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Abstract: Synthetic aperture radar (SAR) is an important means of estimating significant wave height
with obvious advantages of all-day, all-weather, high resolution and wide swath coverage. At present,
the estimation methods of significant wave height are based on visible ocean waves in SAR images.
However, due to the characteristic of long integration time for low-frequency SAR (such as P-band,
L-band), the ocean waves are usually invisible in SAR images. In addition, in the case that there are
multiple wave systems, significant wave height of only one wave system can be estimated for the
reason that only a blurred wave system can be observed in SAR images. In order to solve the above
two problems, a method of estimating significant wave height from SAR with long integration times
is proposed in this paper. Firstly, each ocean wave system is refocused from single-look complex
(SLC) data, respectively. Then, without any additional processing, the 180◦ ambiguity of wave
propagation direction is removed based on the optimum focus setting. Finally, significant wave
height is estimated in combination with azimuth cutoff, wavelength and propagation direction of
ocean waves. This method is applied to two airborne SAR field data with long integration times. One
case is that ocean waves are invisible in SAR images, the other is that there are two wave systems on
the real ocean surface, but only one is visible in the SAR images. The results show that the proposed
method can estimate significant wave height in the cases of invisible ocean waves and multiple ocean
waves. The estimation results of significant wave height are compared with the European Centre
for Medium-Range Weather Forecast (ECMWF) data, and the error is basically stable within 0.2 m,
which verifies the effectiveness of the proposed method.

Keywords: significant wave height; synthetic aperture radar; long integration time

1. Introduction

Waves are the ocean’s most obvious surface feature. Significant wave height (SWH) is
defined as the average of the highest one-third of the observed waves [1]. As an important
parameter reflecting the characteristics of ocean waves, the accurate estimation of the
significant wave height is particularly important for marine engineering, ship designing
and marine transportation.

Synthetic aperture radar (SAR) has become one of the important ways to obtain ocean
wave parameters with obvious advantages of all-day, all-weather, high resolution and
wide swath coverage [1]. At present, the methods of estimating significant wave height
can be divided into three major categories. The first type is theoretical-based methods,
such as the Max-Planck Institute (MPI) [2,3], numerical wave model [4], semi-parametric
retrieval algorithm (SPRA) [5] and parameterized first-guess spectrum method (PFSM) [6,7].
However, they are difficult and limited in implementation. The second is empirical methods,
which are typically represented by CWAVE_ERS [8], CWAVE_ENVI [9], CWAVE_S1A [10]
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and QPCWAVE_GF3 [11]. These methods can only process specific SAR data. The third
method is based on the relationship between the significant wave height and the azimuth
cutoff [12–14]. However, all of the above methods are based on visible ocean waves in
SAR images.

Actually, due to the random motion of the ocean waves, the ocean waves in the SAR
images will be extremely blurred or even invisible [15,16]. For low-frequency SAR (such as
P-band, L-band) data which have the characteristic of long integration time, the following
two problems are more prominent. The ocean waves are usually invisible in SAR images.
It is impossible to estimate significant wave height by means of the present methods. On
the other hand, in the case that there are multiple wave systems, significant wave height of
only one wave system can be estimated using the present methods for the reason that only
a blurred wave system can be observed in SAR images.

In order to solve the problems that the present methods cannot estimate the significant
wave height when the ocean waves are invisible and that can estimate the significant
wave height of only one wave system in the case of multiple wave systems, a method of
estimating significant wave height from SAR with long integration times is proposed in
this paper. The proposed method is suitable for SAR data with long integration times. The
clear SAR images of ocean waves can be obtained by refocusing, breaking through the
limitation that the present methods cannot estimate the significant wave height when the
wave texture is invisible from SAR with long integration times. Firstly, the azimuth cutoff is
calculated. Then, each ocean wave system is refocused from single-look complex (SLC) data,
respectively. After obtaining the optimum refocused SAR image of different wave systems,
the wavelength and propagation direction of each wave system are calculated. Meanwhile,
according to the optimum focus setting, the 180◦ ambiguity of wave propagation direction is
removed without any additional processing. Finally, significant wave heights are estimated.
Two airborne SAR data with long integration times are employed to verify the proposed
method. One case is that ocean waves are invisible in SAR images, the other is that there
are two wave systems on the real ocean surface but only one is visible in the SAR images.
The results are compared with the European Centre for medium-Range Weather Forecast
(ECMWF) data, which demonstrate the effectiveness of the proposed method.

The remainder of the paper is organized as follows. In Section 2, the proposed method
is introduced in detail. In Section 3, the experimental results of airborne SAR data with
invisible ocean waves and two ocean wave systems are given. In Section 4, the results are
compared with ECMWF data, which verified the effectiveness of the proposed method, and
the sensitivity of the significant wave height is analyzed. Finally, conclusions are drawn in
Section 5.

2. Estimating Significant Wave Height from SAR with Long Integration Times

In this section, a method of estimating significant wave height from SAR with long
integration times is proposed, which is designated for the SAR single-look complex (SLC)
data. The flow chart of the proposed method is shown in Figure 1. As can be seen,
the method is divided into six parts: pre-processing, azimuth cutoff calculation, ocean
wave refocusing, scanning distortion calibration, wavelength and propagation direction
calculation of nth ocean wave and significant wave height estimation. The above six parts
will be detailed below.

2.1. Pre-Processing

In order to avoid the interference of artificial targets targets on the sea surface, a
sub-block data is chosen from the SAR SLC data at first. The sub-block is selected according
to the following two constraints: (1) the sub-block needs to contain ocean waves; and (2) the
sub-block does not include other interference information, such as ship, oil slicks.
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Figure 1. Flow chart of the proposed method.

Then, two operations need to be performed for the sub-block data. One operation
is that the sub-block amplitude data is calculated for azimuth cutoff calculation. The
other is that a fast Fourier transform (FFT) along the azimuth is performed, obtaining the
Range-Doppler domain data, which is used for ocean wave refocusing.

2.2. Azimuth Cutoff Calculation

Azimuth cutoff λc is the minimum detectable azimuth wavelength by SAR system [17,18].
In order to obtain the azimuth cutoff λc, it is necessary to calculate the azimuthal autocorrela-
tion function ACF(x). Then, Gaussian function C(x) is used to fit ACF(x).

In this subsection, the amplitude data needs to be calibrated in the first instance,
which includes slant-to-ground conversion, multi-look processing, and range energy
normalization [19]. After the above calibrations, the SAR image is transformed into the
wavenumber domain by two-dimensional FFT (2D-FFT). λc is computed by fitting a Gaus-
sian function C(x) to the ACF(x). The Gaussian function is written as,

C(x) ∼ exp

(
−
(

πx
λc

)2
)

(1)

where x is the azimuth distance.
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2.3. Ocean Wave Refocusing

In order to solve the problems of invisible ocean waves and only a weak wave system
in the case of multiple wave systems can be observed acquired by long integration time
SAR, the ocean wave refocusing method based on optimum focus setting will be introduced
in this section.

Focus setting ∆V is defined as the difference between platform speed V and azimuth
matched filter speed U, namely,

∆V = V −U (2)

The focus setting that makes the target to be best-focused is called the optimum focus
setting [20,21]. The contrast of ocean waves can be improved by changing the focus setting,
and the optimum focus setting is obtained according to the azimuth phase speed [22].
However, the ocean waves are usually invisible and obtained by the long integration time
SAR, which will result in the optimum focus setting being unable to be calculated by
the present methods. Accordingly, it is a failure to achieve the ocean wave refocusing.
In addition, for the case of multiple ocean wave systems and only a weak wave can be
observed, the present methods can only obtain the optimum focus setting of an ocean wave
system, which will result in that only an ocean wave system can be refocused. In order to
solve the above two problems, this section will improve the present methods. The optimum
focus setting is calculated by setting a focus setting variation section and finding the local
maximum value of the peak-to-background ratio (PBR), and further the refocused SAR
images of ocean waves are obtained. Next, the improved method is described.

In this subsection, in order to obtain the uncompressed data in Range-Doppler domain,
the Range-Doppler domain data is multiplied by the complex conjugate h∗(τ) of the
azimuth matched filter used in imaging process. The complex conjugate h∗(τ) of the
azimuth matched filter is

h∗(τ) = exp
(
−j

2πV2τ2

λR

)
(3)

where V is the platform speed, τ is the azimuth time, λ is the radar wavelength, and R is the
slant range. The next step is to set a focus setting variation section ∆Vi ∈ [V − 50, V + 50].
And new azimuth matched filter functions hi(τ) are generated,

hi(τ) = exp

(
j
2πU2

i τ2

λR

)
(4)

where the velocity parameters Ui = V − ∆Vi of the azimuth matched filter. Refocusing
results under different focus settings are obtained by means of the new azimuth matched
filter functions hi(τ), and the refocused image is calibrated, which including slant-to-
ground conversion, multi-look processing and range energy normalization [19].

Next, the calibrated images are compared to determine the optimum focus setting.
Therefore, the SAR images corresponding to different focus settings ∆Vi are transformed
into the two-dimensional wavenumber domain, and the peak-to-background ratio (PBR) of
the wavenumber spectral energy is calculated. The definition of PBR is as follows [23,24]:

PBR =
(SI)max
〈Snoise〉

(5)

among them, (SI)max and 〈Snoise〉 represent the peak value and noise floor of the SAR
image spectrum, respectively.

The peak-to-background ratio PBRi is normalized to obtain the curve of normalized
PBRi with focus setting ∆Vi. According to the focus setting corresponding to the nth local
maximum value of PBRi, the optimum focus setting ∆Vn

opt of the nth ocean wave system is
obtained. The optimum focus setting of Num ocean wave systems is expressed as

∆Vopt = [∆Vn
opt], 1 ≤ n ≤ Num (6)
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∆Vopt will be used to solve the 180◦ ambiguity of wave propagation direction. In
addition, the SAR images corresponding to the optimum focus setting and the number Num
of local maximum value will be used in the subsequent estimating significant wave height.

2.4. Scanning Distortion Calibration

Next, the optimum refocused SAR image corresponding to each wave system is
processed by the scanning distortion calibration, wavelength and propagation direction
calculation of nth ocean wave and significant wave height estimation. At first, this sub-
section needs to initialize the nth wave system and the number Num of wave systems,
where n = 1, and the Num is given by the number of local maximum value of PBRi in
the Section 2.3.

In order to obtain the wavenumber vector kn
o the nth wave system on the real ocean

surface, it is necessary to calibrate the SAR image scanning distortion caused by the velocity
bunching modulation. The optimum refocused SAR image corresponding to the nth ocean
wave system is transformed into the two-dimensional wavenumber domain, and the wave
number vector kn

s of the nth ocean wave system is obtained, which is expressed as

kn
s = [kn

rs kn
as] (7)

where kn
rs and kn

as are the range wavenumber and the azimuth wavenumber of the nth
ocean wave system in the SAR image, respectively.

The range wavenumber kn
ro of the nth ocean wave system on the real ocean surface

is equal to that kn
rs of the nth ocean wave system in the SAR image. However, due to the

scanning distortion, the azimuth wavenumber kn
ao of the nth ocean wave system on the real

ocean surface is typically different from that kn
as of the nth ocean wave system in the SAR

image [18,25], which can be expressed as

kn
ao = kn

as +

√
gkn

o
V

(8)

where g is the acceleration of gravity, kn
o =

√
kn

ao
2 + kn

ro
2 is the wavenumber of the nth

ocean wave system in the real ocean surface, and V is the platform speed. By solving
Equation (8), the wavenumber vector kn

o of the nth ocean wave system in the real ocean
surface can be obtained, which is

kn
o = [kn

ro kn
ao] (9)

2.5. Wavelength and Propagation Direction Calculation of nth Ocean Waves

Since the parameters such as wavelength and propagation direction are required in
estimating significant wave height, the equations of the nth wavelength and propagation
direction are introduced below. The 180◦ ambiguity of wave propagation direction is
removed through the optimum focus setting directly without any additional processing.

2.5.1. Wavelength Calculation of nth Ocean Wave

The nth wave wavelength λn
p can be calculated from its corresponding wavenum-

ber, namely,

λn
p =

2π√
kn

ao
2 + kn

ro
2

(10)
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2.5.2. Propagation Direction Calculation of nth Ocean Wave

In order to facilitate the subsequent 180◦ ambiguity removal of wave propagation
direction, the propagation direction φn of nth ocean waves is defined as the angle between
wave propagation direction and range direction. It is calculated as

φn =


−tan−1 kn

ao
kn

ro
, kn

ro > 0, kn
ao < 0

180◦ − tan−1 kn
ao

kn
ro

, kn
ro < 0

360◦ − tan−1 kn
ao

kn
ro

, kn
ro > 0, kn

ao > 0

(11)

The propagation direction of nth ocean waves calculated by Equation (11) exists 180◦

ambiguity. In order to avoid the influence of 180◦ ambiguity on estimating significant
wave height, it is necessary to de-blur. The following will introduce the 180◦ ambiguity
removal method.

2.5.3. 180◦ Ambiguity Removal of Wave Propagation Direction

At present, cross-spectra is an important method to removal of 180◦ ambiguity [26].
In order to ensure high signal-to-noise ratio, the wavelength estimation needs to satisfy
the time separation between two individual-look SAR images is short enough, while the
propagation direction estimation needs to satisfy that is long enough [27]. It needs to
calculate two SAR image cross spectra, and the time separation optimization is also a
complex problem [27]. Compared with the cross-spectra method, the proposed method is
simpler and does not require any additional processing to remove 180◦ ambiguity using
the optimum focus setting.

The relationship between the optimum focus setting and the wave propagation direc-
tion is explained below at first. When SAR observes the ocean, the Doppler frequency shift
caused by the motion of the ocean waves is [21]

fD =
2V(V − Cn)τ

λR
(12)

where Cn is the azimuth phase velocity of the nth wave system. When the propagation
direction is the same as the azimuth direction, Cn is positive. When the propagation
direction is opposite to the azimuth direction, Cn is negative. Hence the optimum focus is
obtained when

U2 = V(V − Cn) (13)

This gives a optimum focus setting of nth wave system

∆Vn
opt ≈

Cn

2
(14)

Due to the complexity of ocean wave motion, the real optimum focus setting for surface
waves may deviate from Equation (14) under some conditions [22,28]. However, in general,
the optimum focus setting is close to half of the azimuthal phase velocity. So, the optimum
focus setting is used to remove the 180◦ ambiguity without any additional processing.

When ∆Vn
opt > 0, the propagation direction is the same as the azimuth direction. When

∆Vn
opt < 0, the propagation direction is opposite to the azimuth direction. So, after we

remove 180◦ ambiguity, the propagation direction φn is

φn =


φn − 180◦, ∆Vn

opt < 0∩ φn ∈ (180◦, 360◦]
φn + 180◦, ∆Vn

opt > 0∩ φn ∈ (0◦, 180◦]
φn, else

(15)
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2.6. Significant Wave Height Estimation

Combining the azimuth cutoff λc, the wavelength λn
p of the nth wave system, the

wave propagation direction φn and the radar parameters, the significant wave height is
calculated by [14]

SWHn =
0.3608

β
√

Gng
√

tanh
(

2πd
/

λn
p

)λc

√
λn

p (16)

where,
Gn = 1− 0.5sin2θ

[
1 +

π

B

/
sinh

(π

B

)
cos(2(φn + 90◦))

]
(17)

β =
R
V

(18)

where d is the water depth, B = 2.44, R is the slant range, and V is the platform speed.

When d� λn
p

/
2,
√

tanh
(

2πd
/

λn
p

)
= 1, Equation (16) can be written as

SWHn =
0.3608

β
√

Gng
λc

√
λn

p (19)

After the estimating significant wave height of all ocean wave systems is completed,
significant wave heights of all systems are output

SWH = [SWHn], n ∈ [1, Num] (20)

3. Experiments of Estimating Significant Wave Height from SAR with Long
Integration Times

In order to verify the effectiveness of the proposed method, experiments of estimating
significant wave height from SAR with long integration times will be carried out in this
section. Two representative data are selected. One is the case where the waves are invisible,
which cannot be directly used to estimate significant wave height by current methods. The
other is the case where there are two ocean wave systems in the real ocean surface. However,
only a weak ocean wave system can be observed in the SAR image. If no processing is
performed, only an ocean wave system can be achieved estimating significant wave height.
The experimental results of these two cases are given below.

3.1. Case 1-Invisible Ocean Waves from SAR with Long Integration Times

The situation where the ocean waves are invisible is common from SAR with long in-
tegration times. In this subsection, the proposed method is applied to the P-band field data.
The experimental data comes from the sea trial experiment conducted by the Aerospace
Information Research Institute, Chinese Academy of Sciences covering South China Sea. It
was collected on 11 October 2014. The integration time is 23 s. The radar system parameters
are shown in Table 1.

Table 1. Radar system parameters.

Parametric Name Parametric Symbol Parametric Value

Radar wavelength (m) λ 0.5
Platform height (m) H 8600

Slant range of scene center (m) R0 18,000
Platform speed (m/s) V 122
Integration Times (s) T0 23

The SAR image obtained by the traditional imaging method is shown in Figure 2a,
and the image spectrum is shown in Figure 2b. As shown in Figure 2a, the ocean waves are
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completely invisible. Meanwhile, the corresponding wave spectrum cannot distinguish the
wave characteristics shown in Figure 2b.

䄀稀椀洀甀琀栀

刀愀
渀最
攀

(a) (b)

Figure 2. SAR image with invisible waves acquired by traditional imaging method and corresponding
spectrum. (a) SAR image with invisible waves. (b) Spectrum corresponding to SAR image.

The azimuthal autocorrelation function obtained from the SAR image spectrum is
shown in Figure 3. Gaussian fitting is performed according to the Equation (1), and the
azimuth cutoff λc = 86.72 m is calculated, which will be used to estimate significant wave
height later.

Figure 3. Azimuthal autocorrelation function and its Gaussian fitting results.

Since the ocean waves are completely invisible, the estimation of significant wave
height cannot be carried out. So it is necessary to refocus ocean waves. The SAR SLC
data shown in Figure 2a is refocusing. By traversing the focus setting variation section
∆Vi ∈ [V − 50, V + 50], the curve of the normalized peak-to-background ratio obtained
changing with focus setting is shown in Figure 4.
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Figure 4. Normalized peak-to-background ratio curve with focus setting.

As shown in Figure 4, the normalized peak-to-background ratio has only one local
maximum value, indicating that there is only one wave system on the the real ocean surface.
When ∆V1

opt = 10 m/s, the refocusing quality of the ocean waves is best shown in Figure 5a.
The corresponding wave spectrum is shown in Figure 5b.

䄀稀椀洀甀琀栀

刀愀
渀最
攀

(a) (b)

Figure 5. Refocused SAR image of ocean waves and corresponding spectrum. (a) Refocused SAR
image with invisible waves. (b) Spectrum corresponding to refocused SAR image.

As shown in Figure 5a, it can be found that the wave texture is clearly visible. Mean-
while, the wave spectrum is highlighted in Figure 5b, which is more conducive to es-
timate significant wave height. Using the process shown in Figure 1, the wavelength
λ1

p = 233.85 m of ocean waves can be obtained. Due to ∆V1
opt > 0, the wave propagation

direction after 180◦ ambiguity removal is φ1 = 299.19◦. Finally, the significant wave height
SWH1 = 1.51 m is calculated by Equation (19).

3.2. Case 2-Multiple Ocean Waves from SAR with Long Integration Times

In common, when long integration time SAR is used to observe the ocean with
multiple wave systems, only a wave system can be observed in the SAR images obtained by
traditional imaging methods. In order to verify the effectiveness of the proposed method
for estimating significant wave height of multiple ocean systems, the proposed method is



Appl. Sci. 2022, 12, 2341 10 of 19

applied to the L-band field data in this subsection. However, since there are no SAR data
of multiple wave systems, the SAR data of two wave systems is selected for experimental
verification. The experimental data comes from the sea trial experiment conducted by the
Aerospace Information Research Institute, Chinese Academy of Sciences covering South
China Sea. It was collected on 14 September 2014. The radar system parameters are shown
in Table 2.

Table 2. Radar system parameters.

Parametric Name Parametric Symbol Parametric Value

Radar wavelength (m) λ 0.23
Platform height (m) H 8100

Slant range of scene center (m) R0 13,000
Platform speed (m/s) V 117
Integration Times (s) T0 6

The SAR image obtained by the traditional imaging method is shown in Figure 6a,
while the image spectrum is shown in Figure 6b. As shown in Figure 6a, it can be found
that wave textures are very weak, and the corresponding wave spectrum characteristics
are also relatively weak, which brings difficulties to estimating significant wave height. In
addition, only a wave system can be observed in SAR images.

䄀稀椀洀甀琀栀

刀愀
渀最
攀

(a) (b)

Figure 6. SAR image with two wave systems acquired by traditional imaging method and corre-
sponding spectrum. (a) SAR image with two wave systems, but only a wave system can be observed.
(b) Spectrum corresponding to SAR image.

The azimuthal autocorrelation function obtained from the SAR image spectrum is
shown in Figure 7. Gaussian fitting is performed according to the Equation (1), and the
azimuth cutoff λc = 44.80 m is calculated, which will be used to estimate significant wave
height below.

The SAR SLC data is refocusing shown in Figure 6a. By traversing the focus setting
variation section ∆Vi ∈ [V − 50, V + 50], the curve of the normalized peak-to-background
ratio obtained changing with focus setting is shown in Figure 8.

As shown in Figure 8, the normalized peak-to-background ratio has two local max-
imum value, indicating that there are two wave systems on the the real ocean surface,
namely Num = 2 and ∆Vopt = [∆V1

opt, ∆V2
opt]. When ∆V1

opt = 20 m/s, the refocusing
quality of the first ocean waves is best. When ∆V2

opt = −30 m/s, the refocusing quality of
the second ocean waves is best.
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Figure 7. Azimuthal autocorrelation function and its Gaussian fitting results.

Figure 8. Normalized peak-to-background ratio curve with focus setting.

3.2.1. Experiment of Significant Wave Height Estimation of the First Ocean Waves

When ∆V1
opt = 20 m/s, the refocused SAR image of the first ocean waves is shown in

Figure 9a. The corresponding wave spectrum is shown in Figure 9b.
As shown in Figure 9a, it can be found that the contrast of ocean waves is greatly

improved. Meanwhile, the wave spectrum is clearer in Figure 9b, which is more conducive
to estimate significant wave height. Using the process shown in Figure 1, the wavelength
λ1

p = 78.87 m of ocean waves can be obtained. Due to ∆V1
opt > 0, the wave propagation

direction after 180◦ ambiguity removal is φ1 = 191.24◦. Finally, the significant wave height
SWH1 = 0.45 m is calculated by Equation (19).
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䄀稀椀洀甀琀栀

刀愀
渀最
攀

(a) (b)

Figure 9. Refocused SAR image of the first ocean waves and corresponding spectrum. (a) Refocused
SAR image with two wave systems. (b) Spectrum corresponding to refocused SAR image.

3.2.2. Experiment of Significant Wave Height Estimation of the Second Ocean Wave

When ∆V2
opt = −30 m/s, the refocused SAR image of the second ocean waves is

shown in Figure 10a. The corresponding wave spectrum is shown in Figure 10b.
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(a) (b)

Figure 10. Refocused SAR image of the second ocean waves and corresponding spectrum. (a) Refo-
cused SAR image with two wave systems. (b) Spectrum corresponding to refocused SAR image.

The completely invisible wave system in Figure 6a is shown in Figure 10a. As shown in
Figure 10b, the wave spectrum is very clear, which is more conducive to estimate significant
wave height. Using the process shown in Figure 1, the wavelength λ2

p = 61.46 m of ocean
waves can be obtained. Due to ∆V2

opt < 0, the wave propagation direction after 180◦

ambiguity removal is φ2 = 173.49◦. Finally, the significant wave height SWH2 = 0.40 m is
calculated by Equation (19).

4. Validation of the Experimental Results With ECMWF and Sensitivity Analysis
4.1. Validation of the Experimental Results With ECMWF

In order to verify the effectiveness of the proposed method, the experimental results of
the proposed method are compared with the European Centre for medium-Range Weather
Forecast (ECMWF) data. The spatial resolution of the ECMWF data is 0.5◦ × 0.5◦. The time
resolution is 1h. The comparison of SAR image significant wave height estimation results
and ECMWF data are shown in Table 3.
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Table 3. Comparison of SAR image significant wave height estimation results and ECMWF data.

Case
1-Invisible Waves Case 2-Two Wave Systems

SAR acquisition time (UTC) 2014.10.11 01:22 2014.9.14 01:29
SAR image central location (109.46◦E, 17.27◦N) (109.58◦E, 17.27◦N)

Corresponding time of ECMWF (UTC) 2014.10.11 01:00 2014.9.14 01:00
SWH from SAR image (m) 1.51 0.45 0.40

Corresponding SWH from ECMWF (m) 1.52 0.51 0.30

As is shown in Table 3, it could be found that significant wave heights are estimated
for the cases of invisible waves and two wave systems. The time separation between the
SAR acquisition time and the ECMWF time is within half an hour. The significant wave
heights are very close to that of ECMWF, which fully demonstrates the effectiveness of the
proposed method.

The space-time analysis is of great significance to verifying the accuracy of the pro-
posed method [29–31]. In order to further illustrate the effectiveness of the proposed
method, 10 sets of airborne SAR data with long integration times collected at different
times are processed, and the estimation results of significant wave height are compared
with the ECMWF data. The scatter plots of the significant wave height derived by the
proposed method and the ECMWF data are shown in Figure 11. Quantitative analysis
is performed by bias (BIAS), the root mean square error (RMSE), scatter index (SI) and
correlation coefficient (COR). The equations are as follows:

BIAS =
1
N

N

∑
j=1

(
xj − yj

)
(21)

RMSE =

√√√√ 1
N

N

∑
j=1

(
xj − yj

)2 (22)

SI =
1〈
xj
〉
√√√√ 1

N

N

∑
j=1

[(
yj −

〈
yj
〉)
−
(

xj −
〈

xj
〉)]2 × 100% (23)

COR =

N
∑

j=1

[(
xj −

〈
xj
〉)(

yj −
〈
yj
〉)]

√
N
∑

j=1

(
xj −

〈
xj
〉)2 N

∑
j=1

(
yj −

〈
yj
〉)2

(24)

among them, xj and yj represent the significant wave height in ECMWF data and that
obtained by the proposed method, respectively. N is the number of verification data, and
〈·〉 represents the average operator.

As shown in Figure 11, compared with the ECMWF data, the results of the significant
wave height obtained by the proposed method have a bias of 0.06 m, a root mean square
error of 0.2 m, a scatter index of 14.4%, and a correlation coefficient of 0.95. It can be found
that the results of the proposed method are in good agreement with the ECMWF data. In
addition, according to Figure 11, it can be seen that the estimation error of the significant
wave height is basically stable within 0.2m, and the maximum error is about 0.5 m.
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Figure 11. Scatter plots of the significant wave height derived by the proposed method and the
ECMWF data.

4.2. Sensitivity Analysis of Significant Wave Height Estimation

As shown in Equation (19), the error of significant wave height estimation comes from
the azimuth cutoff λc, wavelength λp of ocean waves and propagation direction φ of ocean
waves. Then, the sensitivity analysis of significant wave height estimation will be carried
out with the parameters referring to Section 3.1. The parameters are shown in Table 4. The
sensitivity of the estimating significant wave height SWH to the parameter Z is defined as

SZ =
∂(SWH)

∂Z
(25)

where Z ∈
[
λc, λp, φ

]
.

Table 4. The parameters using in sensitivity analysis.

Parametric Name Parametric Symbol Parametric Value

Azimuth cutoff (m) λc 90
Wavelength of ocean waves (m) λp 240

Propagation direction of ocean waves (◦) φ 300

4.2.1. Sensitivity Analysis of Significant Wave Height to Azimuth Cutoff

According to Equation (19), the significant wave height is proportional to the azimuth
cutoff λc. When the azimuth cutoff error increases, the estimation error of significant wave
height will also increase. In order to analyze the sensitivity of the significant wave height
to the azimuth cutoff λc, it is necessary to assume that the wavelength λp of ocean waves
and propagation direction φ of ocean waves remain unchangeable. Due to λp = 240 m, the
sensitivity is analyzed within λc ∈ [10 m, 200 m], and the sensitivity curve of significant
wave height to azimuth cutoff is shown in Figure 12.
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Figure 12. Sensitivity curve of significant wave height to azimuth cutoff.

As shown in 12, no matter how the azimuth cutoff changes, the sensitivity does not
change. In other words, the sensitivity of the significant wave height to the azimuth cutoff
is independent of the azimuth cutoff itself.

4.2.2. Sensitivity Analysis of Significant Wave Height to Wavelength of Ocean Waves

According to Equation (19), the significant wave height is proportional to the square
of wavelength λp of ocean waves. When the wavelength λp of ocean waves error increases,
the estimation error of significant wave height will also increase. In order to analyze the
sensitivity of the significant wave height to the wavelength λp of ocean waves, it is necessary
to assume that the azimuth cutoff λc and propagation direction φ of ocean waves keep
unchangeable. Due to λc = 90 m, the sensitivity is analyzed within λp ∈ [100 m, 400 m],
and the sensitivity curve of significant wave height to wavelength of ocean waves is shown
in Figure 13.

Figure 13. Sensitivity curve of significant wave height to wavelength of ocean waves.
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It can be seen from Figure 13 that with the increase of the wavelength of ocean waves,
the sensitivity of significant wave height estimation gradually decreases, which indicates
that with the increase of the wavelength of ocean waves, the influence of the wavelength of
ocean waves error on the significant wave height decreases.

4.2.3. Sensitivity Analysis of Significant Wave Height to Propagation Direction of
Ocean Waves

According to Equation (19), it is nonlinear between the significant wave height and the
propagation direction φ of ocean waves, and the estimation error of the significant wave
height is affected by the real propagation direction φ of ocean waves and the error values.
For a given propagation direction φ of ocean waves, the estimation error of significant wave
height changes nonlinearly with the increase of propagation direction error of ocean waves. In
order to analyze the sensitivity of the significant wave height to the propagation direction φ of
ocean waves, it is assumed that the azimuth cutoff λc and the wavelength λp of ocean waves
remain unchangeable. The sensitivity curve of the significant wave height to the propagation
direction φ of ocean waves within the range of φ ∈ [0◦, 360◦] is shown in Figure 14.

Figure 14. Sensitivity curve of significant wave height to propagation direction of ocean waves.

As shown in Figure 14, the sensitivity of the significant wave height to the propagation
direction of ocean waves is nonlinear. When the propagation direction of ocean waves is
φ = 64◦, 115◦, 244◦, 295◦, the propagation direction error of ocean waves has the greatest
impact on the result of significant wave height estimation. When the propagation direction
of ocean waves is φ = 0◦, 90◦, 180◦, 270◦, 360◦, the propagation direction error of ocean
waves has the least impact on the result of significant wave height estimation.

5. Conclusions

When long integration time SAR observes the ocean, the motion of ocean waves will
have a great impact on the imaging quality, resulting in waves blurred or even invisible in
SAR images. For low-frequency SAR (such as P-band, L-band) data with long integration
times, the following two problems are more prominent. (1) The ocean waves are usually
invisible in SAR images. It is impossible to estimate significant wave height by means of
the present methods. (2) In the case that there are multiple wave systems on the real ocean
surface, significant wave height of only one wave system can be estimated for the reason
that only a blurred wave system can be observed in SAR images.

In order to solve the above two problems, a method of estimating significant wave
height from SAR with long integration times is proposed in this paper. Firstly, the azimuth
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cutoff is calculated from SLC data. Then, each ocean wave system is refocused based on
the optimum focus setting, respectively. Next, the wavelength and propagation direction
of each wave system are calculated from the refocused images. At the same time, the 180◦

ambiguity of wave propagation direction is removed without any additional processing.
Finally, significant wave height is estimated. The proposed method has been verified by
two airborne SAR data with long integration times. One is a case of invisible ocean waves.
The other is a case of two ocean wave systems. Compared with the ECMWF data, the
results show that the significant wave heights are very close to that of ECMWF, and the
error is basically stable at 0.2 m, which sufficiently demonstrate the effectiveness of the
proposed method.

Further, the sensitivity of the significant wave height to the azimuth cutoff, the wave-
length of ocean waves and propagation direction of ocean waves is analyzed. The results
show that the sensitivity of the significant wave height to the azimuth cutoff is indepen-
dent of the azimuth cutoff itself. With the increase of the wavelength of ocean waves,
the influence of the wavelength error of ocean waves on the significant wave height is
reduced. The sensitivity of the significant wave height to the propagation direction of
ocean waves is nonlinear. Moreover, comparing Figures 12–14, it could be found that the
wavelength error of ocean waves has the least influence on the estimation result of the
significant wave height, the error of azimuth cutoff has the most obvious influence on
the estimation result of the significant wave height, and the influence of the propagation
direction error on the estimation result of the significant wave height depends on the actual
propagation direction.

When the wave texture is invisible in SAR images with the long integration times,
the present methods cannot estimate the significant wave height. The proposed method
can overcome the limitation of the present methods. Compared with the present methods,
some steps such as ocean refocusing in Section 2.3 are added. Therefore, the proposed
method increases the cost of computation compared with the present methods. However,
the proposed method does not increase the time complexity compared with the present
methods. For the SLC data of Pazi × Prg (point number in azimuth×point number in range),
the time complexity is O[Pazi × Prg × lg(Pazi × Prg)].

The proposed method is suitable for the significant wave height estimation of ocean
waves when the waves are invisible in SAR images with long integration times. When
the proposed method is applied to estimating significant wave height from SAR with long
integration times, it needs to be satisfied that a sub-block data can be chosen in accordance
with Section 2.1. In addition, the proposed method can be well applied to other SAR
with long integration times, such as spotlight SAR, circular SAR and geosynchronous SAR
under development.
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