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Abstract—The ultrafine strip (UFS) of the Gaofen-3 (GF-3) satel-
lite provides extensive ocean wave details due to the high spatial
resolution of 3 m. In this article, a new empirical model is developed
to estimate wave height from GF-3 UFS mode data in South China
Sea (SCS). Traditional methods either have more input parameters
or complex forms or complex transformations, and most of them
depend on the visible wave pattern. The model has the advantages
of fewer input parameters and unnecessary visual wave patterns.
The wave height estimation model is developed based on the col-
lated data pairs between GF-3 UFS data in horizontal-horizontal
polarization and the ERA5 reanalysis dataset from 2018 to 2021.
The datasets are randomly divided into two groups. One group
(about 80%) is used to develop the empirical relation; the other
group (about 20%) and some altimeter data are used for significant
wave height (SWH) verification. The comparison of the model
data with the remaining ERA5 (ECMWF Reanalysis v5) data and
the altimeter shows that the root-mean-square error is 0.41 and
0.47 m, the scatter index is 29.24% and 29.79%, and the correlation
coefficient is 0.90 and 0.82, respectively. These statistical indices
suggest that the developed model is suitable for SWH retrievals.
So, the study results indicate that the GF-3 UFS mode data provide
valuable information about wave conditions in the SCS.

Index Terms—ERA5 reanalysis, Gaofen-3 satellite, synthetic
aperture radar (SAR), South China Sea (SCS), wave height.

I. INTRODUCTION

THE South China Sea (SCS) is the largest semi-enclosed
Sea in the western tropical Pacific ocean, and the ocean

dynamic conditions are complex [1]. Among which ocean wave
exerts significant impacts on marine activities and scientific
applications. Wang et al. [2] think ocean wave is very important
for fishing, shipping and oil platform safety. Stopa et al. [3]
think the error of wind speed retrieved by C-band radar is mainly
comes from the Sea state. Li et al. [4] confirmed that the wind
speed inversion from Sentinel-1 wave mode (WM) is affected by
waves. Significant wave height (SWH) is an essential parameter
that can be used to describe ocean waves; its measuring and
monitoring are of great significance [5].

As we all know, synthetic aperture radar (SAR) images con-
tain some information related to ocean waves [6], [7], and has
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been widely used to observe ocean wave from space since the
SEASAT was launched in 1978 [8].

Various wave extraction algorithms from SAR images have
been investigated over the past decades. The first type of algo-
rithm is based on the linear or non-linear approximation model to
retrieve wave directional spectrum according to the visible wave
pattern in SAR images [6], [7]. Subsequently, the technology
is continuously improved based on the SAR ocean imaging
theory, which has made great contributions to extracting wave
directional spectrum from SAR images [9]–[11].

The second type of algorithm is the pure empirical algo-
rithm. These algorithms obtain wave height information directly
from SAR images and their statistics and spectra features. This
technology was first applied to the ERS2 data (1996–1999)
by Schulz-Stellenfleth, and it is later known as CWAVE_ERS
[12]. After this, more models have been developed for C-band
SAR satellites such as ERS-1 SAR [12], [13], Radarsat-2 [21],
Envisat ASAR (Advanced SAR) [15], Sentinel-1 SAR [14],
[16], and GF-3 SAR [17]–[21]. Meanwhile, some algorithms are
also established for X-band SAR products, such as TerraSAR-
x/TanDEM-X data [22]–[24].

The last type of algorithm is related to Artificial Intelligence
(AI) and relies only on SAR images without any other informa-
tion or transformation of the wave spectrum. These algorithms
have been developed very rapidly for wave inversion in recent
years. The backpropagation neural network (BPNN) was used by
Wu et al. [25] and Stopa and Mouche [26] to extract SWH based
on Sentinel-1 WM data. The deep learning method has also been
used to retrieve wave parameters from SAR images [27]. The
convolutional neural network was applied to Sentinel-1 image in
VV polarization for SWH estimation by Xue et al. [28] . Evdokia
et al. [29] predicted sea-state in an offshore wind farm based on
machine learning techniques. Gao et al. [31] established the
SWH retrieval model based on the support vector machine in an
ASAR WM.

GF-3 is a satellite equipped with a space-borne quad-
polarization C-band SAR with a spatial resolution of 1 to
500 m [32]. It was launched by the China Academy of Space
Technology on August 10, 2016 [33]. Based on GF-3 data, a
wide range of application, such as ocean wave, marine wind,
oil spill, and ship detection, was carried out [34]. The GF-3
satellite has twelve imaging modes. Among them, GF-3 UFS
mode data has a resolution of 3.0 m. Because of its higher
resolution, GF-3 UFS mode data has a broad application
scope, and it can obtain details of waves in ocean wave
observation.
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TABLE I
MAIN PARAMETERS FOR GF-3 UFS MODE

In this article, a new model is developed to estimate the SWH
from high-resolution SAR data without the necessary visual
wave pattern. Our method is motivated by the CWAVE_S1-IW
algorithm developed by Pleskachevsky et al. [14]. The difference
is that our method has the advantages of fewer input parameters
and unnecessary wave-pattern.

The rest of this article is organized as follows. Section II
presents all data used in this article. Section III describes the
strategy of extracting the SWH. Section IV gives the validation
results. Finally, Section V concludes this article.

II. DESCRIPTION OF THE DATA SOURCES

The level 1A product (single look complex) from the GF-3
UFS mode data, altimeter, and ERA5 reanalysis ocean wave and
ocean wind dataset (hereinafter ERA5) are used in our study.
A total of 1185 matched dataset between GF-3 images and the
wave data and wind data from ERA5 are obtained. The dataset is
randomly divided into two parts. To establish the wave retrieval
model, about 1262 UFS mode SAR images are used for training.
To independently validate the developed functions, the wave
height from altimeter products and the remaining wave data from
ERA5 are used. The data used for modeling and validating are
described later.

A. GF-3 UFS Mode Data

The GF-3 is a sun-synchronous satellite [39]. Our study
is based on GF-3 UFS mode data with HH polarization (H
polarization for transit and H polarization for receive) acquired
in SCS from 2018 to 2021. The data has a resolution of 3.0
m, and its swath is 30 km × 30 km. The descriptions of these
collected UFS mode data are given in Table I. The location of
the entire GF-3 data of the SCS is illustrated in Fig. 1. It can
be seen that there are GF-3 data in most areas, and more data
exists in the near-land area than in other areas. Fig. 2 presents
the distribution of the incident angle for all selected SAR data.
It is shown that the collected data has a wide range of incidence
angles (19°–50°), and they are evenly distributed except around
35° and 45°.

B. ERA5 Reanalysis Dataset

ERA5 is the fifth-generation ECMWF (European Centre for
Medium-Range Weather Forecasting) atmospheric reanalysis
dataset of the global climate covering the period from Jan-
uary 1950 to the present. ERA5 is freely available through the
EU-funded Copernicus Climate Change Service (C3S).1 More
detailed information about ERA5 can be found by Hersbach et
al. [35]. In this article, the ERA5 hourly wave height and wind
speed products are downloaded on the grid for the four-year

1[Online]. Available: https://climate.copernicus.eu/

Fig. 1. Locations of all available GF-3 SAR images acquired in UFS mode.
The dark red color, blue color, the magenta color, and the dark orange color
stand for the data in 2021, 2020, 2019, and 2018.

period from January 1, 2018 to December 31, 2021. The wind
dataset has a horizontal resolution of approximately 0.25°, and
the wave dataset provides a spatial resolution of 0.5°.

The ERA5 wave and wind products in SCS have been evalu-
ated in recent years. Shi et al. [36] evaluated the accuracy of the
ERA5 wave reanalysis dataset by the buoy between January
and December 2018 in northern SCS. They found that the
SWH between the ERA5 dataset and buoy data shows a good
correlation (correlation coefficient = 0.97) with a root-mean-
square error (RMSE) of 0.14 m. Besides, the comparisons of the
multiplatform wind products in the SCS based on the summer
and autumn data of 2019 revealed that the RMSEs of ERA5
wind speed and wind direction are around 1.9 m s−1 and 33o,
respectively [37]. It can be seen that the wind and wave products
from ERA5 in the SCS have relatively high accuracy. So, it is
feasible to choose the ERA5 reanalysis dataset to develop the
wave retrieved model.

C. SWH Data from Radar Altimeters

Space-borne radar altimeters (RA) are another remote-
sensing SWH instrument.Ribal and Young suggested that the
wave height from the altimeter generally is more accurate than
the SAR-derived SWH [38]. In this article, the altimeter L2
geophysical data records for SARAL/Altika, HY-2B, Jason-3,
CFO (CFOSAT), Cryosat-2 and Sentinel-3a/b are used for model
validation.

https://climate.copernicus.eu/
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Fig. 2. Histograms of incidence for the entire UFS mode data.

III. DEVELOPMENT OF EMPIRICAL WAVE RETRIEVAL MODEL:
CWAVE_GF3_UFS

A. Radio Calibration

The SAR products with high radiation accuracy are necessary
for ocean wave inversion. For GF-3 SAR operating modes, the
radiometric accuracy of normalized radar cross section (NRCS)
is about 1.4 dB (3 σ), and that of noise equal sigma zero is
between −20 dB and −22 dB [39].

The NRCS of GF-3 level 1A mode data is acquired by formula

σ0 = DN2

(
M

65535

)2

−N [dB] (1)

where σ0 is the NRCS (unit: dB); DN is SAR-measured inten-
sity; M and N are, respectively, the external calibration factor
and the calibration constant, and they are stored in the annotation
file.

B. Preprocessing

All ocean phenomena and marine targets including slicks,
atmospheric gravity waves, current, oceanfront, thunderstorms,
ships, and oil platforms can be imaged by SAR. These phe-
nomena affect the detection of ocean waves due to their uneven
and strong signals. Also, if the SAR data has a low signal or
poor signal-to-noise ratio (SNR), wave parameters are difficult
to estimate. In this article, the following criteria are used to
reduce the impact of these factors on model development.

1) Homogeneity Check: Here, the normalized variance
(cvar) is calculated from SAR image intensity. The method
recommended by Stopa and Mouche is adopted to limit the
normalized variance within 1.0 to 2.0 [16]. The calculation
formula of normalized variance is shown as

cvar = var

(
I − I

I

)
(2)

Fig. 3. GF-3 HH polarization UFS mode image in northern SCS at 10:39 UTC
on 30 February 2019. (a) Presents the location of this image. (b) Presents the
subimage (1024 × 1024 pixels = >3.0 km × 3.0 km). (c) Presents the image
spectra.

where I is the mean intensity of the sub-image from the GF-3
UFS data in HH polarization.

2) Typhoon Data: The data during typhoons are rejected, due
to the complexity of the Sea surface. The typhoon track dataset is
used to eliminate the SAR data affected by the typhoon [40]. And
the data within 400 km from the typhoon center was removed.

3) Low Signal-To-Noise Ratio: The data with wind speed
less than 3.0 m s−1 or wave height less than 0.3 m are removed,
due to low SNR.

In addition, the subimages with strong backscatter (such
as ships, oil platforms, and rain cells) are rejected by visual
inspections.

C. CWAVE_GF3_UFS Model

The previously developed empirical wave retrieval algorithms
for SAR data include many input parameters. In this section, the
wave height estimation model is developed based on the GF-3
UFS mode data through the input parameter combination test.
The wave height is directly derived from the SAR image spectra,
statistics of SAR images, and wind speed without transformation
into wave spectra. The SAR image spectrum is calculated with
a two-dimensional (2-D) fast Fourier transform. Fig. 3 shows
an example of a quick view of a GF-3 HH polarization UFS
image, which was imaged in Northern SCS at 10:39 UTC on
January 30, 2019. The image with a white border is a view of
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the subimage. The image spectra estimated from the subimage
of the example is also presented in this figure.

The wave height estimation method recommended by
Pleskachevsky et al. [14] is adopted in this article. The general
form of this method is as follows:

HCWAVE_UFS
s = a1

√
B1Estanθ +

N∑
i = 2

aiBi + C (3)

where ai denotes coefficients; θ is radar incidence angle; Es

is evaluated from 1024 × 1024 pixel sub-image from GF-3
UFS mode data in wavenumber space; Bi denotes correction
terms; the square-root term a1

√
B1Estanθ relates the ocean

wave to energy in the image spectra. According to the relation of
SWH estimation from ocean wave spectraEws,HS = 4.0

√
Ews

( a1 = 4.0). The parameter B1 is a scaling factor related to the
SAR image spectrum energy, which gives the non-linearity of
the SAR imaging ocean waves. B1 = K1 × E100

S /E600
S is a

relation between E100
S with a wavelength of 30–100 m (noise

is generally considered to exist in this spectral domain) and
E600

S with a wavelength of 100–600 m [14], [23]. B2 is wind
speed, which is the result of SAR inversion or external wind
products, such as forecast data. The constant C is fitted using
ERA5 reanalysis data.

The term with i = 3 ∼ n presents the statistics of the
subimage, such as skewness and kurtosis, cvar, standard root
difference, and mean value of NRCS. The skewness and kurtosis
of NRCS of the subimage are calculated as follows [16]:

σ0 =

∑n
i=0 σ0i

n
(4)

std =

√∑n
i=1 (σ0i − σ0)

2

n− 1
(5)

skew =
1

n

n∑
i = 1

(σ0i − σ0)
3/s3 (6)

kurt =
1

n

n∑
i = 1

(σ0i − σ0)
4/s4 (7)

where s is the standard deviation of σ0, σ0 is mean value of all
data in subimage, and n is the total number of σ0.

D. Development of the Empirical Model

Based on the GF-3 UFS mode data, the development of the
SWH estimation model is shown in Fig. 4.

The developing strategy of the model is introduced as follows.
First, a set of matched data pairs is obtained by using the spatio-
temporal interpolation method. The ERA5 hourly data before
and after the GF-3 observation time is interpolated bilinearly
to the location of the GF-3 SAR image. Then, the wave height
and wind speed are linearly interpolated to the GF-3 observation
time. About 80% of the collocated data between GF-3 and ERA5
are used as training samples (1262 collocations) to develop the
model, and the remaining data (318 collocations) and some RA
wave height product constitute the validation dataset.

Fig. 4. Flowchart of developing the SWH estimation model.

To quantitatively evaluate the performance of the SWH es-
timation model under different input parameter combinations,
several statistical metrics are applied to the validation dataset,
including mean square error (MSE), RMSE, correlation coeffi-
cient (COR), and scatter index (SI). These statistical metrics are
calculated through the following formulas:

MSE =
1

n
(yi − xi)

2 (8)

RMSE =

√√√√ 1

n

n∑
i=1

(yi − xi)
2 (9)

COR =

∑n
i=1 (yi − ȳ) (xi − x̄)√∑n

i=1 (yi − ȳ)2
√∑n

i=1 (xi − x̄)2
(10)

SI =
1

x̄

√√√√ 1

n

n∑
i = 1

[(yi − ȳ)− (xi − x̄)]2 (11)

where x and y indicate model observation and inversion values
of the SWH, respectively [16]; the overbar denotes the mean,
and n denotes the number of data pairs.
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Fig. 5. Histogram of the SWH (left) and the wind speed (right) for the collected
images.

TABLE II
SWH ERROR METRICS FOR DIFFERENT VARYING INPUT PARAMETERS

Fig. 5 presents a histogram of the ERA5 SWH (a) and wind
speed (b) in the training dataset. It can be seen that the data in
the low to moderate wave height is more than that in the high
wave height. The SWH is between 0.3 and 6.4 m, and the wind
speed ranges from 0.3 to 20 m s−1.

The coefficients of the model are derived by linearly fitting
based on the combination of different input parameters. The
statistical metrics of different methods are given in Table II.
It can be seen that both wind speed and spectral energy have
a strong correlation with ocean wave height. Thus, these two
parameters should be selected in the wave inversion model.

Next, several other parameters are considered. When the
standard deviation and the mean value of NRCS are taken as
input parameters for the training model, the value of the SI and
the magnitude of correlation are improved. Therefore, these two
parameters are also selected.

In addition, based on the method suggested by Stopa and
Mouche the skewness and the kurtosis are tested, and the result
is consistent with the conclusion in the literature (see details in
[16]). In our model, skewness is used as the input parameter.
Based on the above analysis, a total of five parameters are used
in the proposed wave height estimation model (see the red box
marked in Table II).

By fitting the scatters of the collocated data, the model coef-
ficients are derived and given in Table III. The result shows that
the ERA5 reanalysis wave and model data are highly correlated,
with a correlation coefficient of 0.90.

TABLE III
MODEL COEFFICIENTS AND SWH ERROR METRIC

Fig. 6. SWH comparison of ERA5 and developed empirical functions. The
blue dashed line represents the diagonal line; the solid red line represents the
least-square linear regression result, and the dashed lines represent 95% of the
data.

Fig. 6 shows a MSE of 0.19 m, an RMSE of 0.43 m, and an SI
of 25.09%, which indicates that the SWH estimation from the
developed model is equivalent to that given by ERA5 reanalysis.
Thus, the developed empirical model has a good performance.
Besides, it can be seen that the retrieved SWH is lower than
the ERA5 data when the SWH exceeds 2.0 m. Moreover, the
underestimation increases with the increase of the ocean wave
height. The results in Table II and Fig. 6 show that the error of the
retrieved SWH on the GF-3 SAR UFS-mode data is acceptable.
In addition, our algorithm has the advantages of fewer input
parameters and unnecessary visual wave patterns.

IV. VALIDATION AND DISCUSSION

A. Comparison With Wave Height From Remaining Datasets

The remaining ERA5 reanalysis wave data are used to verify
the developed model. The scatter plot is given in Fig. 7. It can be
seen that the inversion method achieves better performance for
wave height estimation. Also, the wave height is underestimated
for waves higher than 2.0 m. It may be because there are fewer
wave height data above 2.0 m during the training process, which
affects the estimation of SWH.

Some statistic characters, such as mean wave height, SI, and
RMSE, are given in Table IV. These statistical metrics are
analyzed according to different Sea states (0.39 m for SWH<2.0
m and 0.52 m for SWH>2.0 m). It can be found from Table IV
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Fig. 7. Comparison of the wave height extracted on the GF-3 UFS data against
ERA5 reanalysis data. The blue dashed line represents the diagonal line; the solid
red line represents the least-square linear regression result, and the dashed lines
represent 95% of the data.

TABLE IV
ACCURACIES OF SWH ESTIMATION FOR DIFFERENT RANGES OF SWH

that the RMSE increases a little as SWH increases, and the SI
improves for a higher Sea state.

Further, the error distribution (only refers to RMSE) is also
shown in Fig. 8. It can be seen that underestimation and over-
estimation are distributed on both sides of the 0 value. The
vertical red line corresponds to zero bias. The absolute dif-
ferences between the SWH from the ERA5 reanalysis wave
data and that estimated from model are presented in the bins of
50 cm. Besides, the range of ±50 cm contains 80% cases, which
indicates that the accuracy of most inversion SWH is within
50 cm. Moreover, when using this model to estimate the wave
height, there are more overestimated cases than underestimated
cases.

B. Comparison With Wave Height From RA

In this section, the developed model is further evaluated with
altimeter RA SWH data. Here, the temporal and spatial criteria
of 1 h and 100 km are adopted. After spatial-temporal colocation
processing, only Ka-band SARAL/ALtika, Ku-band HY-2B,
Jason-3, Cryosat-2, and CFO could be co-located with GF-3
UFS mode data during our study period. The location of the
collocated altimeter data is illustrated in Fig. 9. There are 208
pairs of matched data, including 42 from SARAL/ALtika, 8 from
Jason-3, 66 from CFO, 42 from Cryosat-2 and 50 from HY-2B.

Fig. 8. Histogram of the underestimation and overestimation.

Fig. 9. Location of the collocated altimeter data.

The range of the collocated RA SWH is between 0.34 and
3.71 m.

Fig. 10 shows the comparison between the retrieved SWH
from the GF-3 UFS mode data and the collocated RA wave
products. The MSE is 0.24 m, the RMSE is 0.47 m, the SI is
29.79, and the COR is 0.82. These results are consistent with
those presented in Fig. 7. Also, it can be seen that this model
underestimates the SWH compared with the wave height of the
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Fig. 10. Comparison of the wave height extracted on the GF-3 UFS data
against the wave height from RA. The blue dashed line represents the diagonal
line; the solid red line represents the least-square linear regression result, and
the dashed lines represent 95% of the data.

altimeter. It can also be seen that the error increases with the
increase of wave height, but the RMSE is acceptable.

In summary, our model has the RMSE of the developed model
is 0.41 and 0.47 m, respectively, compared with remaining ERA5
reanalysis and altimeter wave products. The accuracy of other
models in recent years is as follows. Li et al. [41] compared
the wave height estimated from the ASAR WM data with buoys
and numerical models, and gave the RMSE is 0.64 and 0.25 m,
respectively. Wang et al. [20] represents that the RMSE about
wave height using GF-3 WM data is between 0.50 and 0.60
m. Pleskachevsky et al. [14] estimated the SWH from S1 data
in the North Sea and eastern Baltic Sea, and the RMSE is
0.80 m. Wu et al. [25] gives the RMSE of 0.71 m for SWH
based on the S1 data in the arctic ocean using BPNN. There-
fore, compared with the above model, our model has accepted
accuracy.

V. CONCLUSION

Motivated by previous SAR-ocean wave empirical algo-
rithms, this article presents an empirical model for estimating
SWH on the SAR UFS mode data. The empirical function inte-
grates radar incidence, the integrated energy of image spectrum,
wind speed, and the mean, skewness, and standard deviation of
images without necessary visual wave pattern.

The model is trained with ERA5 reanalysis data, and the
model data are independently compared with the remaining
ERA5 wave height and RA wave product. Experimental re-
sults indicate good inversion accuracy, with the RMSE of 0.41
m, the SI of 29.24%, and the COR of 0.90. The GF-3 re-
trieved SWH is further compared with RA, with the RMSE of
0.47 m, the SI of 29.79%, and the COR of 0.82. It can be seen
from the verification results that the proposed model is suitable
for wave height extraction from GF-3 UFS mode data in SCS,

which improves SAR data application. It should be noted that
some complex ocean wave data under typhoon conditions are
not involved in this article, which needs further investigation in
the future. In addition, it has an impact on the operation that the
artificial filtering of the data, which contain rain or other clutters.
Therefore, referring to the method given in [42], the automatic
identification technique will be added to the operational wave
height inversion model in future work.
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