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Abstract: In the past decades, Bragg scattering has been considered to be an important scattering
mechanism of microwave backscattering from sea surfaces. However, as reported in many recent
literatures, non-Bragg scattering (which is often attributed to wave breaking) also makes a signifi-
cant impact on radar scattering, especially for Horizontal-Horizontal (HH) polarized radar signals.
To date, we know far less about non-Bragg scattering than Bragg scattering. Herein, this paper car-
ries out an investigation on non-Bragg scattering and its effect on radar echoes at moderate inci-
dence angles, both for oil-free and oil-covered sea surfaces. This paper firstly presents a systematic
comparison of several sea spectra commonly used for the simulation of microwave scattering from
sea surfaces. It is found that none of them perform well for the description of Bragg waves. Then,
the “pure” Bragg wave spectra are inverted in the framework of the two-scale model (TSM) and
geophysical model functions (GMFs). The normalized radar cross sections (NRCS) related to total
scattering, non-Bragg scattering, and “pure” Bragg scattering in C, X, and Ku-bands are simulated
under various conditions (i.e., incidence angles, wind speeds, and wind directions). Quantitative
assessments of the relative contributions of non-Bragg scattering to total scattering are conducted.
We also perform a survey on the non-Bragg scattering from the oil-covered sea surface. This article
provides some new insights for a better understanding of the non-Bragg microwave scattering from
rough sea surfaces at moderate incidence angles.

Keywords: microwave scattering; ocean remote sensing; Bragg scattering; non-Bragg scattering; oil
spill

1. Introduction

Microwave radars play an increasingly important role in ocean observation thanks
to their capability of providing valuable data under all-weather, all-day, and all-night
conditions. The emitted microwaves with a certain frequency from radars can interact
with sea surface (or targets on the sea surface) to produce scattered microwaves, which
could be detected and received again by radars for ocean observation. The normalized
radar cross section (NRCS) or scattering coefficient as a parameter to describe the scatter-
ing strength is highly sensitive to the ocean-surface roughness induced by gravity—capil-
lary surface waves, which can be influenced by various factors, such as the strength of
local wind, the surfactant floating on the sea surface, etc. [1].

In the past decades, Bragg resonance has been broadly investigated and identified as
an important mechanism of microwave backscattering from sea surface when the
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electromagnetic (EM) waves are in resonance with sea waves of comparable wavelengths
[2]. However, it has been mentioned in many publications that the resonant Bragg mech-
anism is unable to fully describe the EM scattering of the sea surface [3-6]. At moderate
incidence angles, the results predicted by the Bragg scattering model can match well with
observations for vertical transmit vertical receive (VV) polarization. However, the predic-
tion is not in agreement with observations for horizontal transmit horizontal receive (HH)
polarization [4-7]. Even the composite surface theory considering the large-wave tilting
does not remove this discrepancy between the simulation and the observation at HH po-
larization [8,9]. The possible reason for this is that non-Bragg scattering induced by steep
waves and wave breaking plays a significant role in this process [1,4]. Although various
explanations for non-Bragg scattering (including scattering from breaking waves or near-
breaking waves, quasi-specular scattering from steep wave fronts, etc.) have been pro-
posed, the modeling of non-Bragg scattering mechanisms and its impact on microwave
scattering from sea surfaces are still not well understood.

The frequent occurrence of wave breaking and its special radar echoes has stimulated
numerous studies to determine the underlying physical mechanisms of these phenomena.
Kwoh and Lake [10] studied the X-band microwave scattering from breaking waves at
moderate incident angles, including edge diffraction effects and specular scattering. A
phenomenological model for describing the mechanism of non-Bragg scattering was pro-
posed by Phillips [11], which pointed out that the contribution of wave breakage to NRCS
is independent of specular reflection, edge scattering, or scattering from the rough surface
of the broken wave. Melville et al. [12] and Loewen [13] measured the backscattering of
the X-band microwave wave on breaking waves at an incident angle of 65° and found that
the backscattering is significantly enhanced in wave fronts of the breaking waves due to
the specular reflection on the steep wave fronts. Soon after, Voronovich and Zavorotny
proposed a semi-empirical model to simulate the specular scattering from steep breaking
waves [6]. Kudryavtsev et al. derived a semi-empirical model based on Phillips” model,
further confirmed the major influence of wave breaking on the NRCS [1]. Recently, their
further study on the backscattering from breaking waves demonstrated that the contribu-
tion of breaking waves to the total C-band radar backscatter can reach approximately 60—
70% for HH and vertical transmit horizontal receive (VH) polarization under all incidence
angles [4]. Notably, even though wave breaking plays a dominant role in non-Bragg scat-
tering, other factors (e.g., bound waves [14], sea droplets [15], sea surface curvature [5],
sea foam [16], etc.) could also yield a similar impact on the scattering field. Although in
the past several decades the study of microwave scattering from sea surface has made
significant progress, the effects of non-Bragg scattering under various incidence angles,
wind directions, and wind speeds are still not well understood.

Here, this paper carries out a study on the effect of non-Bragg scattering on radar
echoes at moderate incidence angles, both for clean and oil-covered sea surfaces. Firstly,
the basic theory of microwave scattering from sea surfaces is briefly introduced in Section
2. Then, the simulation of Bragg scattering is studied in Section 3. The non-Bragg scatter-
ing from the sea surface (Section 4) and oil-covered sea surface (Section 5) are simulated
and analyzed in detail. Finally, the corresponding conclusion and my perspectives are
provided in Section 6.

2. Modeling of Microwave Scattering from Sea Surface at Moderate Incidence Angles
Typically, the total NRCS of the sea surface (a;p ) can be represented as the sum of
specular scattering (o), the “pure” Bragg scattering (o fp ) and the non-Bragg scattering

(™) from breaking waves [1,4,17].

S B B
o =cV+c’ +o" (1)
Pp PP
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Subscript p represents the horizontal (H) or vertical (V) polarization. According to
radar observations, it is known that o¥ (as well as o™ ) is independent of polarization,

B . .
and o, depends on polarization.

For small incidence angles, the relative contribution of specular scattering to total
scattering is rather large (o™ / o-}ip ~0.7~0.8 ) because specular scattering governs in this

area. Since both ¢” and o™ are independent of polarization, it is not easy to individu-
ally study the impact of non-Bragg scattering on total scattering. For large incidence an-
gles, the influence of “shadow effect” on microwave scattering becomes remarkable, mak-
ing it hard to investigate the characteristics of non-Bragg scattering. Hence, the analyses
and discussions in this work are limited to moderate incidence angles.

For moderate incidence angles, the contribution of specular scattering to total scat-
tering is so small that it can be neglected. Consequently, the total NRCS of the sea surface
at moderate incidence angles can be expressed as the sum of Bragg scattering and non-
Bragg scattering components as follows:

t _ B nB
o, =0, +0 )

The “two-scale model (TSM)” or “composite model” is often employed to simulate
Bragg scattering from sea surfaces [18]. According to the TSM, the small-scale waves re-
lated to Bragg scattering are super-imposed linearly on the long wave and are significantly
affected by large-scale waves due to tilting modulations, hydrodynamic modulations, and
the non-linearity of the surface slopes. Taking the modulation effect of large-scale waves

into account, the TSM solution at moderate incidence angles ( 6>30 ) can be represented
as the first order of a Taylor expansion in the long wave slope [1,19]. The NRCS of “pure”
Bragg scattering can be written as

5 V4
Ow =T 1
tan® 6,

|Gpp|2(1+gppsf)3(kw,¢) (3)

where 7 is the incidence angle, S is the polarization-dependent coefficient,

(gy —1)><[5r(1+sin26’i)—sin26’i]

Gy = 2 4)
[gr cos, +4/e, —sin® 6, }
g -1
= T 5)
[cosHi +4/€, —sin Hl}
& is the relative dielectric constant of seawater. The Bragg wavenumber kw - Zk’ sing ,

B(k,.6)=B, (k,)®(k,.¢)

is the directional curvature

1
B (k ) (D(kw,¢)=—(1+Ac052¢)

spectrum, where '\ *’ is the omni-directional part and 27 is

the spreading function. The relationship between the directional curvature spectrum

B(k,, . S(k,. .
( v ¢) and sea surface elevation spectrum ( v ¢) can be written as

k.
i is the radar wave number.

, and 9 is the wave propagation direction referenced to the wind.
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In Equation (3),
s 2
_tan'g, @ [ [Gw| 6
T (6)
tan* @ o° |GHH |2 2 |GW |s2
R = @

8 = 2|GHH|2 06 | tan* 6, " sin’ 6, |GHH|S?

2 2
where % and °r are the mean square slope (MSS) of tilting waves in and out of the

direction of the incidence plane.
According to the measurements from [20], slopes of waves in the slick covered areas
(the scales of these waves correspond to the scales of tilting waves in TSM) are almost

s =s =s*/

isotropic. Following [4], we assume that 2 , and the MSS can be obtained by

s* =45x10° In(a kU3, /3) ®)

1/2
is the inverse

_ =U, (k
where k =k, / 4 is the dividing wavenumber in TSM, “ 10( r / g)

wave age of wind seas, ~ ° is the wind speed at 10 m height, g is the gravity acceleration,

k
and 7 is the spectral peak wavenumber.
The NRCS of non-Bragg scattering can be derived from dual co-polarized NRCS,

“Ouy
—— 9
1—}73

where P? is estimated as the expected Bragg TSM polarization ratio (PR) value and it can
be obtained by
2
_[Gu
5=
G

: (10)

2
wl

3. On the Simulation of Bragg Scattering from Sea Surface
3.1. Impacts of Sea Spectrum on Microwave Bragg Scattering Simulation

As expressed in Equation (3), to simulate the microwave Bragg scattering accurately,
the primary task is to develop a spectral model accurate enough for modeling Bragg sea
waves. To date, a number of sea spectra have been developed or proposed by different
researchers [18,21-26]. This section aims at presenting a survey of some of the most com-
mon sea spectrum models in the application of microwave backscattering simulation. The
performances based on these sea spectra in the simulation of microwave scattering have
been reported in many literatures, e.g., [9,27,28]. However, the works mentioned above
do not eliminate the impact of non-Bragg scattering. In the following, the difference of co-
polarized NRCS (PD), i.e.,

PD=c}, -0}, (11)

is simulated based on the TSM and various sea spectra, which eliminates the non-Bragg
scattering component and is directly related to the Bragg wave spectrum [19,29].

On the other hand, in practical applications, to model the responses of incidence an-
gle, wind speed, and wind direction on NRCS, various GMFs have been developed in the
past decades, such as the NSCAT2 (NASA scatterometer) and the NSCAT4 for Ku-band
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[30], the XMOD?2 (X-band model) for the X-band [31], the CMODS5N (C-band model) [32]
and CMODH for the C-band [33], etc. GMFs are empirical models that were established
based on a large amount of measured data, which could provide accurate predictions for
microwave scattering from the sea surface. In this section, the newly developed CMODH
[33] for the C-band and the NSCAT4 for the Ku-band, which can be utilized both for HH
and VV polarization, were selected as references for comparisons.

Based on the spectrum proposed by Elfouhaily et al. (E spectrum) [21], the spectrum
proposed by Hwang et al. (H spectrum) [22,23], the spectrum proposed by Romeiser et al.
(R spectrum) [24], the spectrum proposed by Apel (A spectrum) [25], the spectrum pro-
posed by Fung and Lee (F spectrum) [19], and the spectrum proposed by Pierson and
Moskowitz (P spectrum) [26], the PD (without consideration of the contributions of non-
Bragg scattering) simulated by the TSM under various incidence angles, wind speeds, and
wind directions are displayed in Figure 1, and was compared with those obtained by us-
ing GMFs. Please note that the TSM introduced in [18] rather than that obtained in Equa-
tion (3) was used in this simulation. The spreading function of the E spectrum is used for
the H spectrum in this analysis. In Figure 1a, the results simulated by using the P spec-
trum, F spectrum, and R spectrum are significantly larger than those of CMODH, and the
results simulated by using the H spectrum and A spectrum match well with CMODH. In
Figure 1b, the results simulated by using the E spectrum and H spectrum are better than
those of other spectra for Ku-band. In Figure 1c,d, the differences between GMFs and sim-
ulated results vary with wind direction. In general, the results simulated by using E spec-
trum and H spectrum agree better with GMFs than the other spectra. In Figure 1e,f, all of
the curves increase with wind speed. For the C-band, the E spectrum, H spectrum, and A
spectrum perform better than the other spectra. For Ku-band, the result of E spectrum
matches well with NSCAT4. From Figure 1, it can be observed that there exist significant
differences amongst the TSM and GMFs under different conditions, whatever sea spectra
are adopted.

5 .
— === E-spectrum
ol UlO =7m/s —H»s];ectrum i
Upwind A
== F-spectrum
-5 o P-spectrum |
% ¢ CMODH %
~-10 '  E
E N A~ '20 [ |=—E-spectrum
-15F 1 === H-spectrum
A-spectrum
20 F - 251 —F-s;?eecltrum b .
P-spectrum
(a) 2 NSI(”,AT4 ( )
25— : : : : -30 : : . : :
20 25 30 35 40 25 30 35 40 45 50 55

Incident angle/degree Incident angle/degree
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Figure 1. Comparisons of the PD simulated by using the TSM and GMFs for the C-band and Ku-band. (a,b): with respect
to incidence angles, (c,d): with respect to wind speeds; (e,f): with respect to wind directions.

In fact, the differences between the NRCSs simulated by using the TSM and GMFs
are induced by both the TSM and sea spectra. As the TSM is an asymptotic electromag-
netic scattering model, the obtained results based on it inevitably have some errors. How-
ever, considering that the TSM has been extensively used in many literatures for estimat-
ing Bragg scattering component (e.g., [4,29,34,35]), we believe that the accuracy of Bragg
scattering model is acceptable. Hence, the difference between the NRCSs simulated by
using the TSM and GMFs is assumed to be induced by the inaccuracy of sea spectra.

3.2. Inverting Bragg Waves Spectrum from GMFs

According to the results from Figure 1, it can be demonstrated that the discrepancy
between the measured and the simulated NRCS, is not only caused by the non-Bragg scat-
tering, but also because of the inaccuracy of sea wave spectra. To gain a more accurate
spectrum, in this section, the “pure” Bragg wave spectrum is inverted by using the TSM
and GMFs.

The NRCS expressed with the GMF is generally written as [30]

oM = A, (0,U,)+ A, (6,U,)cosp+A,, (6,U,)cos24 (12)

pp T Copp

A()pp (ei’ull)) U

A )
The isotropic term , the upwind/downwind amplitude ~ ' (0" 1”) ,

and the upwind/crosswind amplitude Az (6, Us) are all the functions of wind speed
and incidence angle.

By comparing Equation (3) with Equation (12), the omnidirectional part of the curva-
ture spectrum can be approximately calculated by using
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~ 2tan* 0, (Ayy — Agr )
|GVV|2 (1+gVVSi2)_|GHH|2 (1+gHHSi2)

By (k)

(13)

and the A (k” ) in the spreading function can be calculated with

2tan’ b, (szv B AZHH)
A(kzo)_ 2 R 2 R (14)
By (k)]G (14 852 )~[Guf (14 81005 )

As the NRCS of “pure” Bragg scattering expressed in Equation (3) cannot be used to
simulate the asymmetry between upwind and downwind, we have omitted the second
term in the right-hand of Equation (12).

Figure 2 presents the inverted omni-directional curvature spectrum obtained by us-

ing Equation (13) and the inverted A(k’”) gained by using Equation (14), and also com-
pares with those obtained from E spectrum. In this work, our study is limited to C-, X-,
and Ku-bands since there is a lack of a mature VV polarized GMF or a mature polarization
ratio (PR) model for L band [36]. It should be noted that the XMOD2 is only valid for VV
polarized channel. To estimate the NRCS in HH channel, a PR model for the X-band has
been employed to convert the VV polarized NRCS to a HH polarized NRCS. In Figure 2a,
it can be seen that there exist remarkable differences between the inverted sea spectrum

. . . Ak

and the E spectrum. In Figure 2b, as the wind speed increases, the ( ’”) of the E spec-
. . . . Ak .

trum increases monotonically, while the inverted (k) does not increase monoton-

ically. For the X-band, the value of Ak, ) is smaller than 0 when the wind speed is small
enough. One can also note that there exists a significant inconsistency between the curves
estimated by using XMOD2 and NSCAT4. The reason for this phenomenon is probably
because the XMOD2 is a relatively new geophysical model and needs more time and data
to be well-tuned. In this work, the inverted omni-directional curvature spectrum and

A
(k” ) can be regarded as “real” proxies of the Bragg wave spectrum.

0.03

0.02

BO(kw)

0.01

k (radim) k , (rad/m)

Figure 2. The inverted “pure” Bragg wave spectrum is compared with the E spectrum as wind speed ranges from 3 m/s

to 21m/s with a 2 m/s step. (a) The omni-directional part of the curvature spectrum, and (b) the term A(k“’) in spreading
function. The purple, blue, and red curves correspond to the region of C-, X-, and Ku-bands.

4. On Non-Bragg Scattering from Sea Surface

In order to understand the impacts of non-Bragg scattering on total scattering, in this
section, the NRCSs of “pure” Bragg scattering and non-Bragg scattering under various
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NRCS (dB)

incidence angles, wind speeds, wind directions, and radar frequencies will be simulated
and studied. Substituting Equations (13) and (14) into Equation (3), the NRCS induced by
“pure” Bragg scattering can be simulated. By using Equation (9), the NRCS induced by
non-Bragg scattering can be obtained. Note that the NRCS of non-Bragg scattering in this
paper is the same as the “non-polarized component (NP)” defined in [4]. To estimate the
impact of non-Bragg scattering on total scattering, the relative contribution of non-Bragg
scattering to total scattering (defined as the ratios of non-Bragg NRCS to total NRCS, i.e.,

nB t
/ ") is studied under various conditions.

Figure 3 displays the NRCSs of total scattering, “pure” Bragg scattering, and non-
Bragg scattering, and the relative contribution of non-Bragg scattering simulated by using
the CMODH for different incident angles, wind directions, and wind speeds. In Figure
3a,b, the NRCS of non-Bragg scattering decreases with the incidence angle, which is sim-
ilar to that of total scattering. The relative contribution of non-Bragg scattering for VV
polarization decreases with incidence angles and almost does not change for HH polari-
zation. Based on C-band fully polarized Radarsat-2 SAR data, Kudryavtsev et al. also in-
vestigated the relative contribution of non-Bragg scattering on radar return. The results
shown in Figure 3a,b are consistent with those presented in [4]. In Figure 3c, the non-
Bragg scattering has its largest value in the upwind direction (corresponds to 0°) and has
its smallest value in the downwind direction (corresponds to 180°). In the simulation of
the “pure” Bragg wave spectrum (in Equations (13) and (14)), the upwind/downwind
asymmetric term (the second term in the right hand of Equation (12)) has been omitted,
leading to the same NRCS of “pure” Bragg scattering in upwind (0 deg) and downwind
(180 deg) directions. The upwind/downwind asymmetric of total scattering has been to-
tally “fall on” the non-Bragg scattering. Therefore, errors may be introduced when simu-
lating the non-Bragg scattering under various wind directions. In other words, the differ-
ence in the upwind and downwind direction of non-Bragg scattering in real cases maybe
not as significant as it has been shown in Figure 3c. Moreover, by observing Figure 3d, we
know that the relative contribution of non-Bragg scattering reaches its largest value in the
crosswind. In Figure 3e, the NRCS of non-Bragg scattering increases with wind speed,
which is similar to that of the total scattering and Bragg scattering. Meanwhile, in Figure
3f, the relative contribution of non-Bragg scattering is almost independent of wind speed,
which implies that non-Bragg/Bragg is almost constant under different wind speeds.

o 1 .
)
g CMODH ( )
g 0.8 Uy, =7 m/s,Upwind |
=
B
=0.6F
2
2
204F
Total VV g
Total HH S
-30 |- - -Bragg VV CMODH ] 202}
= = =Bragg HH ) 0 VVpol
non-Bragg U,, =7 m/s,Upwind (a) §
-35 L L 0 L L
30 35 40 45 30 35 40 45

Incidence angle (degree) Incidence angle (degree)
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Figure 3. The NRCSs of total scattering, “pure” Bragg wave scattering and non-Bragg scattering, and the relative contri-
bution of non-Bragg scattering estimated by using the CMODH. (a,b): with respect to incidence angles, (c¢,d): with respect
to wind directions, (e,f): with respect to wind speeds.

Figure 4 shows the corresponding results simulated by using XMOD2 and PR model.
In Figure 4a, under different incident angles, the non-Bragg scattering is significantly
larger than both HH polarized and VV polarized “pure” Bragg scattering NRCS, which is
different from that of the results exhibited in Figure 3. In Figure 4b, the relative contribu-
tion of non-Bragg scattering is larger than 60% for VV polarization, while it approaches
90% for HH polarization. By comparing the non-Bragg scattering relative contribution of
the X-band (shown in Figure 4b) with that of the C-band (shown in Figure 3b) and Ku-
band (shown in Figure 5b), the non-Bragg scattering relative contribution of X-band is
supposed to be about 60~80% for HH polarization. However, as shown in Figure 4b, the
relative contribution of non-Bragg scattering approaches 90% for HH polarization. The
reason for this phenomenon may be that the non-Bragg scattering relative contribution of
the X-band may have been overestimated. From Figure 4c, the non-Bragg scattering curve
has similar behavior to the total scattering curve. In Figure 4d, the relative contribution of
non-Bragg scattering is almost independent of wind directions, which is significantly dif-
ferent from the results shown in Figures 3 and 5. From Figure 4e,f, the non-Bragg scatter-
ing increases with wind speed while the relative contribution of non-Bragg scattering to
total scattering almost independent of wind speeds, which are similar to that of C-band.
In fact, the results simulated by using XMOD2 suffer a drawback, namely that the simu-
lated results involve a polarization ratio model, while there is not a widely accepted accu-
rate PR model at present. Hence, the results estimated by using the XMOD2&PR maybe
not as good as that of CMODH and NSCAT4.
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Figure 4. The NRCSs of total scattering, “pure” Bragg wave scattering and non-Bragg scattering, and the relative contri-
bution of non-Bragg scattering estimated by using the XMOD2 and PR model. (a,b): with respect to incidence angles, (c,d)
with respect to wind directions, (e,f): with respect to wind speeds.
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Figure 5. The NRCSs of total scattering, “pure” Bragg wave scattering and non-Bragg scattering, and the relative contri-
bution of non-Bragg scattering estimated by using the NSCAT4. (a,b): with respect to incidence angles, (c,d): with respect
to wind directions, (e,f): with respect to wind speeds.

The NRCS of total scattering, “pure” Bragg scattering, non-Bragg scattering, and the
relative contribution of non-Bragg scattering simulated by using the NSCAT4 are pre-
sented in Figure 5. Under different incident angles, the NRCS of non-Bragg scattering at
the Ku-band has similar behavior with that of the C-band (as shown in Figure 3a). With
the increase of incident angles, the relative contribution of non-Bragg scattering is about
70% for VV polarization, while it decreases from 60% to 20% for HH polarization (Figure
5a,b). For wind direction dependences (Figure 5c,d), the relative contribution of non-
Bragg scattering reaches its largest value in crosswind direction. The relative contribution
of non-Bragg scattering in the upwind direction is slightly larger than that in the down-
wind direction. From Figure 5e,f, the relative contribution of non-Bragg scattering does
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not exhibit significant dependence on wind speed, which is similar to that of the C-band
(shown in Figure 3f).

As mentioned above, the results simulated by XMOD2 are significantly different
from those of CMODH and NSCAT4, which can be attributed to the inaccuracy of PR
models used for XMOD2. The PR model used in the XMOD2 assumes that there is no
wind speed dependence and wind direction dependence, but in actuality the effect of
wind speeds and wind directions on PR cannot be neglected [37]. Therefore, the results
estimated by using the CMODH and NSCAT4 are relatively more accurate and convinc-
ing.

It is known that the breaking wave coverage increases with wind speed [38]. As ex-
pected, in Figures 3f and 5f, the non-Bragg scattering caused by breaking waves highly
dependent on wind speed. However, the relative contribution of non-Bragg scattering (the
ratio of non-Bragg scattering to total scattering) almost independent of wind speed, im-
plying that the Bragg scattering and non-Bragg scattering increase in the same proportion
with wind speed.

Moreover, by comparing Figures 3 and 5, one can note that the NRCS of non-Bragg
scattering and the relative contribution of non-Bragg scattering of the C-band are signifi-
cantly smaller than that of the Ku-band. Hence, we can reasonably conclude that the effect
of non-Bragg scattering is more remarkable for higher frequency radar waves.

5. On Non-Bragg Scattering from Oil-Covered Sea Surface

It is of great significance to study the microwave scattering mechanisms from oil-
covered sea surface for oil spill detection. The scattering mechanism of oil-covered sea
surface has been studied in the literature theoretically as well as experimentally (see, e.g.,
[29,34,35], and references therein). The presence of surfactant films on the surface of the
sea resulted in significant suppressions of both the small-scale non-Bragg component and
the Bragg component [29,35]. Through analysis of the slick contrasts of the total NRCS,
Bragg and non-Bragg components, it was found that the non-Bragg scattering slick con-
trast values and their dependence on the wave number and on the azimuth angle are quite
similar to the Bragg scattering, indicating that the oil film significantly influences the pro-
cesses of wave breaking. It is also found that the modification of the micro-breaking of
cm-dm-scale waves in slicks can play the most important role in non-Bragg contrasts in
slicks [34]. In this part, we will perform a further study on the non-Bragg scattering from
the oil-covered sea surface by analyzing the relative contribution of non-Bragg scattering
to total scattering. The Radarsat-2 data used in this part (as shown in Figure 6) was ac-
quired during the oil spill experiment conducted by the Norway Clean Seas Association
for Operating Companies (NOFO) in the North Sea [39], where the acquisition time is
17:27 (UTC) on 8 June 2011 and the incident angle is about 34.5°~36.1°. The wind speed is
1.6~3.3 m/s, which was observed by ships participating in the exercise and the closest oil
platform. For more details about the field experiments, please refer to [39].

=S

Figure 6. The Radarsat-2 SAR image used in this work. The three dark areas correspond to biological
slick (upper left), emulsion oil (middle), and crude oil (lower right), respectively.
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It is well known that a sea surface covered by the oil spill appears as a “dark patch”
in the SAR image. One reason is that the backscattered power of the oil film-covered area
becomes smaller due to the suppressed small-scale waves by the oil film. Another reason
is that oil films with a smaller dielectric constant will also weaken the radar backscatter-
ing. In recent studies, the use of SAR images to extract the oil-water mixture ratio or the
dielectric property of the oil-covered area has attracted more and more attention [40-42].
When the Bragg scattering dominates at a medium incident angle, the co-polarization ra-
tio (HH/VV) is independent of the wave spectrum but depends on the dielectric properties
of the sea surface. Thus, the polarization ratio obtained from SAR images can be utilized
to retrieve the dielectric property.

However, the method based on the co-polarization ratio has a flaw that can’t be ig-
nored when the oil film is too thin. To make the dielectric constant have a non-negligible
effect on radar scattering, the thickness of the oil layer must exceed 1/10 of the penetration
depth, such as the oil layer thickness must be greater than 1 mm for the C-band SAR, and
the oil layer thickness must be greater than 4 mm for L band SAR [43]. For a very thin oil
film covering the sea surface (for example, a biological oil film, whose thickness is usually
the thickness of a molecular layer; that is, only a few 10 m), the dielectric constant of the
oil film is much smaller than that of the seawater, resulting in the easy penetration of the
microwave through the oil film. In other words, the change in the dielectric constant of
the sea surface caused by the oil film can be ignored in this case. Meanwhile, according to
the Bragg scattering theory, the polarization ratio of a sea surface covered by the thin oil
film should be the same as that of a clean sea.

Figure 7 presents the co-polarization ratio estimated from the Radarsat-2 image. The
co-polarization ratio of the monomolecular biogenic oil film is significantly larger than
that of a clean sea, which is inconsistent with the prediction of the classic Bragg theory.
This inconsistency is attributed to the effect caused by non-Bragg scattering. Moreover,
the existence of non-Bragg scattering on the oil film-covered sea surface will also cause
errors in the inversion of dielectric constants of the area covered by oil film using the po-
larization ratio. Therefore, the non-Bragg scattering has a non-negligible influence on ra-
dar scattering of sea surface, which is consistent with the experimental result [34]. In the
following, we will quantitative study the effect of non-Bragg scattering on total NRCS for
the oil film-covered sea surface.

Plant oil I (IZrude oil
Emulsion oil : :
0.9 Crado of Emulsion oil
0.8 Plant oil\\A
2
& 0.7
0.6
0.5
0.4 Y : .
34.5 35 35.5 36

Incident angle (degree)

Figure 7. The co-polarization ratio extracted from the three white lines in Figure 6.

Figure 8 displays the “pure” Bragg waves spectra inverted from the three white lines
in Figure 6. It is clearly seen that the spectral energy of the oil-covered area is significantly
smaller than that of the clean sea surface due to the damping effect caused by oil films.
Besides, the damping effect caused by the biological oil film is the smallest and then in
increasing order are the emulsion oil and crude oil, mainly because of the different
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physical properties for these three kinds of oils. Hansen et al. studied the influences of
various surface film elasticities on the effective viscosity coefficient and sea spectrum
through theoretical simulation [29]. As stated in [29], the damping effect caused by oil film
highly depends on the film elasticity. The different damping effect of plant oil, emulsion
oil, and crude oil is induced by the differences in the elasticity of these three kinds of oil
films.

10°

B(k,))

10F

Plant oil
= Elmulsion oil

Crude oil

129 130 131 132 133
kW(md/m)

Figure 8. The “pure” Bragg wave curvature spectrum inverted from the three white lines in Figure
6.

Hansen et al. [29] studied the contrasts of the HH NRCS, VV NRCS, polarization dif-
ference, polarization ratio, the non-polarized component of different slicks. It was found
that the contrast of non-Bragg scattering is significant and the non-Bragg scattering con-
tribution is sensitive to the oil film type. Here, in Figure 9, we present the NRCSs of total
scattering, “pure” Bragg scattering, non-Bragg scattering, and the relative contribution of
non-Bragg scattering for three kinds of oil films. The NRCSs of total scattering were ex-
tracted from the three white lines in Figure 6. The NRCSs of non-Bragg scattering were
calculated using Equation (9). Then, the NRCSs of “pure” Bragg scattering could be ob-
tained by calculating the NRCSs differences of the total scattering and non-Bragg scatter-
ing. In Figure 9, for clean sea surface, the non-Bragg scattering amounts to about 40% for
VV polarization, while it can account for about 70% for HH polarization, which is con-
sistent with the results exhibited in Figure 3a. For oil-covered sea surfaces, the non-Bragg
scattering is similar to the Bragg scattering for VV polarization (shown in Figure 9a,d,g),
while the non-Bragg scattering is larger than the Bragg scattering for HH polarization
(shown in Figure 9b,e,h). As shown in Figure 9a,b,d,e,g h, the NRCS of non-Bragg scatter-
ing is different for different kinds of oil film, which is consistent with the results presented
in [29]. In Figure 9c¢,{,i, one can note that the relative contribution of non-Bragg scattering
of HH polarized echo is significantly larger than that of VV polarization.

Compared with a clean sea surface, the reductions in the Bragg and non-Bragg com-
ponents of an oil-covered sea surface are respectively caused by the suppression of small-
scale wind waves and the modification of micro-breaking of cm-dm-scale waves. The mi-
cro-breaking is related to non-linear features in the profile of decimeter-scale waves, such
as bulges, toes, and parasitic capillary ripples [34,35]. The micro-breaking can be effec-
tively suppressed by oil films. As shown in Figure 9, the relative contribution of the non-
Bragg scattering of an oil-covered sea surface is significantly larger than that of a clean sea
surface, where the biological oil film is the smallest, followed by the emulsion oil and
crude oil. The reason for this phenomenon may be that the suppression of resonant Bragg
cm-scale waves induced by the oil film is more significant than that of wave micro-break-
ing.
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Figure 9. The NRCSs of total scattering, “pure” Bragg scattering and non-Bragg scattering, and the relative contribution
of non-Bragg scattering for three kinds of oil films: (a—c) for plant oil, (d—f) for emulsion oil, (g—i) for crude oil.

Apart from NRCS, we also analyzed the effect of non-Bragg scattering on multi-po-
larization features. In Figure 10, three commonly used multi-polarization features are de-
rived from Radarsat-2 SAR data and compared with the predicted results via Bragg scat-

tering theory. The polarimetric entropy ( H, ) is a measure of the randomness of the scat-
tering process [39]. In Figure 10a, the polarimetric entropy of the clean sea surface is sig-
nificantly larger than that of “pure” Bragg scattering, indicating that non-Bragg scattering
makes the scattering process more random. Moreover, the obviously increased entropy
for oil film-covered areas compared with the clean sea surface suggests that a more com-
plex scattering event may be found in the oil-covered areas, agreeing with the results
demonstrated in [39]. The co-polarization correlation coefficient (© ) for the “pure” Bragg
scattering is close to unity, indicating that HH and VV echoes are highly correlated (shown
in Figure 10b) [39]. Comparing with the co-polarization correlation coefficient of the
“pure” Bragg predicted in theory, the co-polarization correlation coefficient of the clean
sea surface calculated based on the Radarsat-2 image is smaller, and is even smaller for
the oil-covered sea surface. This is because the depolarization effects caused by non-Bragg
scattering lead to lower values of the co-polarization correlation coefficient. From Figure
10c, the value of degree of polarization (DoP) is close to 1 for the “pure” Bragg and de-
creases for the clean sea surface, becoming significantly reduced when the oil film covers
the sea surface [44]. The reason for this phenomenon is that the non-Bragg scattering will
enhance the depolarization effect, resulting in the smaller value of the DoP [44]. Conse-
quently, all results from Figure 10 indicate that the impact of oil film on non-Bragg scat-
tering can be well reflected by multi-polarization features.
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Figure 10. Comparisons of the multi-polarization features derived from the Radarsat-2 image with those predicted by

H
Bragg scattering theory: (a) polarimetric entropy (7 ), (b) the co-polarization correlation coefficient (p ), and (c) the
degree of polarization (DoP).

6. Conclusions and Perspective

In the past several decades, the modeling of sea surface EM scattering has made sig-

nificant progress, while the non-Bragg scattering is still not well understood. In this work,
based on measured data and theoretical simulation, the influences of the non-Bragg scat-
tering on the microwave scattering from oil-free and oil-covered sea surfaces are dis-
cussed and analyzed in detail. The main contributions and conclusions can be summa-
rized as follows:

)

)

©)

4)

Through a systematic comparison of various sea spectra commonly used in the sim-
ulation of microwave scattering from clean sea surface, we find that the PD obtained
from all discussed spectra are dramatically different from that from the GMFs, sug-
gesting the inaccuracy of present sea spectra for modeling “pure” Bragg waves of oil-
free sea surface. Thus, sea spectra more accurately describing Bragg waves are pre-
sented, which are calculated based on the TSM and GMFs.

Quantitative investigation of the contribution of non-Bragg scattering under various
incidence angles, wind directions, wind speeds, and radar frequencies is performed.
We find that the non-Bragg scattering accounts for the largest proportion at cross-
wind direction comparing with upwind/downwind directions. Interestingly, the rel-
ative contribution of non-Bragg scattering is almost independent of wind speeds.
Alongside this, it is also found that the higher frequency of radar waves, the larger
relative contribution of non-Bragg scattering. Moreover, the results simulated by us-
ing XMOD2&PR (shown in Figure 4) are not as good as those of CMODH (shown in
Figure 3) and NSCAT4 (shown in Figure 5), which implies that a more accurate PR
needs to be developed to achieve good enough results when using XMOD2&PR to
simulate the X-band microwave scattering from sea surface.

The presence of an oil film significantly impacts the Bragg sea waves and the non-
Bragg scattering. The suppressed effect for Bragg sea waves by biological oil film is
the smallest and then in increasing order are emulsion oil and crude oil, which is due
to the different damping abilities from different oil films. The same trend is also
found for the relative contribution of non-Bragg scattering from sea surface covered
with different oil films; namely, the order of the relative contribution of non-Bragg
scattering for different oil films is biological oil < emulsion oil <crude oil.

Three multi-polarization features widely used for detecting oil spills (i.e., polarimet-
ric entropy, co-polarization correlation coefficient, degree of polarization) are de-
rived from the Radarsat-2 image, which compares with those predicted by Bragg
scattering theory. Comparing the results simulated by the Bragg theory, the polari-
metric entropy becomes larger and the co-polarization correlation coefficient and the
degree of polarization become smaller on the clean sea surface due to the existence
of non-Bragg scattering. Moreover, the floated oil films on the sea surface can in-
crease the proportion of non-Bragg scattering, resulting in a larger polarimetric en-
tropy, a lower co-polarization correlation coefficient, and a lower degree of
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polarization. Therefore, the influence of non-Bragg scattering on radar echoes can be
well reflected by the multi-polarization features.

In conclusion, our work can not only provide some new insights for a better under-
standing of the non-Bragg microwave scattering at moderate incidence angles, but also
provide theoretical guidance for using polarized SAR to detect oil spills on the sea surface.
However, the conclusions drawn in this paper are inevitably affected by many factors
(e.g., the inaccuracy of GMFs, the inaccuracy of first-order titled Bragg scattering theory,
etc.). Only the cases for moderate incidence angles are studied, the scattering process may
be more complex under large grazing angles. Additionally, only the cases for C-, X-, and
Ku-band radar scattering are adopted and studied in this work. In future works, large
grazing angle cases and more frequencies and data will be considered to provide more
detail and useful perspectives about the theoretical simulation, along with designing and
conducting relevant field experiments to confirm the conclusions drawn in this work.
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