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Abstract

In this study a novel synthetic aperture radar (SAR) scattering model for sea surface with breaking waves is
proposed. Compared with existing models, the proposed model considers an empirical relationship between
wind speed and wave breaking scattering to present the contribution of wave breaking. Moreover, the scattering
weight factor p, and wave breaking rate g, are performed to present the contribution of the quasi-specular
scattering term, Bragg scattering term, and wave breaking scattering term to the total scattering from the sea
surface. To explore the modeling accuracy of sea-surface scattering, a simulated normalized radar cross-section
(NRCS) and measured NRCS are compared. The proposed model generated the simulated NRCS and a matching
GF-3 dataset was used for the measured NRCS. It was revealed that the performance of the VV polarization of our
model was much better than that of HH polarization, with a correlation of 0.91, bias of —0.14 dB, root mean square
error (RMSE) of 1.26 dB, and scattering index (SI) of -0.11. In addition, the novel model is explored and compared
with the geophysical model of CMODs and satellite-measured NRCS from GF-3 SAR wave mode imagery. For an
incidence angle 40°-41°, the relationship between the NRCS and wind speed, relative wind direction is proposed.
As with the SAR-measured NRCS, the performance of VV polarization was much better than HH polarization, with
a correlation of 0.99, bias of —0.25 dB, RMSE of 0.64 dB, and SI of —-0.04.
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1 Introduction

Modeling of electromagnetic scattering from the sea surface
is significant for active remote sensing of marine dynamics and
target detection. Using satellite-launched spaceborne synthetic
aperture radar (SAR), it is feasible to retrieve upper sea-surface
dynamics of wind, waves, and currents based on the relationship
between the SAR normalized radar cross-section (NRCS) of the
sea surface and sea states that induce and modulate the sea-sur-
face roughness (Elfouhaily et al., 1997; Hauser et al., 2008;
Mouche et al., 2007; Romeiser et al., 1997). Although the orbiting
spaceborne SAR can process images of sea state characteristics in
response to radar echoes, the contribution of wave breaking on
total SAR backscattering from the sea surface is still unclear
(Apel, 1994; Hwang et al., 2010). Considering the unsatisfying
consistency between SAR-measured and theoretical values, it is
still important to explore wave-breaking scattering and develop a
novel sea-surface electromagnetic scattering model to better ex-
plain the scattering mechanism between observed sea-surface
roughness and derived NRCS from SAR imagery.

Since the middle of the 20th century, with the development of
spaceborne radar observation technology, the electromagnetic
scattering problem of the sea surface has become a compelling
research topic. Based on the Maxwell equation, researchers have
developed a variety of numerical scattering models using differ-

ent numerical approximation methods, including Kirchhoff ap-
proximation, perturbation method, and small slope approxima-
tion. To explore the radar scattering characteristics of the sea sur-
face, the physical optics (PO) model, geometric optics (GO),
Bragg scattering model, two-scale model (TSM), three-scale
model (MSM), small slope approximation (SSA) and integral ex-
pansion method (IEM) are proposed to analyze the NRCS char-
acteristics for difference radar incidence angles (Barrick, 1965;
Barrick and Bahar, 1981; Donelan and Pierson, 1987; Plant, 2002;
Voronovich, 1994; Wu and Fung, 1972). Theoretically, the differ-
ent radar responses of the sea surface can be attributed to the
backscattering mechanism at different incidence angles. The
quasi-specular scattering mechanism dominates in the sea-sur-
face total scattering, whereas at medium incidence angles, the
Bragg resonance scattering of free-propagating short waves mod-
ulated by long waves dominates in the sea-surface total scatter-
ing. However, any single scattering mechanism cannot explain
the NRCS characteristics of the sea surface for SAR observation of
a continuous incidence angle. To date, there is no clear and uni-
fied transition method to combine different scattering models. It
also should be noted that the effects of breaking waves on co-pol
and cross-pol radar scattering from the sea surface are not con-
sidered in the aforementioned model simulations (Hwang and
Plant, 2010; Plant and Irisov, 2017).
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Generally, the effect of wave breaking on sea-surface total
scattering is neglected for engaged models. At present, the linear
wave theory considers that the sea surface can be described as a
linear superposition of waves of different scales and ignores the
nonlinear part of waves, which brings uncertainty to the study of
electromagnetic scattering characteristics of sea surface
(Elfouhaily et al., 1997). The nonlinear part of waves is mainly
caused by the wave breaking. The wave breaking will form foam
and a white crown on the wave crest, especially in high wind-
speed sea conditions. The breaking waves will change the radar
backscattering of the sea surface, resulting in constrained Bragg
scattering, foam scattering, splitting scattering, specular scatter-
ing, and multiple scattering (Chubb et al., 1999; Churyumov and
Kravtsov, 2000; Helluy et al., 2005). In a previous study, it is re-
ported that the contribution of wave breaking to the sea-surface
total scattering component can reach approximately 60%-70%
for C-band HH and VH polarizations for all incidence angles. To
investigate the physical mechanism of wave-breaking in sea-sur-
face total scattering, some experiential models were proposed to
directly establish the relationship between scattering compon-
ents induced by wave breaking, radar parameters (e.g., incid-
ence angle, polarization), and wind vector (e.g., wind speed, rel-
ative wind direction). Compared with C-band quad-polarization
RADARSAT-2 SAR data, it has been found that simulations of
quad-polarization radar backscatter are significantly improved
when the effects of breaking waves are incorporated, especially
for HH and VH polarizations (Voronovich and Zavorotny, 2001;
Zhang et al., 2020). At present, few studies focus on the co-mod-
eling method with consideration of wave breaking for a continu-
ous incidence angle. To better understand the imaging mechan-
ism of SAR for sea surface, it is important to explore a clear and
unified mathematical relations to model each contribution of the
physical mechanisms of the sea surface to the sea-surface total
scattering (Hauser and Caudal, 1995, 1996).

The contents of this study are organized as follows. In Section 2,
the dataset used in this study is briefly introduced, together with
the methodology. The experiment is described in Section 3, with
a general overview of wave-breaking scattering. Then a novel
scattering model with a breaking term is proposed and validated
by using GF-3 SAR measurement. Some discussions about mod-
el applicability for different bands are given in Section 4. Finally,
the conclusions of this study and some future strategies to devel-
op modeling precision are described in Section 5.

2 Data set and methodology

2.1 Data set

The GF-3 wave mode imagery was collected from January to
March of 2018, in the North Pacific. A total of 2 900 scenes of SAR
imagery were taken as measured-NRCS and collocated with a
wind vector of U, at a 10 m height above the sea surface, which
were provided by European Centre for Medium-Range Weather
Forecasts (ECMWEF) re-analysis data. The coverage of GF-3 wave
mode imagery can provide a 5 km x 5 km swath width for every
50 km along the orbit direction with quad-polarization measure-
ment. The map of the collected GF-3 SAR wave mode imagery is
shown in Fig. 1. To collocate the wind field provided by ECMWEF,
the time and space matching window for collocation was con-
strained to be smaller than 30 min and 10 km, respectively. The
GF-3 SAR measured NRCS was acquired on use of GF-3 ra-
diometric calibration, which follows as:
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Fig. 1. Mabp of collected GF-3 SAR wave mode imagery.
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where 0° represent the NRCS in unit of dB, Qualify Value repres-
ent the imagery quantization value, Kqp represent the calibration
const. In addition, considering the inaccuracy of GF-3 SAR calib-
rated NRCS (Wang et al., 2019; Zhang et al., 2019), the collected
data was recalibrated to acquire a precise NRCS by using GF-3
SAR imagery of the same beam position over a rainforest (Li et
al., 2019b; Zhong et al., 2020). Moreover, a homogeneity check
was performed to exclude the influence of other features (e.g.,
sea ice, ships, oil spill, biogenic slick) on the sea-surface NRCS
caused by wind vectors (Gao et al., 2018).

2.2 Methodology

Along with the development of microwave scattering theory,
the sea-surface backscattering model is proposed in a number of
studies (Plant, 2002; Yan et al., 2018). According to the scattering
mechanisms presented in the literature, the ensemble of sea-sur-
face scattering can be the sum of Bragg scattering and non-Bragg
scattering.

2.2.1 Bragg scattering

At a medium incidence angle, the radar scattering theory of
sea surface is based on the Bragg resonance scattering mechan-
ism of random rough sea surface. The sea-surface resonance
wavelength and the sea-surface NRCS is highly related with radar
wavelength for a constant incidence angle. The resonance
wavelength of sea surface verifies the following relationship
(Hwang and Plant, 2010):

_n-i
"~ 2sinf’

2

where ¢ and 4 are the incidence angle and transmitted radar
wavelength; and 7 represents the n-order Bragg scattering com-
ponent, which is usually taken as 1. For the pure Bragg scattering,
the NRCS is proportional to the Bragg spectral density spectrum,
which can be expressed as (Kudryavtsev et al., 2003)

Ughr = IGnK4|GP (0) ‘zFr (kpr, 9) 5 3)

where p denotes HH or VV polarization state; G, is the Bragg
scattering coefficient; kp- = 2K sin 0 is the Bragg wave number; K
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is the radar wave number; @ is the incident angle; and F: (k, ¢) is
the sea-surface folded symmetry two-dimensional wave number
spectrum. The polarization scattering coefficients of VV and HH
are expressed as (Plant, 1986)
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For a given incident angle, the Bragg scattering signal de-
pends on the short-wave spectral density and its azimuth distri-
bution. In real sea conditions, the short-wave Bragg scattering
occurs on long waves, and the pure Bragg scattering theory loses
its effectiveness. Thus, a composite Bragg scattering model is
needed. The model considers that the scattering of each tilted fa-
cet on the long wave is Bragg scattering, and the average scatter-
ing cross-section is the average of the scattering cross-section of a
single small panel on the long wave. When the slope of the long
wave is small, the NRCS can be expressed as follows:

o = 16nK* |G, (6 — o, ) [*Fy (K, 0). (6)

According to a previous study (Kudryavtsev et al., 2003),
Eq. (5) can be expanded by following the slope of the long wave,
and the function form of second-order expansion is as follows:
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where o7 is the pure Bragg scattering cross section; (2 is the x-
direction long wave mean square slope (i.e., radar-filtered mean
square slope); My = (1/0h,.) 0ch,./ 06 is the tilt modulation
transfer function; B, is the short wave spectrum change caused by
the interaction between long wave and short wave; and g’ is the
polarization coefficient.
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The second term in brackets in Eq. (6) describes the contribu-
tion of pure tilt effect, and the third term is the cross-correlation
term between tilt effect and hydrodynamic effect, which is the
only responsibility term in Eq. (6) to distinguish the backscatter-
ing cross-section between upwind and downwind. Figure 2
shows the NRCS of the composite Bragg (CB) scattering model in
HH/VV polarization and upwind/crosswind direction compared
with radar incidence angle and wind speed.

2.2.2 Non-Bragg scattering

At small radar incidence angles, especially at the nadir point
of radar measurement footprint, the quasi-specular scattering of
sea surface is the main mechanism of generating the sea-surface
radar backscattering signal.

g = |Rei[msec*dp (¢, Gy ) (10)
where p (v, () is the probability density function of the slope of
specular point; (v = tanf cos ¢, and ¢y = —tan#sin ¢, are the
slopes of upwind and crosswind, respectively; and ¢ is the angle
of wind direction relative to radar beam. By neglecting the differ-
ence of the cross-section between upwind and downwind, the
slope probability density function can be simplified as Gaussian
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where (2 and 2 are the mean square slopes in the upwind and
downwind directions, respectively, which can be determined by
Eq. (8), and |Resi| are the effective reflection coefficients.
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At a medium incidence angle, the breaking-wave scattering is
also a significant non-Bragg scattering mechanism. Phillips ig-
nored the specific mechanism of breaking-wave scattering and
proposed a statistics model to describe non-Bragg scattering re-
lated to wave breaking (Phillips, 1988). It was considered that the
overall contribution of wave breaking to backscattering cross-
section depends on the scattering area of the breaking-wave
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Fig. 2. Simulated normalized radar cross-section (NRCS) of composite Bragg scattering model versus radar incidence angle and wind
speed. Solid line represents the NRCS of HH polarization, dashed line represents the NRCS of VV polarization.
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front, and the relationship is as follows:

b = /C(k/K, 9,0 k14 (E) dk, (12)
where A (E) dk is the length of Ehe Ereaking-wave front per unit
area to the wave number range k to k + dk; The scattering area is
proportional to k4 <E> dk; and C(k/K, 6, 9) is an empirical
function. Based on the proportional relationship between A (E)
and g~/ 2k"/ 243, Eq. (11) can be simplified as follows:
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However, it is difficult to determine the C (6, ¢) function by
using meteorological observation. For actual sea surface, it is still
impossible to determine and distinguish the occurrence condi-
tions, specific contributions, and dominant mechanisms of each
scattering mechanism under different sea conditions and radar
parameters.

3 Results

3.1 Scattering term of breaking waves

A number of studies revealed that the composite scattering
models, such as the CB model and TSM model, cannot fully de-
scribe and interpret the radar echo characteristics of the sea sur-
face at a medium incidence angle. It is reported that there is a
gross underestimate of predicted NRCS at large incident angles
for HH polarization. It is generally believed that these anomalies
are related to wave breaking. To further explore the wave-break-
ing scattering, a semi-empirical model (K19 model for short) is
derived to quantitatively estimate the contributions of breaking
waves to sea-surface total scattering (Kudryavtsev et al., 2005;
Kudryavtsev et al., 2019).

For co-polarization:
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where o, and o}, are the NRCS induced by breaking waves for
co-polarization and cross-polarization, respectively. Here, 6 is
the radar incidence angle; Ui is the wind speed at 10 m above
the ocean surface; and ¢ is the relative wind direction.

To perform a quantitative evaluation to wave-breaking scat-
tering, the NRCS of the wave-breaking term is compared with
wind speed and relative wind direction, as shown in Fig. 3. Itis
clear that wave-breaking scattering can reach —20 dB with wind
speeds above 10 m/s for co-polarization. Notice that the simu-
lated NRCS induced by wave breaking achieved 72% of simu-
lated NRCS using the CB model.

3.2 A novel scattering model with breaking term

To investigate a precise description of the sea-surface backs-
cattering status, several numerical models were proposed in pre-
vious studies. In composite scattering theory, it has been found
that any single scattering model cannot represent the scattering
status of the sea surface, which results in a big bias when com-
pared with satellite measurement results (Mouche et al., 2006;
Voronovich and Zavorotny, 2011). Moreover, the “sea spike” fea-
ture in the high-resolution SAR image and a remarkable underes-
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Fig. 3. Simulated normalized radar cross section (NRCS) induced by wave breaking versus wind speed and relative wind direction.
The solid line represents the co-polarization and the dashed line represents the cross-polarization.
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timation for HH polarization at intermediate and large incidence
angles are not well explained (Voronovich and Zavorotny, 2001).
To develop a novel scattering model for sea surface, the weight of
the composite scattering terms is considered. In addition, a scat-
tering term for wave breaking is proposed to explain the inaccur-
ate expression of known scattering models, especially for HH po-
larization at intermediate and large incidence angles.

According to the composite scattering theory, a novel scatter-
ing model is proposed in this study, which is given as follows:

0(’)' = (O'xp +PUZ,) (1 - q) + ownq,

(18)
where oy, represents the quasi-specular scattering term; the o},
represents the Bragg scattering term; and the owp represents the
wave-breaking scattering term. A factor p, related to the incid-
ence angle and wind speed, is expressed as the contribution of
Bragg scattering to total scattering of sea surface. The factor p can
be attributed to the weight component of the Bragg scattering
term on total sea-surface scattering. Parameter g represents the
wave-breaking rate. Then, the statistical characteristics of sea-
surface scattering can be presented as two parts: a weighted “or-
dinary” sea-surface scattering term and the weighted wave-
breaking term.

It is noted that the wave-breaking rate g, can be determined
with confirmation of the wave-breaking scattering term using Eqs
(13) and (17). Then, the relationship between wave breaking rate
and wind speed is shown in Fig. 4. The wave-breaking rate de-
rived from the K19 model is compared with the K03 model. As
shown in the figure, the wave breaking rate of the K19 model is
slightly higher than the K03 model. The wave-breaking rate can
achieve 35%-37% for wind speeds above 20 m/s.

With the second term of Eq. (17) confirmed, the weight factor
of Bragg scattering can be acquired from the difference between
otMand oy". Using collected GF-3 SAR wave mode imagery, the
relationship between weight factor p and radar parameters (in-
cidence angle, polarization), wind vector (wind speed, relative
wind direction) can be proposed by empirical fitting. Then the
novel scattering model for sea surface with consideration of wave
breaking can be derived from Eq. (17). It is found that the contri-
bution of pure Bragg scattering drops to 45%-50% when the wind
speed is above 10 m/s at a 40°-41° incidence angle. Obviously,
the wave breaking plays a more important role in the novel model.
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Fig. 4. Wave-breaking rate with increasement of wind speed.
The solid line represents the K19 model; the dashed line repres-
ents the KO3 model.
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It is noticed that the wave-braking scattering component is ap-
proximately equal to the Bragg scattering component in condi-
tions of wind speeds above 10 m/s. To reveal the scattering char-
acteristics of our model, a comparison between the TSM model,
CB model, and our model of incidence for HH and VV polariza-
tion at upwind and crosswind directions is shown in Fig. 5. Using
the CB model, pure Bragg model, and our model, the simulated
NRCSs of the HH and VV polarization are derived in conditions
of upwind, crosswind, and downwind. The radar incidence angle
was set to 40°.

3.3 Validation

To explore the modeling accuracy of sea-surface scattering,
the simulated NRCS using our model and the measured NRCS
using the matched GF-3 dataset were compared, as shown in Fig. 6.
The comparison between the simulated NRCS from CMOD5.N
and our model was given in Table 1. It is revealed that the per-
formance of the VV polarization of our model is better than that
of the HH polarization, with a correlation of 0.91, bias of -0.14 dB,
root mean square error (RMSE) of 1.26 dB, and scattering index
(SI) of —0.11.

Moreover, the geophysical models have demonstrated an ac-
curate empirical relationship between the NRCS and wind speed,
relative wind direction, and radar incidence angle, which are
widely used for wind speed retrieval. For C-band, the corres-
ponding geophysical model (GMF) models (e.g., CMODA4,
CMOD5, CMOD5.N, CMOD7) were developed based on satellite-
measured data. To validate our model precision, we compared
the GMF of CMODs and our model with the NRCS of satellite-
measured data from the GF-3 SAR wave mode imagery. For an
incidence angle of 40°-41°, the relationship between the NRCS
and wind speed, relative wind direction is shown in Fig. 7. It is
easy to see that the proposed model performed much better than
CMOD functions, especially for high wind speeds. In a previous
study, it was shown that CMOD functions can show good per-
formance for moderate wind speeds. However, a large bias is
presented between different CMOD models in both low wind
speed zones (less than 5 m/s) and high wind-speed zones (more
than 20 m/s). Due to the saturation of SAR imagery, the satellite-
measured NRCS will not raise with increasing wind speeds, espe-
cially in extreme sea states of typhoon conditions (Shao et al.,
2019, 2017). Otherwise, in conditions of low wind speeds, the
NRCS of satellites measured below the noise equivalent SIGMAO
(NE-SIGMAO), can be neglected as the noise in SAR echoes from
the sea surface. Hence, the bias in conditions of low wind speeds
can be well explained, as shown in Figs 7a and b. The comparis-
on results are also listed in Table 2. As shown with Fig. 6, the per-
formance of VV polarization is much better than HH polariza-
tion, with a correlation of 0.99, bias of —0.25 dB, RMSE of 0.64 dB,
and SI of -0.04.

4 Discussion

Although the proposed model performed much better than
the pure Bragg, CB, and CMOD models, the RMSE between our
model and the measured NRCS could reach 2.53 dB and 1.26 dB,
respectively. We attribute the inconsistency of the NRCS between
the simulated and measured models to the sea states. In terms of
wave-breaking scattering, effective observation is still lacking to
confirm the scattering contribution of wave breaking to total
scattering echo from sea surface. In addition to wave breaking,
the sea states also significantly influence the NRCS from sea sur-
face. Generally, the PO, GO, CB, TSM, MSM, SSA, and IEM take
wind vector (wind speed, wind direction) as input, which ignores
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Table 1. Comparison between the simulated normalized radar
cross section from CMOD5.N and GF-3 measurement

Polarization Correlation Bias/dB RMSE/dB SI Entries
HH 0.86 1.90 2.53 -0.05 2760
AAY 0.91 -0.14 1.26 -0.11 2760

the effect of modulation of swell waves and current to wind-in-
duced gravity-capillary waves (Kudryavtsev et al., 2014; Mouche
etal., 2017). To explore the influence of swell waves and current
on electromagnetic scattering from sea surface, the modulation
relationship needs to be derived from the wave energy spectrum
balance equation. The swell impact on SAR ocean wind retriev-
als and sea surface scattering were proposed in recent study. It is
important to develop the wind and wave parameters retrieval
precision with consideration of effect of modulation of swell

waves (Wang et al., 2021; Li et al., 2019a; Stopa et al., 2017). In a
future study, we will aim to compensate for the effect of swell
wave and current to develop the empirical scattering model pro-
posed in this work.

5 Conclusions

In this study, a novel SAR scattering model for a sea surface
with breaking waves is proposed. Compared with existing mod-
els, the novel model considers an empirical relationship between
wind speed and wave-breaking scattering to present the contri-
bution of wave breaking. To explore the influence of different
scattering mechanisms on SAR-measured NRCS, the scattering
weight factor p and wave-breaking rate g, are performed to ob-
tain the contribution of the quasi-specular scattering term, Bragg
scattering term, and wave breaking scattering term to the total
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Fig. 7. Comparison between the proposed model and the CMOD model. a. Normalized radar cross section (NRCS) in VV polarization
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represents the CMOD5.N model and CMOD-IFR2 model. c. Satellite-measured HH polarization NRCS with this study relative to
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Table 2. Comparison between the simulated normalized radar
cross section from CMOD5.N and this study

Polarization Correlation Bias/dB RMSE/dB SI Entries
HH 0.93 1.73 2.08 -0.01 2760
\AY 0.99 -0.25 0.64 -0.04 2760

scattering from the sea surface.

To explore the modeling accuracy of sea-surface scattering,
the simulated NRCS using the proposed model and measured
NRCS (using the matched GF-3 dataset) were compared. It is re-
vealed that the VV polarization of our model performs much bet-
ter than does the HH polarization, with a correlation of 0.91, bias
of -0.14 dB, RMSE of 1.26 dB, and SI of -0.11. Moreover, we com-
pared the GMF of CMODs and our model, together with the
satellite-measured NRCS from GF-3 SAR wave mode imagery.
For an incidence angle 40°-41°, the relationship between the
NRCS and wind speed, relative wind direction is proposed. Simil-
ar to the SAR-measured NRCS, the performance of VV polariza-
tion is much better than HH polarization, with a correlation of
0.99, bias of -0.25 dB, RMSE of 0.64 dB, and SI of —-0.04. To devel-
op the model precision, the wave-breaking scattering model
should be quantitatively assessed in future studies. Moreover,
other sea states (such as swell wave and current) should be con-
sidered in the scattering model for sea surface.
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