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Abstract The purpose of this study was to investigate the characteristics of sea surface waves as they pass through oil slicks. The
parameterized first-guess spectrum method (PFSM) theory-based wave retrieval algorithm was applied to 20 images of horizon-
tal-horizontal (HH) polarization obtained using the phased-array L-band synthetic aperture radar (SAR) (PALSAR) on the Advanced
Land Observing Satellite (ALOS-1). The images were collocated with simulations from the WAVEWATCH-III (WW?3) model in a 0.1°
grid using the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA-5) winds data as the forcing field.
The validation of the model-simulated significant wave height (SWH) against the measurements from the Jason-2 altimeter produced
a 0.66 m root mean square error (RMSE) for the SWH, with a coefficient (COR) 0.74. In this sense, the WW3-simulated waves were
reliable for our work. A comparison between the SAR retrieval results and the WW3 simulations was performed using the dataset for
the regions without oil slicks, which produced a 0.34 m RMSE for the SWH, with a COR of 0.79, which is less than a the RMSE of
0.52m and the COR of 0.70 for the regions with oil slicks. Moreover, it was found that the SAR-derived SWHs were significantly
underestimated by about 0.2 m in the areas with oil slicks. This difference is probably due to the underestimation of the SAR-derived
wind speeds at moderate wind speeds (i.e., at wind speeds of greater than 5ms ). An additional analysis compared the SAR-derived
wave spectra with those from the WW3 model as waves passed through the oil slicks. The interesting finding is that the wave energy
at short wave lengths (about 30m) is reduced by the oil slicks, causing the movement of the dominant wave spectrum to shift to

longer wave lengths (about 80 m).
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1 Introduction

Waves play an important role in atmospheric-marine in-
teractions. They affect economic activities in near-shore wa-
ters, especially during tropical cyclones (Hu et al., 2020a).
Strong waves are a danger to tankers and oil platforms and
can result in accidental spills (Yang et al., 2021). With the
development of remote-sensing techniques, spilled oil can
be easily detected by optical and microwave satellites (Es-
aias et al., 1998). However, oil slicks have a great influ-
ence not only on the marine ecological environment but
also on sea surface dynamics. An accurate understanding of
sea surface dynamics is essential for predicting the move-
ment of oil spills using numerical models (Yang ef al., 2021).
Until recently, few studies had been conducted concern-
ing the characteristics of waves in the presence of oil slicks,
finding that the damping of the gravity-capillary waves
by oil slicks depends on the thickness of the oil slick (Er-
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makov et al., 2012).

Synthetic Aperture Radar (SAR) has the ability to meas-
ure sea surface parameters (basically wind and waves) over
a large area with a high spatial resolution, e.g., a 100km
swath with up to 1 m pixel resolution for Chinese civilian
SAR, denoted as Gaofen-3 (Shao et al., 2018c). The Geo-
physical Model Function (GMF) CMOD (C-band, 5cm
wavelength) and XMOD (X-band, 3 cm wavelength) fam-
ilies, e.g., CMOD#4 (Stoffelen and Anderson, 1997), CM-
OD-IFR2 (Quilfen et al., 1998), CMODS5/CMODS5.N (Her-
sbach et al., 2007; Hersbach, 2010), C-SARMOD (Mouche
et al., 2005; Shao et al., 2021), and XMOD2 (Li and Leh-
ner, 2014), are popular for wind retrieval from C-band
SAR for the co-polarization channel. The phased-array L-
band (24 cm wavelength) synthetic aperture radar onboard
the Advanced Land Observing Satellite (ALOS-1), for
which the GMF for the L-band (Meng et al., 2022) is
called LMOD, is specifically designed for wind retrieval
(Isoguchi and Shimada, 2009). Because it is difficult to
obtain a wind vector that includes both the wind speed
and direction by solving the individual GMF, prior infor-
mation about the wind direction from a reanalysis system
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(e.g., the European Centre for Medium-Range Weather
Forecasts (ECMWF)) (Shao et al., 2014a) is often used.
The evaluation of the wind retrieval using co-polarized
(vertical-vertical (VV) or horizontal-horizontal (HH)) SAR
images has been well studied, and it has been concluded
that the accuracy for C-band SAR is about 2ms ', e.g.,
ERS-1 (Lehner et al., 1998), Sentinel-1 (Monaldo et al.,
2016), and RADARSAR-1/2 (Yang et al., 2011). This re-
sult was also found for L-band SAR, such as the Japanese
Earth Resources Satellite-1 (JERS) (Shimada et al., 2003)
by applying the GMF LMOD. It should be noted that the
LMOD was initially developed for HH-polarized SAR,
and therefore, the polarization ratio (PR) model (Li et al.,
2018) is not necessary when applying the VV-polarized
GMF for the C- and X-band SAR.

SAR backscattering is distorted by the azimuthal (de-
fined as the satellite flight direction) Doppler shift caused
by the relative movement between the satellite platform
and the sea surface (Honkavaara ef al., 2013). This non-
linear effect, which is known as the velocity bunching me-
chanism (Alpers et al., 1981; Lyzenga, 2002), is stronger
than the tilt modulation (Lyzenga, 1986) and hydrody-
namic modulation (Feindt et al., 1986). Under these cir-
cumstances, short waves with a wavelength smaller than
the critical cutoff value are undetectable using SAR. Typi-
ically, wave spectrum retrieval algorithms for co-polari-
zed SAR consist of two types: SAR imaging mechanism-
based algorithms and empirical approaches (Shao et al.,
2015). The theory-based co-polarization algorithms in-
clude the Max-Planck Institute (MPI) algorithm (Hassle-
mann and Hasselmann, 1991), the semi-parametric retriev-
al algorithm (SPRA) (Mastenbroke and Valk, 2000), the
parameterized first-guess spectrum method (PFSM) (Sun
and Kawamura, 2009), and the partition rescaling and
shift algorithm (PARSA) (Shulz-Stellenfleth et al., 2005).
One difficulty with these algorithms is the necessity of a
first-guess wave spectrum in which the true wave spec-
trum is inverted by minimizing the cost function in order
to resolve the modulation transfer function (MTF) of the
non-linear velocity bunching. In practice, the waves sim-
ulated using a numerical wave model, such as the WAve
model (WAM) (The Wamdi Group, 1988) in the MPI algo-
rithm, and an empirical wind-sea model, such as the Joint
North Sea Wave Project (JONSWAP) model (Hasselmann,
1973) in the SPRA algorithm, can be used as the first-
guess wave spectrum. Although the SPRA algorithm is
more commonly applied (Voorrips et al., 2001), it has been
found that the error is inevitably included in the scheme
of the SPRA algorithm due to the fact that the difference
between the retrieved wind-sea mapping spectrum and the
observed SAR spectrum is supposedly mapped to the swell,
which usually contains the error of the wind-sea retrieval.
To overcome this limitation, information about the wind-
sea and swell in a SAR spectrum is first separated using
the SAR-derived winds and satellite parameters. The best
fit parameters for producing the first-guess wind-sea spec-
trum, e.g., the dominant wave phase velocity and wave
propagation direction, are optimally selected in the em-
pirical JONSWAP model. The PFSM algorithm has been
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successfully used for wave retrieval from Sentinel-1 (Ding
et al., 2019) and Gaofen-3 (Zhu ef al., 2019) SAR images.
Using the backscattering signal in quad-polarization (ba-
sically VV, HH, vertical-horizontal (VH)), the wave re-
trieval algorithm for quad-polarized SAR initially proposed
by Shao et al. (2014a) has been proven to validate the wave
retrieval from a number of quad-polarized RADARSAT-2
images against moored buoys (Zhang et al., 2010). In a
recent study (He ef al., 2006), the quad-polarization wave
retrieval algorithm was implemented for GF-3 SAR data
acquired in wave mode, revealing that the inverted SWH
tends to become saturated at SWHs of up to 1.4m due to
the low SAR backscattering signals of the cross-polariza-
tion channel (Migliaccio ef al., 2019).

The empirical approach is another option for SAR wave
retrieval. Several studies have focused on exploring mod-
els that allow the direct retrieval of the SWH without cal-
culating complex MTFs for each modulation, e.g., CWAVE
for the C-band (Schulz-Stellenfleth et al., 2007; Li et al.,
2011) and XWAVE for the X-band (Pleskachevsky et al.,
2016). The principle behind the CWAVE and XWAVE
families is that the SAR imaging parameters are deter-
mined by the sea state. That is, the mapping mechanism
for SAR can be bypassed to some extent by building an
empirical function. One drawback of the empirical ap-
proach is the intricate variables involved in the formulas
selected by different researchers, e.g., a set of orthonor-
mal functions in a two-dimensional SAR spectrum and the
azimuthal cutoff length because the cutoff length is propor-
tional to the second moment of the wave spectrum (Grieco
et al., 2016). Empirical models need to be adopted for spe-
cific SAR sensors, e.g., CWAVE ERS (Schulz-Stellenfleth
et al., 2007) for the ERS-1/2 SAR, CWAVE ENV (Liet al.,
2011) for the ENVISAT-ASAR, CWAVE S1 for the Eu-
ropean Sentinel-1 (S-1) SAR (Stopa and Mouche, 2017),
and CSAR_WAVE for the Gaofen-3 (Sheng ef al., 2018).
Empirical models cannot be applied in the presence of oil
slicks due to the effects induced by the spilled oil.

Oil slicks are detected more easily in C-band SAR im-
ages than in L-band SAR images (Zheng ef al., 2017) be-
cause sea surface gravity waves are sensitive to micro-
waves in the C-band. Therefore, the analysis on the effects
of oil slicks on sea wave characteristics for L-band SAR
could improve the accuracy of oil slick detection. In this
study, 20 ALOS-1 PALSAR images in HH-polarization in
which oil slicks created by ships could be seen were used
to analyze the retrieval of wave characteristics using a
PFSM algorithm. The purpose this study was to investi-
gate the performance of the wave spectrum compared with
those simulated using the WW3 model while passing oil
slicks under various sea states. The remainder of this pa-
per is organized as follows: the datasets are briefly de-
scribed in Section 2, e.g., ALOS-1 PALSAR images,
measurements from the Advanced Scatterometer (ASCAT)
and Jason-2 altimeter, and the settings of the WW3 model.
Section 3 introduces the methodology of the existing the-
ory-based PFSM algorithm. Section 4 presents the valida-
tion of the wind and SWH data retrieved using the PFSM
algorithm. This section also contains a discussion of the
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characteristics of the wave spectra as they pass through
the oil slicks. The conclusions are summarized in Section 5.

2 Description of Datasets

A total of 20 ALOS-1 PALSAR images containing oil
slicks were available for use in this study. The SAR prod-
ucts were preceded to be Level-1.5 with the Fine Mode
(FM) for the HH-polarization channel from March 2007
to May 2008. Fig.1 shows the geographic locations of the
PALSAR images overlain with the water depth data from
the General Bathymetric Chart of the Oceans (GEBCO)
(Jakobsson and Macnab, 2006). The black rectangles rep-
resent the spatial coverage of the collected images. The cali-
bration method in Eq. (1) was used to collect the L-band
HH-polarized normalized radar cross section (NRCS):

oy [dB] =10x1log,,(DN?*) +CF , (1)

where DN is the pixel intensity of the four-look 16-bit
PALSAR images, and CF is a calibration factor, which is
assumed to have a constant value of —83 dB (Shimada et al.,
2009). The radiometric accuracy of the PALSAR was de-
termined to be 0.64dB, and the noise-equivalent NRCS,
which was empirically estimated as the minimum area-av-
eraged NRCS from the FM data, is approximately equal to
—32dB. Fig.2 shows a calibrated quick-look of a PALSAR
FM Geo-coded image acquired in the East China Sea at
14:20 UTC on July 22, 2007, in which rectangles A and B
represent the geographic locations of the oil slicks. The
spatial coverage of the SAR image ranges from 34.87°N,
121.61°E, to 35.46°N, 122.41°E, and the incidence angle
ranges from 36.74° to 40.43°. The dark patches marked in
Fig.2 are caused by the ships monitored by the Automatic
identification System (AIS).

To confirm the accuracy of the SAR-derived wind speeds,
measurements were collected from the ASCAT 25 km prod-
ucts provided by the Royal Netherlands Meteorological
Institute (Bi ef al., 2011). The ASCAT scatterometer aboard
the MetOp-A satellite operates in the C-band. Therefore,
the winds were previously calculated based on the GMF
CMODSN, and the newly released products are based on
the CMOD7 (Stoffelen et al., 2017). Because the local ob-
servation time of the MetOp-A satellite is relatively close
to that of ALOS-1, the matchups between the ASCAT and
PALSAR have small time gaps (<15min) and are reliable
for validation. The ASCAT data are the global wind speeds
and directions on a 25km grid. A symmetric calibration
was conducted via comparison of the ASCAT and more
than 10000 ECMWF reanalysis (ERA-5) winds, yielding
root-mean-square errors (RMSEs) of 1.26ms ™" and about
15° for the wind speed and wind direction, respectively
(Verspeek et al., 2010). Fig.3a shows the ASCAT-meas-
ured wind map at 13:30 UTC on August 15, 2008. Be-
cause the spatial resolution of the ASCAT is relatively
coarse, which results in insufficient matchups with the
SAR-derived winds, e.g., no available ASCAT winds for
the case in Fig.2, the ERA-5 winds for a 0.25° grid with an
interval of 1h were also used to validate the SAR-derived

winds, especially in the regions with oil slicks. A wind map
from ERA-5 at 14:30 UTC on August 15, 2008, is shown
in Fig.3b.

Waves simulated using a third-generation numerical
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Fig.1 The geographic locations of the Advanced Land Ob-
serving Satellite phased-array L-band synthetic aperture
radar (SAR) (PALSAR) images overlain with the water
depths, in which the black rectangles represent the spatial
coverage of the collected images.

Sensor: ALOS PLASAR

Day: July 22

Longitude: 121.61°-122.41°E
36.74° - 40.43°

Pass: Ascending
Year: 2007
Latitude: 34.87° - 35.46°N

Flight

‘ Look

Fig.2 The calibrated quick-look of a horizontal-horizontal
(HH) polarized PALSAR Geo-coded image acquired in the
East China Sea at 14:20 UTC on July 22, 2007. Rectan-
gles A and B represent the geographic locations of the oil
slicks.
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Fig.3 (a) The 0.25° grid wind map from the Advanced Scatterometer (ASCAT) at 13:30 UTC on August 15, 2008. (b) The
0.125° wind map from the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA-5) at 14:30

UTC on August 15, 2008.

model, denoted WAVEWATCH-III (version 6.07) (Tolman
and Chalikov, 1996), were also collocated from the PAL-
SAR images. The WW3 model has performed well in a
global wave distribution analysis, even in areas with tropi-
cal cyclones (Hu et al., 2020b) and in the Arctic Ocean
(Shao et al., 2022). The forcing field was the 0.25° grid-
ded ERA-5 reanalysis winds at an interval of 1h, and the
water depths were derived from the GEBCO bathymetric
data at 30 arc grids (about 1km spatial resolution in the
horizontal direction). The computation settings were as
follows: The frequency bins ranged logarithmically from
0.04118 to 0.7186 with an interval of 0.1; the spatial
propagation was characterized by 300s time steps in both
the longitudinal and latitudinal directions; the temporal re-
solution was 30 min; the spatial grid resolution was a 0.2°
grid. The SWH product from the Jason-2 altimeter, which
is a reliable remote-sensed source for sea height monitor-
ing, was used to validate the WW3-simulation results. The
switches described by the Wamdi Group (1988) illustrate
the physical dynamics, which were as follows: The ST2
package was used for the input/dissipation source terms;
the TR1 package was used for the triad wave-wave interac-
tions; the GMD2 package was used for the quadruplet
wave-wave interactions; the FLD2 package was used for
the wave breaking. Fig.4 shows the WW3-simulated SWH
map overlain with the footprints of the Jason-2 altimeter
at 17:00 UTC on August 15, 2008. The statistical analysis
of the SWH in August 2008 yielded a 0.66m RMSE with
a 0.74 correlation coefficient (COR) between the WW3-
simulated SWH and the measurements from the footprint
of the Jason-2 altimeter (Fig.5) (Shao ef al., 2018a, 2018b).
Based on these results, we believe that waves simulated
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using the WW3 model are suitable for this study.

27.50°

21.50°
116.50° 122.50° 128.50°E
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Significant wave hight form WAVEWTACH-III (m)

Fig.4 The simulated SWH map from the WAVEWATCH-
IIT (WW3) model overlain on the footprints of the Jason-2
altimeter at 17:00 UTC on August 15, 2008.

3 Methodology
In this section, the wind retrieval GMF in the L-band,
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Fig.5 Comparison of the SWH from the WW3 model with
the collocated matchups from the Jason-2 altimeter in Au-
gust 2008.

denoted as LMOD, is briefly described. Next, the scheme
of the wave retrieval PFSM algorithm is discussed in de-
tail. The comparison between the SWHs simulated using
the WW3 model and the collocated measurements from the
Jason-2 altimeter are also presented.

3.1 GMF LMOD

Prior information about the wind speed is necessary for
the PFSM algorithm. The wind retrieval GMF in the L-
band, herein denoted as LMOD, has been described by
Hersbach et al. (2007). The LMOD function correlating a
wind vector and NRCS has the following general formula:

ol = By (Uyg,0)%
1+ B,(Uyy,0)xcosp+ B, (U,,,0)xcos2¢) , (2)

where oy is the SAR-measured NRCS, ¢ is the wind
direction relative to the radar look, the coefficients B, (Ujy,
6) (n=0, 1, 2) are the functions of the wind speed measured
at 10m above the sea surface, and U, is the radar incidence
angle @ (36.5°<60<40.5%), which are tuned using the col-
located scatterometer wind products and the SAR meas-
urements. Although there are visible wind streaks in some
SAR images (Alpers and Brummer, 1994), most of the sub-
scenes have no visible wind streaks. The image-detected
directions have a 180° ambiguity. An auxiliary source, such
as the ERA-5 winds on a 0.25° grid, can be used to remove
this ambiguity.

In the entire image, there are n-element referred wind
directions ¢ at locations (x;, ;). The weight radius R, de-
fined as the maximum distance at which the local wind is
affected by the surroundings, is assumed to be 5km. For
each sub-scene grid (x; 3;), dis the referred wind direc-
tion and ¢ is the known wind direction nearest to the grid
(x5, ¥7). Dy is the spatial distance in km between grid (x;, y))
and grids (x;, yx), and Ag (=dy— @) is the difference be-
tween wind direction ¢, and the individual referred wind
direction ¢ Finally, ¢, ; represents the SAR-derived wind

direction at an about 1km grid and is interpolated using
Eq. (3) (Shao et al., 2014b).
Rz
Zk =1 Dz + R2

O - 3)

3.2 PFSM Algorithm

The first wave retrieval scheme for SAR was the scheme
proposed by Sun and Kawamura (2009), denoted as MPI.
It considers the non-linear mapping mechanism velocity
bunching, which is a critical modulation of the SAR map-
ping mechanism. The key of the MPI algorithm is to solve
the MTF of the velocity bunching by minimizing the cost
function J (Eq. (4)), which relies on the first-guess wave
spectrum simulated using a numeric model:

— \2
J= J.(Fk F) dk+uj[3—5:] dk, (4
where
F, =TP"* xE, , (5a)
and
TSR =t T 47y (5b)

Using the first-guess wave spectrum Ej and the wave
number £, the mapped SAR spectrum F, was calculated

using Eq. (5a) and three MTFs 7% | where 7", 7,

and T} represent the MTFs of the tilt modulation, hy-
drodynamic modulation, and velocity bunching, respec-
tively. The details of these MTFs are described by Alpers
et al. (1981). Fy is the observed SAR spectrum, u is the
weighting coefficient, which reflects the relative confidence
between the observed SAR spectrum and the first-guess
wave spectrum (usually equivalent to 0.1Max(F})). The
small positive number B was assumed to be 0.001 in or-
der to ensure convergence of the variation solution. The
optimal wave spectrum Ek was retrieved by solving Eq.
(6) using an iterative technique (the details are described
by Hasselmann and Hasselmann (1991)):

LA ©
0E,

Although the SPRA algorithm follows the above scheme
to obtain the wind-sea, the first-guess wave spectrum was
produced using the empirical wind wave model JONSWAP,
which is more convenient to apply than WAM. The swell
mapped portion was assumed to be the difference between
the retrieved wind-sea map and the observed spectrum. The
inherent error of the swell was included in the retrieved
wave spectrum, which combined the wind-sea with the
swell. The advantage of the PFSM is that the SAR inten-
sity spectrum is first divided into two mapping portions:
non-linear and linear portions. The separation threshold of
the wave-number k; was calculated using Eq. (7), in which
V is the satellite flight velocity, R is the satellite slant

a) Springer
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range in each pixel, g is the gravitational acceleration (9.8
ms ), and ¢ is the angle of the wave propagation direc-
tion relative to the radar look direction. Specifically, the
method of retrieving the wind-sea spectrum E;” from the
wind-sea mapping SAR spectrum F}" at wave-number k
2>k, follows the scheme of SPRA; while the swell spec-
trum E; can be directly inverted from the swell mapping
of the SAR spectrum F;| wave-number k<k, because the
MTF of the velocity bunching can be ignored. Eq. (7) is

as follows:
0.33
j )

The SAR-derived wave spectrum E; (= E] +E;" ) is a
composite of the wind-sea and swell retrieval. The SWH
H; was calculated by integrating a wave spectrum at all
wave-numbers (Eq. (8); Hasselmann, 1973):

‘- 2.87gV?
* Rsz‘0 cos? (o(sin2 (psin2 0+ cos? ®)

H, =4JEdk . (8)

4 Results

In this section, the theory-based PFSM algorithm is ap-
plied to 20 HH-polarization ALOS-1 PALSAR images, the
retrieved wind speeds and SWHs are validated against the
ASCAT-measured products and the simulations obtained
using the WW3 model (Meng et al., 2022), and the re-
gions with oil-like patterns in the images are selected for
analysis.

4.1 Comparison of Wind Retrieval

Before the wind retrieval process, the NRCSs were av-
eraged for a region of about 1km” centered at the wind
observation points in order to remove the effect of the
small-scale phenomena, e.g., waves and swells. Using prior
information about the wind direction, the wind speeds at a
spatial resolution of about 1km were retrieved from the
collected PALSAR images using the HH-polarized GMF
LMOD. Fig.6 shows the SAR-derived wind map corre-
sponding to the image in Fig.2. Wind speeds greater than
10ms ' are probably associated with the brightness in the
image induced by ships. The accuracy of the wind re-
trieval from the PALSAR images has an RMSE of about
2ms"' based on validation against moored buoys (Hu et al.,
2020a). In this study, we simply repeated the comparison
of the SAR-derived wind speeds with a few ASCAT winds
during the periods in which the images were acquired
(Fig.7). Generally, the analysis yielded a 1.82ms ' RMSE
for the wind speed and a COR of 0.86. However, larger
errors occurred at low wind speeds (Ujp<2ms ). This
type of behavior has also been found for the implementa-
tion of the CMOD family for RADARSAR-2 SAR (Shao
et al., 2014b), and it is caused by weak backscattering at
low wind speeds.

To study the influence of the oil slicks on the accuracy
of the SAR-derived winds, ERA-5 winds at a 0.25° grid
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with an interval of 1h were collocated with the collected
images. Fig.8a shows that the RMSE of the wind speed is
1.90ms ' and the COR is 0.84 for the regions without oil
slicks, whereas the RMSE and COR are 2.70 ms ' and
0.64, respectively, for the regions with oil slicks Fig.8b.
The underestimation of the SAR-derived wind speeds
clearly occurred when the wind speeds were greater than
5ms”'. However, the oil slicks likely have less influence
on the wind retrieval at low wind speeds. In this sense, the
SAR-derived winds are suitable for wave retrieval, al-
though the accuracy of the winds is reduced by the modu-
lation of the sea surface roughness induced by the oil
slicks.

35.51°N
35.15° i
34.79° |
1 1 1
121.49° 121.85° 122.21°E
[ |
0 5 10 15

Wind speed from ALOS PALSAR (ms™)

Fig.6 The wind map inverted from a HH-polarized PAL-
SAR image using the geophysical model function LMOD,
acquired in the East China Sea at 14:20 UTC on July 22,
2007.
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4.2 Comparison of SWH Retrieval

As is described by Velotto et al. (2011), the oil slick’s
contribution to the SAR backscattering is smaller in the VV-
polarization channel than in the HH-polarization channel
because the NRCS is more sensitive to the non-Bragg back-
scattering caused by oil slicks (Kudryavtsev et al., 2003).
Under these circumstances, the wave retrieval using the
HH-polarized SAR is supposedly distorted by the oil slicks.
Therefore, an analysis of the SWH retrieval from the HH-
polarized PALSAR images is presented here to assess the
influence of the oil slicks.

The retrieved results of a sub-scene extracted from the
images taken on June 16, 2007, at 05:43 UTC using the
existing PFSM algorithm are presented as an example of
the retrieved results. In this case, the SWH simulated using
the WW3 model was 0.75m. The geographic location is
120.48°E, 25.81°N, and the incidence angle is 37.15°. The
quick-look image of the sub-scene covering the WW3 grids
at 0.1° grids is shown in Fig.9a, and the corresponding two-
dimensional SAR spectrum is shown in Fig.9b. The SAR-
derived SWH was obtained using the PFSM algorithm
was 0.39m, and the retrieved one-dimensional wave spec-
trum (red dashed line) and the WW3-simulated wave spec-
trum (blue dashed line) are shown in Fig.9c.

All of the sub-scenes extracted from the PALSAR im-
ages were collocated with the simulations from the WW3
model in order to evaluate the accuracy of the SAR-de-
rived SWH in the presence of oil slicks. Fig.10a shows
that the SWH obtained using the PFSM algorithm has an
RMSE of 0.34m and a COR of 0.79 for the regions
without oil slicks. This is less than the RMSE and COR
of 0.52m and 0.70, respectively, for the regions with oil
slicks. In general, the SAR-derived SWH tends to be un-
derestimated. This is caused by the underestimation of the
SAR-derived wind speed (Fig.8). However, the larger dif-
ference (about 0.2m) between the SAR-derived and WW3-
simulated SWHs for the regions with oil slicks is clearly
observed for SWHs of >0.7m because the oil slicks damp-

en the sea surface roughness. The relationships between
the incidence angle and the SAR-measured NRCS for the
clean sea surface (red lines) and the oil-covered surface
(black lines) were also analyzed. As can be seen from
Fig.11a, the SAR-measured NRCS is significantly smaller
than that in the clean region, i.e., 2dB at an incidence angle
of 40°. For SWHs of >1m (Fig.11b), the values of the
SAR-measured NRCS with oil slicks are close to those for
the clean sea surface, indicating that oil slicks are difficult
to detect under such conditions. This type of behavior is
consistent with the findings of Meng et al. (2022).

The PALSAR images taken on July 17, 2017, at 14:14
UTC were selected to analyze the results of the wave re-
trieval as the waves passed through the oil slicks (Fig.12).
Three profiles passed through the oil slicks induced by
ships, i.e., A—C, D—F, and G-1I. The oil slicks were par-
ticularly pronounced at locations B, E, and H. Fig.13
shows the retrieved results of the SAR-derived wave spec-
tra obtained using the PFSM and the collocated wave spec-
tra from the WW3 model, in which (a)—(i) correspond to
A —1. Generally, the patterns of the SAR-derived wave
spectra are consistent with the WW3-simulated wave spec-
tra in the regions without oil slicks. It is not surpriseing
that the normalized energy density from the SAR-derived
wave spectrum is significantly reduced in the regions with
oil slicks. In this case, the oil slicks likely dampen the short
waves at wave numbers of 0.2radm ' (wavelengths of
about 30m), causing a shift in the dominant wave energy
towards longer wavelengths of 80 m. This is illustrated at
locations B (Fig.13b), E (Fig.13e), and H (Fig.13h). Col-
lectively, the oil slicks dampen the wave energy at short
wavelengths, and the oil slicks are more detectable under
a weak sea state.

5 Summary and Conclusions

Accidental oil spills from ships are a major marine dis-
aster in near-shore waters (Sergievskaya et al., 2019). Re-
mote-sensing satellites are powerful tools for oil spill mon-
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Fig.12 The quick-look of the PALSAR images taken on July
17,2017, at 14:14 UTC, in which spots A—1I were selected
to analyze the wave retrieval results as the wave passed
through the oil slicks.

itoring. Due to its fine resolution, SAR is particularly use-
ful (Velotto et al., 2011). Most previous studies have fo-
cused on detecting oil slicks using SAR images (Nunziata
et al., 2018) and predicting the behavior of spilled oil
using a numerical dynamics model (Price et al., 2000).
Since oil slicks modulate the sea surface roughness, they
could affect the wave retrieval for SAR. Therefore, the
main purpose of this study was to investigate the results
of the waves as they pass through oil slicks using 20
PALSAR images from ALOS-1. The HH-polarized GMF
LMOD was used for the wind retrieval from the collected
PALSAR images. Because the SAR-measured wind di-
rections have a 180° ambiguity, 0.25° gridded ERA-5 winds
were used to remove this ambiguity. The SAR-derived wind

speeds were inverted from the PALAR images using the
prior information about the wind directions in the GMF
LMOD. The validation of the SAR-derived wind speeds
for about 1000 matchups with ASCAT-measured winds
produced a 1.82ms ' RMSE for the wind speed and a
COR of 0.86. With respect to the effect of the oil slicks
on the wind retrieval, comparisons with 0.25° gridded
ERA-5 winds produced an RMSE and COR for the wind
speed of 1.90ms ™' and 0.84, respectively, for the regions
without oil slicks, which are lower and higher than the
RMSE and COR of 2.70ms ' and 0.64, respectively, for
the regions with oil slicks. The underestimation (>1ms ")
of the SAR-derived wind speeds was particularly obvious
when the wind speeds were greater than 5ms™'. This is-
sue probably led to the underestimation of the SAR-de-
rived SWH, indicating that the accuracy of the winds used
in the wave retrieval process could affect the accuracy of
the retrieved SWH. Moreover, a large difference in the
SWH (about 0.2 m) was achieved when comparing the
SAR-derived and WW3-simulated SWHs for the regions
with oil slicks. Three profiles passing through the oil slicks
were analyzed in order to investigate the effects of the oil
slicks on SAR-derived wave spectrum compared with
those from the WW3 model. We found that short wave-
lengths (<30m) were dampened by the oil slicks, and thus,
the dominant wave spectra shifted toward longer wave-
lengths (about 80m). We also found that oil spills are more
detectable under weak sea states (SWH<1m). and thus,
the dominant wave spectra shifted toward longer wave-
lengths (about 80m). We also found that oil spills are more
detectable under weak sea states (SWH<1m).

The oil particle drift mainly depends on the ocean dy-
namics, e.g., sea-surface winds, tides, and circulation cur-
rents (Sun ef al., 2018). Therefore, the real-time winds and
waves derived from SAR images are useful for improving
the accuracy of tracking simulations using the oil particle-
tracing method.
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