
Received September 2, 2020, accepted September 6, 2020, date of publication September 9, 2020,
date of current version September 24, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3023012

Research on the Applicability of the E Spectrum
and PM Spectrum as the First Guess Spectrum
of SAR Wave Spectrum Inversion
YONG WAN 1, RUOZHAO QU2, YONGSHOU DAI1, AND XIAOYU ZHANG1
1College of Oceanography and Space Informatics, China University of Petroleum, Qingdao 266580, China
2College of Control Science and Engineering, China University of Petroleum, Qingdao 266580, China

Corresponding author: Yong Wan (wanyong@upc.edu.cn)

This work was supported in part by the National Key Research and Development Program of China under Grant 2017YFC1405600.

ABSTRACT Synthetic aperture radar (SAR) is an important method for observing ocean waves, and
inversion of the ocean wave spectrum is an important part of SAR ocean wave detection. For most wave
spectrum inversion methods, the first guess spectrum is crucial to the accuracy of SAR wave spectrum
inversion. The first guess spectrum can be provided by some existing fixed wave spectrum models, but the
applicability of these wave spectrum models as the first guess spectrum has not been systematically studied.
This paper focused on the applicability of the Elfouhaily spectrum (E spectrum) as a full wavenumber
spectrum and the Pierson-Moscowitz spectrum (PM spectrum) as a wind wave spectrum as the first guess
spectrum for inverting the wave spectrum. Based on the SENTINEL-1A and RADARSAT-2 SAR satellite
data of theMaritime Silk Road, using the E spectrum and PM spectrum as the first guess spectrum by theMax
Planck Institute (MPI) method, the ability of the E spectrum and PM spectrum as the first guess spectrum to
retrieve the wave spectrum and wave parameters was systematically evaluated. The significant wave height
(HS) and zero-crossing period (TZ) wave parameters obtained from SAR inversion were compared with the
European Center for Medium-Range Weather Forecasts (ECMWF) wave data. By the comparison results,
we analyzed the best wind speed and significant wave height ranges for the inversion of the PM spectrum and
E spectrum as the first guess spectrum. The results showed that the E spectrum as the first guess spectrum
had a good effect on the inversion at medium sea situation. It was suitable as the first guess spectrum of the
SAR wave spectrum inversion.

INDEX TERMS SAR, wave spectrum inversion, MPI method, E spectrum, PM spectrum, applicability,
maritime silk road.

I. INTRODUCTION
Ocean waves are an important marine dynamic process. They
are small-scale wind-generated gravity waves that occur on
the ocean surface, including wind waves and swells. Studying
the generation and evolution mechanism of ocean waves has
become an important research area in physical oceanography.
Monitoring waves is of great significance for the construction
and security of national defense, shipping, shipbuilding,
ports, and offshore oil platforms. Additionally, waves are also
important targets for global marine environmental monitoring
and global climate research.

The 21st Century Maritime Silk Road is an important part
of the Belt and Road Initiative. Its construction will promote
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the economic, trade, and cultural development of China
and the countries along the route with the marine economy
as a breakthrough under the new situation of economic
globalization [1]. However, the ability of ocean-going ships to
withstand various disasters when sailing along the Maritime
Silk Road is relatively weak. The harsh marine environment,
such as large waves at sea, will cause considerable damage
to marine activities such as marine scientific research,
resource exploration, ocean fishery, military activities, and
ocean transportation. The damage will seriously affect the
safety of ship navigation and maritime activities. Therefore,
sea-related activities in the sea areas along the route have
urgent demands for the protection of the marine environment
and the wave information monitoring [2]. Zheng and his team
had carried out a lot of research work on waves and wave
energy on the Maritime Silk Road [3]–[6].
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At present, the means for obtaining statistical parameters
of ocean waves include ocean wave buoy observations,
ocean wave numerical model predictions, and remote sensing
observations (SARs). Wave buoy observation is currently
recognized as the most accurate method for obtaining wave
parameters. It can obtain accurate wave data through obser-
vations and can be used in complex marine environments [7].
However, it is difficult for buoy observations to complete
the measurement of ocean wave parameters over a wide
range, so it is not an ideal method for achieving ocean
wave observations over a large area. In addition, the wave
numerical prediction model is another important method for
obtaining wave parameters. It is widely used to understand
and analyze the law of wave generation, propagation, and
development, and it is also the main method for wave
forecasting and analysis [8]. However, the model results are
the results of numerical calculations, not the results of on-site
observations. Additionally, the prediction accuracy is affected
by many factors, such as the accuracy of the driving wind
field, the setting of first conditions, and the assimilation of
observation data. Thus, the wave numerical prediction model
is also not an ideal method for obtaining wave information.

The development of synthetic aperture radar has provided a
newmethod for ocean wave observation. SAR is an important
spaceborne sensor that can provide two-dimensional infor-
mation about waves, independent of weather and lighting
conditions. The spatial resolution of SAR is higher than that
of other ocean wave acquisition methods, and the echoes
in the resolution unit are not easily affected by land [9].
Using the two-dimensional sea surface images obtained by
SAR, the two-dimensional directional spectrum of the waves
can be obtained by inversion, which can be used to calculate
important wave parameters such as significant wave height,
average wave period, and wave propagation direction [10].
Therefore, SAR is an ideal method for long-term ocean wave
observations over a wide range.

After years of development, researchers have proposed a
variety of SAR wave spectrum inversion methods. Hassel-
mann and Hasselmann [11] derived a nonlinear transforma-
tion from the SAR image spectrum to the wave direction
spectrum, and based on this transformation, they developed
an MPI algorithm for inverting the wave direction spectrum
from the SAR image spectrum.He [12] proposed a parametric
wave spectrum inversion method. The core idea was also
based on Hasselmann’s nonlinear mapping theory. The
difference is that the wave spectrum is parameterized when
constructing the value function of the inversion algorithm.
Mastenbroek and De-Valk [13] proposed a semiparametric
method (SPRA) for ocean wave spectrum inversion. During
the inversion of this method, the first guess spectrum is not
the wave spectrum obtained by the model, but the wind
wave spectrum estimated by the wind vector information
observed by the scatterometer. Engen and Johnsen [14]
proposed an algorithm for obtaining cross-spectra from
SAR complex data. This algorithm is a better method for
inverting ocean wave direction spectra from SAR images.

This method can resolve the 180◦ ambiguity in the wave
propagation direction and can reduce speckle noise, and
it is not necessary to obtain the first guess information
from the model or other sensors so that the SAR becomes
a sensor that can independently observe two-dimensional
wave information. Schulz-Stellenfleth et al. [15] proposed
an improved nonlinear inversion algorithm (PARSA). This
method is a combination of the MPI mode and the cross-
spectrum algorithm, which solves the problem of 180◦

ambiguity of ocean wave propagation direction. This method
is more accurate than the cross-spectrum method but still
needs to provide first guess information.

From the above inversion methods, it can be seen that the
problem of 180◦ ambiguity of the wave propagation direction
is still the key problem for the inversion of the spaceborne
SAR wave spectrum. At present, the main solution is to
use prior information, such as the first guess spectrum [16].
The quality of the first guess spectrumwill directly determine
the accuracy of the inversion result of the wave spectrum. The
first guess spectrum is generally provided by a third party,
mainly from the wave numerical prediction model or the
classic wave spectrum (PM spectrum, E spectrum, etc.) [17].
Among them, the operation process of the wave numerical
prediction model is time consuming [18], and the model is
the result of numerical simulation; its accuracy is restricted by
many factors. The classic ocean wave spectrum is the ocean
wave spectrum obtained by on-site observation, and the ocean
wave direction spectrum can be obtained on the basis of the
frequency spectrum. Thus, the classic wave spectrum is also
an important method for providing the first guess spectrum
for SAR wave inversion.

The classic wave spectrum mainly includes the PM
spectrum, JONSWAP spectrum, and E spectrum. The PM
spectrum is the earliest model of the ocean wave spectrum.
It is based on relatively sufficient observation data and
describes a fully growing wind wave [19]. The JONSWAP
spectrum is an international standard wave spectrum pro-
posed on the basis of the ‘‘Joint North Sea Wave Project’’
system measurements performed in Germany, the United
Kingdom, the United States, and the Netherlands from
1968 to 1970 [20]. It is an empirical spectrum obtained from
the analysis and fitting of measured wave data, and it is the
most systematic and highly accurate wave spectrum [21].
The E spectrum is a universally applicable ocean spectrum
model, which is based on the classic ocean wave spectrum
JONSWAP, PM spectrum and other spectral models [22].
The E spectrum is a full wavenumber spectrum and a
non-empirical ocean spectrum. However, there are currently
no systematic studies on the applicability of the PM spectrum
and E spectrum as the first guess spectrum of SAR wave
spectrum inversion. Therefore, this paper used the E spectrum
and PM spectrum as the first guess spectrum for SAR wave
spectrum inversion and discussed the applicability of two
wave spectrum models as the first guess spectrum for SAR
wave spectrum inversion. The research results provide a
basis for the selection of the first guess spectrum of SAR

VOLUME 8, 2020 169083



Y. Wan et al.: Research on the Applicability of the E Spectrum and PM Spectrum as the First Guess Spectrum

FIGURE 1. The path of the maritime silk road and the location of the research area.

wave spectrum inversion and provide strong support for SAR
observations of the distribution of sea waves on the 21st
Century Maritime Silk Road.

II. RESEARCH AREA AND DATA
A. RESEARCH AREA
The Maritime Silk Road is an important channel for world
economic and cultural exchanges. The research area selected
in this paper was mainly the Yellow Sea, South China Sea,
and Indian Ocean Andaman Sea of the Maritime Silk Road.
The research area is shown in the red box in Fig. 1. Among
them, the latitude and longitude range of the research area
of the Yellow Sea was 35◦N-37◦N, 119◦E-121◦E, and the
data was from the RADARSAT-2 SAR satellite. The latitude
and longitude of the research area of the South China Sea
was 20◦N-22◦N, 117◦E-119◦E, and the data was from the
RADARSAT-2 SAR satellite. The latitude and longitude
of the research area in the Andaman Sea was 12◦N-14◦N,
93◦E-95◦E, and the data was from the SENTINEL-1A SAR
satellite.

B. DATA
The data used in this article include the SENTINEL-1A
SAR data provided by the European Space Agency (ESA),
the RADARSAT-2 SAR data provided by the Canadian Space
Agency (CSA), and model wind field and wave data provided
by ECMWF. They are introduced separately below.

1) SENTINAL-1A SAR DATA
SENTINEL-1A is an all-weather radar imaging system.
It is the first satellite developed by the European Com-
mission (EC) and the European Space Agency (ESA)

for the Copernican Global Earth Observation Project. The
SENTINEL-1A C-band imaging system uses four imaging
modes (up to 5 m in resolution and 400 km in width),
which are strip mode (SM), interferometric wide swath
(IW), extra-wide swath (EW) and wave (WV) modes, with
dual polarization, short revisit cycles, and rapid production
capabilities [23].

In this article, 12 scenes of SENTINEL-1A satellite VV
polarization SM mode SAR data and 2 scenes of WV
mode SAR data were selected as part of the SAR data
source. A quick view of the Sentinel-1A SAR acquired on
09-JUN-2019 21:53:25 (UTC) is shown in the Fig. 2.

FIGURE 2. A quick view of the Sentinel-1A SAR acquired on 09-JUN-2019
21:53:25 (UTC).

2) RADARSAT-2 SAR DATA
The RADARSAT-2 radar satellite is a C-band synthetic aper-
ture radar launched by the Canadian Space Agency (CSA)
on December 14, 2007, which has high spatial resolution
imaging capabilities. It can provide radar data with a
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resolution of 3 to 100 m, a width of 10 to 500 km, multi-
polarization, and multiple resolutions [24].

In this paper, 2 scenes of RADARSAT-2 satellite VV polar-
ized SAR data were selected as a part of the SAR data
source. Among them, the SAR image in the Yellow Sea
in southwestern Shandong Province was at 25-JUL-2012
22:07:39 (UTC), and the center of the image was 35◦47′

23′′N, 120◦ 28′ 27′′E. The SAR image in the South China
Sea in the southeast of Taiwan Province was at 23-JUN-2019
21:53:25 (UTC), and the center of the image was 21◦30′

06′′N, 118◦42′ 26′′E. The quick views of this two scenes SAR
data are shown in Fig. 3.

FIGURE 3. The quick views of the Radarsat-2 SAR acquired on
25-JUL-2012 22:07:39 (UTC) and 23-JUN-2019 21:53:25 (UTC).

3) ECMWF DATA
The European Center for Medium-Range Weather Fore-
casts (ECMWF) can provide global wind field and wave grid
data with different spatial resolutions from 1979. The highest
spatial resolution is 0.125◦×0.125◦. The time resolution of
the data is six hours, and the corresponding moments are
00:00, 06:00, 12:00, and 18:00.

This paper mainly used the ECMWF ERA-Interim dataset,
10 m wind speed, 10 m wind direction, significant wave
height and mean zero-crossing period corresponding to the
SAR data observation area and time, with a resolution
of 0.125◦. The matching time and space windows of
ERA-Interim data and SAR data were 120 min and 12.5 km,
respectively. Among them, the wind speed and direction
provided by ECMWF were used as inputs to construct
the first guess spectrum, and the significant wave height
and zero-crossing period data were used to verify the
accuracy of the wave parameters obtained from the inversion.
We obtained 6198 groups of ECMWF data for inversion and
verification.

III. SAR WAVE SPECTRUM INVERSION METHODS
A. MPI INVERSION METHOD
Because the transformation between the SAR image spec-
trum and the ocean wave spectrum is a nonlinear transfor-
mation and the SAR image spectrum has 180◦ direction

ambiguity and information loss due to the azimuth cutoff
wavenumber, it is difficult to directly obtain the inverse
mapping relationship between the SAR image spectrum and
ocean wave spectrum. Hasselmann and Hasselmann [11]
derived a nonlinear transformation from the SAR image
spectrum to the wave direction spectrum and, based on this
transformation, developed an MPI algorithm for inverting
the wave direction spectrum from the SAR image spectrum.
Although the MPI method needs to provide the first guess
spectrum, the completeness and accuracy of its inversion
information are relatively high under the same conditions.
Therefore, this method is used in this paper to realize wave
spectrum inversion.

The inversion of the wave spectrum using the MPI method
requires inputting the SAR image spectrum and the first guess
spectrum and then using forward mapping to calculate the
simulated SAR image spectrum from the first guess spectrum.
The simulated SAR image spectrum and the observed SAR
image spectrum are used to calculate the value function, and
then the value function is used to determine whether the
iterative process has converged. The definition of the value
function is as follows.

J=
∫

[P(k)−
∧

P(k)]
2 ∧
P(k)dk+µ

∫
{
[F(k)−

∧

F(k)]

[B+
∧

F(k)]
}
2dk

(1)

where
∧

F(k) is the first guess spectrum and F(k) is the optimal

wave spectrum when J takes the minimum value.
∧

P(k) and
P(k) are the observed SAR spectrum and the optimal SAR
spectrum, respectively. µ is the weight coefficient, and the
small positive number B is to prevent the value function from

being infinite at
∧

F(k) = 0.
The value function consists of two parts. One part is

the difference between the optimal SAR spectrum and the
observed SAR spectrum, and the other part is the difference
between the optimal wave spectrum and the first guess
spectrum.Minimizing the value function means that the wave
spectrum obtained from the inversion is closest to the first
guess spectrum, and the simulated SAR image spectrum is
also closest to the observed SAR image spectrum. If the
value function is smaller than the set small value, it indicates
that the process has converged. Otherwise, it is necessary
to adjust the wave spectrum, recalculate the simulated SAR
image spectrum, and continue to compare with the observed
SAR image spectrum to calculate the value function until the
process converges or jump out of the iterative process without
convergence. The flowchart of the inversion method is shown
in Fig. 4.

B. SELECTION OF THE FIRST GUESS SPECTRUM
The selection of the first guess spectrum is important for the
accuracy of SAR wave spectrum inversion. We selected the
PM spectrum and E spectrum as the first guess spectrum
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FIGURE 4. Flowchart of the MPI inversion method.

for SAR wave spectrum inversion. The PM spectrum and E
spectrum are introduced below.

1) PM SPECTRUM
From 1955-1960, Moscowitz researched observational data
obtained from the North Atlantic Ocean, compared and
analyzed 54 fully developed wind and wave spectra, and
divided them into 5 groups based on wind speed. The
final results after averaging had good similarity. Afterward,
Pierson and Moscowitz carried out further processing on
this basis and obtained the Pierson-Moscowitz spectrum
(PM spectrum) of the wavenumber spectrum model of the
anchor direction [19]. The PM spectrum belongs to the
gravity spectrum and is also a kind of steady-state ocean
spectrum. It describes the fully growing wind and waves.
It has sufficient observation data as the basis and is also more
significant for statistical processing and analysis methods
such as dimensionlessness.

The one-dimensional PM spectrum is expressed as follows:

SPM (ω) =
αg2

ω5 exp

[
−β

(
g

U19.5ω

)4
]

(2)

The two-dimensional PM wavenumber direction spectrum
is expressed as follows:

SPM (k, φ) =
α

2k4
exp(−

βg20
k2U4

19.5

) ·
2
π
cos2(

φ − φm

2
) (3)

where α = 0.0081, β =0.74, g is the acceleration of
gravity, k is the wavenumber, ϕ is the wave propagation
direction, and ϕm is the main wave direction, usually regarded
as the wind direction angle. U19.5 is the wind speed at the
height of 19.5 m above sea level. However, during the wave
calculation process, the wind speed at 10 m above sea level
is usually used for calculation. The conversion relationship
between wind speeds is as follows [25]:

Uh = U10 · (1+ 2.5 lg(
h
10

)

× (

√
0.0015/[1+ exp

(
−
U10 − 1.25

1.56

)
]+ 0.00104)) (4)

The variation of PM spectrum S(k) with wind speeds is
shown in Fig. 5.

2) E SPECTRUM
Elfouhaily et al. summarized a universally applicable spectral
model based on JONSWAP, PM, and other spectral mod-
els [22], referred to as the E spectrum. The E spectrum is a full
wavenumber spectrum and a non-empirical ocean spectrum.
The spectral model is based on the low wavenumber
JONSWAP spectrum [26] and the high wavenumber Phillips
spectrum [27]. The key feature of this model is the similarity
of description for the high- and low wavenumber regimes;
both forms are posed to stress that the air-sea interaction
process of friction between wind and waves is occurring at
all wavelengths simultaneously. The direction function of the
frequency spectrum is symmetrical about the wind direction
and has a correlation between wavenumber and wind speed.

The low wavenumber spectrum of the E spectrum is
expressed as follows:

Bl =
αp

2
·
cp
c
· Fp (5)

where αp =0.006�1/2 is the equilibrium range parameter
for long waves, � represents dimensionless inverse wave
age, cp is the phase velocity corresponding to the peak
wavenumber, andFp is the longwave side effect function. The
high wavenumber spectrum of the E spectrum is expressed as
follows:

Bh =
αm

2
·
cm
c
· Fm (6)

where αm is the equilibrium range parameter for short waves,
cm is the minimum phase velocity, and Fm is the shortwave
side effect function.

The full wavenumber spectrum is expressed as follows, and
Fig. 6 shows realizations of this omnidirectional spectrum
S(k) for several wind speeds.

S = k−3(Bl + Bh) (7)

The variation of E spectrum S(k) with wind speeds is
shown in Fig. 5. The direction function is expressed as
follows:

f (k, ϕ) =
1
2π

[1+1(k) cos(2ϕ)] (8)

1(k) = tanh[a0 + ap(
c
cp
)2.5 + am(

cm
c
)2.5] (9)

a0 =
ln (2)
4
= 0.1733; ap = 4; am = 0.13

Uf
cm

(10)

169086 VOLUME 8, 2020



Y. Wan et al.: Research on the Applicability of the E Spectrum and PM Spectrum as the First Guess Spectrum

FIGURE 5. PM spectrum S(k) and E spectrum S(k) for the full wavenumber range and for wind speeds from 5m/s up to 13 m/s with
a 2 m/s step (a. PM spectrum; b. E spectrum).

FIGURE 6. E spectrum and PM spectrum S(k) for the full wavenumber range and for different wind speeds (a. 5 m/s; b. 7m/s; c. 9m/s; d. 11m/s; e.
13m/s).

The wavenumber direction E spectrum can be represented
by the full wavenumber spectrum and direction function:

E(k, ϕ) = S · f (k, ϕ)/k (11)

3) COMPARISON OF THE TWO WAVE SPECTRUM
By analyzing the wave spectrum of the E spectrum and PM
spectrum for the wavenumber range (Fig. 5), we can see that
the E spectrum and PM spectrum are concentrated near the
peak of the spectrum, the energy is concentrated, and away
from the peak of the spectrum, the energy will drop rapidly.

As the wind speed increases, the peak of the sea spectrumwill
gradually increase, but the peak will move in the direction
of a small wavenumber. This indicates that as the wind
speed increases, the energy of the sea spectrum increases,
and the energy of the waves is more concentrated on long
waves with longer wavelengths [28]. In the high wavenumber
domain, the PM spectrum does not change significantly with
increasing wind speed, and the energy of the short wave of
the E spectrum increases with increasing wind speed, which
shows that the E spectrum is based on the PM spectrum, and
the influence on the short wave is added on the basis of the
long wave.
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FIGURE 7. Wave spectrum inversion results of 25-JUL-2012 22:07:39 (UTC) RADARSAT-2 SAR data when the E
spectrum was used as the first guess spectrum (a. Observed SAR spectrum; b. First guess spectrum (E
spectrum); c. Fit wave spectrum; d. Fit SAR spectrum).

Additionally, to analyze the characteristics of the E
spectrum and PM spectrum better, we compared the wave
spectrum of the E spectrum and PM spectrumwith the change
in wavenumber according to different wind speeds. As shown
in Fig. 6.

From Fig. 6, we can see that in the low wavenumber
domain, the E spectrum and the PM spectrum remained
basically the same as the wind speed increased. In the
high wavenumber domain, as the wind speed increased,
the energy of the short wave of the E spectrum grad-
ually increased and moved in the direction of the large
wavenumber. When the wind speed was 5 m/s, the curves
of the two spectra basically overlapped. When the wind
speed increased to 7 m/s, the influence of the E spectrum
on short waves began to increase. When the wind speed
was approximately 9 m/s or higher than 9 m/s, the E
spectrum covered a wider wavenumber domain, and the short
wave energy increased significantly. It shows that the E
spectrum contains more sea wave information than the PM
spectrum.

Therefore, the E spectrum is a full wavenumber spectrum
and contains more wave information under high wind speed
conditions, and it can be suitable for inversion of various
sea wave types and wind speeds. However, the spectral
shape of the PM spectrum is relatively stable [29], and the
PM spectrum is not sensitive to changes in short waves in

the high wavenumber domain, so it is not suitable for the
inversion of many complex sea situations with high wind
speeds.

IV. APPLICABILITY OF THE PM SPECTRUM AND E
SPECTRUM AS THE FIRST GUESS SPECTRUM
FOR SAR WAVE SPECTRUM INVERSION
A. DETERMINATION OF THE OPTIMAL FIRST GUESS
SPECTRUM MODEL FOR SAR WAVE SPECTRUM
INVERSION
In this section, based on the SAR data of the SENTINEL-
1A and RADARSAT-2 satellites, the MPI method was used
to invert the wave spectrum and wave parameters with the E
spectrum and the PM spectrum as the first guess spectrum.
By comparing the ability of the E spectrum and PM spectrum
as the first guess spectrum to invert the ocean wave spectrum
and wave parameters, the optimal first guess spectrum model
for SAR ocean wave spectrum inversion was determined.
To evaluate the accuracy of the inversion results of wave
parameters, we compared it with the ECMWF ERA-Interim
wave data.

The MPI method needs to provide the first guess spectrum
when retrieving the wave spectrum. When constructing the
first guess spectrum, we used the ERA-Interim wind field
data as the input wind speed and direction of the first guess
spectrum.
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FIGURE 8. Wave spectrum inversion results of 25-JUL-2012 22:07:39 (UTC) RADARSAT-2 SAR data when the PM
spectrum was used as the first guess spectrum (a. Observed SAR spectrum; b. First guess spectrum (PM
spectrum); c. Fit wave spectrum; d. Fit SAR spectrum).

In this paper, a total of 16 scenes of the SENTINEL-1A
satellite and RADARSAT-2 satellite were selected. The
intensity data of each SAR image were divided into 20× 20
small blocks, for a total of 400 sub-images. The intensity data
of each sub-image were subjected to fast Fourier transform in
units of 128× 128 pixels to obtain the SAR image spectrum.
Then, we used the MPI method to invert the ocean wave
spectrum, input the PM spectrum and the E spectrum as
the first guess spectrum, calculated the value function and
iterated to obtain the fit wave spectrum and the fit SAR
spectrum.

Figs. 7-10 show the wave spectrum inversion results with
the PM spectrum and E spectrum as the first guess spectrum
using two sub-images as an example selected from the
RADARSAT-2 and SENTINEL-1A SAR data.

In the wave spectrum inversion results, the observed SAR
spectrum was the intensity spectrum after two-dimensional
Fourier transform. The fit wave spectrum and the fit SAR
spectrum were the results of iteration through the MPI
algorithm.

In addition, it was necessary to further calculate the
wave parameters from the wave spectrum, such as the
significant wave height (HS) and zero-crossing period (TZ).
Then, we can evaluate the applicability of the first guess
spectrum by inverting the accuracy of the obtained wave
parameters. The wave spectrum S(ω) was obtained by

integrating the two-dimensional wave direction spectrum
with the direction. The wave parameters were calculated from
the first moment, second moment, and even higher moments
of the spectrum.

The formula for calculating the significant wave height is
as follows [30]:

Hs = 4
√
m0 = 4

√∫
S(ω)dω (12)

The calculation formula of the inversion of mean
zero-crossing period is as follows, which is calculated from
the 0th and 2nd moments [31].

TZ = 2π
√
m0

m2
= 2π

√ ∫
S(ω)dω∫
ω2S(ω)dω

(13)

We integrated the optimal wave spectrum obtained from
the inversion of each sub-image and calculated the wave
parameters. Each scene data could obtain 400 calculation
results of significant wave height and zero-crossing period
parameters. Then, we compared themwith thematchingwave
information provided by ERA-Interim to calculate the root
mean square error. Therefore, the accuracy of the inversion
of sea wave information by the E spectrum and PM spectrum
as the first guess spectrum could be compared.
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FIGURE 9. Wave spectrum inversion results of 09-JUL-2019 11:45:39 (UTC) SENTINEL-1A SAR data when the E
spectrum was used as the first guess spectrum (a. Observed SAR spectrum; b. First guess spectrum (E spectrum);
c. Fit wave spectrum; d. Fit SAR spectrum).

Table.1 shows the root mean square error (RMSE) of the
comparison between the wave parameters inversion results
obtained from all 16 scenes SAR images and the wave
information provided by ERA-Interim. Figs 11-12 show the
wave parameter distribution map obtained from the inversion
of 25-JUL-2012 22:07:39 (UTC) RADARSAT-2 SAR data
and 09-JUL-2019 11:45:39 (UTC) SENTINEL-1A SAR
data.

From Table.1, it was found by comparison that the
accuracy of the zero-crossing wave period inversion results of
the PM spectrum and E spectrum as the first guess spectrum
was not much different. The difference of total RMSE was
about 0.1s. Therefore, this paper focused on the inversion
results of significant wave height.

The significant wave height (HS) is the most important
wave parameter, and the inversion result of the significant
wave height largely depends on the accuracy of the first
guess spectrum [32]. The significant wave height reflects the
common contribution of wind waves and swells. Therefore,
the accuracy of the significant wave height inversion results is
an important factor for the applicability of the wave spectra.

First, in Table.1, the mostly inversion results with the
E spectrum as the first guess spectrum met the inversion
accuracy requirements recognized in the field of SAR wave
parameter inversion (HS RMSE< 0.5m; TZ RMSE <1.2 s).

Then, the inversion result of PM spectrum as the first guess
spectrum was usually worse than that of E spectrum. And the
significant wave height RMSE of some data were greater than
0.5 m, as shown in results 1, 3, 4, and 11. These bad results
were all under the situation that the average wind speed on
the sea surface was higher than 9m/s.

The total significant wave height RMSE showed that the
inversion result of the E spectrum as the first guess spectrum
was more accurate. Thus, the E spectrum had the ability to be
used as the first guess spectrum to invert the wave spectrum
of the measured SAR data.

In order to understand the influence of sea surface wind
speed and sea state on the accuracy of the inversion results,
we segmented all images according to wind speeds and
significant wave heights.

Each scene SAR image can get 400 sub-images. Each
sub-image data was inverted separately, and 6198 effective
inversion results were obtained.We calculated these inversion
results according to the 10m wind speed and significant wave
height provided by ERA-Interim. The statistics of the number
of data between 5m/s - 13 m/s wind speeds and 0.5 m - 3.5 m
wave heights were shown in the Fig. 13.

Then we obtained the RMSE between the significant
wave height inversion results and ERA-Interim data in each
range. The comparison results in different ranges were shown
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FIGURE 10. Wave spectrum inversion results of 09-JUL-2019 11:45:39 (UTC) SENTINEL-1A SAR data when the PM
spectrum was used as the first guess spectrum (a. Observed SAR spectrum; b. First guess spectrum (PM spectrum); c.
Fit wave spectrum; d. Fit SAR spectrum).

FIGURE 11. The wave parameter distribution map obtained from the inversion of 25-JUL-2012 22:07:39 (UTC) RADARSAT-2 SAR
data (a. Significant wave height; b. Zero-crossing wave period).

in Tables.2-3. The trend of the inversion results in different
ranges is shown in Figure 14. From these results, we can
analyze the applicability of E spectrum and PM spectrum
as the first guess spectrum under different significant wave
heights and wind speeds.

In the comparison results at different wind speeds, we can
see that the RMSE of the inversion of the E spectrum
and PM spectrum as the first guess spectrum gradually
increased with wind speeds increasing. Among them, when
the wind speed was between 5 m/s - 9 m/s, both the E
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TABLE 1. Comparison of the wave parameters inversion results with ERA-Interim wave parameters.

spectrum and the PM spectrum as the first guess spectrum
had good inversion effects. When the wind speed was greater
than 9m/s, the accuracy of the inversion results of the PM
spectrum as the first guess spectrum began to fail to meet
the requirements. When the wind speed was greater than
11m/s, the accuracy of the inversion results of the E spectrum
as the first guess spectrum was gradually unable to meet
the requirements, but it was still better than that of the PM
spectrum.

In the comparison results at different significant wave
heights, we can see that when the wave height was

less than 2m, the two spectra as the first guess spectrum had
good inversion effects. When the wave height was between
2.0 m - 2.5 m, the RMSE of the E spectrum as the first
guess spectrum was 0.5834, and that of the PM spectrum
was 1.3787. The inversion accuracy of the two spectra as the
first guess spectrum cannot meet the requirements, but the
inversion results of the E spectrum as the first guess spectrum
was obviously more accurate than that of the PM spectrum.
When the wave height was higher than 2.5 m, the inversion
accuracy of the PM spectrum as the first guess spectrum
cannot meet the requirements. On the contrary, the inversion
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FIGURE 12. The wave parameter distribution map obtained from the inversion of 09-JUL-2019 11:45:39 (UTC) SENTINEL-1A
SAR data (a. Significant wave height; b. Zero-crossing wave period).

FIGURE 13. Number of SAR sub-images data at different significant wave heights and wind speeds.

TABLE 2. The HS comparison results at different wind speeds.

accuracy of the E spectrum as the first guess spectrum all met
the requirements.

It can be seen from the above analysis that the E spectrum
as the first guess spectrum had a good inversion effect

TABLE 3. The HS comparison results at different significant wave heights.

under moderate wind speed conditions, but as the wind
speed increased, the accuracy of the inversion results would
decrease. At the same time, the E spectrum had a good
inversion effect as the first guess spectrum in the researched
wave height ranges, so that the E spectrum was suitable
for inversion as the first guess spectrum at medium sea
conditions.
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FIGURE 14. The HS comparison results at different significant wave heights and wind speeds.

The PM spectrum as the first guess spectrum had a good
inversion effect when the wave height was less than 2 m,
but the inversion effect was not good when the wave height
was greater than 2 m and the wind speed was higher than
9 m/s. This confirmed that the PM spectrum was suitable
for inversion under the low sea state and low wind speed,
specifically when the wave height was lower than 2m and the
wind speed was lower than 9 m/s.

The analysis of the inversion results showed that the
inversion effect of the E spectrum as the first guess spectrum
was better than that of the PM spectrum. That was because,
as a full wavenumber spectrum, the E spectrum added a
description of ocean waves in the high wavenumber domain,
which was not available in the PM spectrum.

In addition, combined with the above analysis of E
spectrum and PM spectrum S(k) for the different wind speeds
(Fig.6), we can see that when the sea surface wind speed
was greater than 9m/s, the E-spectrum contained a wider
high wave number domain to obtain more wave information.
Therefore, the inversion effect of E spectrum as the first guess
spectrum would be better than that of PM spectrum. The
inversion results also proved this conclusion.

In summary, by analyzing the inversion results of
SENTINEL-1A and RADARSAT-2 SAR satellite data,
we can see that the ability of the E spectrum as the first guess
spectrum to invert sea wave parameters was better than that
of the PM spectrum. Therefore, the E spectrum was more
suitable as the first guess spectrum for SAR wave spectrum
inversion. That is, the E spectrum was the best first guess
spectrum model for SAR wave spectrum inversion.

V. CONCLUSION
Based on the SENTINEL-1A and RADARSAT-2 SAR
satellite data, this paper systematically evaluated the ability
of the E spectrum and PM spectrum as the first guess
spectrum to retrieve the wave spectrum by MPI method.
The significant wave height and zero-crossing period wave

parameters obtained from SAR inversion were compared
with ECMWF wave data, and the applicability of the PM
spectrum and E spectrum as the first guess spectrum to invert
the wave spectrum and wave parameters was analyzed. The
results provided an important reference for the application
of SAR in the monitoring of the Maritime Silk Road. The
conclusions are as follows:

(1) The E spectrum as the first guess spectrum of the
MPI method had a good effect on the inversion of the
wave spectrum. The inversion of the wave parameters with
the E spectrum as the first guess spectrum had good
consistency with the ECMWF data, indicating that the E
spectrum was suitable as the first guess spectrum for the SAR
wave spectrum inversion. But as the wind speed increased,
especially when the wind speed was greater than 11m/s,
the accuracy of the inversion would decrease. Additionally,
the E spectrum was a full wavenumber spectrum, so the
E spectrum used as the first guess spectrum for inversion
obtained more complete wave information.

(2) The PM spectrum was suitable for inversion as the first
guess spectrum under low sea conditions and wind speeds,
specifically when the significant wave height was lower than
2m and the wind speed was lower than 9m/s. Therefore, the E
spectrum was more suitable as the first guess spectrum for
SAR wave spectrum inversion under different sea conditions
and inversion of various types of waves. The E spectrum was
the best first guess spectrum model for SAR wave spectrum
inversion.
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