibility, and its re-

flectivity does not change. The shadowing effect and

the multiple scattering are neglected.

Let the 2 × 2 matrix Γ denote the multiple po-

larised backscattering coefficient matrix. The relation

between backscattering fields and incident fields isEv

Eh

s

=
jke e

−jkeR

4πR
Γ

Ev

Eh

i

, (19)

where R is the distance between receiver and scatter,

Ev and Eh are vertical and horizontal polarised com-

ponents of electric field, respectively, and

Γ =
[
I − kk

]
F exp(j2keξxn cos θ)

×
∫
Lx

√
1 + ξ2x exp(j2ke · r′)dx

=

 Svv Svh

Shv Shh

 ·
∫
Lx

√
1 + s2x exp(j2ke · r′)dx

= S · U, (20)

where

U =

∫
Lx

√
1 + s2x exp(j2ke · r′)dx, (21)

I is the identity matrix, ke is the incident electro-

magnetic wave propagation vector, r′ is the spatial

location vector of the sea surface facet. For backscat-

tering, the VH polarisation coefficient has the same

value as that of HV polarisation, i.e., Svh = Shv.

The backscattering coefficients are

Shh =
−2 cos(∆θ)

s2x + sin2(∆θ)
(s2xRq −Rp sin

2(∆θ)), (22)

Shv = Svh =
−sx sin2(∆θ)
s2x + sin2(∆θ)

(Rp +Rq), (23)

Svv =
−2 cos(∆θ)

s2x + sin2(∆θ)
(Rq sin

2(∆θ)− s2xRp), (24)

where ∆θ = θ − θ0 is the difference in angle between

incidence angle θ and the incidence angle θ0 in the

radar beam centre. Rp and Rq are the Fresnel reflec-

tion coefficients and given as

Rp =
cos θl −

√
εr − sin2 θl

cos θl +
√
εr − sin2 θl

, (25)

Rq =

√
εr − sin2 θl − εr cos θl√
εr − sin2 θl + εr cos θl

, (26)

where cos θl = (sx sin θ + cos θ)/
√

1 + s2x, θl is local

incident angle with respect to the local normal, and

εr = 81.5 for normal sea water.

Substitute Eqs. (7), (8) and (14) into Eq. (25),

one can obtain the discrete form of U

U =
2πI

kb(θ)

∞∑
m=0

Jm [2ab(θ)ke cos θ] · exp[jmϕb(θ)]
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× sin c

[
I

(
2πke
kb(θ)

sx cos θ −mπ

)]
× cos

(
2πke
kb(θ)

sx cos θ −mπ

)
, (27)

where I is the Bragg short wave number within the

facet, and Jm(·) is a Bessel function series.

5. Numerical results

In this section, we simulate the corresponding

NRCS by using the backscattering coefficients. We

present not only numerical results of backscattering

from a freak sea surface (for the purpose of validating

our EM scattering model) but also a comparison of

NRCS between a sea surface composed of sine waves

and a freak wave.

The NRCS is related to backscattering coefficient

by the following expression:

σ0 =
1

X cos θ
|Γ |2 , (28)

where X is the width of the incident EM wave.

5.1.Validation of EM scattering model

Before calculating the backscattering intensities

of freak waves, for the purpose of validation of our

EM scattering model, we simulate the NRCS of sine

wave with Bragg short waves on it. We then compare

this result with accepted knowledge. The amplitude

and the wavelength of sine waves are 0.8 m and 200 m,

respectively (see Fig. 2). The scattering area extends

from –200 to 200 m. The SAR imaging pixel size is

10 m. The RADARSAT2 frequency (5.405× 109 Hz)

is used as a frequency of the incident EM wave. Local

wind speed is 10 m/s. The incidence angle is 30◦. The

NRCSs for sine waves can be computed with our EM

scattering model and the above parameters, and they

can be shown to vary with x as shown in Fig. 3.

Fig. 2. Elevation of sine wave, whose amplitude is 0.8 m,

λ = 200 m, −200 m≤ x ≤ 200 m, at t = 0.

Fig. 3. Variations of NRCSs for sine wave with x for HH

and VV polarisations.

From Fig. 3 it follows that the NRCSs of sine

waves vary with distance in x direction nearly in a

period (0.5 times wave length), the NRCS of VV po-

larisation is larger than that of in HH polarisation at

the same location. This coincides with the results of

Franceschetti et al.[44] Over a given period, the NRCS

is largest at crest and trough in Fig. 2 while is smallest

at average sea level.

We average the backscattering NRCS of sine

waves within the area of interest (see Fig. 2). The

result in Fig. 4 shows that both averaged NRCSs (VV

and HH polarisations) of sine waves decrease with the

increase of incidence angle. Comparing the averaged

NRCS for VV polarisation with the NRCS for HH

polarisation, one can find that the polarisation ratio

(VV/HH) increases with the increase of incidence an-

gle as shown in Fig. 5. These results coincide with the

accepted results (such as those given by Kudryavtsev

et al.[43]).

Fig. 4. NRCSs of sine waves, where solid line represents

VV polarisation and dash line corresponds to HH polari-

sation.

Fig. 5. Polarisation ratio (VV/HH) of sine wave.

Moreover, from our numerical results, backscat-

tering coefficients of different kinds of sea surfaces
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(sine wave, background sea surface (environment sea

surface around freak waves) and freak waves) in VH

and HV polarisation are zero. This result coincides

with the well known knowledge about Bragg scatter-

ing from the 1D sea surface.

5.2.Backscattering intensity from differ-

ent pixels of freak waves

We consider the SAR images from freak waves

and their background sea waves in Fig. 1 in this sec-

tion. We truncate the sea surface representation to

the domain from –500 m to 500 m at t = 0. The

wavelength is λ = 200 m. The whole truncated area

is divided into three parts: (a) from –1500 to –500 m,

regarded as the area of background sea surface on the

left of freak waves, (b) from 500 to 1500 m, which is

the area of background sea surface on the other side of

the freak waves, and (c) the freak waves area, which

is between the two areas.

Figure 6 shows the NRCSs of the freak waves and

sine waves for VV polarisation EM waves. It is ev-

ident that the NRCSs of freak waves vary approxi-

mately with distance in the x-direction in a single pe-

riod (0.5 times wave length). This result is similar to

that of the NRCS for sine waves. Over a period, the

largest NRCS occurs separately at crests and troughs

in Fig. 1 whereas it is smallest at the average sea level.

The NRCSs of freak waves are smaller than those of

the sine waves at the same locations. The largest dif-

ference in NRCS between the freak waves and the sine

waves is –42.7475 dB occurring at the 70 m location

in Fig. 3. This result corresponds to the location with

a largest steepness between the crests and troughs of

the freak waves.

Fig. 6. NRCSs of freak waves and sine waves for VV po-

larisation EM waves.

In summary, the NRCS of freak waves is smaller

than that of the sin waves. From the crests to the

troughs of freak waves, the backscatter NRCS varies

much faster than that of the normal sine waves. Freak

waves also have an extremely low backscatter NRCS

at the freak wave facet with the strongest slope.

5.3.Backscattering intensity distribu-

tion of incident angles

In order to compare the NRCS of freak waves with

that of the background sea surface, we also calculate

the NRCSs of freak waves and their background waves

(defined in Subsection 5.2). Here the incidence angles

vary from 26◦ to 79◦ which covers moderate incidence

angles, namely the Bragg scattering cases whose inci-

dence angles are in a range of 20◦–84◦.

Figure 7 shows the backscatter NRCS of back-

ground waves with incidence angles varying from 26◦

to 79◦. The NRCS decreases with the increase of in-

cidence angle. Moreover, the NRCS for VV polari-

sation is larger than that for HH polarisation, which

coincides with the well known experimental and nu-

merical results of Kudryavtsev et al.[43]

Fig. 7. NRCSs of background sea surface of freak waves

in VV and HH polarisations, where incidence angles vary

from 26◦ to 79◦.

Comparing the NRCSs for freak waves with those

of the background sea surface for VV and HH polar-

isations (Figs. 8 and 9), one finds that backscatter

intensities from freak waves are less than those from

the background sea surface for all moderate incidence

angles. Therefore, freak waves can be detected for

moderate incidence angles suitable for SAR imaging.

Moreover, it is obvious that the variational char-

acteristic for the NRCS at an incidence angle is dif-

ferent from that of background sea surface. NRCS of

background sea surface increases with the increase of

incident angle when the incidence angle varies from

26◦ to 79◦. However, figure 10 shows a different pic-

ture of NRCS variation with incident angle, namely
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the NRCSs for freak waves (both HH and VV polari-

sations) decrease at low incidence angles before reach-

ing their minimum values at a specific incidence angle

(denoted as the minimum NRCS value incident an-

gle, MNVI, hereafter), then increase as incident an-

gles increase until reaching their peak NRCS values

at another incidence angle. The latter is denoted as

the peak NRCS value incidence angle, PNVI, here-

after. The NRCSs of freak waves increase again with

the increase of incident angles when incidence angles

are larger than the PNVI. In Fig. 10, the MNVI of

freak waves in VV polarisation is 46◦ corresponding to

minimum NRCS (–11.63 dB). The PNVI is 72◦ corre-

sponding to peak NRCS value –9.53 dB. The minimum

NRCS of freak waves in HH polarisation is –13.11 dB

at MNVI (46◦) and the maximum NRCS is –11.5 dB

at PNVI (75◦).

Fig. 8. NRCSs of freak waves and background sea surface

for VV polarisation, where incidence angles vary from 26◦

to 79◦.

Fig. 9. NRCSs for freak waves and background sea sur-

face for HH polarisation, where incidence angles vary from

26◦to 79◦.

Fig. 10. NRCSs for freak waves for VV and HH polarisa-

tions, where incidence angles vary from 26◦to 79◦.

Figure 11 shows the polarisation ratios between

the absolute values of NRCS discrepancy in dB be-

tween HH and VV polarisations for the background

sea surface and for freak waves. The polarisation ra-

tio of the background sea surface decreases with the

increase of incidence angle while the effect of incidence

angle on polarisation ratio for freak waves is not no-

table. Figure 11 shows that the polarisation ratio for

freak waves is larger than that of background waves at

moderate incidence angles. This implies that echoes

backscattered from freak waves are more polarisation-

dependent than from the background sea surface in

the case of moderate incidence angles.

Fig. 11. Polarisation ratio variations with incidence an-

gle for freak waves (asterisk), and for the background sea

surface (circle).

These results suggest that the freak waves are eas-

ier to detect from the background sea surface with

HH polarisation than with VV polarisation. Figure

12 shows that NRCS discrepancies between the freak

wave and the background sea surface with HH po-

larisation are larger than those with VV polarisation

when incident angles are less than 79◦. The maxi-

mum NRCS discrepancy for the HH polarisation echo

is 4.615 dB while that of VV polarisation is 3.234 dB,

given incidence angles of 26◦ and 29◦, respectively.
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The NRCS discrepancies of the HH polarisation echo

are almost the same as those of the VV polarisation

for large incidence angles (larger than 79◦, not shown

here). The large ratios for NRCS discrepancies be-

tween HH and VV polarisation echoes mainly occur

in the incidence angle domains (26◦, 76◦). Therefore,

in SAR images, compared with the case of background

sea, the freak waves should be darker in HH polarisa-

tion echo images than in VV echo images.

Fig. 12. NRCS discrepancies between freak waves and

background sea surface for VV (line) and HH polarisa-

tions (plus signs) and ratios of the NRCS discrepancy of

HH and VV polarisation echoes for freak wave (asterisk)

and background wave(circle).

Finally, one can find that the smaller the inci-

dence angle is, the more easily freak waves in SAR

images are detected for both HH and VV polarisa-

tions. From Fig. 12, NRCS discrepancies decrease

with the increase of incidence angle. For example, the

NRCS discrepancy is 1.553 dB in HH polarisation and

0.7155 dB in VV polarisation at incidence angle 60◦,

whereas it is 4.198 dB in HH polarisation and 2.939 dB

in VV polarisation at incidence angle 30◦. The image

should look like much darker in the freak wave area of

the SAR images with 30◦ incidence angle than with

60◦ incidence angle. One can infer that smaller inci-

dence angles result in more detectable freak waves in

SAR images.

6. Conclusions

Currently, freak waves are not easily detected by

remote sensing technology. Therefore, it is necessary

to numerically simulate the EM backscattering echoes

and study the characteristics of the NRCS of freak

waves. Considering the nonlinear interactions between

freak waves and Bragg short waves, we present a mul-

tiple polarisation EM backscattering model for freak

waves. Thus we are able to calculate the NRCSs of

freak waves and those of the background sea surface

with this model for different cases.

Our numerical results show that the EM backscat-

ter characteristics of freak waves are quite different

from those of the normal sea surface (namely the back-

ground sea surface). From numerical results, the main

differences in EM backscatter characteristic are:

(i) EM backscatter intensities of freak waves are

less than those from the background sea surface for all

moderate incident angles.

(ii) Echoes backscattered from a freak wave are

highly polarisation dependent, even at lower incidence

angles. The NRCS of EM backscatter from freak

waves has a higher polarisation dependence than that

of the background sea surface.

(iii) NRCS discrepancies between freak waves and

the background sea surface are larger with HH polar-

isation than those resulting from VV polarisation, at

moderate incident angles.

(iv) NRCS discrepancies between freak waves and

the background sea surface decrease as the incidence

angle increases, for both HH and VV polarisation, at

moderate incident angles.

According to our numerical results, we suggest

that freak waves have the extremely low backscatter

NRCSs where the freak wave facet has the strongest

slope. Freak waves can be detected at moderate in-

cidence angles, which is applicable to SAR imaging.

Freak waves can be detected more easily from the

background sea surface by HH polarisation than by

VV polarisation. Compared with the background sea,

freak waves should be darker in HH polarisation echo

images than those of VV echo images, in SAR images.

The possibility of the detection of freak waves at low

incidence angles is much better than freak wave detec-

tion at high incidence angles. These results motivate

us to further study the detection of freak waves by

using SAR images.
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