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Abstract: The Chinese-French Oceanography SATellite (CFOSAT) jointly developed by the Chinese
National Space Agency (CNSA) and the Centre National d’Etudes Spatiales (CNES) of France carries
a wave spectrometer (Surface Waves Investigation and Monitoring, SWIM). SWIM has one nadir
and five off-nadir beams to measure ocean surface waves. These near-nadir beams range from 0° to
10° at an interval of 2°. In this work, we investigated the performance of wave parameters derived
from wave spectra measured by SWIM at off-nadir beams during the period 2020 to December
2022, e.g., incidence angles of 6°, 8° and 10°, which were collocated with the wave simulated by
Simulating Waves Nearshore (SWAN). The validation of SWAN-simulated significant wave heights
(SWHs) against National Data Buoy Center (NDBC) buoys of National Oceanic and Atmospheric
Administration (NOAA) exhibited a 0.42 m root mean square error (RMSE) in the SWH. Our results
revealed a RMSE of 1.02 m for the SWIM-measured SWH in the East Pacific Ocean compared with
the SWH simulated by SWAN, as well as a 0.79 correlation coefficient (Cor) and a 1.17 squared error
(Err) for the wave spectrum at an incidence angle of 10°, which are better than those (i.e., the RMSEs
were > 1.1 m with Cors < 0.76 and Errs > 1.2) achieved at other incidence angles of SWH up to 14 m.
This analysis indicates that the SWIM product is a relevant resource for wave monitoring over global
seas. The collocated wave retrievals for more than 300 cases from Gaofen-3 (GF-3) synthetic aperture
radar (SAR) images in China Seas were also used to verify the accuracy of SWIM-measured wave
spectra. The energy of the SWIM-measured wave spectra represented by SWH was found to decrease
with an increasing incidence angle in a case study. Moreover, the SWIM-measured wave spectra
were most consistent with the SAR-derived wave spectra at an incidence angle of 10°, yielding a 0.77
Cor and 1.98 Err between SAR-derived and SWIM wave spectra under regular sea state conditions
(SWH < 2 m). The error analysis indicates that the difference in SWH between SWIM at an incidence
angle of 10° and SWAN has an increasing tendency with the growth in sea surface wind and sea state
and it stabilizes to be 0.6 m at SWH > 4 m; however, the current and sea level have less influence on
the uncertainties of the SWIM product.

Keywords: sea surface wave; SWIM; SWAN; Gaofen-3

1. Introduction

Waves play an important role in the sea surface layer of the ocean and determine the
energy transport in the marine—atmosphere interface. In recent years, satellite altimeters
and synthetic aperture radar (SAR) have been the active sensors operating at the microwave
frequency and feature the ability to detect the sea surface all day. Generally, altimeter
products are available following the footprint of the satellite orbit (~10 km spatial coverage
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at latitude and longitude directions), e.g., Topex/Poseidon, Jason-2 and China’s HaiYang-
2A (HY-2A) [1]. Although SAR with a fine spatial resolution is a promising technique for
hurricane observations [2], it rarely operates over the global seas at all times because of
the swath size problem and recording issues. The Chinese-French Oceanography SATellite
(CFOSAT), which was jointly developed by the Chinese National Space Agency (CNSA)
and the Centre National d’Etudes Spatiales (CNES) of France and launched on 28 October
2018, is a recent advanced technological device designed to overcome those limitations,
e.g., the two-dimensional wave spectrum over global seas, even in tropical cyclones.

CFOSAT contains a novel combination of instruments for global ocean wind and wave
measurement with a 13-day period and a 99% coverage of the Earth’s surface (e.g., [3,4],
carrying a rotating fan-beam scatterometer (RESCAT) [5,6] and Surface Wave Investigation
and Monitoring (SWIM) instruments [7], which provide a simultaneous observation of
wind and waves [8]. In particular, the SWIM device is a real-aperture radar at the Ku
band and is specifically designed for wave directional spectrum observation using six
rotating fan-beams at near-nadir incidence angles ranging from 0° to 10° at a 2° bin with
360° azimuth scanning [9]. Compared with the single-beam scatterometer, backscattering
from the RFSCAT provides more detailed information on sea surface winds [10,11] and
combines the advantages of the fixed fan-beam scatterometer, e.g., the National Aeronautics
and Space Administration (NASA)-scatterometer (NSCAT) [12,13] and the Advanced
Scatterometer (ASCAT) [14], with the rotating pencil-beam scatterometer, e.g., the Quick
Scatterometer (QuikSCAT) [15] and HY-2B [16]. The pre-launch analysis yields that wind
retrieval from RFSCAT performs well due to its multiple look numbers [17,18], as well as
other scatterometers.

It is well known that SAR is an available microwave sensor with a pixel resolution of
1 m and a large swath coverage as wide as 500 km, and is a powerful technique for mea-
suring the information on the sea surface waves directional ocean wave spectrum [19,20].
Traditionally, two methods are used to invert waves from an SAR intensity image: theoreti-
cally based algorithms and empirical models. The methodology of the theoretically based
algorithm is exploited through the SAR wave mapping mechanism [21], e.g., the Max-
Planck-Institut (MPI) algorithm [22], the semi-parametric retrieval algorithm (SPRA) [23],
the partition rescaling and shift algorithm (PARSA) [24], the parameterized first-guess
spectrum method (PFSM) (e.g., [25,26]) and the quad-polarized technique [27]. In order
to deal with the complex modulation transfer function (MTF) of the SAR mapping mech-
anism, empirical models have also been developed, e.g., CWAVE_ERS for ERS-1/2 [28],
CWAVE_ENVI for ENVISAT-ASAR [29], CWAVE_S1 for S-1 [30,31] and CSAR_WAVE for
GE-3 [32]. These models describe an empirical relationship between wave parameters and
SAR-measured variables using the multiple-regression method, e.g., the NRCS, variance
of the normalized SAR images and a set of orthogonal functions derived from the two-
dimensional SAR intensity spectrum. Collectively, the PFSM algorithm features a good
performance for inverting the wave spectra from GF-3 SAR images [33], producing a 0.57 m
root mean square error (RMSE) in the significant wave height.

The information on short waves with a wavelength less than 100 m in the SAR-derived
wave spectrum is missed due to the azimuthal cutoff caused by the nonlinear velocity
bunching mechanism in SAR [34]. SWIM on board CFOSAT is an alternative technique
based on real aperture radar (RAR) used to obtain wave spectra even at short wavelengths
(<100 m), since the modulation spectrum is linearly related to the wave spectrum [35,36].
Since June 2019, the CNES and CNSA have been initially releasing wind data from RFSCAT
and wave data from SWIM. These products are stored as three levels, i.e., Level-1A, which
includes the modulation spectrum; Level-1B; and Level-2, which primarily includes the
wave spectrum and atmospheric marine parameters, e.g., wind speed and significant wave
height. It is necessary to figure out that SWIM continuously provides the products of wave
parameters at near-nadir beams as for any other altimeter missions, and the validation
of SWIM products at near-nadir beams is implemented in recent work [37,38]. The wave
directional spectra are measured by SWIM at several off-nadir beams, such as 6°, 8° and
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10° of the radar incidence angle; therefore, the integrated parameters derived from the
SWIM-measured wave spectrum is worth being studied, especially in tropical cyclones.

In this work, we investigated the performance of the wave-parameters-derived SWIM-
measured wave spectrum, e.g., significant wave height, peak wave length, peak wave
period and peak wave direction, as validated against the simulations from a numerical
wave model, known as the Simulating Waves Nearshore (SWAN) [39] in the East Pacific
Ocean. The WW3-simulated results are compared with the measurements from the National
Data Buoy Center (NDBC) buoys. In particular, the SWIM-measured wave spectra were
compared with the SWAN-simulated wave spectra and the SAR-derived wave spectra
from GF-3 SAR images using the existing PFSM algorithm in China seas. The remainder of
this manuscript is organized as follows. A brief description of the datasets, including the
CFOSAT wave product, GF-3 SAR images, SWAN model settings and wave measurements
from the NDBC buoys of the National Oceanic and Atmospheric Administration (NOAA),
are briefly presented in Section 2. Section 3 describes the PFSM algorithm for SAR wave
retrieval and the analysis of the comparisons is described in Section 4. The conclusions of
this study are summarized in Section 5.

2. Datasets

In this section, the available dataset is introduced, and is grouped into three parts,
i.e., wave measured from SWIM, simulation by SWAN model with the observations from
NDBC buoys, and GF-3 images.

2.1. SWIM Data Onboard CFOSAT

In this study, we collected the CFOSAT data from January 2020 to December 2022.
Significant wave heights from the SWIM were compared with simulations from the SWAN
model in the East Pacific Ocean, and the SWIM-measured wave spectra were validated
against the SAR-derived wave spectra from GF-3 SAR images located in China seas. These
data were processed to be Level-2 (L-2) products, mainly including winds measured by
the RFSCAT and waves from the SWIM instrument, which have been released since July
2019. Figure 1a illustrates the principal SWIM at incidence angles from 0° to 10°, showing
that the CFOSAT footprint has a spatial coverage of 18 x 18 km in a spiral direction of 360°.
The SWIM-measured wave spectrum was provided at incidence angles of 6°, 8° and 10°
following each footprint in order to obtain reliable wave data. The top view of the SWIM
imaging mode is illustrated in Figure 1b, in which the radar beams at six incidence angles
are scanning the sea at the same time. It is important to note that the products derived from
SWIM are the average values of two boxes at the left side or right side.

2.2. Model Settings of SWAN and NDBC Buoys

Because SWIM data rarely match up with moored buoys and altimeters, the third-
generation SWAN numerical wave model (version 4.12) developed by the Delft University
of Technology was used to simulate the sea surface wave fields in coastal waters [40].
As referred to in the conclusion of Stopa and Cheung (2014) [41], European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis interim winds are reliable at a
regular sea state, based on 30 years of data collection. The forcing winds employed the
global gridded atmospheric marine reanalysis data with a spatial resolution of 0.25° grid
and an interval of 1 h, which were provided by the ECMWEF reanalysis system (ERA-5).
Topography data were provided by the General Bathymetric Chart of the Oceans (GEBCO)
from the British Oceanographic Data Centre (BODC). The simulation regions were selected
from longitude 165°W to 79°W and latitude 9°N to 44°N in the East Pacific Ocean. The
SWAN simulation required the following switch settings:

e  The two-dimensional wave spectrum was resolved into 24 regular azimuthal directions
with a 15° step;
e  The frequency bins ranged logarithmically from 0 to 1, at an interval of Af /f = 0.903;
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e  The spatial resolution of the simulated wave fields was a 0.1° grid with a 60 min
temporal resolution;

e  The input/dissipation terms were selected, referred to as nonlinear saturation-based
white-capping combined with wind input (WESTH);

e  The various physical processes included white-capping (WCAPping), nonlinear quadru-
plet wave interactions (QUADrupl), depth-induced wave breaking in shallow waters
(BREaking), bottom friction (FRICtion) and triad wave-wave interactions (TRIad).

As an example, the map of significant wave height from the SWAN model on 25 August
2020 at 18:00 UTC is presented in Figure 2, in which the colored footprints represent the
SWIM-measured significant wave heights at the nadir incidence angle. It is clear that the
SWAN-simulated significant wave height pattern is roughly consistent with the SWIM-
measured significant wave heights. We think the deviation at the coastal water is probably
caused by the time difference between them and complicate oceanic dynamics, i.e., tide,
front and eddy.

10
Flight Height: 519 km .
Incidences: 0%, 2%, 40,67, 8, 10° Satellite Track 8
Antenna Aperture: ~2°~2°
-
N
=2
on
6 =
<
[
Q
=
)
4 =
3)
=}
—_
18 kmx18 km 2
-
0

(a) (b)
Figure 1. (a) Principal Surface Waves Investigation and Monitoring (SWIM) at incidence angles from
0° to 10° in a counterclockwise direction, in which the CFOSAT footprint has a spatial coverage of
18 x 18 km. (b) The top view following the satellite track, in which the products derived from SWIM
are the average values of two boxes at the left side or right side.
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Figure 2. Map of significant wave heights from the Simulating Waves Nearshore (SWAN) model
on 25 August 2020 at 18:00 UTC, in which the colored footprints represent the SWIM-measured
significant wave heights at nadir incidence angle.
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At present, the NDBC buoys from NOAA are available for any investigators per-
forming scientific research [42]. In order to validate the SWAN-simulated results, we also
collected the wave measurements from NDBC buoys in the East Pacific Ocean. The geo-
graphic locations of the NDBC buoys in the East Pacific Ocean overlaid by the water depth
are depicted as the black rectangles in Figure 3. The following metric parameters are used
to evaluate the error of the SWAN-simulated wave:

. 1
Bias = ), (Xi —Yy), (1)

RMSE = \/ % Y (Xi—Y)?, @

in which X; and Y; represents the significant wave height values of two sources. The
comparison of more than 2000 matchups between SWAN-simulated significant wave
heights and measurements from NDBC buoys on June-September 2020 is presented in
Figure 4, revealing a 0.42 m RMSE in the significant wave height and —0.09 bias. In this
sense, it is believed that the SWAN-simulated waves are reliable for this study.
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Figure 3. Region from latitude 9°N to 44°N and longitude 70°W to 165°W used to simulate the
wave fields by SWAN overlaying the water depth from the General Bathymetric Chart of the Oceans
(GEBCO). The 2 black rectangles are the geographic locations of the National Data Buoy Center
(NDBC) buoys selected for validating the simulations.

2.3. GF-3 Images

Since August 2016, the GF-3 satellite has operationally released SAR images to the
China Center for Resource Satellite Data and Applications (CRESDA) and the National
Ocean Satellite Application Center (NSOAS). GF-3 SAR has 12 imaging modes, e.g., spot-
light (SL), fine strip (FS), quad-polarization strip (QPS) and wave mode (WAV). In this
study, the footprints of CFOSAT passed more than 300 GF-3 SAR images, which were
acquired in QPS mode. These VV-polarization images were taken in China seas and have a
pixel size of 10 m in both the azimuth and range directions, with a 100 km swath coverage.
Note that the time difference between the GF-3 SAR images and the CFOSAT data was
< 1 h. Figure 5a shows a calibrated GF-3 image acquired on 15 February 2022 at 21:51 UTC.
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The red circles present the geographic locations from the SWIM wave product with a spatial
coverage of about 18 x 18 km, which were used for analyzing the wave spectra between
GF-3 and CFOSAT. The two-dimensional wave spectrum from SWIM at an incidence angle
of 10° corresponding to the red circle is presented in Figure 5b. It is observed that the
true wave direction is difficult to obtain due to the 180° ambiguity of the SWIM-measured
wave spectrum.
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Figure 4. Simulated significant wave heights from the SWAN model versus the co-located measure-
ments from NDBC buoys from June to September 2020.
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Figure 5. (a) Calibrated GF-3 synthetic aperture radar (SAR) image acquired on 15 February 2022
at 21:51 UTC, in which the red circle is the geographic location of CFOSAT wave products at
[27.29°N, 122.41°E]. (b) The two-dimensional wave spectrum from SWIM at incidence angle of 10°
corresponding to the red circle.
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3. Methodology

The PFSM algorithm is a theoretically based method used to retrieve waves from
SAR images based on the SAR wave mapping mechanism. In particular, the key to the
PFSM algorithm is that an SAR intensity spectrum is decomposed into a nonlinearly
mapped portion induced by the wind-sea interactions and a linear portion induced by
wind-induced waves at relative long wavelength and swells. The separation wave number
ks calculated by Equation (3) was used to obtain the 2 corresponding portions from an
SAR-measured spectrum:

0.33

2.87¢V?
g , @3)

ks -
R2U}, cos? ¢ (sin2 @sin6 + Cos2(p>

where g is the gravitational acceleration of 9.8 m/s?; V is the satellite flight velocity, assumed
to be 7600 m/s for the GF-3 SAR; R is the satellite slant range in m; Uy is the SAR-derived
sea surface wind speed at a height of 10 m in m/s; 0 is the radar incidence angle in degrees;
and ¢ is the angle of the wave propagation direction relative to the radar look direction in
degrees. It should be noted that U;g was retrieved using the geophysical model function
(GMF) CSARMOD-GEF specially designed for re-calibrated images [43], which describes an
empirical relationship between a wind vector and a co-polarized SAR backscattering signal
expressed as a normalized radar cross-section united in linear oy:

00= Bo(1+ Bycos¥ + Bycos2¥), 4)

in which matrix B consists of the Ujp and 8 functions, and Y is the angle of the wave
propagation direction relative to the radar look direction. In this study, we directly applied
the prior information to the wave propagation direction.

The portion of the SAR spectrum at wave numbers < ks represents the linear mapping
component induced by wind-induced waves at relative long wavelength and swells; in
contrast, the left portion at wave numbers > ks is mapped by the non-linear wind—sea map-
ping component. The wave numbers in the GF-3 spectrum here range from 0.0015 rad /s
to 0.1058 rad/s. As for wind—sea retrieval in the PFSM algorithm, a best-fit “first-guess”
wave spectrum was constructed using the well-known JONSWAP parametric model [44],
utilizing the SAR-derived Ujy when searching for the 2 best-fit parameters, e.g., wave speed
at peak ¢, and wave propagation direction at peak ¢. This method requires 3 steps: (1) the
cp and ¢ are directly obtained from the SAR intensity spectrum and treated as the first-guess
values; (2) the value of ¢, is searched in the range of 0.4 to 1.6 times the first-guess value at
an interval of 0.2 m/s, and the value of ¢ is searched in the range of 0.8 to 1.2 at an interval
of 2°; and (3) the SPRA scheme is employed in order to determine the best-fit values of
the ¢, and ¢ using a minimization procedure. The wind-sea spectrum is continuously
inverted by minimizing a cost function J, similar to the MPI scheme. Simultaneously,
the swell spectrum is linearly obtained by solving the SAR intensity spectrum at wave
numbers smaller than ks without considering the velocity bunching; that is, the tilt and
hydrodynamic modulations are only included in the inversion scheme. Ultimately, the
wave spectrum is composed of two retrieval portions.

J = [ =T dk+ /{H}de 5

in which I is the first-guess wind-sea spectrum in term of k, I is the retrieved two-
dimensional wave spectrum, Ey is the simulated SAR spectrum, E is the SAR spectrum, p
is the weight coefficient and the small positive number B is assumed to be 0.001 to ensure
the inversion convergence. At present, algorithm PFSM has been implemented for GF-3 [45]
and TerraSAR-X wave retrieval [46].
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Using Equation (6), the significant wave height H is calculated from an inverted
one-dimensional wave spectrum S; at wave number k:

m:4xﬂ/&ﬁ, ©6)

The RMSE and bias exhibited in Equations (1) and (2) are used for the analyzing the
metric error of wave parameters, e.g., significant wave height, peak wave length and peak
wave period. In addition, two variables, the correlation coefficient (Cor) and the squared
error (Err), are employed to describe the similarity of wave spectrum.

Cor = Pk ) @)
/] Pdk [ Q3dk
2
Erp — J P — Quldk ®)

\JJ PRk [ Qdk

in which Py and Qy represent the SWIM-derived wave spectrum and referred spectrum
from SAR or SWAN. Note that the wave spectra of two sources are close as Cor approaches
1 and becomes smaller than that of Err.

4. Results

In this section, we present the comparisons between SWIM measurements and hind-
casting waves by SWAN and the retrievals from GF-3 images. At last, the error analysis
considering the background dynamics, i.e., wind, wave, current and sea level, is conducted.

4.1. Comparison between SWIM Waves with SWAN-Simulated Results

Figure 6 provides a visual comparison of the SWIM-measured significant wave heights
and the SWAN-simulated results at incidence angles of 6° (Figure 6a), 8° (Figure 6b), 10°
(Figure 6¢c) and the average of the three incidence angles (Figure 6d). The comparison
of significant wave height was processed at a 0.5 m bin up to 14 m. It was discovered
that the analysis at an incidence angle of 10° performed well, as indicated by a 1.02 m
RMSE with a 0.79 Cor and 1.17 Err, which exceeded the results at other incidence angles.
Moreover, the SWIM-measured significant wave heights were overestimated at a particular
sea state and then underestimated with an increasing significant wave height. Similarly,
the comparisons of peak wave length and peak wave period were processed at a 20 m
bin and 1 s bin, respectively. It is also found in Figure 7e,f that the SWIM products at an
incidence angle of 10° have a better performance, e.g., a 35.52 m RMSE for peak wave
length and a 0.82 s RMSE for peak wave period, which are lower than the statistical results
at incidence angles of 6° (Figure 7a,b) and 8° (Figure 7c,d). However, there is likely to be a
systematic negative difference between SWIM and SWAN values through the combination
at incidence angles of 6°, 8° and 10°, e.g., a bias of ~—0.5 m at a significant wave height
greater than 3 m (Figure 6d), bias of ~—30 m at a peak wave length greater than 220 m
(Figure 7g) and bias of ~—1.0 s at a peak wave period greater than 12 s (Figure 7h). The
parameter, called the frequency width, relates with the shape of the wave spectrum. The
finding in [47] concludes that the SWIM directional spread at the peak is the smallest for
swell. In this sense, we think that the difference between SWIM and SWAN values at a
high sea state could be caused by a narrow frequency distribution of the SWIM spectrum
at swell and mature conditions.
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Figure 6. SWIM-measured significant wave height versus co-located measurements from the SWAN
model for a 0.5 bin of significant wave height: (a) at incidence angle of 6°, (b) at incidence angle
of 8°, () at incidence angle of 10° and (d) combination at incidence angles of 6°, 8° and 10°. The
comparison of significant wave height was processed at a 0.5 m bin up to 14 m.

4.2. Comparison between SWIM Waves with GF-3 Retrievals

Here, the performance of SWIM wave spectra derived at three incidence angles is
investigated. We analyzed more than 500 GF-3 SAR images covering the CFOSAT footprints,
in which the time difference was <1 h. The sub-scenes extracted from the GF-3 SAR
images in Figure 5 using a 1024 x 1024 pixel box (a spatial coverage of ~10 km), in
which wave streaks were apparently observed, are presented in Figure 8a. Specifically,
the inhomogeneous sub-scenes are excluded due to the poor quality of the sub-scenes,
where the ratio of the image variance and squared image mean is greater than 1.05 [48].
Figure 8b shows the two-dimensional SAR spectra of the extracted sub-scenes, where the
corresponding point coordinates are [27.2750°N, 122.4122°E], which is the closest point
between the GF-3 sub image and the red point in Figure 5a, in which it can be seen that the
structures of the SAR spectra are symmetrical. The PFSM algorithm was then applied to
these sub-scenes in order to retrieve the wave spectra for the above cases.
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Figure 7. SWIM-measured wave parameters, e.g., peak wave length and peak wave period, versus
co-located measurements from the SWAN model: (a,b) at incidence angle of 6°; (¢,d) at incidence
angle of 8°; (e f) at incidence angle of 10°; and (g,h) the combination at incidence angles of 6°, 8° and
10°. The comparisons of peak wave length and peak wave period were processed at a 20 m bin and

1 s bin, respectively.



Remote Sens. 2023, 15, 4402 11 of 19
North

Z. Bast
0
o0
N
(l: West

Look

=
......... = South
AAAAAAA U SO - Normalized Energy Density
122.40°E L N I Ta
0 0.3 0.5 0.8 1.0
(a) (b)

Figure 8. (a) Sub-scene corresponding to red point extracted from the GF-3 image acquired on
15 February 2022 at 21:51 UTC. (b) Two-dimensional SAR spectrum at the wave number correspond-
ing to the sub-scene.

The GF-3 SAR-derived wave spectra were compared with the SWIM-measured wave
spectra, as shown in Figure 9. It was found that the general energy of the SWIM-measured
wave spectra, which is calculated by the total area covered by the colored curves relative
to the wave number and is represented by significant wave height, decreased with an
increasing incidence angle. Moreover, in terms of the approximate spectrum shape and
dominant wave propagation velocity, the GF-3 SAR-derived wave spectra were most
consistent with the SWIM-measured wave spectra at an incidence angle of 10°. Due to
velocity bunching, the short waves with wave numbers > 0.1 rad/m (i.e., wavelengths
< 60 m) were undetectable in the SAR-derived wave spectra, indicating an apparent cutoff
at such conditions. The wavelengths of the SWIM-measured wave spectra, however, were
up to 30 m, with an about 0.2 rad/m wave number. Significant wave height represents
the integral over frequencies and directions of the two-dimensional wave spectrum from
the model or the specific sensor with a high-frequency cutoff; however, the cutoff wave
numbers are different for SAR and SWIM.

Figure 10 shows the comparisons from all available matchups (>300 samples) at a
regular sea state (significant wave heights < 2 m) between SWIM products at two incidence
angles of 6° and 8° and retrievals from GF-3 SAR in 2020-2022, i.e., significant wave
heights (Figure 10a,b), peak wave length (Figure 11c,d) and peak wave period (Figure 10e,f).
Figure 11 shows the comparisons between SWIM products at an incidence angle of 10°
and retrievals from GF-3 SAR. It is observed that the statistical results (i.e., a 0.77 Cor and
1.98 Err for the wave spectrum, 0.17 m RMSE for significant wave height, 9.94 m RMSE
in peak wave length and 0.44 s RMSE in peak wave period) at an incidence angle of 10°
(Figure 11a—c) are better than those (i.e., a 0.76 Cor and a 0.29 Err for wave spectrum, a
0.18 m RMSE in significant wave height, a 78.11 m RMSE in peak wave length and a 1.90 s
RMSE in peak wave period) achieved from the combination at three incidence angles of
6°,8° and 10° (Figure 11d—f). There seem to be large errors in peak wave period and peak
wave length calculated from SWIM-measured wave spectra at two incidence angles of 6°
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and 8°. The different cutoff wavelength of the SWIM wave is smaller than that on GF-3,
as exhibited in Figure 9, leading to the dominant wave energy of the SAR-derived wave
spectrum mostly shifting toward a low frequency. This behavior is anticipated to be further
studied through more GF-3 images collocated with SWIM measurements. Collectively,
we believe that the SWIM wave data are a valuable source, especially for global wave
analysis, although a 180° ambiguity in the wave direction needs to be resolved for SWIM
observations. However, this work is a study that compares the GF-3 SAR-derived and
SWIM-measured wave spectra, and a more collocated dataset needs to be collected for
further validation at an extreme sea state, especially in tropical cyclones.

1_

CFOSAT-6°
CFOSAT-8°
CFOSAT-10°
CFOSAT-Combinated
GF-3

<
o0
1

<
(o)
1

<
'S
L

Normalized Energy Density

<
(3]
1

0 0.1 0.2
Wave Number (I/m)

Figure 9. Retrieval results for the one-dimensional SWIM-measured wave spectrum at various
incidence angles and the GF-3 SAR-derived wave spectrum.

4.3. Discussions

As a matter of fact, the dynamics have an influence on the uncertainties of the SWIM
product. Here, the difference in significant wave height between SWIM at an incidence
angle of 10° and SWAN with respect to SWIM-measured wind speed, simulated significant
wave height from SWAN and sea surface current and sea level from the 0.08° gridded
Hybrid Coordinate Ocean Model (HYCOM) dataset at intervals of 3 h is investigated
between January and July 2020, as exhibited in Figure 12. It is observed that the bias (SWIM
minus SWAN) grows at a wind speed ranging from 0 to 5 m/s and that this behavior is also
found at a wind speed greater than 10 m/s. With the growth in sea state (i.e., significant
wave height > 4 m), the bias remains at —0.6 between the simulated significant wave height
from SWAN and SWIM, indicating that the SWIM product can still be used for research on
extreme waves. However, the bias has no significant correlation with current and sea level.
It is reasonable that the wave is mainly determined by wind stress [49].
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Figure 10. SWIM-measured wave parameters versus co-located retrievals from the GF-3 images:
(a) significant wave height at an incidence angle of 6° and (b) significant wave height at an incidence
angle of 8°; (c) peak wave length at an incidence angle of 6° and (d) peak wave length at an incidence
angle of 8°; (e) peak wave period at an incidence angle of 6° and (f) peak wave period at an incidence
angle of 8°.
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Figure 11. SWIM-measured wave parameters at an incidence angle of 10° versus co-located retrievals

from the GF-3 images: (a) significant wave height, (b) peak wave length and (c) peak wave period.

SWIM-measured wave parameters from the combination at three incidence angles of 6°, 8° and 10°

versus co-located retrievals from the GF-3 images: (d) significant wave height, (e) peak wave length

and (f) peak wave period.
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Figure 12. Difference in significant wave height between SWIM at an incidence angle of 10° and
SWAN with respect to (a) SWIM-measured wind speed, (b) simulated significant wave height from
SWAN, (c) 0.08° gridded average sea surface current and (d) sea level from Hybrid Coordinate Ocean
Model (HYCOM) dataset at intervals of 3-h.

5. Conclusions

At present, wave monitoring is a topic of interest in the ocean remote sensing commu-
nity. Since August 2019, CFOSAT has been successfully functioning and has operationally
released wind and wave data from the CNES and CNSA. The SWIM instrument on board
the CFOSAT is an advanced RAR technology designed to detect wave spectra over global
seas, and follows the satellite orbit and has five off-nadir footprints of 18 x 18 km. Mean-
while, the Chinese GF-3 and its successor SAR also provide valuable information on related
marine and atmospheric science applications [50]. The main purpose of our work was to
make a preliminary attempt to analyze the wave parameters calculated from the wave
spectrum measured by SWIM, which were compared with GF-3 SAR and SWAN simula-
tions. This result is not only an evaluation of the SWIM spectral data, but also an important
reference for oceanography research utilizing the SWIM spectral data.
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Sea surface wind and wave data from SWIM available for this study were collected
during the mission period from January 2020 to December 2022. The third-generation
numeric model, denoted as SWAN, was employed to simulate waves in the Eastern Pacific
Ocean and the China seas. Significant wave heights simulated by SWAN were validated
against the measurements from NDBC buoys, yielding that the RMSE is 0.42 m and the
bias is —0.09 m; therefore, the SWAN-simulated results were reliable for this study. The
statistical analysis revealed that the RMSE in the SWIM-measured and SWAN-simulated
significant wave heights at an incidence angle of 10° was 1.02 m with a 0.79 Cor and 1.17
Err up to 14 m, while the RMSEs were >1.1 m with Cors < 0.76 and Errs > 1.2 at the other
incidence angles. Also, other SWIM-measured wave parameters at an incidence angle of
10° are reliable, e.g., a 35.52 m RMSE for peak wave length and a 0.82 s RMSE for peak
wave period. We also extracted the wave spectra from a few sub-scenes of more than
300 GF-3 SAR images using the PFSM algorithm. We found that the general energy of
the SWIM-measured wave spectra decreased with an increasing incidence angle, and the
results of the 10° incidence angle were closest to the GF-3 SAR-derived wave spectra. The
advantage of the SWIM-measured waves is that short waves, i.e., wavelengths < 60 m in
our study, are detectable, which benefits the discovery of small-scale air-sea interactions.
Available matchups (>300 samples) between SWIM at an incidence angle of 10° and GF-3
retrievals indicate a 0.17 m RMSE in significant wave heights with a 0.77 Cor and 1.98 Err,
a 9.94 m RMSE in peak wave length and a 0.44 s RMSE in peak wave period, which is
better than those achieved at other incidence angles. In addition, there are large errors
in the peak wave period and peak wave length calculated from SWIM-measured wave
spectra at two incidence angles of 6° and 8°, which are probably caused by the different
cutoff wavelength between SWIM and GF-3. The statistical analysis of significant wave
height between SWIM at an incidence angle of 10° and SWAN shows that bias (SWIM
minus SWAN) remains at —0.6 at significant wave heights greater than 4 m, indicating the
applicability of the SWIM product at an extreme sea state. Collectively, it is concluded that
the SWIM-measured wave spectrum at an incidence angle of 10° is recommended for use
in the oceanography research.

In the future, more data are expected that can be used to study the accuracy of SWIM-
measured products, especially their performance at an extreme sea state, i.e., tropical
cyclones and the Arctic Ocean [51]. In particular, the influence of precipitation and wave
breaking on the SWIM products is anticipated to be studied. Additionally, we will promote
this research campaign and attempt to evaluate the applicability of wave observations
using CFOSAT, GF-3 SAR [52] and HY-2B in typhoons crossing the Western Pacific Ocean,
which could prompt the development of typhoon dynamics research.
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