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Abstract: The main purpose of our work is to investigate the performance of wave breaking and
its effect on wave retrieval in data acquired from the Chinese Gaofen-3 (GF-3) synthetic aperture
radar (SAR) at C-band and the German TerraSAR-X (TS-X) at X-band. The SAR images available for
this study included 140 GF-3 images acquired in quad-polarization strip (QPS) mode and 50 dual-
polarized (vertical-vertical (VV) and horizontal-horizontal (HH)) TS-X images acquired in stripmap
(SM) mode. Moreover, these images were collocated with the waves simulated by the numeric
WAVEWATCH-III (WW3) (version 5.16) model and HYbrid Coordinate Ocean Model (HYCOM)
current. In particular, a few images covered the moored buoys monitored by the National Data Buoy
Center (NDBC) of the National Oceanic and Atmospheric Administration (NOAA). The comparison
between the WW3-simulated results and the significant wave heights (SWHs) from the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis data (ERA-5) showed that the
correlation coefficient (COR) was 0.4–0.6 with a root mean squared error (RMSE) of about 0.2 m at
SWHs of 0–4 m. The winds were inverted using VV-polarized geophysical model functions (GMFs),
e.g., CSARMOD-GF for the GF-3 images and XMOD2 for the TS-X images. The Bragg resonant
roughness in the normalized radar cross section (NRCS) was simulated using a radar backscattering
model and the SAR-derived wind, WW3-simulated wave parameters, and HYCOM current. Then,
the contribution of the non-polarized (NP) wave breaking to the SAR data was estimated by the
VV-polarized NRCS, the HH-polarized NRCS, and the polarization ratio (PR) of the co-polarized
Bragg resonant components in the NRCS. Because co-polarized Bragg resonant components in the
NRCSs have poor results, due to the saturation for wind speeds greater than 20 m/s, the analysis
of wave breaking is excluded at such conditions. The results revealed that the backscattering signal
in the C-band was more sensitive to wave breaking than the backscattering signal in the X-band.
Interestingly, the ratio had a linear correlation with wind speed. Moreover, the variation in the bias
(inverted SWH minus WW3 simulation) showed that the bias increased as the wind speed (>8 m/s)
and whitecap coverage (>0.005) increased. Following this rationale, wave retrieval during tropical
cyclones should consider the influence of wave breaking.

Keywords: wave breaking; Gaofen-3; TerraSAR-X

1. Introduction

Sea surface waves are essential in oceanographic dynamics and affect the energy
exchange at the air-sea interface [1]. When waves propagate from the open sea to coastal
waters, wave breaking occurs due to the rapid change in wave height. This type of small-
scale wave breaking (~1 km) is usually measured by moored buoys in coastal waters.
However, the spatial resolution of moored buoy data cannot satisfy the requirements
for oceanographic research, especially for research on tropical cyclones [2] and open sea
areas [3]. Utilizing remote sensing technology, the dynamics at the sea surface layer
have been detected by passive satellites operating in the microwave band [4]. Typically,
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sea surface winds are derived from scatterometer data [5] having a spatial resolution of
up to gridded 15 km, and waves are derived from altimeter data following the 10 km
footprints [6]. Synthetic aperture radar (SAR) is an active sensor for detecting information
about the sea surface with a fine spatial resolution and large coverage, e.g., a pixel size
of 8 m for the C-band Gaofen-3 (GF-3) synthetic aperture radar (SAR) acquired in quad-
polarized strip mode (QPS) [7,8] and a pixel size of 3 m for the X-band dual-polarized
TerraSAR-X (TS-X) acquired in stripmap mode (SM) [9]. Traditionally, the sea surface winds
and waves are two parameters that are measured simultaneously by SAR, and they are
closely related to wave breaking. Therefore, SAR-derived winds and waves are valuable
for wave breaking detection.

Till now, algorithms for wind retrieval on SAR have been adopted for various SAR
sensors [10]. The basic principle is that the backscattering signal, called the normalized
radar cross section (NRCS), is directly related to a wind vector and radar incidence an-
gle [11]. In the application to SAR wind retrieval, a geophysical model function (GMF) is
designed in the co-polarization channel (vertical-vertical (VV) and horizontal-horizontal
(HH)), e.g., the CMOD at C-band [7,8], XMOD at X-band [12], and LMOD at L-band [13].
According to [14–16], the accuracy of the wind speed obtained using a GMF is 2 m/s
based on validation against other remote sensing products and measurements of moored
buoys at low-to-moderate wind speeds. When the wind speed exceeds 25 m/s, the SAR
backscattering signal tends to saturate [17], and the GMF is not applicable for wind retrieval
under such conditions. The high wind speeds in tropical cyclones can be retrieved from
SAR images in the cross-polarization (vertical-horizontal (VH) and horizontal-vertical
(HV)) channels [18,19] because the SAR-measured NRCS becomes saturated at wind speeds
>50 m/s.

The sea surface wave mapping mechanism of SAR includes three modulations, e.g., tilt
modulation [20], hydrodynamic modulation [21], and non-linear velocity bunching [22,23].
The first wave retrieval algorithm, called the Max Planck Institute algorithm (MPI) [24],
is based on spectral transformations and takes the numerical-model simulated waves as
the inputs in order to simulate the SAR intensity spectrum using the modulation transfer
function (MTF) of each SAR mapping modulation. Then, it retrieves the ocean wave
spectrum by minimizing a cost function between the simulated and observed SAR intensity
spectra. Several algorithms have been developed, such as the semi-parametric retrieval
algorithm (SPRA) [25], the partition rescaling and shift algorithm (PARSA) [26], and the
parameterized first-guess spectrum method (PFSM) [27]. In addition, empirical models
have been designed to directly estimate the wave parameters, e.g., the CWAVE model [28]
at C-band and the XWAVE model at X-band [29], because a few SAR acquisitions can be
implemented via spectral transformations for wave retrieval, e.g., 30% or acquisitions for
Sentinel-1 interferometric wide swath mode [30]. Although the accuracy of SAR-derived
waves is about 0.6 m [12], the existing wave retrieval algorithms do not consider the wave
breaking term in their schemes.

In fact, wave breaking has an effect on SAR wind retrieval [17]. The spatial scale of
the wind on SAR is about 3 km [31], called the wind streak [32], and the non-polarized
(NP) contribution on the SAR NRCS caused by wave breaking is supposedly related to
the sea surface wind speed [33,34]. Utilizing quad-polarized RADARSAT-2 (R-2) SAR
images, an empirical model for NP estimation has recently been developed [35] without
considering the sea state and radar frequency. In a recent study [36], it was revealed that
the NP empirical model has to be adopted for Chinese Gaofen-3 SAR images. Moreover,
wave breaking can distort the SAR intensity spectrum, causing an error in the theoretical-
based wave retrieval scheme. The wave breaking term is also not included in the existing
empirical models for SAR wave retrieval. In this study, a theoretical-based method [37]
was used to estimate the NP contribution in NRCS using the dual-polarized (VV and HH)
backscattering signals. The main purpose of our work is to investigate the performance of
wave breaking in dual-polarized C-band GF-3 and X-band TerraSAR-X (TS-X) data in term
of various sea state, e.g., wind speed, SWH and current. The NP wave breaking in a small
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scale has influence on the homogeneity of the SAR image. In this sense, the effect of wave
breaking on wave retrieval using the PFSM algorithm was also studied.

The remainder of this study is organized as follows. Section 2 introduces the available
datasets, e.g., SAR images, sea surface wind from the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis data (ERA-5), sea surface current from the HYbrid
Coordinate Ocean Model (HYCOM), the measurements from National Data Buoy Center
(NDBC) buoys, and the settings of the WAVEWATCH-III (WW3) (latest version 6.07) model.
The methodology of NP estimation, the backscattering model for the SAR surface, and the
scheme of SAR wave retrieval (i.e., the PFSM) are described in Section 3. The results and
discussion are given in Sections 4 and 5 summarizes the conclusions.

2. Datasets
2.1. SAR Images and In Situ Data

In total, 140 GF-3 images acquired in QPS mode and 50 dual-polarized TS-X images
acquired in stripmap (SM) mode were used for analysis. In particular, a few images covered
the moored buoys of the NDBC of the National Oceanic and Atmospheric Administra-
tion (NOAA). The calibration method for inverting the GF-3 and TS-X intensities into an
NRCS has been described in a previous study [8] and the document can be obtained at
https://www.intelligence-airbusds.com/files/pmedia/public (accessed on 1 January 2023).
Therefore, the process is not described here. As examples, a calibrated (128 × 128 pixels)
VV-polarized GF-3 SAR image acquired at 1:58 UTC on 5 May 2017, and a TS-X image
acquired at 16:53 UTC on 3 August 2009, are shown in Figure 1a,b, respectively. Noted that
the white crosses represent the geographic locations of three moored buoys (IDs: 46054,
51001, and 51101).
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Figure 1. Synthetic aperture radar (SAR) measured normalized radar cross sections (NRCSs) of (a) a
VV-polarized Gaofen-3 (GF-3) image acquired at 01:58 UTC on 5 May 2017 and (b) a TerraSAR-X
(TS-X) image acquired at 16:53 UTC on 3 August 2009. Note that the three buoys located in these
images are marked by white crosses.
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2.2. Hindcast Data

Although the real-time measurements from buoys are accurate resources for studying
the influence of wave breaking on SAR wave retrieval, a third-generation numerical model
was more useful due to its wide spatial coverage and fine resolution. At present, two well-
known models, namely, the WW3 model and simulating waves nearshore (SWAN) model,
are well-designed for wave simulation [3]. The SWAN model works on unstructured grids,
indicating that it has good performance in coastal waters, while the WW3 model usually
operates on structured grids. Because all the SAR images were located in the open sea, the
WW3 model was chosen as the most suitable model for the wave simulation.

The forcing field was the ERA-5 winds on a gird of 0.25◦at an interval of 1-h, and the
bathymetric topography was the water depth from the General Bathymetric Chart of the
Oceans (GEBCO) on a grid of 1 km in the horizontal direction. As was mentioned by Hu
et al. [38], the performance of the model-simulated waves could be improved when the sea
surface current is included. The sea surface current field with a 0.08◦ grid at an interval
of 3 h collected from the official HYCOM datasets was also treated as a forcing field. The
outputs of the WW3 model included the significant wave height (SWH) and the whitecap
coverage, both of which have the same spatial resolution of 1 km at an interval of 30-min.
The details of the model settings are listed in Appendix A. The wind maps from the ERA-5
data collected at 2:00 UTC on 5 May 2017 and at 17:00 UTC on 3 August 2009 are presented
in Figure 2a,b, respectively. Note that the rectangles denote the spatial coverages of the
two images in Figure 1. It is observed that the 0.25◦ gridded ERA-5 wind profile has a
significant gradient (~8 m/s) on both sides of the GF-3 image, which causes the nearly
20-dB difference for around 50 × 50 km coverage in Figure 1a. Similarly, the maps of the
sea surface current fields from HYCOM at 3:00 UTC on 5 May 2017 and at 18:00 UTC on
3 August 2009 are shown in Figure 3a,b, respectively.
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The SWH data from the ERA-5 were directly employed so as to validate the simulation
results from the WW3 model. Moreover, the model-simulated whitecap coverage was also
compared with the results calculated using the wind and wave data from NDBC buoys.
For instance, the SWH cases from the ERA-5 and WW3 model are shown in Figure 4a,b,
respectively. It can be seen that the ERA-5 SWHs have gaps in the coastal waters due to the
coarse spatial resolution. The calculation formulas are described in Appendix B. Using a
Taylor diagram, the WW3-simulated SWH was validated against the ERA-5 and the WW3-
simulated whitecap coverage was validated against the NDBC buoy data (Figure 5a,b,
respectively). It was found that the correlation coefficient (COR) of the SWHs of the WW3-
simulated and ERA-5 was 0.4–0.6 with a root mean squared error (RMSE) of about 0.2 m for
SWHs of 0–4 m. The ERA-5 data is a reanalysis dataset assimilated by various observations
from buoys and satellite products. That is why the COR is not significant, the ERA-5
data could not simultaneously provide the whitecap coverage. The COR of the whitecap
coverage was about 0.4 and the RMSE was 0.1–0.3; however, the COR reached 0.6 at wind
speeds of 15–18 m/s.
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3. Methodology

In order to investigate the performance of wave breaking on C- and X-band SAR,
which is useful for the improvement of SAR wave retrieval, the estimation of NP is essential
for this study. Therefore, the theoretical approach for NP estimation [37] is briefly described,
in which the Bragg backscattering model is introduced to calculate the resonant component
in NRCS at moderate incidence angles [39,40]. Additionally, the wave retrieval algorithm
PFSM is briefly presented.



Remote Sens. 2023, 15, 574 7 of 18

3.1. NP Estimation

According to the microwave radar imaging mechanism, the radar instrument receives
electromagnetic energy determined by the geometric distributions on the sea surface, which
depends quantitively on microwave waves backscattered by the gravity-capillary waves
(Bragg waves). Additionally, the reflection in the specular direction and NP component
induced by wave breaking also modulate the sea surface roughness. Following this rational,
the NRCS σ0 can be written as

σ0= σbr+σsp+σwb (1)

in which σbr is the resonant component of the Bragg backscattering, σsp is the term asso-
ciated with the specular reflection, and σwb is the contribution of the NP wave breaking.
It should be noted that the specular reflection term σsp has little contribution at incidence
angles of 20–50◦ [41]. Therefore, the NP component is directly removed by the polarization
difference ∆σ0 (the VV-polarized σVV

0 minus the HH-polarized σHH
0 ):

∆σ0= σVV
0 − σHH

0 , (2)

in which the polarization difference ∆σ0 is independent of the NP and the specular reflection
because both are not polarization selective.

By substituting Equation (2) into Equation (1), the NP component σwb can be related
to ∆σ0 and the polarization ratio PR between the VV-polarized σVV

br and HH-polarized σHH
br

resonant component of the Bragg backscattering:

σwb= σVV
0 − ∆σ0

1− PR
(3)

PR =
σVV

br
σHH

br
(4)

In summary, the contribution of the σwb can be calculated from the σVV
0 , σHH

0 , and PR
of the Bragg resonant component in the co-polarization channel. As mentioned in [37], the
PR is empirically derived using wave parameters associated with wind speed, however,
this approach is practically applied for fully-developed sea states as taking advantage of
Pierson−Moskowitz wave spectrum [42,43]. In this study, the Bragg resonant in NRCS is
simulated according to backscattering theory, in which the complicated modulation of sea
surface current is considered.

3.2. Radar Backscattering Model

As mentioned in Equation (1), SAR backscattering includes Bragg backscattering and
wave breaking contributions. Equation (12) is used to obtain the Bragg resonant roughness
NRCS σbr in the VV and HH channel, which is based on the theoretical rationale proposed
by Romeiser et al. [44]:

σbr =

s
σdxdy
xy

, (5)

in which σ is the backscattering cross section (RCS); and the dimensions x and y denote
the horizontal and vertical dimensions, respectively. The RCS is proportional to the wave
energy spectrum E produced using the parametric function derived by Elfouhaily et al. [45]:

σ = wBsE(kbr, φbr), (6)

where
kbr= 2k0

√
sin2 (θ− Sp) + cos2(θ− Sp) sin2(St) (7)

φbr = φ+ tan−1
cos(θ− Sp) sin(−St)

sin(θ− Sp)
(8)
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w =
cos(θ− Sp)

cos θ× cos Sp
. (9)

In Equations (6)–(8), kbr and φbr are the wave number and propagation direction of
the Bragg wave number (Equations (7) and (8), respectively); w is the weighting function
(Equation (9)); k0 is the wave number of microwave radar (i.e., ~5 cm for GF-3 and 3 cm for
TS-X); θ is the radar incidence angle; φ is the satellite’s flight direction; and Sp and St are
the Bragg wave-tilted slopes parallel and normal to the direction of the radar beam. Bs is
the Bragg scattering coefficient, which is evaluated as follows:

Bs= 8πk4
0 cos4 θi

∣∣∣∣∣∣
(

sin
(
θ− Sp

)
cos St

sin θi

)2

bHH +

(
sin St

sin θi

)2
bVV

∣∣∣∣∣∣
2

, (10)

where
θi= cos−1(cos(θ− Sp)× cos St), (11)

Sp= tan−1(cosφ
∂ζ

∂x
+ sinφ

∂ζ

∂y
), (12)

St= tan−1(− sinφ
∂ζ

∂x
+ cosφ

∂ζ

∂y
) (13)

bHH =
ε

(cos θi +
√
ε)

2 (14)

bVV =
ε2(1 + sin2

θi)

(ε cos θi +
√
ε)

2 . (15)

In Equations (10)–(15), ε is the permittivity of seawater, θi is the effective incidence
angle, and ζ is the sea surface height modulated by the wave and current fields.

In summary, several variables are needed to obtain the Bragg resonant roughness σbr,
including the incidence angle θ, flight direction φ, and wind speed at 10-m height U10,
to produce the wave spectrum E using the well-known wind-sea Joint North Sea Wave
Project (JONSWAP) model [46], and to forward calculate the sea surface slopes together
with the current. As revealed in [17], the co-polarized NRCS suffers saturation problems at
high winds (i.e., >25 m/s), and the simulated Bragg resonant component in NRCS has poor
results at such conditions.

3.3. Wave Retrieval Algorithm

In recent decades, SAR wave retrieval algorithms have been well studied. In our recent
studies [47,48], it was proved that the PFSM algorithm is applicable for wave retrieval from
GF-3 and TS-X images. Therefore, the SAR-derived waves were obtained from the collected
GF-3 and TS-X images using the PFSM algorithm. It should be noted that wind retrieval
was necessary for conducting SAR wave retrieval. The CSARMOD-GF [8] and XMOD2 [12]
GMFs were used for the GF-3 and TS-X wind retrieval, respectively.

The scheme of the PFSM algorithm follows the principle of the MPI algorithm. Specifi-
cally, the key is to minimize the cost function J:

J =
∫ [

Fk − Fk
]2dk + µ

∫ {[Sk−Sk
][

B + Sk
]}2

dk (16)

where Fk is the first-guess spectrum produced by the JONSWAP model; Fk is the SAR-
derived wave spectrum obtained in the minimization process; Sk is the mapping SAR
spectrum obtained using the wave spectrum; Sk is the SAR original intensity spectrum; µ is
the weight coefficient; and k is the wave number. The constant B is assumed to be 0.001 so
as to ensure convergence of the iteration.
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In fact, the SAR intensity spectrum could be divided into two portions: linear and non-
linear components. The wave spectrum is inverted by the corresponding SAR spectrum.
The unique improvement of the PFSM algorithm is the calculation of the threshold wave
number ks, which is employed for the division of the SAR intensity spectrum into a
linear-mapped wind portion and a nonlinear-mapped swell portion [49]:

ks = (
2.87gV2

R2U4
10 cos2ϕ(sin2ϕ sin2θ+ cos2ϕ)

)
0.33

, (17)

in which g = 9.8 m/s2; V = 7600 m/s; R is the distance in the slant direction; U10 is the
wind speed; θ is the incidence angle; and ϕ is the angle of the wave propagation direction
relative to the direction of the radar beam.

Regarding the nonlinear mapped SAR intensity spectrum, in which the wave number
k is greater than ks, the wave spectrum is initially produced by the JONSWAP, which
is treated as a first-guess spectrum in Equation (16), and then, the wind-sea spectrum is
inverted from the corresponding SAR portion after minimizing the cost function J. The
swell spectrum is simply inverted from the linear-mapped SAR portion, in which the wave
number k is less than ks, without considering the non-linear velocity bunching modulation.
It was found that the RMSE of the SWH was about 0.5 m when using the PFSM algorithm
for GF-3 [47] and TS-X [46] SAR images.

The overall workflow of this study is illustrated in Figure 6.
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4. Results and Discussion

In this section, a case is presented in order to illustrate the wind speed map from GF-3
and TS-X images. First, the inverted one-dimensional wave spectrum is presented, and
then, the SWH retrievals are systematically compared with the SWHs from the WW3 model.
Furthermore, the applicability of the NRCS to the difference in dual-polarized C-band and
X-band (the composited simulation including the Bragg resonant and the N-P contribution
minus the SAR-measured NRCS) in terms of the various dynamic parameters, e.g., the
inverted wind speed from SAR image, HYCOM sea surface current, and inverted SWH
from SAR image, is analyzed.



Remote Sens. 2023, 15, 574 10 of 18

4.1. Wind and Wave Retrieval

The wind speeds from GF-3 and TS-X images having about 1 km spatial resolution
were retrieved using prior information about the ERA-5 wind directions. Figure 7 shows
the SAR-derived wind maps by the VV-polarized GMF CSARMOD-GF and XMOD2. The
accuracy of the wind retrieval has been well-studied when validating the SAR-derived
results against buoy and scatterometer data, e.g., RMSEs of 1.8 m/s and 1.5 m/s for GF-
3 [8] and TS-X [12], respectively. Therefore, the validation of the retrieval wind speeds is
not repeated in this study. Figure 8a,b show the one-dimensional wave spectra obtained
using the PFSM scheme from the sub-scene on the GF-3 SAR image covering a buoyed
area (ID: 46054) and the sub-scene on the TS-X image covering a buoyed area (ID: 51001),
respectively. The retrieval results for all of the sub-scenes derived from the GF-3 and TS-X
images were compared with the simulations from the WW3 model. Statistical analysis
of the SAR-derived SWH was conducted using the Taylor diagram in terms of the SAR-
derived wind speed (Figure 9). It was found that the RMSE of the SWH was about 0.5 m
and the COR was >0.8. Moreover, the accuracy was slightly reduced (RMSE > 0.4 m) at low
and high wind speeds (<5m/s and >20 m/s). This result is consistent with the conclusions
of several studies conducted on SAR wave retrieval [30,46].
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Figure 9. Validation of SAR-derived SWH against simulation results of the WW3 model in terms of
wind speeds between 0 and 25 m/s.

4.2. NP Contribution in Dual-Polarized C-Band and X-Band SAR

The predicted NRCS was composited using the Bragg resonant component and the
surface radar backscattering model and the N-P contribution was estimated from the
dual-polarized SAR image. The simulated NRCS maps corresponding to the GF-3 image
acquired at 01:58 UTC on 5 May 2017 and the TS-X image acquired at 16:53 UTC on 3 August
2009 are shown in Figure 10a,b, respectively. Although the simulated and measured NRCSs
have the same spatial structure, there are obvious differences in the NRCSs, especially for
the GF-3 SAR image. It is necessary to figure out that the singular values of the simulated
NRCS for the GF-3 image are caused by the invalid Bragg resonant components, indicating
that the radar backscattering model needs to be further improved.
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Figure 10. The composited NRCS map, including the Bragg resonant and N-P contribution: (a) GF-3
image acquired at 01:58 UTC on 5 May 2017; (b) TS-X image acquired at 16:53 UTC on 3 August 2009.

The composited NRCSs were compared with the observations of the GF-3 and TS-X
images. Figure 11 shows the Taylor diagram analysis in terms of the SAR-derived wind
speed. The RMSE of the NRCS is less than 3 dB at low-to-moderate wind speeds (<15 m/s),
and the RMSE is reduced to about 6 dB at wind speeds of >20 m/s. The SAR-derived wind
speeds were used to produce the wave spectrum using the JONSWAP model, which works
well for the wind-sea spectrum. The relatively low accuracy of the simulated NRCS is
probably due to two reasons: the transitive error of the SAR-derived wind speed and the
exclusion of the swell spectrum in the calculation. Therefore, the simulated NRCS at wind
speeds >20 m/s was removed in the later analysis of the NP contribution.
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The ratio of the NP component σwb on the σVV
0 and NRCS σHH

0 was calculated for
investigating the performance of the NP contribution to the dual-polarized C-band and
X-band SAR. Figure 12 shows the relationships between the ratio (σwb/σVV

0 and σwb/σHH
0 )

and the SAR-derived wind speed, SAR-derived SWH, and HYCOM current speed. The red
and black lines illustrate the results for the GF-3 and TS-X images, respectively. In general,
the ratios for the GF-3 are higher than those of the TS-X. The wavelength (~5 cm) at C-band
is longer than the ~3 cm of wavelength at the X-band. In the literature, the Bragg resonant
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backscattering at X-band is higher than that at C-band, because backscattering signals are
proportional to the quantity of Bragg waves. On other hand, the long waves are reduced
to be capillary-gravity waves due to the energy dissipation of wave breaking. The wind-
induced waves are mixed with breaking capillary gravity, indicating that NRCS at X-band
σTS−X

0 is larger than NRCS at C-band σGF−3
0 in the background of wave breaking. That

is the reason the backscattering signal in the C-band is likely sensitive to wave breaking.
Moreover, the ratios are slightly greater in HH-polarization than in VV-polarization, which
is consistent with the results of a previous study [36]. As can be seen from Figure 1a,b, the
VV-polarized and HH-polarized ratios are small (<0.3) at low wind speeds (<4 m/s), and
the ratio for GF-3 is about 0.1 larger than the ratio for TS-X. The ratio significantly increases
at low-to-moderate wind speeds (<20 m/s), indicating that the NP component σwb can be
conveniently estimated using wind speed. However, it was found that the ratio reaches
0.8 at a wind speed of 20 m/s. We believe that this behavior was caused by the smaller
amount of data for high wind speeds, and it needs to be further studied in tropical cyclones.
The relationships between the ratio and the SAR-derived SWH and HYCOM current are
exhibited in Figure 12b,c,e,f, from which it is difficult to draw conclusions.
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4.3. Discussion

To better understand the influence of wave breaking on the SAR wave retrieval, the
bias (SAR-derived SWH minus WW3-simulated results) was evaluated with respect to
the whitecap coverage that is simulated by the WW3 model, as exhibited in Figure 13. It
was found that the bias decreased for whitecap coverages of smaller than 0.005 and then
increased with increasing whitecap coverage. The typical accuracy of the SAR-derived
SWH was about 0.5 m. The variation in the bias also indicated that the bias increased with
increasing wind speed. In particular, the bias was greater than −0.5 m when the wind
speed was greater than 18 m/s. This behavior is supposedly strong in tropical cyclones due
to the occurrence of extreme winds. Under this circumstance, the improvement of the SAR
wave retrieval algorithm should take into account the effect of wave breaking, although
this study only gives one inference.
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5. Conclusions

Wave breaking is a normal marine phenomenon in open sea areas and coastal waters.
Due to its advantages of an all-weather capability and fine spatial resolution, SAR is an
advanced remote-sensed technique for small- and meso-scale marine dynamics detection,
especially for monitoring breaking waves. Most research is tailored to the development
of SAR wind and wave retrieval algorithms since the 1990s. NP caused by wave breaking
at small scales is an important aspect of SAR due to the non-Bragg backscattering. In this
sense, it is necessary to analyze the performance of wave breaking on C-band and X-band
SAR at various sea states and forward study its effect on wave retrieval.

In total, 190 SAR images were collected, including 140 GF-3 images acquired in QPS
mode and 50 dual-polarized (VV and HH) TS-X images acquired in SM mode. These
images were collocated with the waves simulated by the WW3 model and the current
from HYCOM. The WW3-simulated SWH and the whitecap coverage were compared with
ERA-5 SWH data and measurements from NDBC buoys, respectively, yielding an RMSE of
about 0.2 m for SWHs of 0–4 m and RMSEs of 0.1−0.3 for the whitecap coverage at wind
speeds of 0–18 m/s. Utilizing the SAR-derived wind, WW3-simulated wave parameters,
and HYCOM current, the Bragg resonant roughness was calculated with the theoretical
backscattering model. Subsequently, the polarization ratio between the VV-polarized and
HH-polarized resonant components of the Bragg backscattering was calculated. Finally, the
NP component in the NRCS σwb was estimated using the SAR-measured NRCS in both the
VV-polarization σVV

0 and HH-polarization σHH
0 channels and the polarization ratio. The

sum of the Bragg and NP components in the NRCS was compared with the SAR-measured
NRCS, yielding an RMSE of <3 dB at low-to-moderate wind speeds (<15 m/s); however,
the accuracy decreased to 6 dB at a wind speed of about 20 m/s.

The variations in the ratio (σwb/σVV
0 and σwb/σHH

0 ) with respect to the SAR-derived
wind, SAR-derived SWH, and HYCOM current were analyzed. In terms of the wind speed,
it was found that the backscattering signal in the C-band was more sensitive than the
backscattering signal in the X-band, and the ratio for GF-3 was about 0.1 higher than the
ratio for TS-X. However, the ratios have less relation with the SWH and current. The
variations in the bias (SAR-derived SWH minus WW3 simulation) decreased at whitecap
coverages of <0.005 and then increased with increasing whitecap coverage. Moreover, the
bias increased for wind speeds of >8 m/s and the bias was greater than 0.5 m at wind speeds
of greater than 18 m/s, indicating that wave breaking distorts the SAR wave retrieval under
strong winds, such as typhoons and hurricanes.

In our previous studies, strong wind retrieval was performed from Sentinel-1 [50]
and TS-X [51] images for several tropical cyclones, creating an opportunity for further
investigation of the NP contribution and improving the SAR wave retrieval algorithm
under extreme sea states.
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Chart of the Oceans (GEBCO) data were downloaded from ftp.edcftp.cr.usgs.gov (accessed on
1 January 2023). The source code for the WAVEWATCH-III (WW3) model was kindly supplied by the
National Centers for Environmental Prediction (NCEP) of the National Oceanic and Atmospheric
Administration (NOAA).
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Appendix A

Table A1. Settings of the WAVEWATCH-III model (WW3) (version 6.07).

Forcing field

European Centre for Medium-Range Weather Forecasts (ECMWF)
reanalysis data at a 0.25◦ gird and a time interval of 1-h sea surface current

data from HYbrid Coordinate Ocean Model (HYCOM) at a spatial
resolution of 0.08◦ grid and a time interval of 3-h; and water depth data
from the General Bathymetric Chart of the Oceans (GEBCO) having a

spatial resolution of 0.01◦ grid

Other settings
The bins ranged logarithmically between 0.04118 and 0.7186 at an interval

of ∆f /f = 0.1. The spatial propagation was characterized by 300 s time
steps in both the longitudinal and latitudinal directions.

Resolution
Significant wave height having at a 0.05◦ gird and temporal resolution of

30-min and the wave spectrum resolved into 24 regular azimuthal
directions at a step of 15◦.

Parameterizations The input/dissipation terms using switches ST2 and STAB2; the
wave-wave interactions using the switch GMD

Appendix B

In the literature, the whitecap coverage from the National Data Buoy Center (NDBC)
buoys is calculated as follows [52]:

W = 2.98×10−5R4.04
B , (A1)

where
RB= (gv)−1u3

∗β, (A2)

β =
g

ωpu∗
(A3)

u∗ =
√

CdU2
10 (A4)

In Equations (A1)–(A4), W is the whitecap coverage; RB is the wave breaking parame-
ter; g = 9.8 m/s2; v is the kinematic viscosity of air; u* is the air friction velocity; Cd is the
drag coefficient; U10 is the drag coefficient; β is the wave age; and ωp is the peak angular
frequency of the wind-wave. Therefore, the whitecap coverage is conveniently calculated
when the wind and wave parameters are known.

http://www.ecmwf.int
https://www.hycom.org
http://www.ndbc.noaa.gov
ftp.edcftp.cr.usgs.gov
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