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Abstract: Sentinel-1 synthetic aperture radar (SAR) is one of the most advanced open-access satellite
systems available, benefitting from its capability for earth observation under all-weather conditions.
In this study, more than 280 Sentinel-1 SAR images are used to derive significant wave heights (Hs)
of the sea surface using a polarization-enhanced methodology. Two study areas are selected: one is
located near Hawai’i in a deep water region, and the other is in transitional water off the U.S. west
coast, where the U.S. National Oceanic and Atmospheric Administration (NOAA) buoy data are
available for validations. The enhanced Hs retrieval methodology utilizes dual-polarization SAR
image data with strong non-Bragg radar backscattering, resulting in a better estimate of the cut-off
wavelength than from those using single-polarization SAR data. The new method to derive Hs is
applied to SAR images from 2017 taken from both deep water (near Hawai’i) and coastal water
locations (off the U.S. West coast). The assessments of the retrieved Hs from SAR images suggest that
the dual-polarization methodology can reduce the estimated Hs RMSE by 24.6% as compared to a
single-polarization approach. Long-term reliability of the SAR image-derived Hs products based on
the new methodology is also consolidated by large amount of in-situ buoy observations for both the
coastal and deep waters.

Keywords: Sentinel-1 SAR; dual-polarization; significant wave height; azimuth cut-off wavelength

1. Introduction

Synthetic aperture radar (SAR) systems are capable of observing ocean surface in high
spatial resolution under all weather conditions. Over the past 40 years, the potential of
using digitally processed SAR images of ocean surfaces has been quantitatively proven
to be able to detect multiple wave parameters such as ocean wave direction, wavelength,
and wave height [1,2]. Since the launch of Seasat in 1978, Almaz-1 in 1991, and ERS-1
in 1991, a large number of surface imprints of small-, meso-, and sub-synoptic-scales of
oceanic and atmospheric phenomena have been investigated using SAR images to explore
atmospheric and oceanic dynamics [3–8]. Current SAR systems are widely utilized and
offer many resolution scales. The C-Band (5.405 GHz) Sentinel-1 SAR is one of the most
used systems that generate reliable, open-access, and continuous observations of the ocean
surfaces [9,10].

The detection of ocean surface waves by spaceborne SAR is made possible through
the mechanisms of (1) the lifting and tilting of Bragg waves by long gravity waves, which
can be modulated by the local geometry and slope of the sea surface along the long waves
(tilt modulation), (2) the backscatter intensity variation due to the modulation of short
gravity waves by longer waves (hydrodynamic modulation/straining), which changes the
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local roughness, and (3) an azimuthal displacement of the scattering elements in the SAR
image caused by the Doppler shift of the return signal, associated with the wave’s orbital
velocity (velocity bunching) [3,11]. The existence of ships, oil spills, or rain patches can
introduce higher complexity to these mechanisms. When swell-dominated ocean waves
are moving approximately in the range direction, the tilt modulation plays an important
role in SAR imaging [1,3,12]. As the ocean surface wave propagation deflects from the
range direction, the velocity bunching would be a primary modulation in SAR imaging of
ocean surface wave [4].

Retrieval algorithms of ocean wave height have been investigated over recent decades,
which developed theoretical-based algorithms such as the Max Planck Institute Algorithm
(MPI) [13,14], the numerical wave model (WAM; WAMDI group) [15], the semi-parametric
algorithm (SPRA) [16], the parameterized first-guess spectrum method (PFSM) [17,18],
the partition rescaling and shift algorithm (PARSA) [18], as well as recent fully empirical
algorithms for C-band sensors such as CWAVE_ERS for ERS-2 SAR [19], CWAVE_ENVI
for Envisat ASAR [20], and CWAVE_S1A for Sentinel-1 SAR [21] which operate without
calculating the ocean wave spectrum. In recent methodologies, different strategies are
employed to retrieve the significant wave height by using the azimuth cut-off wavelength
derived from SAR images. The relative motions between satellite and ocean surface
scatterers introduce additional Doppler frequency shifts and reduce its nominal azimuthal
resolution by a strong cut-off in the SAR spectra [19,22]. However, the azimuth cut-off
wavelength (λco) may also provide additional information about sea state information such
as significant wave height (Hs), based on the fact that λco is proportional to the second
moment of a wave height spectrum, wind speed [8,11], and wave orbital velocity [23].
Geophysical models are developed to explain the relation between λco and Hs, as well as
wind speed (U10) at 10 m above sea level [7]. It has been suggested that λco is correlated
with Hs in all sea state conditions, while the correlation with U10 is high only for fully
developed sea states [23]. The empirical methodology of estimating Hs from λco for coastal
waters was introduced using ERS-1 SAR images [5]. Based on the SAR-derived λco and
an empirical relationship between mean and peak periods of ocean waves, a new semi-
empirical approach was developed to estimate the significant wave height from Envisat
ASAR data based on the theoretical SAR ocean wave imaging mechanism and the empirical
relation between two types of wave periods [24,25]. This semi-empirical algorithm has
been proven to be robust and flexible, and there have been a number of studies examining
the possibilities of estimating Hs from λco by using C-band satellite systems such as ERS-1
SAR [26], Radarsat-2 [27], Envisat ASAR [28,29], Sentinel-1 SAR [8,21,28], and Gaofen-3
SAR [18,30–32].

In this paper, we develop a new strategy to estimate the significant wave height, which
can enhance the estimation accuracies of the cut-off wavelength and Hs. Our strategy
utilizes dual-polarization SAR images and strengthens the observation capability of the
SAR platform for estimating ocean surface wave parameters. The methodology is validated
by comparing the derived Hs with in-situ buoy measurement data. We then analyzed the
seasonal variation of Hs based on satellite SAR derivations in certain areas. The remainder
of the paper is organized as follows. Section 2 presents the methodology and data used
in the study. Section 3 describes the dual-polarization strategy to derive the dominant
wavelength and the cut-off wavelength. Section 4 gives the results and the methodology
validation and followed by the discussion in Section 5 and the conclusion in Section 6.

2. Methodology and Data
2.1. Methodology

The general Sentinel-1 SAR imaging geometry can be seen in [33]. In the range
direction, the wave imaging process for SAR is the same as that for any real aperture radar
(RAR) [2], with an additional range-compression technique based on the Doppler shift
that has been used to achieve the high spatial resolution [34]. However, in the azimuthal
direction, the SAR observation of the Doppler frequency shift is sensitive to the relative
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velocity between the radar and the target. More prolonged wave orbital motion has a large
component in the azimuthal direction; therefore, it is capable of causing image degradation
in the azimuthal direction. This may affect the short wave in the azimuthal direction
imaged using SAR. Therefore, a cut-off wavelength is introduced. The cut-off wavelength
is linked to the wave’s orbital velocity, and the wave height can be retrieved based on the
cut-off wavelength. The mean-square orbital velocity in the range direction, ρvv can be
expressed as,

ρvv =
∫ ∞

0

∫ 2π

0
bTv

k c
2S(ω)D(ω, ϕ)dϕdω, (1)

where D(ω, ϕ) is the normalized directional distribution function, with
∫ 2π

0 D(ω, ϕ)dϕ = 1,
where ϕ is the azimuthal angle, S(ω) is the wave height spectrum, ω is the angular fre-
quency. The range velocity transfer function, Tv

k , is given by [13],

Tv
k = −ω(sinϕksinθ + icosθ), (2)

where θ is the SAR microwave incidence angle. If the directional distribution of waves is
narrow and concentrated in a certain direction, substitution of Equation (2) into Equation (1)
yields,

ρvv =
∫ ∞

0
G(ω)ω2S(ω)dω, (3)

and
G(ω) = 1− 0.5sin2θ[1 + a2(ω)], (4)

where a2(ω) = r2(ω)cos(2Ψ), and Ψ is the azimuthal angle of dominant waves determined
from the wavenumber spectrum (Ψ = 0◦ for azimuth propagating waves and Ψ = 90◦ for
range propagating waves). The r2(ω) can be considered nearly constant over the dominant
part of wave spectrum, so G(ω) is independent of ω, given by,

G = 1− 0.5sin2θ[1 + r2cos(2Ψ)], (5)

with r2 = π
B /sinh

(
π
B
)

and B = 2.44. Therefore, Equation (3) becomes,

ρvv = G
∫ ∞

0
ω2S(ω)dω. (6)

The azimuthal cut-off wavelength, λco is related to the mean-square orbital velocity in
the range direction, ρvv by,

λco = πβ
√

ρvv, (7)

where β is the ratio of slant range (R) to velocity (V) of the SAR platform. The azimuthal
cut-off wavelength can be derived as,

λco = πβ

√
G
∫ ∞

0
ω2S(ω)dω. (8)

G is incorporated into Equation (8), compared with the study of Stopa and Mouche [21],
reflecting the incidence angle change in a SAR image scene. The significant wave height
(Hs) and the mean period of ocean wave (T0) are defined as,

Hs = 4
√∫ ∞

0
S(ω)dω, (9)

and

T0 = 2π

√√√√ ∫ ∞
0 S(ω)dω∫ ∞

0 ω2S(ω)dω
. (10)
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Combining Equations (8)–(10), we obtain the relationship among λco, Hs, and T0:

Hs =
2λcoT0

π2β
√

G
. (11)

There is an empirical relation between mean wave period and peak wave period Tp
as [25],

Tp =

(
5π

4

)1/4
T0. (12)

Using the dispersion relation of dominant wavelength, λp and Tp for finite water
depth [35] are linked by,

Tp
2 =

(
2πλp

g

)
/tanh

(
2πd
λp

)
, (13)

where d is the water depth. Therefore, Hs is derived as,

Hs =
0.3608

β
√

g
√

tanh(2πd/λp)
√

G
λco

√
λp. (14)

Next, let C = 1/
√

G, so that,

C =
1√

1− 0.5sin2θ
[
1 + (2π/2B)

sinh(2π/2B) cos(2ψ)
] . (15)

Then, Equation (14) can be changed as,

Hs = C
0.3608

β
√

g
√

tanh(2πd/λp)
λco

√
λp. (16)

Equation (16) indicates that if we determine the cut-off wavelength and dominant
wavelength from SAR images, the significant wave height can be estimated.

2.2. SAR Dataset and Study Area

This study employs Level-1 Ground Range Detected (GRD) C-Band Sentinel-1A and
1B SAR satellite images, covering the entire year of 2017. The SAR data are publicly
accessible and are available at approximately weekly intervals. Sentinel-1A was launched
in April 2014 and followed by Sentinel-1B in April 2016, with a 6-day combined revisit
period. We used the double (VV + VH) polarized mode in the Level-1 Ground Range
detected interferometric wide (IW) mode, with 10 m high-resolution pixel size of multi-
look IW mode images. An improved Lee filter of 7 × 7 pixels window size is applied to
reduce the speckle noise [36]. The dataset contains three layers of channels, the VV, VH,
and incidence angle.

The study areas are located in the waters near Hawai’i for the deep-water scenario and
the Channel Islands of the West Coast of the USA for the coastal water scenario. These areas
include the U.S. National Data Buoy Center (NDBC) buoy stations of 51000, 51002, 51003,
51004 in the deep-water region, and 46262, 46251, 46219, 46218, 46069, 46054, 46053, and
46025 in the coastal water region. There are 282 SAR imagery scenes available during
2017. Figure 1 shows the regions of interest and Table 1 lists details of the datasets. In-situ
measurements of Hs, wind speed at 10 m height above the sea surface (U10), and mean wave
direction are collected from the NDBC buoys located inside the boundary of the chosen
SAR image scenes. These measurements are used to validate the Hs estimation results from
SAR observations. The two closest hourly NDBC buoy data to the SAR acquisition time are
selected and averaged as ground truths, and if the SAR acquisition time is within 15 min to
either of the two closest hourly NDBC data, the closest measurement is chosen. Surface
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waves are classified into swells and fetch-limited waves based on the difference between
the wind direction and the buoy-measured mean wave direction.
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Figure 1. Regions of interest with Sentinel-1 synthetic aperture radar (SAR) image footprints overlaid
as colored boxes in the waters near Hawai’i (a) and near the Channel Islands on the West Coast of the
USA (b).

We assume that if the wind and wave direction difference is higher than 45◦, the waves
are classified as swells, while the others are defined as the fetch-limited or wind-generated
waves. The U10 is also divided into three categories, ≤4 ms−1, 4–10 ms−1, and >10 ms−1 to
represent the low, medium and high wind speed environments.
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Table 1. NDBC buoy location, water depth, wave type, and wind speed at 10 m height above the sea surface (U10), as well
as the total number of SAR images used.

Station ID Location Water Depth
Wave Type U10 (m s−1)

Wind Swell ≤10 >10

51000 23◦32′17′ ′N
153◦48′29′ ′W 4845 17 15 38 3

51002 24◦25′0′ ′N
162◦6′0′ ′W 4865 29 17 47 1

51003 19◦17′20′ ′N
160◦34′10′ ′W 4920 20 25 44 4

46069 33◦40′28′ ′N
120◦12′42′ ′W 986 15 3 16 6

46054 34◦15′53′ ′N
120◦28′37′ ′W 469.4 15 2 12 10

46053 34◦15′9′ ′N
119◦51′12′ ′W 426.7 13 2 17 1

46025 33◦45′38′ ′N
119◦2′56′ ′W 888 5 20 25 0

46262 33◦42′14′ ′N
119◦0′14′ ′W 905 6 6

46251 33◦45′38′ ′N
119◦33′34′ ′W 1920 22 22

46219 33◦13′29′ ′N
119◦52′54′ ′W 274.3 36 36

46218 34◦27′16′ ′N
120◦46′59′ ′W 548.6 20 20

Total 282

2.3. Data Pre-Processing

Using the SAR imagery to derive the wave parameters via a two-dimensional wave
spectrum requires visible and clear wave patterns [19]. Thus, in our study, we use SAR
image scenes with visible ocean wave streaks to eliminate the contamination effects of
current shears, oil slicks, ships, or islands, leaving only the wave modulation. In addition,
high homogeneity SAR images allow better interpretation of the ocean surface signatures.
Here, a homogeneity parameter, defined as the normalized mean intensity variance (cvar)
is given in [21,37] as,

cvar = var(
I − 〈I〉
〈I〉 ), (17)

where 〈I〉 is the mean intensity of a scene subset data. In general, scenes with weak ocean
wave modulations or dominated by speckle noise will exhibit a normalized mean intensity
variance that is closer to unity. The homogeneity of the processed images is maintained by
limiting the normalized variance of the VV polarization to the range of 1.1 ≤ cvar ≤ 1.9.

3. Dual-Polarization Enhancement of Wave Spectrum Estimates
3.1. Dual-Polarization Enhancement Processing

The ocean surface radar backscattering consists of two different components, Bragg
resonance and non-Bragg resonance scattering [38,39]. For the VV polarization, the Bragg
resonant scattering is stronger than the non-Bragg scattering which is basically induced by
volume scattering of the wind-induced breaking on the wave crests [40]. Previous studies
show that the co-polarization Normalized Radar Cross Section (NRCS) depends on radar
incidence angle and wind direction, while the cross-polarization is nearly independent of
these parameters but has a linear relationship with ocean surface wind speed [41–43].

Under high-wind conditions, Bragg scattering is no longer the only scattering mech-
anism; imaged features associated with breaking waves such as foam and white caps
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become more predominant and need to be addressed [44–46]. Over rain-free areas, the VH
polarization sensitivity at high winds is more than 3.5 times larger than in VV, when the
wave breaking effect plays a vital role in the cross-polarized scattering.

As the wind speed increases in a high sea state, the non-Bragg scattering is enhanced
substantially. This phenomenon implies that the wave streaks in a cross-polarized image
can be enhanced. In the cross-polarized image, the wave streaks, generally, are weaker
than those in the co-polarized image, and orbital velocity-induced displacements in the
azimuthal direction can also appear in the cross-polarized SAR image. Thus, it is plausible
that the composition of the co-polarized and cross-polarized images may reveal stronger
signals of the cut-off wavelength than the co-polarized image alone. Based on this, we de-
velop a strategy to derive the dominant wavelength and cut-off wavelength by using the
SAR image of composite polarizations (or dual polarization).

It is expected that the combination of the spectra of the VV and VH polarization SAR
images enhances cut-off wavelength from the SAR image spectrum. Thus, we define a dual
spectrum (DuSP) of VV and VH polarization NRCS as,

DuSP = Sp(σVV
0 ) + rBSP

(
σVH

0

)
(18)

where SP represents the spectrum function, and the rB is the ratio of mean VV polarization
NRCS to the mean VH polarization NRCS, expressed as,

rB =
σVV

0

σVH
0

, (19)

where the overbar denotes the mean calculation. In this study, the value of rB is calculated
by Equation (19), and it is close to 7.3 which is used in Zhang et al.’s estimation [40] with
much larger datasets.

3.2. Peak of Dominant Wavelength and Azimuth Cut-off Wavelength

The peak of the dominant wavelength (λp) and the azimuth cut-off wavelength (λco)
are obtained from the 2D wave spectrum of the backscattering composite of the two
polarizations. The 10 km × 10 km subset size is chosen to minimize the need of using
a directional function, by assuming that the wave angular frequency and propagation
direction is constant on the entire subset, and reduces the probability of multi-wave
occurrence in wind-sea dominant environment. A median filter of 5 × 5 pixels is applied
to SAR VV and VH polarization images. This simple filtering can effectively suppress SAR
NRCS noise from Rayleigh scattering that contribute less than 50 m [12]. We found that
this step is important to improve the estimation of the dominant wavelength from SAR
NRCS with multi-waves observed and the wave propagation direction unchanged.

The wave spectra are estimated by applying a 2-dimensional discrete Fast Fourier
Transform (2D-DFFT) to the SAR NRCS as follows,

F(kx, ky) = ∑M−1
m=0 ∑N−1

n=0 f (m + 1, n + 1)e−j2π[ m
M (k−1)+ n

N (l−1)], (20)

where M and N are the numbers of SAR NRCS in the x and y directions in both spatial and
wavenumber domains, respectively; k = (0, 1, 2, . . . , M−1) and l = (0, 1, 2, . . . , N−1). The
wavenumber in the x direction (kx) is 2πk/X and the wavenumber in the y direction (ky)
is 2πl/Y, in which, X is the spatial scale of the SAR image in the x direction and Y is the
spatial scale in the y direction.

The dominant wavelengths (λp) are estimated by using the 2D wavenumber spectrum
of the SAR image of the NRCS. This can be done quickly for a single spectrum peak, though
for multiple peaks in a wave spectrum, a careful selection of the highest and strongest peak
is necessary to determine the dominant wavelength, which is longer than λco since SAR
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is not able to detect waves with shorter wavelengths than λco. The dominant wavelength
peak is calculated by,

λp = 2π/
√
(kx)2 + (ky)2 (21)

Figure 2 shows two VV (a, b) and two VH-polarized (c, d) SAR NRCS and their 2-D
wavenumber spectra; one pair of VV and VH images are co-located with NDBC 51000 and
the other with NDBC 46054. Each of the images represents a 10 km2 subset. This data can
reveal surface wave patterns, although the wave streaks in VH-polarized images (c, d) are
a little weak. These wave patterns are also shown in the 2-D wavenumber spectra (e, f, g,
h). Based on the 2-D spectra, the composite spectra are derived from Equation (20).
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The spectrum averages over the x-axis (in the range direction) are obtained, as shown
in Figure 3 for the VV and VH compositions (c, d), as well as for the VV polarizations
(a, b). Based on the polarization-enhanced wave spectra, the dominant wavelength can
be characterized by a substantial peak located between 0.06 to 0.015 radm−1 in both the
range and azimuth directions, respectively. This spectral peak is identified to determine a
reasonable wavelength. However, in coastal cases, we often found high λp on low wave
height environments in coastal areas, so in those cases, the secondary peak is selected as an
appropriate λp that is less than 0.02 rad m−1.
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The azimuthal cut-off wavelength (λco) is the shortest wave that can be detected in
the SAR image. It has been found to be highly correlated to Hs studies because of its
sensitivity to long waves [47]. The theoretical basis for the azimuth cut-off method is
related to the influence of the orbital motion of the surface waves due to the velocity
bunching mechanism. As Hs grows higher, additional Doppler shifts distort the phase of
the backscattered signal that is used to synthesize the azimuth resolution, resulting in a
“low-pass filtered” SAR image in the azimuth direction [48]. λco is computed by fitting
a Gaussian function to the azimuthal autocorrelation function (ACF) of the composite
wave spectra derived based on Equation (20). ACF is obtained by the inverse fast Fourier
transform (IFFT) of the azimuthal section of power spectral density (PSD) [22,49], given by,

ACF = IFFT
(

DuSP
)
, (22)

where the overbar over DuSP represents the spectrum average over the range direction.
A median filter with 5 × 5 size window is then applied to the resulting ACF to remove
speckle noise [12,27,50]. The Gaussian function fit is written as,

C(x) ∼ e−
x2

2σ2 , (23)

where σ is the standard deviation of the Gaussian function, and the cut-off wavelength is
derived as,

λco =
√

2πσ. (24)
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Figure 3e,f shows the ACF estimation for the two cases. The standard deviations of
the Gaussian function are derived by fitting Equation (23) to the ACF curves and then
the cut-off wavelengths are calculated with Equation (24). The result of these cases is
shown in Table 2, where the use of VV + VH improves the Hs estimation based on the
dual-polarization wave spectrum. For comparison, the cut-off wavelengths are also derived
from the VV polarization NCRS data and shown in Figure 4.

Table 2. Comparison of results between SAR images and NDBC buoy data based on the cases of Figure 2 (∆Hs = Est. Hs− Buoy
Hs).

Buoy ID Pol. Date/Time (UTC) U10 (ms−1) Buoy Hs (m) λp (m) λco (m) Ψ (◦) Est. Hs (m) |∆Hs| (m)

51000 VV 27 March 2017 16:23 6.6 3.72 382.9 105.75 68.7 3.48 0.24
51000 VV + VH 27 March 2017 16:23 6.6 3.72 382.9 109.50 68.7 3.61 0.11
46054 VV 26 April 2017 14:00 12.7 2.38 190.1 116.99 59.7 2.72 0.34
46054 VV + VH 26 April 2017 14:00 12.7 2.38 159.5 120.96 67.5 2.61 0.23
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Generally, the cut-off wavelengths derived from the VV NRCS data are higher than
those from the composite VV and VH NRCS data. Figure 4a shows the cut-off wavelengths
from dual-polarization data (λco_VV+VH) versus those from the single-polarization data
(λco_ VV). It is seen that for lower Hs, there is less difference between λco_ VV+VH and λco_ VV
than for higher Hs.

Figure 5 shows the distribution of the estimated dominant wavelength and azimuth
cut-off wavelength from the dual-polarization SAR spectra. The distribution of the dom-
inant wavelength between different water depths is found to be similar, while in both
areas, most of the wavelengths are around 100–175 m. The shortest wavelength that can be
detected was approximately 100 m. In less than five SAR images of the deep-water regions,
wavelengths below 100 m can be retrieved
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4. Results and Analysis

Using the derived dominant wavelength (λp) and the cut-off wavelength (λco), the
significant wave height (Hs) was calculated using Equations (15) and (16). The buoy data
were used to validate the SAR data-derived Hs accuracy. Three statistical parameters were
used to quantify the validation results, namely, the mean average error (MAE), the standard
deviation of the error (SDE), the root mean square error (RMSE), and the coefficient of
determination (r2) given by,

MAE =
1
N ∑N

i=1|yi − ŷi|, (25)

SDE =

√
∑N

i=1(|yi − ŷi| −MAE)2

N − 1
, (26)

RMSE =

√
1
N ∑N

i=1(yi − ŷi)
2, (27)

r2 = 1− ∑N
i=1(yi − ŷi)

2

∑N
i=1 (yi − y)2 , (28)

where N is the number of data, ŷi is in-situ measured parameter, yi is the estimated
parameter, and y = (∑N

i=1 yi)/N.
The accuracy evaluation results of the derived Hs based on the SAR data are listed in

Table 3. It shows that for all SAR images, the Hs estimation accuracy increased by using
the dual-polarization strategy with the MAE, SDE, and RMSE as 0.41, 0.31, and 0.52 m,
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respectively versus those of 0.56, 0.44, and 0.69 m by using the single VV polarization
data. The r2 value reaches 0.73 for the composite methodology versus 0.55 for the single
polarization method, and for the MAE and RMSE, the Hs estimation relative error was
reduced by ~10% and ~24% respectively. Table 3 reveals that relatively higher error values
were found when U10 was lower than 4 ms−1, while lower errors were found in U10 higher
than 4 ms−1. Figure 6 shows comparisons of the Hs estimation using both coastal (a, b) and
deep-water SAR images (c, d) with the NDBC buoy measured Hs.

Table 3. Comparison of results between SAR images and National Data Buoy Center (NDBC) buoy data.

Polarization Attribute MAE (m) SDE (m) RMSE (m) r2 N (Image No.)

VV

U10 < 4 ms−1 0.74 0.56 0.70 0.38 136
U10 > 10 ms−1 0.69 0.44 0.72 0.39 28

Coastal 0.65 0.45 0.75 0.54 159
Deep-water 0.45 0.39 0.59 0.49 123

Total 0.56 0.44 0.69 0.55 282

VV + VH

U10 < 4 ms−1 0.50 0.36 0.65 0.59 136
U10 > 10 ms−1 0.46 0.29 0.55 0.67 28

Coastal 0.49 0.32 0.56 0.76 159
Deep-water 0.33 0.26 0.43 0.65 123

Total 0.41 0.31 0.52 0.73 282Remote Sens. 2021, 13, x FOR PEER REVIEW 13 of 18 
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The dual-polarization strategy (b, d) exhibits better results than the single-polarization
method both in the deep and coastal waters. As seen in Figure 6, the dual-polarization
method, the Hs estimation accuracy increases for both low wind and high wind speeds and
in both coastal and deep waters. Therefore, it is evident that the dual-polarization strategy
can improve Hs estimation.

In addition, the deep-water dataset generally displayed better Hs estimation than that
in the coastal water with higher r2 and lower MAE and RMSE. In general, the coastal SAR
data resulted in higher errors of the Hs estimate when compared with the deep-water result,
as shown by the MAE value. This is also supported by the comparison in the r2 value. In
addition, the linear trend indicated an overestimation of the significant wave height in the
coastal region for an Hs less than 2 m. Figure 7 shows the error distribution by comparing
the SAR image-estimated Hs and data from NDBC buoys, and it also indicates that the
estimation in coastal waters had larger errors than in deep water due to the overestimation.
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5. Discussion

Our study shows that the lowest cut-off wavelength is approximately 90 m, similar
to what was determined from previous studies [12,22]. The cut-off wavelength exists due
to the complex velocity bunching of ocean waves and the high R/V ratio, resulting in
the inability of a SAR sensor with multi-look capability to capture short waves in the
azimuthal direction (velocity bunching). A system such as Real Aperture Radar, Airborne
SAR or a satellite with a lower ratio of R/V would have a higher probability to image short
ocean waves.

The significant wave heights derived from Sentinel-1 SAR images for 2017 in deep
and coastal water are shown in Figure 8, together with buoy-measured Hs. Hs from the
buoys of NDBC 51000 and NDBC 46054 co-located with the SAR images are also displayed
to represent waves in the deep and coastal waters of the Pacific Ocean. The Pacific Ocean
displays a wave climate of equatorial and near-equatorial storm systems. In addition, the
tropics and subtropics have relatively mild easterly trade winds, with appreciable wave
activities concentrated in the central North Pacific affecting both the Hawai’i region and the
West Coast of the U.S. [51–54]. There were two to four SAR images per month at each buoy
location, while the buoy observed Hs data are hourly. Figure 8 shows that both estimates
of Hs are consistent with each other, except that the SAR data-derived Hs does not exhibit
high frequency variability due to a lower temporal resolution. Long-term consistency
between the SAR image-derived Hs products based on the new methodology and in-situ
buoy observations both for the coastal and deep waters are consolidated in the comparison.
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Previous investigations and this study demonstrated the capability of SAR sensors to
observe ocean waves. For the remote sensing of ocean waves, satellite altimeters can also
measure significant wave height with better sampling and accuracy along their ground
tracks than the SARs. Altimeter Hs data have been available continuously since the early
1990’s with ~10% accuracy and widely used in global wave climate studies [55].

The altimeter Hs data have a spatial resolution of 2~10 km along satellite ground
tracks, but in the cross-track direction, the Hs spatial resolution depends on the distance
(about 100 km) between the neighbor ground tracks since the conventional altimeter does
not image the ground surface. Compared with the satellite altimeter observations, the
SAR imagery can provide Hs data with two important benefits over the altimeter, namely
high spatial resolution in 2D directions concurrently with wave spectrum information, and
retrieval of the wave information at high resolution close to coasts. Therefore, the SAR and
altimeter Hs data can be used for different aspects, respectively. For ocean wave climate
study on the basin scale, the altimeter can provide vast coverage of continuous Hs data,
while SAR observations present wave fields with a high spatial resolution as fine as tens of
meters, which is of great important to capture fine structures of wave fields especially in the
coastal waters. It is believed that Hs observations from both satellite SARs and altimeters
can enrich monitoring, prediction, and studies of ocean waves.
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The results presented in Section 3 have demonstrated that there is a high probability
of determining wavelength information from a two-dimensional wave spectrum. However,
noise in SAR images may limit the accuracy of the retrieved dominant wavelength. The lim-
itations of SAR images in detecting the ocean waves are due to noise-blurred surface wave
streaks as well as by calm water surface in which the wave patterns are weak. Our results of
significant wave height estimation show the applicability of a dual-polarization-enhanced
methodology, which can be effective in both in coastal and deep waters, in both swell
and wind wave dominant environment. Moreover, the utilization of a dual-polarization
method can help to improve estimation accuracy of wave parameters under contrasting
wind conditions, as shown in Table 2. However, several issues still need to be explored,
such as the slight underestimation of deep-water Hs, and an improved understanding of
the detailed physical processes of how the combination of co- and cross-polarizations of
SAR images can filter out noises. Our future studies will incorporate more information
by utilizing full-polarimetric SAR datasets in non-linear and multi-wave environments
and conduct a detailed analysis of the Hs retrieval accuracy under different environmental
conditions over a longer period.

6. Conclusions

In this study, an enhanced methodology using the dual-polarization (VV and VH) SAR
images to estimate the significant wave height (Hs) was developed for deep and coastal
water regions. Sentinel-1A and 1B SAR images at two test sites are employed to derive Hs
from data taken from 2017. Hs measured from co-located NOAA buoys are also utilized
to assess the results from satellite SAR data. For the two study sites, one is in the Hawai’i
region for a deep-water scenario, and the other is around the Channel Islands on the West
Coast of the USA for a coastal water scenario.

The study reveals that the utilization of dual-polarization SAR images enhances the
estimate of the cut-off wavelength. For comparison, a VV polarization SAR image is
also used to obtain the significant wave height. The validation results reveal that the
MAE and RMSE of Hs is reduced by 26.7% and 24.6% respectively, with the SAR dual-
polarization methodology as compared to that from the single-polarization SAR images,
and r2 increases for the enhanced dual-polarization methodology in both deep and coastal
waters. Long term comparison between satellite SAR derived Hs and the buoy data exhibits
the robustness of the methodology.

In our study, the lowest possible estimated cut-off wavelength found was ~90 m, and
the dominant wavelength is in the range of 105–175 m. This result suggests that waves with
a wavelength shorter than 90 m might not be detectable for the SAR images in the azimuth
direction. We reveal here that the composition of dual-polarization SAR images is better
than a single polarization strategy, though the mechanism of the non-Bragg scattering
that enhances the cut-off wavelength estimate and the role of non-Bragg scattering such
as wave breaking in detecting the dominant waves in high sea states still need further
explorations. Future studies will design new methodologies to correct the velocity bunching
effects in order to discern short ocean surface waves and incorporate satellite altimetry
systems such as Jason-3, Sentinel-3, and the upcoming Sentinel-6 missions, and wave data
from operational hindcast models such as Wavewatch III and the Global Ocean Waves
Analysis and Forecast datasets from the Copernicus Marine Environment Monitoring
Service (CMEMS).
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