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Abstract: Synthetic aperture radar (SAR) and wave spectrometer are common methods for observ-
ing the ocean wind field and waves on the sea surface, but both have limitations. Due to the influ-
ence of velocity bunching modulation, SAR wave observation is limited by the azimuth cut-off phe-
nomenon. Meanwhile, SAR relies on an external wind direction source, so it is difficult for SAR to
observe wind fields independently. There is no azimuthal cut-off phenomenon when the spectrom-
eter observes the sea surface, but its azimuth resolution is much lower than SAR. Combining the
above characteristics, the joint inversion of SAR and wave spectrometer for sea-state parameters
becomes possible. In this paper, a joint method for wind field and wave parameter inversion com-
bining SAR with spectrometer data is proposed. In this method for wave parameter inversion, the
wave spectrum of the spectrometer was used as a first-guess spectrum of SAR wave spectrum in-
version, the fit wave spectrum obtained by joint inversion and the modified wave spectrum of the
spectrometer were fused to form a new spectrum, and the wave parameters were calculated. For
wind field parameter inversion, wind direction was obtained using a wave spectrometer, and was
used as the input of the SAR wind field inversion. Wind speed was obtained using the CMOD5.N
method. Collocated data from Sentinel-1 SAR, the wave spectrometer, the National Data Buoy Cen-
ter (NDBC) buoy, and the European Centre for Medium-Range Weather Forecasting (ECMWF) are
used to verify the proposed method. Sea parameters retrieved from the spectrometer and SAR are
compared to the buoy and ECMWEF data. The results show that the root mean square errors of sig-
nificant wave height, mean wave period, wind direction and wind speed are 0.37 m, 1.02 s, 22.7°
and 1.06 m/s with ECMWF data, and 0.35 m, 0.78 s, 18.22° and 0.92 m/s with buoy data, respectively.
By comparing the inversion results with the L2 products of SAR and SWIM, it can be concluded
that the inversion accuracy of the joint method is higher in the middle and low sea conditions.
Therefore, the joint inversion method for wind field and wave parameters proposed in this paper
has good results, which verifies the accuracy of the joint inversion method.

Keywords: SAR; wave spectrometer; joint inversion; wave and wind field parameters

1. Introduction

The ocean contains a variety of important ocean dynamic processes, such as wind
field and waves on the sea surface. The wind field is the main power source of relative
motion of the sea surface, and waves are a kind of small-scale wind-generated gravity
wave caused by the wind field of sea surface. The measurement of the wave and wind
field is important for the security of nations with coastal borders and the development of
various marine resources [1,2].
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At present, the main means of monitoring ocean elements are buoy observation,
wave numerical model prediction and remote sensing observation [3]. Although buoy ob-
servation has high accuracy, it cannot be observed in a wide range [4]. Wave numerical
model prediction is the result of numerical calculation, not the result of field detection,
and the accuracy of prediction is affected by a variety of factors. Consequently, neither
buoy observation nor wave numerical model prediction is an ideal means of wave infor-
mation acquisition. Sensors mainly used for remote sensing observation include SAR and
wave spectrometers, etc. As an active microwave imaging sensor, SAR has its own radia-
tion source, does not rely on external natural light and the revisit period is short. SAR is a
major means of detecting the wind field and waves in a wide range with high resolution
[5]. However, SAR wave observation is limited by velocity bunching modulation, result-
ing in a phenomenon of azimuth cut-off [6]. This phenomenon causes SAR to lose some
azimuth information. Meanwhile, SAR wind field observation cannot be carried out inde-
pendently, and inversion results depend on the external wind direction source. The wave
spectrometer is a new type of active microwave remote sensing radar, which can detect
the backscattering coefficient of the sea surface by using the small incident angle beam,
then extracting the wave spectrum, wavelength, wave direction and significant wave
height, and it is not limited by the phenomenon of azimuth cut-off. In addition, the wave
spectrometer can obtain the wind direction by inverting the relationship between the azi-
muth of radar and backscattering coefficient [7], but the azimuth resolution of the wave
spectrometer is much lower than SAR.

Combining the above characteristics of SAR and the wave spectrometer, it can be
seen that the joint inversion of SAR and the wave spectrometer is expected to solve the
problems existing in the single inversion, and may provide a new idea for ocean observa-
tion in future.

After years of development, a large number of scientists engaged in SAR wave inver-
sion. Hasselmann et al. studied the nonlinear transformation relationship between a SAR
image spectrum and a two-dimensional wave spectrum, and developed the Max Planck
Institute (MPI) algorithm for wave spectrum inversion based on the SAR image spectrum
[8,9]. Mastenbroek et al. and He Yijun, respectively, proposed a semi-parametric inversion
method (SPRA) [10] and a parametric inversion method [11] based on the nonlinear trans-
formation theory of Hasselmann. Engen et al. proposed a wave inversion scheme based
on the cross-spectrum method, which significantly improved the accuracy of wave inver-
sion and effectively solved the 180° ambiguity of wave propagation [12]. Schulz-Stellen-
fleth et al. combined the MPI algorithm and cross-spectrum algorithm to obtain a new
inversion algorithm, the Partition Rescaling and Shift Algorithm (PARSA), which can
eliminate the 180° ambiguity in the wave propagation direction. At the same time, this
algorithm can also obtain higher inversion accuracy than the cross-spectrum algorithm
[13]. However, the above methods do not solve the problem of azimuth cut-off in SAR
wave detection. Secondly, some scholars have made important contributions to the study
of wave spectrum detection using the wave spectrometer. Jackson et al. demonstrated the
feasibility of using airborne and space-borne real aperture radar (RAR) to measure the
wave spectrum, and discussed the linear relationship between the signal modulation
spectrum and the slope spectrum [14]. Jackson, Hauser et al. designed and developed the
radar wave spectrometers ROWS and RESSAC, which were renamed STORM subse-
quently [15,16]. Hauser et al. used the space-borne radar SWIMSAT to research and mon-
itor surface waves, and concluded that SWIMSAT could measure wave spectral infor-
mation with wavelengths greater than 70 m [17]. Tison et al. studied the ability of SWIM
wave spectrum inversion by means of simulation, and established the inversion simula-
tion platform of the SWIM wave direction spectrum [18]. Based on the merit and demerit
of SAR and the wave spectrometer, Ren Lin et al. used SAR and airborne Real Aperture
Radar (RAR) to conduct a simulation study on detecting the direction spectrum with a
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low incidence angle, and the results show that RAR could detect waves that can be meas-
ured by SAR [19]. Ren Lin et al. also proposed a method for retrieving the wave spectrum
from SAR and wave spectrometer data [20].

Moreover, many scholars also engaged in wind field inversion. At a medium inci-
dence angle, Geophysical Model Functions (GMF) are the most frequently used by re-
searchers when SAR was used to retrieve wind field parameters. This method is an em-
pirical model based on statistical data of SAR and wind speed. At present, GMF applicable
to C-band mainly includes CMOD4, CMOD-IFR2, CMOD5 and CMODS5.N. Stoffelen et
al. tested and verified the ability of the CMOD4 function to fit conic surfaces [21]. Quilfen
etal. processed the backscattering coefficient data through the CMOD-IFR2 algorithm and
obtained the wind vector [22]. Hersbach et al. derived a CMODS5 model that could be ap-
plied in high wind speeds based on CMOD4 [23], and they also used CMODS5.N to correct
the errors in CMODS5 [24]. However, the above methods cannot avoid the problem that
SAR cannot detect the wind field independently. At a small incidence angle, Chu Xiaoging
adopted a large number of Precipitation Radar (PR) data to establish an empirical rela-
tionship between the backscattering coefficient, incidence angle and wind speed [25].
Wang Xiaochen used ECMWF data to discuss the obvious anisotropy of the backscatter-
ing coefficient at the sea surface when the incident angle of the wave spectrometer was
4°-18° [26]. Li Peng concluded that SWIM is suitable for wind speed and wind direction
inversion [27].

According to the above analysis of SAR and the wave spectrometer, the key problems
in the SAR and wave spectrometer inversion are as follows: SAR is limited by azimuth
cut-off. [6] and cannot observe the wind field independently. The wave spectrometer has
low resolution in azimuth.

In view of the above key problems, the sea-state parameters are retrieved by SAR and
the wave spectrometer in this paper. This method not only makes up for the shortcomings
of SAR with azimuth cut-off and dependence on wind direction data, but also solves the
low resolution problem of the wave spectrometer. Finally, the significant wave height,
mean wave period, wind direction and wind speed obtained by the joint inversion are
compared with NDBC and ERA-5 data, respectively, so that the accuracy of the joint
method for sea-state parameter inversion combining SAR with wave spectrometer data
can be verified.

The remainder of this article is organized as follows. The datasets and methods used
in this study are described in Section 2. The feasible explanation of our findings is dis-
cussed in Section 3, followed by the final remarks in Section 4.

2. Data Sources and Methods

This chapter mainly introduces the data sources and methods used in the research.

2.1. Data Sources
2.1.1. Sentinel-1 SAR Data

Sentinel-1 consists of two satellites. On 3 April 2014, ESA launched Sentinel-1A,
which updates its data every 12 days. After the launch of Sentinel-1B on 26 April 2016, the
two satellites can cooperate with the earth observation, and the revisit period of the satel-
lite can be shortened to 6 days. Sentinel-1 SAR has four imaging modes: Stripmap (SM),
Interferometric Wide Swath (IW), Extra Wide Swath (EW) and Wave Mode (WV). Senti-
nel-1 data used in this paper are C-band VV-polarized WV mode data. WV mode is the
default imaging mode used by SAR satellites for sea surface observation, and SAR images
can be obtained alternately at incident angles of 23° and 36° along the orbit.
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2.1.2. CFOSAT SWIM Data

The China France Ocean Satellite (CFOSAT) is jointly developed by China and
France. China is responsible for developing the radar scatterometer, while France is re-
sponsible for developing the wave spectrometer. Launched in Jiuquan on 29 October 2018,
the wave spectrometer carried by Surface Waves Investigation and Monitoring (SWIM) is
the world’s first satellite-borne wave spectrometer. SWIM is a radar for detecting wave
information combined with altimeter and small incident angle multi-beam real-aperture
imaging radar, and it can provide all-day and near-all-weather wave measurements
around the world. The wave spectrometer is equipped with multiple beams of 0°, 2°, 4°,
6°, 8° and 10°. The significant wave height is retrieved from wave spectrometer data using
the narrow nadir beam (0°), as for altimeters. Other beams are used to measure the direc-
tion spectrum information of waves, and finally the accuracy of significant wave height
measurements is better than 0.5 m. The wavelengths that can be detected are 70-500 m
[28].

Among them, the time and space matching interval of collocated SAR and SWIM
data are 1.5 h and 50 km, respectively.

2.1.3. ECMWEF ERA5 Reanalysis Data

The ERA-5 reanalysis data are a dataset that combines model data with observations
from around the world. Since 1979, it has provided researchers with many oceans” atmos-
pheric data, including significant wave height, mean wave period, wind speed and direc-
tion at 10 m above the sea surface, and so on. The maximum spatial resolution can reach
0.125° x 0.125° [29]. In this paper, the time and space matching interval of collocated SAR,
SWIM and ECMWEF data are 1 h and 12.5 km, respectively.

2.1.4. Buoy Data

Ocean buoys are the main means of monitoring and forecasting marine disasters
around the world. At present, the development of ocean buoy technology in many coun-
tries has been perfected, and buoy data is recognized as the most accurate. Therefore, the
significant wave height, mean wave period, wind speed and wind direction provided by
the NDBC are used as real data in this paper. Since the NDBC buoy provides wind speed
data of 5 m above sea level [30], the wind speed obtained by the COMDS5.N function in
this study is 10 m above sea level. Hence, the wind speed provided by the NDBC buoy
needs to be converted. The conversion formula is as follows [31]:

v~y )

: M
" In(z,,/z,)

where U_represents the wind speed at the height of z meters above the sea surface; U.

represents the wind speed at the height of z, meters above the sea surface; Z, repre-

sents the length of the roughness.

The time and space matching interval of collocated SAR, SWIM and NDBC data are
1 h and 50 km, respectively. The accuracy of sea-state parameter inversion can be verified
by using the matched buoy data. The above SAR and SWIM data are the most basic data
sources for the study, and ECMWEF ERA-5 and NDBC data are used as the verification
data sources.

Figure 1a shows the distribution of the matched data (5-1 SAR WV and CFOSAT
SWIM) during a revisit (212 sets), where each blue block represents the location of a set of
matched data. Figure 1b shows the positions of the SAR image and buoy, and is a glimpse
of the WV mode SAR image of Sentinel-1B. The SAR image was acquired at 14:16 on 22
December 2020. The white circle and red line in the figure represent the position of the
buoy and SWIM (15:25, 22 December 2020) data in the area covered by the SAR image.
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Figure 1. Data matching: (a) Distribution of matched data (S-1 SAR WV and CFOSAT SWIM) over
a revisit period. (b) Position of Buoy 46011 and SWIM in SAR image.

2.2. Joint Inversion Method for Wave Parameters

In this paper, the inversion of wave parameters is carried out through the method of
a combined wave spectrum; the specific steps are as follows: Firstly, the wave spectrum
of the spectrometer is input into the MPI method as a first-guess spectrum; the fit wave
spectrum and the fit SAR spectrum are output. Secondly, the significant wave height cal-
culated by the fit wave spectrum and the narrow nadir beam, respectively, are used to
modify the wave spectrum of the spectrometer, and the updated wave spectrum is input
into the MPI method again as the first-guess spectrum for iteration. Finally, the fit wave
spectrum of SAR is spliced with the modified wave spectrum of the spectrometer. Accord-
ing to the spliced wave spectrum, significant wave height and mean wave period can be
obtained. The inversion process is shown in Figure 2.

iteration

Wave
parameter

- F N
‘ SAR data HSAR WA MpT Wave

spectrum spectrum

Spliced wave

H
0 spectrum

SWIM data

gl

h 4
Wave Pretreatment | Hs MTF | ) Updated wave

spectrum " correction spectrum

Figure 2. Flowchart of wave joint inversion method for SAR and wave spectrometer.

2.2.1. Pretreatment of the SWIM Wave Spectrum

The wave spectrum, as shown in Figure 3 can be provided in SWIM data, which is
taken as a first-guess input in the MPI method. Obviously, we know that the first-guess
spectrum required for SAR wave inversion is a two-dimensional wavenumber spectrum,
but the wave spectrum of SWIM is a two-dimensional wavenumber direction spectrum,
so it is necessary to convert the wave spectrum of SWIM. The conversion relationship
between the two is shown in Equation (2) [32].

F (o, k) = F(k,go)% @

where F (kx,ky) is the wavenumber spectrum, F (k, ¢) is the wavenumber direction

spectrum, kis the wavenumber, and kx =ksing, ky=kcose.
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Figure 3. Wave spectrum of wave spectrometer.

The wavenumber spectrum obtained by the above method has a horizontal direction
of due east and a vertical direction of due north. However, the horizontal direction of the
SAR wave spectrum is the range direction, and the vertical direction is the azimuth direc-
tion. Therefore, in this paper, the SWIM wave spectrum is inserted into the SAR wave
spectrum; the first-guess spectrum that can constitute SAR wave inversion is obtained at
the end.

2.2.2. MPI Method

It is difficult to invert the wave direction spectrum from the observed SAR image
directly because the transformation relationship between the wave direction spectrum
and the SAR image spectrum is nonlinear. Hasselmann et al. established the nonlinear
integral transformation relation between the SAR image spectrum and the two-dimen-
sional wave spectrum, and then obtained the MPI method that required the input of the
first-guess spectrum [8,9]. Although this method requires a first-guess spectrum, its in-
version information is relatively complete and accurate under the same conditions. There-
fore, this paper uses the MPI method to invert the wave spectrum.

When inverting the wave spectrum, firstly, we input the SAR image spectrum and
the first-guess spectrum provided by the wave spectrometer. Then, the forward mapping
relationship is used to obtain the simulated SAR image spectrum. Next, we substitute the
simulated SAR image spectrum and the SAR image spectrum into the value function, and
determine whether the iterative process converges [33].

The value function J is defined as follows [9]:

[F (k) F(k)]

=[Pt~ P(RY] PGR)dk -+
[B+ F (k)

Vdk 3)
where F(k) is the first-guess spectrum and F(k) is the fit wave spectrum when J

takes the minimum value. P(k)and P(k) are the SAR image spectrum and the fit SAR
spectrum, respectively. g is the weight coefficient, and the small positive number B

avoids the value function from being infinite when F'(k) = 0. The wave spectrum results
are shown in Figure 4.
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Figure 4. Flowchart of MPI method of different first-guess spectra.

In this paper, a SAR image of 256 x 256 pixels at the intersection of collocated SAR
and wave spectrometer data is selected to generate the observed SAR spectrum by a two-
dimensional Fourier transform. The observed SAR spectrum and the first-guess spectrum
are input into MPI method to output the fit wave spectrum and the fit SAR spectrum. The
inversion results of wave spectrum are shown in Figure 5.
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Figure 5. Wave spectrum inversion results in 256 x 256 pixels: (a) Observation of SAR spectrum; (b)
First-guess spectrum; (c) Fit wave spectrum; (d) Fit SAR spectrum.
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Wave parameters can be calculated from the first-order moment, second-order mo-
ment, and higher-order moments of the wave frequency spectrum S(w) of the fit wave

spectrum. The calculation equation for inverted significant wave height is as follows [33]:
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H,=4m, =4,/| S(w)dw 4)

where 71, is the first-order moment.

The calculation equation for the inverted mean wave period is as follows [33]:

©)

where m, and m, are the first-order moment and the second-order moment, respec-
tively.

Finally, as shown in Figure 5a,d, the shortwave component of the fit SAR spectrum
after inversion is supplemented, so it can be seen that the joint method for wave and wind
field parameter inversion combining SAR with wave spectrometer data proposed in this
paper can be used as a method to supplement the SAR azimuth cut-off.

2.2.3. MTF Correction and Wave Spectrum Splicing

In this paper, 150-500 m is assumed as the wavelength range of joint inversion for
wave parameters, due to cut-off wavelength mainly occurring in this range [9]. However,
when the wavelength is around 500 m, there may be a pseudo-peak in the wave spectrum
of the wave spectrometer, which has a great influence on the calculation of significant
wave height. Therefore, this paper does not consider the wave spectrum data of the spec-
trometer whose wavelength is around 500 m, and selects the intersection of 150-400 m as
the wavelength range of the joint inversion for wave parameters. The inversion results of
SAR are considered more accurate in this range. Then, a new Modulation Transfer Func-
tion (MTFO) can be obtained. After MTFO is applied to the whole wave number range (70—
400 m), a new wave spectrum of the wave spectrometer can be generated.

The transfer function between the modulation spectrum P, (k, ¢) and the slope spec-
trum kzF(k, (p) is given by this Equation (2) [19]:
V2m 2
P (kop)===a* (0)k*F (k.p) ®)
y
where 6 is the beam incidence angle, ¢ is the observation direction, « is the sensitiv-
ity coefficient, L is the width of the azimuth for the radar footprint and F (k, (p) is the
wave height spectrum.

Unlike SAR, Equation (6) shows that the transfer function between the modulation
spectrum P, and the wave slope spectrum k’F (k,go) is linear, so the wave spectrometer
is not limited by azimuth cut-off [6].

The width of the azimuth L for the radar footprint in Equation (6) is defined as fol-
lows [19]:

B
L =r ’

Y 2422 @)

where r is the radial distance of the beam center and 3 dB beam width (unidirectional) in
the azimuth direction of the antenna.

According to Equation (6), the modulation transfer function MTF1 of the wave spec-
trometer is:
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2z,

MTF1(6,¢) = o’ (9) (8)

y

According to the SWIM product’s user guide, the significant wave height H_of the

wave spectrometer can be extracted from the beam at the bottom (0° beam):

H, = 4\/ﬂ kF (k, @) dkdp 9)

Therefore, according to Equations (6), (8) and (9), the relationship between MTF1 and

the significant wave height H _of the wave spectrometer can be seen:

16\/ j j Pm(}’;"”)dkdgo

H2

MTF1 = (19

Due to the higher azimuth resolution of SAR, the measurement results are more ac-
curate and precise. Therefore, in this section, the significant wave height #  calculated by

the fit wave spectrum and the bottom H are used to correct the wave spectrum of the
wave spectrometer, and we make the significant wave height H - H  that was calcu-

lated by the updated wave spectrum. In other words, the updated modulation function
MTFO can be obtained. As shown in Equation (11), the relationship between MTF0, H ,

and A, can be known.

16\/H})’"(§’¢)dkdqo e

MTEFO = . = —*_MTF1
H H

(11)

s0 s0

Applying MTFO to the whole wave number range, the updated wave spectrum can
be obtained from Equation (12).

2

H
S(k.p)= o7 S (k,p) (12)

s0

where S (k, go) is the initial wave spectrum of the wave spectrometer.

The modified wave spectrum is input into the MPI method as the first guess to obtain
the fit wave spectrum again. The updated wave spectrum of the wave spectrometer within
the wavelength range of 70-150 m is intercepted, the intercepted wave spectrum is spliced
with the fit wave spectrum (wavelength above 150 m), and finally the fused wave spec-
trum is formed. The wave spectrum after splicing is shown in Figure 6. Finally, the signif-

icant wave height and mean wave period are obtained.
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Figure 6. The wave spectrum after splicing.

2.3. Joint Inversion Method for Wind Field Parameters

In this paper, the wind direction of the wave spectrometer is retrieved first, and then
the wind direction is input into the SAR wind speed inversion system. Finally, the wind
speed is retrieved by the CMOD5.N method. This method does not need to carry out wind
direction inversion alone, and does not rely on third-party wind direction data, except
SAR and the wave spectrometer, so it can carry out a large range of high-resolution detec-
tion, and the inversion of wind speed has a higher accuracy.

2.3.1. Wind Direction Inversion by Wave Spectrometer

In this section, the change of the backscattering coefficient with the radar azimuth in
the range of 0-360° can be obtained through wave spectrometer data. According to the
research of Wang Xiaochen [26], when the incident angle of the airborne wave spectrom-
eter is 4°-18°, the azimuth distribution of the backscattering coefficient shows an obvious
double peak trend. It is determined that the azimuth direction of the wave peak is down-
wind and upwind, and the anisotropy and asymmetry of the backscattering coefficient
increase with the increase of the incident angle. Therefore, according to the above conclu-

sions, the relative wind direction angle is defined as ¢, 4, where go;ind represents the

absolute wind direction, that is, the direction from which the wind blows, and ¢, rep-

resents the radar azimuth. Thus, the scatter diagram of the backscattering coefficient of
the wave spectrometer at different incident angles varies with the relative wind direction,
as shown in Figure 7.

. eee

Backscatter coefficient/dB

1057 L L L bl L

50

100 150 200 250 -50 0 50 100 150 200 250

Relative wind direction/° Relative wind direction/*
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Figure 7. Azimuthal distribution at different incident angles: (a) 4°; (b) 5°; (c) 6°; (d) 7°, (e) 8°; (f) 9%;
(g) 10° (h) 11°.

When the SWIM incident angle is greater than 4°, the azimuthal distribution of the
backscattering coefficient shows a bimodal trend, and with the increase in the incident
angle, the bimodal trend is more obvious, representing stronger wind direction infor-
mation. Therefore, this paper uses the incident angle of SWIM at 11° to look for the corre-

sponding radar azimuth ¢, when the backscattering coefficient reaches its maximum
value. According to the literature [26,27], when the backscattering coefficient of SWIM is
the maximum, the relative azimuth €0:;in 4 = 0° (upwind direction) and go:vm 4 =180°
(downwind direction). Finally, the value of the wind direction parameter can be obtained

*
from Pwind = Pradar + Pwind -

2.3.2. Wind Speed Inversion

This section adopts the CMOD5.N method to retrieve the wind speed based on the
geophysical model function, which can obtain wind speed information according to the
relationship between wind direction, incident angle and backscattering coefficient. Rela-
tive wind direction is the angle between the wind direction and the SAR viewing direc-
tion, where wind direction is obtained from the inversion of the wave spectrometer, and
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o
=)

the SAR viewing direction can be calculated by the longitude and latitude information of
the SAR image vertex. The function equation of CMODS5.N is as follows [24]:

o, =B, (1 +B,cosg + BzcosZ(p)]'6 (13)

where 0| is the backscattering coefficient, ¢ is the relative wind direction, B,, B;and

B, are the functions of wind speed and incident angle.

In CMOD5.N, wind speed, relative wind direction and incident angle are independ-
ent variables, and the backscattering coefficient is a dependent variable, so wind speed
cannot be obtained directly. In this section, wind speed inversion is realized by traversing
0-30 m/s wind speed. Finally, wind speed values of SAR and the wave spectrometer can
be obtained through joint inversion [8].

3. Results and Discussion
3.1. Comparison of Inversion Results with ERA5 Data

In this section, the 212 sets of data of the Sentinel-1 SAR WV mode and space-borne
wave spectrometer SWIM are used to compare the inversion results with the sea parame-
ters of the ERA5 data; the Root Mean Square Error (RMSE) and Bias is used to evaluate
the precision about the joint method for sea-state parameter inversion.

Wind direction is retrieved by the wave spectrometer; wind speed, significant wave
height and mean wave period obtained by joint inversion of SAR and the wave spectrom-
eter are compared with the ERA-5 data, and the comparison results are shown in Figure
8.

It can be seen from the above figure that the RMSE of significant wave height, mean
wave period, wind direction, wind speed and ERA-5 data obtained by the joint inversion
of SAR and the wave spectrometer are 0.37 m, 1.02 s, 22.77°and 1.06 m/s, respectively.
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Figure 8. Comparison of the inversion results with the ECMWF ERAS5 data: (a) Significant wave
height; (b) Mean wave period (c) Wind direction; (d) Wind speed.
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3.2. Comparison of Joint Inversion Results with Buoy Data

This section uses 10 sets of the collocated Sentinel-1 SAR WV mode and SWIM data,
and the 10 scenes data were matched with buoy data, respectively, to verify the accuracy
of the joint inversion results. The RMSE and Bias were also used to evaluate the accuracy
of the joint method for sea-state parameter inversion.

The significant wave height, mean wave period, wind direction and wind speed ob-
tained by joint inversion of SAR and the spectrometer are compared with the sea state
parameters provided by buoy data, and the comparison results are shown in Figure 9.
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Figure 9. Comparison of the inversion results with buoy data: (a) Significant wave height; (b) Mean
wave period; (c¢) Wind direction; (d) Wind speed.

It can be seen from the above figure that the RMSE of significant wave height, mean
wave period, wind direction, wind speed and buoy data obtained by the joint inversion
of SAR and the wave spectrometer are 0.35 m, 0.78 s, 18.22°and 0.92 m/s, respectively.

3.3. Comparison of Joint Inversion Results with L2 Level Product

The data are divided from one revisited period into three groups based on wind
speed range. Ten groups of data were randomly selected from three groups of data in
different wind speed ranges, respectively. The comparison results of the proposed joint
inversion method with L2 level products of SAR and SWIM are shown in Table 1.
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Table 1. The RMSE between the parameters of the three methods and ERA5 were obtained under
different wind speed ranges.

The Range of Wind Speed(m/s) SAR SWIM SAR and SWIM
Ws <6 Hs:0.64 m 0.38 m 0.46 m
Ws:1.46 m/s 1.60 m/s 1.18 m/s
Hs:0.30 m 0.22m 0.37 m
6<Ws <10 Ws:1.10 m/s 123 m/s 1.20 m/s
Hs:1.27 m 0.28 m 0.70 m
Ws>10 Ws:1.77 m/s 0.66 m/s 153 m/s

As can be seen in Table 1: (1) when wind speed is less than 6 m/s, although the inver-
sion accuracy of the joint method is close to that of the SAR product, the inversion accu-
racy of the wind speed is the highest, so the inversion effect of the joint method is the best
within this range. (2) when the wind speed is between 6 m/s and 10 m/s, the parameter
inversion accuracy of the three methods is very close. (3) when the wind speed is greater
than 10 m/s, the parameter inversion accuracy of the SWIM product is the highest, fol-
lowed by the joint method. It can be seen from the above that the combined method has
high accuracy in the inversion of middle and low sea conditions, so it has high research
value.

4. Conclusions

This paper proposes a joint method for wave and wind field parameter inversion
combining SAR with wave spectrometer data. In this method for wave parameter inver-
sion, firstly, the wave spectrum of the wave spectrometer was used as a first-guess spec-
trum. Then, the first-guess spectrum and the observed SAR spectrum were input into the
MPI method to obtain the fit wave spectrum. Next, MTF was used to modify the wave
spectrum of the wave spectrometer, and the modified wave spectrum was re-input into
the MPI method as the first-guess spectrum to obtain the updated fit wave spectrum. Fi-
nally, the spliced wave spectrum was obtained by combining the fit wave spectrum with
the modified wave spectrum of the wave spectrometer. For wind field parameter inver-
sion, the wind direction of the wave spectrometer was used as the input of the CMOD5.N
function, and wind speed was output. The sea state parameters by inversion were com-
pared with ERA5 and buoy data to evaluate the precision of the joint inversion method.
Meanwhile, the parameters of the joint method were compared with L2 level products of
SAR and SWIM.

The conclusions are as follows:

(1) For wave parameter inversion, this paper proposes a new method for wave parame-
ter inversion combining SAR with wave spectrometer data. This method makes up
for the defect of azimuth cut-off in SAR. The RMSE of the wave parameters and ERA-
5 and buoy data show that this joint method for wave parameter inversion is feasible.

(2) For wind field parameter inversion, this paper uses the wind direction of the wave
spectrometer as the input of the CMODS5.N function, which can be independent of
the external data, except for SAR and the wave spectrometer. The RMSE of wind field
parameters and ERA-5 and buoy data show that this joint method for wind field pa-
rameter inversion is feasible.

(8) Compared with L2 level SAR and SWIM product parameters, the joint method has
better applicability in the middle and low sea conditions, so this method has a high
research value.

Finally, the joint inversion of sea state parameters does not rely on third-party data
information and can be used for high-resolution detection in a wide range. The results
show that the inversion results have good accuracy when the wind speed is less than 15
m/s. In future work, we will continue to improve the method to increase the inversion
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accuracy in high sea states. In addition, the method described in this paper can provide
reference for future research into the joint inversion method of SAR and the wave spec-
trometer.

Author Contributions: Data curation, Y.W. and X.Z.; investigation, C.F.; resources, C.F., R.Q. and
E.M.; writing —original draft preparation, X.Z.; writing—review and editing, Y.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number No. 61931025 and the National Key R&D Program of China, grant number No.
2017YFC1405600.

Acknowledgments: Thanks to the National Data Buoy Center for buoy data, the European Space
Agency for SENTINEL-1 SAR data, the China-France Ocean satellite CFOSAT data satellite service
system for providing SWIM data and the European Center for Medium and Long-term Weather
Forecasts for the ECMWF ERA5 data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zou,B.; Lin, M.S;; Shi, L.J.; Zou, Y.R; Jia, Y.J.; Zeng, T. Application of remote sensing technology in Marine disaster monitoring.
City Disaster Reduct. 2018, 6, 61-65.

2. Huang, W.M,; Liu, X.L.; Gill Eric, W. An empirical mode decomposition method for sea surface wind measurements from X-
band nautical radar data. IEEE Trans. Geosci. Remote Sens. 2017, 55, 6218-6227.

3. Wan, Y; Wan, L.; Dai, Y.S. Sea wave spectrum inversion method based on RADARSAT-2 SAR satellite data and its sea Trial
verification. Lab. Res. Explor. 2020, 39, 16-19.

4. Huang, WM,; Liu, X.L.; Gill Eric, W. Ocean wind and wave measurements using X-Band marine radar: A comprehensive re-
view. Remote Sens. 2017, 9, 1261.

5. Cheng, Y.X;; Yuan, L.F. Development status of spaceborne synthetic aperture radar. Electron. Meas. 2016, 8, 135-136.

6. Stopa, J.E.; Ardhuin, F.; Chapron, B.; Collard, F. Estimating wave orbital velocity through the azimuth cutoff from space-Borne
satellites. J. Geophys. Res. Ocean. 2015, 120, 7616-7634.

7. Han, Q.Q.;Hu, J.J; Song, S.Y.; Yu, Y.; Chu, C. Simulation analysis of effective wave height inversion method of ocean spectrom-
eter. Telem. Remote Control 2013, 34, 7-13.

8. Wan, Y.; Qu, R.Z,; Shi, X.L.; Dai, Y.S. A Joint Inversion Method of Wave and Wind Field Parameters Based on SAR SLC Data.
IEEE Geosci. Remote Sens. Lett. 2022, 19, 4506305.

9. Hasselmann, K.; Hasselmann, S. On the nonlinear mapping of an ocean wave spectrum into a synthetic aperture radar image
spectrum and its inversion. J. Geophys. Res. Ocean. 1991, 96, 10713-10729.

10. Mastenbroek, C.; De Valk, C.C. A semiparametric algorithm to retrieve ocean wave spectra from synthetic aperture radar. J.
Geophys. Res. 2000, 105, 3497-3516.

11. He, Y.J. A Parameterized Method for Extracting Wave Direction Spectrum from Synthetic Aperture Radar. Chin. Sci. Bull. 1999,
44, 428-433.

12. Engen, G.; Johnsen, H. SAR-Ocean wave inversion using image cross spectra. [IEEE Trans. Geosci. Remote Sens. 1995, 33, 1047—
1056.

13. Schulz-Stellenfleth, J.; Lehner, S.; Hoja, D. A parametric scheme for the retrieval of two-Dimensional ocean wave spectra from
synthetic aperture radar look cross spectra. J. Geophys. Res. Ocean. 2005, 110, C05004.

14. Jackson, F.C.; Walton, W.T.; Baker, P.L. Aircraft and satellite measurement of ocean wave directional spectra using scanning-
beam microwave radars. J. Geophys. Res. Ocean. 1985, 90, 987-1004.

15. Jackson, F.C. The radar ocean-Wave spectrometer. Johns Hopkins APL Tech. Dig. 1987, 8, 116-127.

16. Hauser, D.; Caudal, G.; Rijckenberg, G.J. RESSAC: A new airborne FM/CW radar ocean wave spectrometer. IEEE Trans. Geosci.
Remote Sens. 1992, 30, 981-995.

17. Hauser, D.; Soussi, E.; Thouvenot, E.; Rey, L. SWIMSAT: A Real-Aperture Radar to Measure Directional Spectra of Ocean Waves
from Space—Main Characteristics and Performance Simulation. J. Atmos. Ocean. Technol. 2001, 18, 421-437.

18. Tison, C.; Manent, C.; Amiot, T.; Enjolras, V.; Hauser, D.; Rey, L.; Castillan, P. Estimation of wave spectra with swim on cfosat-
illustration on a real case. IEEE Int. Geosci. Remote Sens. Symp. 2011, 1473-1476.

19. Ren, L.; Mao, Z.; Huang, H.; Gong, F. Satellite-Based RAR performance simulation for measuring directional ocean wave spec-
trum based on SAR inversion spectrum. Acta Oceanol. Sin. 2010, 29, 13-20.

20. Ren, L;Yang, J.; Zheng, G.; Wang, J. A joint method to retrieve directional ocean wave spectra from SAR and wave spectrometer

data. Chin. ]. Oceanol. Limnol. 2016, 34, 847-858.



Remote Sens. 2022, 14, 3601 16 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Stoffelen, A.; Anderson, D. Scatterometer data interpretation: Estimation and validation of the transfer function CMODA4. J.
Geophys. Res. Ocean. 1997, 102, 5767-5780.

Quilfen, Y.; Chapron, B.; Elfouhaily, T.; Katsaros, K.; Tournadre, ]. Observation of tropical cyclones by high-Resolution scat-
terometry. J. Geophys. Res. Ocean. 1998, 103, 7767-7786.

Hersbach, H.; Stoffelen, A.; de Haan, S. An improved C-Band scatterometer ocean geophysical model function: CMODS. J.
Geophys. Res. Ocean. 2007, 112, C03006.

Hersbach, H. Comparison of C-Band scatterometer CMOD5. N equivalent neutral winds with ECMWF. ]. Atmos. Ocean. Technol.
2010, 27, 721-736.

Chu, X.Q. Basic Research on Wave Remote Sensing Method and Application of Wave Spectrometer. Ph.D. Thesis, Graduate
University of Chinese Academy of Sciences (Institute of Oceanography), Qingdao, China, 2011.

Wang, X.C. Study on Wave Spectrum Inversion Method of Airborne Spectrometer. Master’s Thesis, China University of Petro-
leum (East China), Qingdao, China, 2016.

Li, P. Inversion of Sea Surface Wind Field by Spaceborne Spectrometer. Master’s Thesis, Huazhong University of Science and
Technology, Wuhan, China, 2019.

Lin, W.M.; Dong, X.L. Study on the accuracy of ocean wave spectrum retrieval by satellite-borne radar spectrometer. J. Oceanogr.
2010, 32, 9-16.

Zhao, X.B.; Shao, W.Z.; Zhao, L.B.; Gao, Y.; Hu, Y.Y.; Yuan, X.Z. Impact of rain on wave retrieval from Sentinel-1 synthetic
aperture radar images in tropical cyclones. Adv. Space Res. 2021, 67, 3072-3086.

Zhang, K.Y. Sea Surface Wind Field Retrieval and Offshore Wind Energy Resource Assessment Based on C-Band SAR Data.
Ph.D. Thesis, Zhejiang University, Hangzhou, China, 2019.

Shao, W.; Li, X.M.; Lehner, S.; Guan, C. Development of polarization ratio model for sea surface wind field retrieval from Ter-
raSAR-X HH polarization data. Int. |. Remote Sens. 2014, 35, 4046—4063.

Huang, P. Ocean Wave Detection Mechanism and Simulation Research of Ocean Spectrometer. Master’s Thesis, Huazhong
University of Science and Technology, Wuhan, China, 2014.

Wan, Y.; Qu, R.; Dai, Y.; Zhang, X. Research on the Applicability of the E Spectrum and PM Spectrum as the First Guess Spec-
trum of SAR Wave Spectrum Inversion. IEEE Access 2020, 8, 169082-169095.



