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aCollege of Marine Sciences, Shanghai Ocean University, Shanghai, China; bNational Satellite Ocean Application Service, Ministry of 
Natural Resources, Beijing, China; cSouthern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China; 
dNatural Sciences, University of Stirling, Stirling, UK

ABSTRACT
The goal of this study was to investigate the performance of a spectral-transformation wave 
retrieval algorithm and confirm the accuracy of wave retrieval from C-band Chinese Gaofen-3 
(GF-3) Synthetic Aperture Radar (SAR) images. More than 200 GF-3 SAR images of the coastal 
China Sea and the Japan Sea for dates from January to July 2020 were acquired in the Quad- 
Polarization Strip (QPS) mode. The images had a swath of 30 km and a spatial resolution of 8 m 
pixel size. They were processed to retrieve Significant Wave Height (SWH), which is simulated 
from a numerical wave model called Simulating WAves Nearshore (SWAN). The first-guess 
spectrum is essential to the accuracy of Synthetic Aperture Radar (SAR) wave spectrum 
retrieval. Therefore, we proposed a wave retrieval scheme combining the theocratic-based 
Max Planck Institute Algorithm (MPI), a Semi-Parametric Retrieval Algorithm (SPRA), and the 
Parameterized First-guess Spectrum Method (PFSM), in which a full wave-number spectrum 
and a non-empirical ocean spectrum proposed by Elfouhaily are applied. The PFSM can be 
driven using the wind speed without calculating the dominant wave phase speed. Wind speeds 
were retrieved using a Vertical-Vertical (VV) polarized geophysical model function C-SARMOD2. 
The proposed algorithm was implemented for all collected SAR images. A comparison of SAR- 
derived wind speeds with European Center for Medium-Range Weather Forecasts (ECMWF) 
ERA-5 data showed a 1.95 m/s Root-Mean-Squared Error (RMSE). The comparison of retrieved 
SWH with SWAN-simulated results demonstrated a 0.47 m RMSE, which is less than the 0.68 m 
RMSE of SWH when using the PFSM algorithm.
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1. Introduction

Offshore regions are important areas for human activ-
ities. The coastal seas are also complex regions with 
various ocean dynamics, e.g. wave breaking, upwel-
ling, ocean fronts, and mesoscale eddies. Traditionally, 
the measurements in these regions are mainly con-
ducted using station-based, ship-based, and satellite 
observations. Numericall wave models, such as the 
third-generation Simulating WAves Nearshore 
(SWAN) (Siadatmousavi and Jose 2010; Ou et al. 
2002; Booij, Ris, and Holthuijsen 1999; SWAN Team 
2019, developed at Delft University of Technology) 
and WAVEWATCH-III (WW3) (Tolman 2014; Hu 
et al. 2020), are important methods for hindcasting 
waves. Although these methods achieve high accuracy 
in long-term comparisons, the prediction accuracy of 
wave modeling is reduced when simulating individual 
events due to driving wind fields and boundary con-
ditions. Satellite altimetry (Foreman, Holt, and Kelsall 
1994) and scatterometry (Tsai et al. 2000) are com-
monly used for wave and wind monitoring of coastal 
waters. However, these satellite-based data have limits 
when measuring ocean wave parameters over a wide 
range, i.e. 10 km spatial coverage for the altimeter and 
12.5 km for the scatterometer. Synthetic Aperture 

Radar (SAR) is a useful technique for marine monitor-
ing, having a wide spatial coverage and fine resolution. 
Chinese Gaofen-3 (GF-3) SAR images acquired in 
Fine Spotlight (FS) or Quad-Polarization Strip-I 
(QPS-I) modes have a pixel size of 1 m (FS) to 8 m 
(QPS-I) and a spatial coverage of 10 km (FS) to 30 km 
(QPS-I) (Shao et al. 2019; Zhu et al. 2019a).

Methodologies for wind (Alpers and Brummer 
1994) and wave retrieval from SAR images have been 
well studied over the past decades. In the literature, the 
Geophysical Model Function (GMF), describing the 
microwave backscattered signal and sea surface state 
(Masuko et al. 1986), has been successfully developed 
for inverting wind speed when using the prior wind 
direction (Chapron, Johnsen, and Garello 2001). The 
copolarization (Vertical-Vertical (VV) and 
Horizontal-Horizontal (HH)) wind speed inversion 
GMFs include CMOD7 stored as a look-up table 
(Stoffelen et al. 2017) and C-SARMOD2 (Lu et al. 
2018) at C-band, XMOD2 (Li and Lehner 2013) at 
X-band, and LMOD at L-band (Isoguchi and 
Shimada 2009). These data are directly derived from 
global SAR-measured Normalized Radar Cross- 
Section (NRCS) and independent wind data from 
buoys, scatterometers, and European Center for 
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Medium-Range Weather Forecasts (ECMWF). 
Validation of the estimated wind speed from SAR 
images showed about 2 m/s Root Mean Square Error 
(RMSE) for open seas (Shao, Shen, and Sun 2017a). 
However, retrieved wind speed had a larger deviation 
in coastal waters in the presence of upwelling (Li, Li, 
and He 2009). GMFs have been developed for strong 
winds from typhoons and hurricanes, using the cross- 
polarization of RADARSAT-2 (R-2) (Zhang and 
Perrie 2012), Sentinel-1 (S-1) (Gao et al. 2018, 2020), 
and GF-3 SAR images (Shao et al. 2018). The accuracy 
of low-to-moderate wind speeds derived from cross- 
polarized SAR is affected by the low signal-to-noise 
ratio. Strong winds can also be retrieved using SAR- 
derived ocean wave parameters (Shao et al. 2017b; 
Hwang, Li, and Zhang 2017; Shao et al. 2020a).

The ocean wave mapping mechanism on SAR has 
been studied since the 1980s. Three modulations that 
contribute to the mechanism have been found: tilt 
modulation (Engen et al. 2000), hydrodynamic modu-
lation, and the unique transformation velocity bunch-
ing (Alpers and Bruning 1986; Alpers, Ross, and 
Rufenach 1981). A theocratic-based wave retrieval algo-
rithm for copolarization SAR, called the Max Planck 
Institute Algorithm (MPI), was developed in 1991 
(Hasselmann and Hasselmann 1991) and later 
improved (Hasselmann, Bruning, and Hasselmann 
1996). The principle of the MPI algorithm is to mini-
mize the simulated SAR intensity spectrum using the 
Modulation Transfer Function (MTF) of each SAR 
mapping modulation and observed SAR intensity spec-
trum. The MTF converts the image spectrum into 
a wave spectrum with a subsequent estimation of the 
integrated sea state parameters (Lyzenga 1986). Due to 
the nonlinearity of the MTF of velocity bunching in the 
flight direction (Stopa et al. 2016), a first-guess wave 
spectrum is necessary. Instead of using the simulated 
wave spectrum from a numerical wave model, the 
SemiParametric Retrieval Algorithm (SPRA) 
(Mastenbroek and de Valk 2000) takes advantage of 
the empirical parametric JONSWAP wave spectrum 
(Hasselmann, Dunckel, and Ewing 1980) to produce 
a first-guess wave spectrum. The PArtition Rescaling 
and Shift Algorithm (PARSA) (Schulz-Stellenfleth, 
Lehner, and Hoja 2005; Li et al. 2010) and the 
Parameterized First-guess Spectrum Method (PFSM) 
(Sun and Guan 2006; Lin et al. 2017) also follow the 
MPI scheme. The cross-polarized SAR spectrum is used 
as an input to the PARSA algorithm to resolve the 180° 
ambiguity of the wave propagation direction. The 
model-induced error of the swell SAR spectrum is 
improved with the PFSM algorithm. Recently, efforts 
have been made to enhance the wave retrieval algorithm 
using Quad-Polarization (Q-P) SAR images (He, Shen, 
and Perrie 2006) and a SAR-derived wave slope spec-
trum. An analysis of Significant Wave Height (SWH) 
retrieved from GF-3 SAR images acquired in the wave 

mode revealed that Q-P encounters the saturation pro-
blem at SWH up to 1.4 m (Zhu et al. 2019b). This may 
be caused by the low signal-to-noise ratio at cross- 
polarization. As the MTFs of mapping modulations 
are complex, empirical models have also been designed 
for calculating each MTF in the retrieval scheme, e.g. 
CWAVE (Schulz-Stellenfleth, Konig, and Lehner 2007; 
Stopa and Mouche 2016), XWAVE (Li, Lehner, and 
Bruns 2011; Bruck and Lehner 2013; Pleskachevsky, 
Rosenthal, and Lehner 2016), and CSAR_WAVE 
(Sheng et al. 2018). These MTFs estimate the sea state 
parameters directly from SAR features derived from the 
scene, including an image spectrum without spectral 
transformation. Both methods have advantages and 
disadvantages. The spectral transformations only work 
in the regions where the wave patterns are unambigu-
ously imaged. For instance, only around 30% of all 
acquisitions can be applied using the spectral- 
transformation method for Sentinel-1 interferometric 
wide swath mode (200 km coverage with 10 m pixel), 
whereas with empirical functions, almost 99% of acqui-
sitions are applicable (Pleskachevsky et al. 2019). 
However, using empirical functions does not provide 
a wave spectrum that can be simply assimilated into 
a forecast system, although the empirical approach does 
allow for rapid and robust processing of SAR scenes in 
near real-time. Due to the dramatic variations in water 
depth found in coastal areas, the wind–sea and wind– 
swell systems mix, and empirical algorithms must be 
refitted to provide more accurate results under various 
marine phenomena conditions. The usability of the 
first-guess wave spectrum also affects the accuracy of 
SAR wave inversion. The wave spectrum proposed by 
Elfouhaily, Chapron, and Katsaros (1997), denoted as 
E-spectrum, is a full wave-number spectrum derived 
from classic ocean wave models, e.g. JONSWAP and 
PM (Pierson and Moskowitz 1963). Therefore, in our 
work, we implemented a combined wave retrieval 
scheme of MPI, SPRA, and PFSM for GF-3 SAR images 
for coastal China Seas and the Japan Sea. The 
E-spectrum is applied in this scheme.

The remainder of this paper is organized as 
follows. Section 2 presents the GF-3 SAR images, 
the ECMWF data, the measurements from the 
Jason-3 altimeter, and the settings of the SWAN 
model. The scheme of the SAR wave retrieval is 
presented in Section 3. Comparisons of SWH 
retrieval are described in Section 4. The conclu-
sions are summarized in Section 5.

2. Dataset

2.1. SAR data

For this study, we used more than 200 GF-3 SAR 
images obtained from an official platform provided 
by the National Satellite Ocean Application Service 
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(NSOAS). The imagery covered the coastal China 
Seas and the Japan Sea from January to July 2020. 
These images were acquired in the QPS-I mode as 
a Level-1 (L-1) product. The following equation 
was used for calibration: 

σ0 ¼ DN2 M
C

� �2

� N½dB� (1) 

where C is a constant (=32767), M and N are quanti-
tative constants available in the file accompanying the 
SAR intensity data DN, and σ0 is the NRCS united in 
dB. The range incidence angle is between 21° and 50°. 
The GF-3 SAR scenes were divided into 128 × 128 
pixel sub-scenes with that is the spatial coverage 
applied Fast Fourier Transform (FFT) method is 
~1 km at horizontal direction due to the pixel resolu-
tion is 8 m. For example, Figure 1(a) shows the quick- 
look image after calibrating the VV-polarized SAR 
image taken on 21 January 2020 at 10:11 UTC, 
which was acquired from the coastal waters of the 
East China Sea. The information from collected GF-3 
SAR images is illustrated in Figure 1(b), in which the 
rectangles represent the spatial coverage.

2.2. Hindcast data

Observations from moored buoys are recognized as 
the most accurate method for measuring sea surface 
dynamics. As there are no such buoys in the coastal 
China Seas, a third-generation numeric model, the 
SWAN model, was used for simulating wave fields 
(Yang et al. 2020). In regions with complex coast-
lines, the unstructured grids of the SWAN model 
mean that it performs better than the WW3 model 
with its rectangle grids. Unstructured grids are most 
suitable for the complicated and changing wave 

phenomena encountered offshore, e.g. depth- 
induced wave breaking and stationary wave. In this 
study, the modeling duration of the simulated waves 
in the China Seas and the Japan Sea ranged from 
1 December 2019 to 1 July 2020. The modeling region 
was 19°–38° N and 109°–135° E, as shown in Figure 2. 
An ECMWF reanalysis of ERA-5 (Hersbach et al. 
2018) winds on a 0.5° grid at an interval of 1 h was 
used as the forcing field. Bathymetric topography 
with about 1 km of spatial resolution in the horizon-
tal direction was provided by the General 
Bathymetric Chart of the Oceans (GEBCO) 
(Weatherall et al. 2015). Sea surface current, sea 
water elevation, and sea surface temperature on 
a 0.08° grid at an interval of 3 h were collected from 
the Hybrid Coordinate Ocean Model (HYCOM) 
(Shaji et al. 2005) official datasets. Sea surface current 
and sea water elevation were also used as forcing 
fields to obtain reliable simulated results for coastal 
waters where strong tidal currents and water eleva-
tions may strongly affect the propagation of waves .

The outputs from SWAN included one- 
dimensional wave spectra and SWH with a spatial 
resolution of 1 km and a temporal resolution of 
30 min. Note that the time difference between the 
GF-3 SAR image and the SWAN-simulated waves is 
less than 15 min. The wind map from ECMWF ERA-5 
data for 21 January 2020 at 10:00 UTC is shown in 
Figure 3(a). The black rectangle represents the spatial 
coverage of the image in Figure 1(a). Maps of 
HYCOM sea surface current, sea water elevation, 
and sea surface temperature on 21 January 2020 at 
09:00 UTC are shown in Figure 3(b–d). Table A1 in 
Appendix A shows the settings of SWAN model in this 
work.

(a) Quick-look image (b) Bathymetric topography

Figure 1. (a) Calibrated vertical-vertical (VV) polarization quick-look image of Gaofen-3 (GF-3) Synthetic Aperture Radar (SAR) 
image captured on 21 January 2020 at 10:11 UTC in the coastal waters of the East China Sea. (b) Information on GF-3 SAR images 
collected from January to July 2020, in which the rectangles represent the spatial coverage.
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2.3. In situ measurements

Wave measurements from the Jason-3 altimeter 
mission have been a valuable source of data for 
global monitoring (Zhang, Wu, and Chen 2015). 
Those data are also useful for oceanography 
research. To confirm the accuracy of SWAN- 
simulated waves, SWH products for the modeling 
period were collected from the Jason-3 mission 
altimeter. Figure 4(a) shows the SWH map overlaid 
on the SWAN-simulated SWH field for 17:00 UTC 
on 19 January 2020. The ECMWF wave map is also 
shown in Figure 4(b). Note that the time difference 
between SWAN simulations and Jason-3 data is 
within 15 min. The pattern from the SWAN- 
simulated SWH field is consistent with the pattern 
from ECMWF and the Jason-3 altimeter. The 
SWAN-simulated SWH field was particularly good 
at replicating details. We also compared the 
SWAN-simulated SWH with measurements from 
the Jason-3 altimeter for the period from January 
to July 2020 (Figure 5). The analysis results indi-
cated a 0.58 m RMSE with a correlation (Cor) of 
0.84. In this sense, the SWAN-simulated waves 
were reliable for this study.

3. Methodology

SAR-derived wind speed is necessary to produce the 
first-guess wave spectrum in the SAR wave retrieval. 
Therefore, in this section, the methodology for wind 

retrieval GMF is introduced, and the wave retrieval 
algorithm, which is based on the combined scheme of 
MPI and SPRA, is briefly presented.

3.1. Fractional differential for image 
enhancement analysis

Although it was originally designed for scatterometry, 
a well-developed GMF called CMOD4 (Stoffelen and 
Anderson 1997) has been used for SAR wind retrieval 
since 1997. Generally, GMF describes an empirical rela-
tion between the sea surface wind vector and quantitative 
NRCS. The updated versions of GMF, CMOD5 
(Hersbach, Stoffelen, and Haan 2007), and CMOD5N 
(Hersbach 2010) improve the performance of GMF at 
wind speeds up to 33 m/s. The latest CMOD family is 
GMF C-SARMOD2 and CMOD7, which are derived 
from SAR-measured NRCS and wind data from moored 
buoys. The formula for the C-SARMOD2 algorithm is as 
follows: 

zðv; f ; θÞ ¼ Bp
0ðU10; θÞð1þ B1 U10; θð Þ cos f
þ B2 U10; θð Þ cos 2f Þ (2) 

where z ¼ ðσ0Þ
p. In this equation, σ0 is the SAR- 

measured normalized radar cross-section; p is set to 
0.625; U10 is the wind speed at 10-m height; and φ 
represents the angle between the wind direction and 
the radar look direction. B0, B1, and B2 are functions of 
the incidence angle θ and the wind speed at 10 m 
above the sea surface. A detailed description of the 
wind retrieval method is provided in Appendix B.

3.2. SAR wave retrieval

As concluded previously (Alpers and Bruning 1986), the 
unique mapping mechanism velocity bunching between 
the ocean wave spectrum and the SAR spectrum is 
a nonlinear modulation. As a result, information smaller 
than a specific wave number in the azimuth direction is 
lost due to the relative motion between satellite and 
waves. This limit is called the cutoff wave number. The 
simulation experiments also demonstrated that the SAR 
image spectrum has a 180° direction ambiguity 
(Hasselmann and Hasselmann 1991). For these reasons, 
directly solving the inversion from the SAR image spec-
trum is difficult. The MPI algorithm can be used to 
retrieve an ocean wave spectrum by constructing a cost 
function, as described in Equation (4). This requires 
providing the first-guess wave spectrum. 

J ¼
ð

Ik � Ik
� �2dkþ μ

ð
Ek � Ek
� �

Bþ Ek
� �

( )2

dk (3) 

where Īk is the first-guess spectrum at wave number k, 
Ik is the retrieved two-dimensional ocean wave spec-
trum by minimizing the cost function J, Ēk is the 

Figure 2. Simulated region for the simulating waves nearshore 
(SWAN) model and the unstructured grid.
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simulated SAR spectrum using the three MTFs as 
stated in Equation (5), Ek is the SAR intensity spec-
trum, μ is the weight coefficient, and the small positive 
number B is assumed to be 0.001 to ensure conver-
gence is achieved. 

TS
k ¼ 4ikr

cot θ
1� sin2θ

þ 4:5kω
iμ � ω

ω2 þ μ2 sin2ϕ

�
R
V

krωðcos θ � i sin θ
kl

k
Þ (4) 

where TS
K is the total SAR MTF, k is the wave number, 

kr is the portion wave number at range, θ is the 
incidence angle, ϕ is the azimuth angle, μ is the 
attenuation factor, ω is the frequency, R is the SAR 
irradiation slant distance, V is the satellite movement 
speed, and k1 is the portion wave number at azimuth 
(Lyzenga 1986; Feindt, Schroter, and Alpers 1986; 
Hasselmann and Hasselmann 1991).

An ocean wave spectrum simulated from a third- 
generation numerical wave model is used as the first- 
guess spectrum in the MPI algorithm such as the 
WAM model (WAMDI Group 1988; Komen et al. 
1997). In practice, the SPRA algorithm (Mastenbroek 
and de Valk 2000) uses a wind–sea spectrum calcu-
lated from a parametric function such as JONSWAP. 
Detailed information on the JONSWAP function can 
be found in recent research (see appendix in Ding et al. 
2019). Similar to the MPI algorithm, this scheme 
minimizes the cost function. The difference between 
the simulated SAR spectrum of the retrieved wind-sea 
spectrum and the observed SAR intensity spectrum 
might be determined by the swell, in which case velo-
city bunching can be ignored. However, a wind-sea 
error is included in the swell SAR retrieval. The PFSM 
algorithm (Sun and Guan 2006) was developed to 
improve the model-induced error. Its key feature is 

(a) Wind speed map (b) Current speed map

(c) Sea surface elevation map (d) Sea surface temperature map 

Figure 3. (a) Wind map from European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis ERA-5 data on 
21 January 2020 at 10:00 UTC. (b) Current speed map from the hybrid coordinate ocean model (HYCOM) on 21 January 2020 
at 09:00 UTC. (c) Sea surface elevation from HYCOM on 21 January 2020 at 09:00 UTC. (d) Sea surface temperature from HYCOM on 
21 January 2020 at 09:00 UTC. Note that the black rectangle represents the spatial coverage of the image in Figure 1(a).
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that the SAR intensity spectrum is divided into two 
portions, the wind–sea SAR and the swell SAR, by 
a separate wave number ks (Equation 6). For nonlinear 
mapping of the wind–sea SAR portion, the parametric 
JONSWAP wave spectrum is used to produce a best 
first-guess spectrum by searching for the most suitable 
parameters, i.e. dominant wave phase velocity and 
dominate wave direction. Next, the scheme of the 
algorithm is used to retrieve the wind–sea spectrum. 
The swell spectrum is directly inverted by solving the 
given portion of the SAR spectrum: 

ks ¼
2:87gV2

R2U4
10cos2φ sin2φsin2θþ cos2φð Þ

� �0:33

(5) 

where gravitational acceleration g is constant at 9.8 m/ 
s2, V is a flight velocity of 7600 m/s for GF-3 SAR 
satellite, R is the satellite slant range, U10 is the SAR- 
derived wind speed, θ is the radar incidence angle, and 
φ is the angle of the wave propagation direction rela-
tive to the radar look direction.

The PFSM algorithm has rarely been applied to 
wave retrieval from SAR images of coastal waters 
because the JONSWAP wave spectrum is more suita-
ble for wind–sea interactions. A universally applicable 
spectral model was proposed, in which the key factor 
is the synthesized spectrum based on the high (Phillips 
1985) and low wave number regimes (Hwang, 
Atakturk, and Sletten 1996).

The low wave-number and high spectrum of the 
E-spectrum follow these equations: 

Bl ¼
αpcp

2c
Fp (6) 

Bh ¼
αmcm

2c
Fm (7) 

where 

αp ¼ 0:006Ω0:5 (8) 

where Ω (=U10/cp) is the dimensionless wave age, 
U10 is the wind speed at 10-m height, c is the phase 
velocity, cp is the dominant wave phase velocity, Fp 
is the long-wave-induced effect function, αm repre-
sents the equilibrium range parameter for short 
waves, cm is the minimum wave phase velocity trea-
ted as a constant (0.23), and Fm is the short-wave- 
induced effect function. The two-dimensional wave 

(a) SWAN-simulated SWH map (b) ECMWF SWH map

Figure 4. (a) Significant wave height (SWH) map for 17:00 UTC on 19 January 2020. The satellite footprint is shown as colored 
boxes overlaid on the SWAN-simulated SWH field. (b) Corresponding ECMWF SWH map.

Figure 5. SWAN-simulated SWH compared with the measure-
ments from the Jason-3 altimeter 3 for the period from 
January to July 2020.
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spectrum S(k,ϕ) of the E-spectrum model in terms 
of wave number k and direction ϕ is the one- 
dimensional wave spectrum multiplied by the direc-
tional function G(k,ϕ), expressed as follows: 

Sðk;ϕÞ ¼ Ω� 3ðBl þ BhÞGðk;ϕÞ (9) 

where 

Gðk;ϕÞ ¼
1

2πk
½1þ ΔðkÞ cos 2ϕ� (10) 

ΔðkÞ ¼ tanh½a0 þ apð
c
cp
Þ

2:5
þ amð

c
cm
Þ

2:5
� (11) 

where a0 is taken to be 0.1733, ap is the constant of 4, 
am = 0.13 u*/cm, and u* is assumed to be the friction 
wind speed, which can be calculated from the follow-
ing functions (Maat, Kraan, and Oost 1991): 

u� ¼ ð0:4cpz0gÞ� 3 (12) 

z0 ¼ 0:000037
U2

10
g
ð
U10

cp
Þ

0:9 (13) 

The dominant phase speed or the cutoff wavelength 
derived from the SAR intensity spectrum is strongly 
affected by the nonlinearity caused by velocity bunch-
ing on SAR in the presence of complicated marine 
phenomena (Shao et al. 2020b). Thus, in this study, 
we used Equations (7–14) proposed by Elfouhaily, 
Chapron, and Katsaros (1997) and Donelan, 
Hamilton, and Hui (1985) to directly obtain the domi-
nant wave phase speed cp, which is assumed in the 
calculation from the SAR intensity spectrum: 

cp ¼
U10

11:6� ð9700gÞ� 0:23 (14) 

where U10 is the wind speed at 10 m above the water 
surface. Under this circumstance, an ocean wave spec-
trum can easily be produced once the wind speed U10 

is known.
Figure 6 illustrates the one-dimensional spectrum 

constructed using E-spectrum and the JONSWAP 
wave spectrum at a wind speed of 8 m/s with the sea 
fetch of 77,600 m proposed in Elfouhaily, Chapron, and 
Katsaros (1997). These two models have apparent dif-
ferences under these conditions. In our work, a wave 
retrieval scheme combining the MPI, SPRA, and PFSM 
algorithms was implemented for wave retrieval from 
a GF-3 SAR image using the SAR-derived wind speed 
(Rikka et al. 2018). The ocean wave spectrum using the 
E-spectrum model was taken as the first-guess spec-
trum. The flowchart is shown in Figure 7.

4. Results and discussions

Initially, we present a case study to illustrate an 
inverted one-dimensional wave spectrum. The retrie-
val results are then systematically compared with the 
SWAN-simulated SWH. Finally, the applicability of 
the algorithms is analyzed under various conditions, 
i.e. SAR-derived wind speeds, HYCOM sea surface 
current, HYCOM sea water elevation, and HYCOM 
sea surface temperature.

4.1. Results

After the ECMWF wind directions were employed, 
wind speeds at a spatial resolution of 1 km were 
inverted from the collected GF-3 SAR images. 
Figure 8 displays the SAR-derived wind map 
using VV-polarized GMF C-SARMOD2. This figure 
corresponds to the image in Figure 1(a), in which 
slow winds with wind speeds less than 5 m/s are 
probably caused by the Island barrier. The accuracy 
of wind retrieval from GF-3 SAR images has been 
well studied (Shao et al. 2019; Shao, Shen, and Sun 
2017a) with RMSE values of about 2 m/s reported. 
Therefore, we simply repeated the validation of the 
SAR-derived wind speeds against ECMWF winds 
during the period from January to July 2020, as 
shown in Figure 9. The color represents the data 
density in 0.2 m/s bins. The comparison shows 
a 1.95 m/s RMSE of wind speed, which is closed 
with the accuracy of wind speed (~2 m/s) for GF-3 
SAR. This result indicates that the SAR-derived 
winds could be used in this context.

Figure 6. One-dimensional spectrum using the Elfouhaily 
(E-spectrum) and JONSWAP wave spectrum at a wind speed 
of 8 m/s.
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Traditionally, spectral-transformation wave retrie-
val algorithms work well for a homogenous image 
with swell waves (Rikka et al. 2018). An example of 
the subscene in Figure 1(a) covering the SWAN grids 
is shown in Figure 10(a). In this noisy subscene, the 
wave pattern is not apparent where wind-sea waves 
dominate. Additional SAR-derived wind speed data 
were used when applying the spectral-transformation 
method. The peak of the corresponding two- 
dimensional SAR spectrum was also observed, as 

shown in Figure 10(b). The one-dimensional SAR- 
derived wave spectrum of the above case is shown in 
Figure 10(c) , in which the red line represents the one- 
dimensional SWAN-simulated wave spectrum. The 
pattern of the SAR-derived wave spectrum is consis-
tent with that from the SWAN simulation, although 
the low-frequency portion in the SAR-derived one- 
dimensional wave spectrum has a cutoff due to velo-
city bunching. Using the proposed algorithm through 
the retrieved one-dimensional wave spectrum S(k) as 
stated in Equation (16), we found that the SAR- 
derived SWH Hs was 1.98 m, whereas the SWAN- 
simulated SWH was 2.33 m. 

Hs ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ò
S
ðkÞdk

q

(15) 

Figure 7. Flowchart of the wave retrieval scheme used in this study.

Figure 8. SAR-derived wind map using C-SARMOD2 from the 
GF-3 SAR image taken on 21 January 2020 at 10:11 UTC.

Figure 9. Validation of SAR-derived wind speeds with ECMWF 
reanalysis (ERA-5) winds for the period from January to 
July 2020. The color represents the data density in 0.2 m/s 
bins.
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In total, we had more than 10,000 subscenes from the 
collected SAR images available for evaluating the accu-
racy of SAR-derived SWH. The PFSM algorithm in 
which the JONSWAP wave spectrum was employed as 
the first-guess spectrum was used for wave retrieval. 
Unfortunately, there were few Jason-3 footprints coin-
ciding with the GF-3 images. The retrieved results 
were compared statistically with SWAN-simulated 
SWH. Figure 11(b) reveals a 0.47 m RMSE in SWH 
using the proposed algorithm. Although some error is 
acceptable with a 0.68 m RMSE of SWH using the 
PFSM algorithm, as shown in Figure 11(a), we con-
cluded that the PFSM algorithm performed poorly 
because the SAR-derived SWH seems to be under-
estimated at SWH values less than 0.5 m. This was 
likely caused by inaccurate dominant phase speed for 
the inhomogeneous SAR images in the inversion 
scheme. Figure 12 shows the statistical analysis at 
a low sea state (Hs < 1 m), where short gravity waves 
dominant. The proposed algorithm yielded a 0.39 
RMSE of SWH, which is less than the 0.63 RMSE of 
SWH by the PFSM algorithm. Due to the weak SAR 

backscattering signal, it is not surprising that the wave 
retrieval results had obvious underestimations. 
However, the proposed algorithm significantly 
reduced the underestimation of the SAR wave retrieval 
results. In this case, the proposed algorithm can be 
operationally applied due to its function only taking 
the SAR-derived wind speed without calculating the 
dominant phase speed in the PFSM algorithm.

4.2. Discussion

In this section, the applicability of the proposed 
algorithm is discussed in the context of various 
sea states. Figure 13(a–d) shows the bias (SAR- 
derived SWH minus SWAN-simulated SWH) ver-
sus several variables, i.e. wind speed, HYCOM sea 
surface current speed, HYCOM sea water elevation, 
and HYCOM sea surface temperature. A total of 
more than 600,000 matchups were divided into 
groups at a bin size of 1.75 m/s for wind speed, 
0.075 m/s for current speed, 0.075 m for sea water 

 (a) Example of the subscene (b) SAR two-dimensional spectrum (c) SAR one-dimensional spectrum 

Figure 10. (a) Example of the subscene in Figure 1(a) covering the SWAN grids. (b) Corresponding SAR two-dimensional spectrum. 
(c) SAR-derived and SWAN-simulated one-dimensional spectrum.

(a) Comparison of SAR retrieval SWH                 (b) Comparison of SAR retrieval SWH 

Figure 11. (a) Comparison between SWAN-simulated SWH and SAR retrieval SWH using the parameterized first-guess spectrum 
method (PFSM). (b) Comparison between SWAN-simulated SWH and SAR retrieval SWH using the proposed algorithm.
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(a) Bias contrasts with wind speed                   (b) Bias contrasts with current speed 

(c) Bias contrasts with sea surface elevation        (b) Bias contrasts with sea surface temperature 

Figure 13. Bias (SAR-derived SWH using the proposed algorithm minus SWAN-simulated SWH) is contrasted with (a) SAR-derived 
wind speed, (b) sea surface current speed from HYCOM model, (c) sea surface elevation from HYCOM model, and (d) sea surface 
temperature from HYCOM model.

(a) Comparison of SAR retrieval SWH (b) Comparison of SAR retrieval SWH

Figure 12. The high frequency radar part results. (a) Comparison between SWAN-simulated SWH and SAR retrieval SWH using the 
parameterized first-guess spectrum method (PFSM). (b) Comparison between SWAN-simulated SWH and SAR retrieval SWH using 
the proposed algorithm.
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elevation, and 1.7°C for sea surface temperature. 
The error bars represent the standard deviation of 
each bin .

We observed that the relationship between the var-
iation in SWH bias and SAR-derived wind speed was 
within ±0.3 m, whereas the variation remained about 
0.2 m at wind speeds ranging between 10 m/s and 
22 m/s. Moreover, the variation in SWH bias 
remained at about 0.3 m with a current speed greater 
than 0.3 m/s. This kind of behavior reveals an explicit 
modulation of wind and current in the SAR wave 
mapping mechanism. We found that the bias of varia-
tion increases up to 1 m at a sea surface elevation of 
less than 0 m and a sea surface temperature of less than 
1°C. We think that upwelling or downwelling domi-
nates under these conditions, causing sea surface con-
vergence and divergence and therefore reducing the 
accuracy of wave retrieval.

5. Summary

The topic of SAR wave retrieval generally includes 
the development of algorithms for open seas. 
However, SAR is also a valuable technique for wave 
monitoring in coastal waters because it has a higher 
spatial resolution than buoys and scatterometers. We 
focused on the applicability of wave retrieval from 
GF-3 SAR images in the coastal China Seas and the 
Japan Sea. Inhomogeneous GF-3 SAR images were 
used for a wave retrieval algorithm. The proposed 
algorithm takes advantage of the existing theocratic- 
based algorithms, e.g. MPI, SPRA, and PFSM. 
A universally applicable spectral model, E-spectrum, 
was used to produce the first-guess spectrum. This 
spectrum can be driven using the SAR-derived wind 
speed without calculating the dominant wave phase 
speed, which is probably distorted by other marine 
phenomena.

In total, we had more than 200 recorded VV- 
polarized GF-3 SAR images acquired in the QPS-I 
mode collected over the period from November 2019 
to July 2020. These cases were divided into subscenes 
with a spatial resolution of about 1 km2, which were 
matched with SWH from SWAN-simulated waves in 
0.1° grids. Validation of the SWAN-simulated SWH 
against the measurements from the Jason-3 altimeter 
yielded about 0.6 m RMSE with a 0.84 Cor. The newly 
released wind retrieval VV-polarized GMF, denoted as 
C-SARMOD2, was used to retrieve wind speeds from 
VV-polarized GF-3 SAR images after taking advantage 
of the ECMWF wind directions. The SAR-derived wind 
speed was set using prior information in the process of 
wave retrieval. The analysis showed a 1.95 m/s RMSE of 
wind speed compared with the wind speed from 
ECMWF ERA-5 data, which is consistent with the accu-
racy reported in recent studies.

More than 10,000 scenes were processed using two 
schemes: the proposed algorithm and the PFSM. The 
retrieved results were validated against SWAN- 
simulated SWH from the ECMWF. The validation indi-
cated the RMSE of SWH to be 0.47 when using the 
proposed algorithm and 0.69 m when using the PFSM. 
In particular, the proposed algorithm reduced the 
underestimation of wave retrieval at the low sea state 
condition. The error of wave retrieval was studied in 
term of various conditions: SAR-derived wind speed, 
HYCOM sea surface current, HYCOM sea water eleva-
tion, and HYCOM sea surface temperature. The analysis 
results showed that the variation in SWH bias was about 
0.3 m with wind speeds ranging from 10 to 22 m/s and 
current speeds greater than 0.3 m/s. The sea surface 
elevation and sea surface temperature have the strongest 
influence on inversions at sea surface elevations less than 
0 m and sea surface temperatures less than 1°C and 
0.69°C, where upwelling or downwelling dominates.

In summary, although the proposed algorithm has 
the potential for use for wave retrieval from GF-3 SAR 
images that include complicated marine phenomena, 
the accuracy needs to be improved by considering the 
effect of sea surface elevation and sea surface tempera-
ture. In the future, the sea surface current speed 
should be retrieved with the GF-3 SAR wave retrieval.
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Appendix A

Appendix B

The term B0 is defined as follows: 

B0 ¼ 10a0þa1 f ða2v; s0Þ
γ (B1) 

where v is the wind speed at 10 m above the sea surface, and 

f ðs; s0Þ ¼
s0ð Þ

αg s0ð Þ; s< s0
g sð Þ; s � s0

�

(B2) 

gðsÞ ¼
1

1þ expð� sÞ
(B3) 

α ¼ s0ð1þ gðs0ÞÞ (B4) 

a0 ¼ c1 þ c2xþ c3x2 þ c4x3 (B5) 

a1 ¼ c5 þ c6x (B6) 

a2 ¼ c7 þ c8x (B7) 

γ ¼ c9 þ c10xþ c11x2 (B8) 

s0 ¼ c12 þ c13x (B9) 

where x is designed x = (0–76)/40
The B1 term is defined as follows:  

B1 ¼ c14 þ c15xþ c16x2� �
þ c17 þ c18xþ c19x2� �

v
þ c20 þ c21xþ c22x2� �

v2 (B10) 

The B2 term is defined as follows:  

B2 ¼ � d1 þ d2v2ð Þ exp � v2ð Þ (B11) 

v2 ¼
aþbðy� 1Þn;y< y0
y;y�y0

n
and y ¼ vþv0

v0 
(B12)

where y0 = c23, n= c24, and
a ¼ y0 �

y0� 1
n ; b ¼ 1

n y0� 1ð Þ
n� 1½ �

(B13) 

v0 ¼ c25 þ c26xþ c27x2 (B14) 

d1 ¼ c28 þ c29xþ c30x2 (B15) 

d2 ¼ c31 þ c32x (B16) 

All values of the constants c are listed in Lu et al. (2018); 
so, those values are not repeated here.

Table A1. Settings for the Simulating WAves Nearshore (SWAN) (41.31) model.
Forcing field ECMWF ERA-5 wind with a spatial resolution of 0.5° and a time interval of 1 h; sea surface current speed and sea water elevation from 

HYCOM with a spatial resolution of 0.08° and a time interval of 3 h.
Frequency 

bins
Logarithmic between 0.01 and 1 at an interval of Δf/f = 0.0903

Resolution A 30-min temporal resolution
Bulk formula High wind speed bulk formula in Ou et al. (2002) for white-capping
Other 

settings
Wave-interactions (QUADrupl), triad wave-wave interactions (TRIad), and bottom friction (FRICtion)
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