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Retrieval of Surface Wave Parameters from SAR Images
and Their Validation in the Coastal Seas around Japan
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We have developed a scheme to retrieve surface wave parameters (wave height and
wave propagation direction) from European Remote-Sensing Satellite (ERS) Synthetic
Aperture Radar (SAR) image mode data in coastal seas around Japanese coastlines.
SAR spectra are converted to surface wave spectra of swell-dominated or wind-wave
dominated cases. The SAR spectrum and SAR-derived wind speed are used to derive
the surface wave spectrum. The wind-wave dominated case and swell-dominated case
are differentiated by a wind speed of 6 m/s, and processed in different ways because
of their different degree of nonlinearity. It is indicated that the cutoff wavelength for
retrieval of the wind-wave dominated spectrum is proportional to the root of signifi-
cant wave height, which is consistent with the results of previous studies. We gener-
ated 66 match-ups using the SAR sub-images and the in-situ surface wave param-
eters, which were measured by wave gauges installed in near-shore seas. Among them,
there are 57 swell-dominated cases, and 9 wind-wave dominated cases. The signifi-
cant wave heights derived from SAR and from in-situ observation agree with the bias
of 0.09 m, the standard deviation of 0.61 m and the correlation coefficient of 0.78. The
averaged absolute deviation of wave propagation directions is 18.4°, and the trend of
the agreement does not depend on the wave height. These results demonstrate that
the SAR surface wave spectrum retrieved by the present system can be used to ob-
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serve the surface wave field in the coastal seas around Japan.

1. Introduction

One of the functions of Synthetic Aperture Radar
(SAR) in oceanography is to observe the surface wave
field. An accumulated, large volume of SAR images con-
tains a variety of surface wave information, and this is
still an important research target. Retrieval of the surface
wave spectrum from SAR images has been studied by
many researchers (Hasselmann and Hasselmann, 1991;
Engen and Johnsen, 1995; Hasselmann et al., 1996;
Mastenbroek and de Valk, 2000; Schulz-Stellenfleth et
al., 2005).

It is generally accepted that the mechanism underly-
ing SAR imaging of surface waves is that Bragg waves,
which backscatter the SAR microwaves, are modulated
through the interaction with longer surface waves (Alpers,
1983). Different modulation mechanisms act at different
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phases of the longer waves, which creates the wave-like
stripe patterns in SAR images. The major modulation
mechanisms are tilt modulation, hydrodynamic modula-
tion and velocity bunching, which are modeled by the
modulation transfer functions for the SAR wave imaging
(Wright, 1978; Alpers et al., 1981; Monaldo and Beal,
1998). On the basis of the modulation theories
(Hasselmann et al., 1985), a closed spectral integral trans-
form relationship between the SAR spectra and the sur-
face wave spectra has been proposed and has become
widely accepted (Hasselman and Hasselmann, 1991).

In the retrieval of SAR wave spectra, the method
called Max-Planck Institute Algorithm (MPI) needs a first-
guess spectrum, which is derived from the outputs of the
numerical wave model WAM (Hasselman and
Hasselmann, 1991; Hasselmann et al., 1996).
Mastenbroek and de Valk (2000) have developed a spec-
tral inversion algorithm (Semi Parametric Retrieval Al-
gorithm Scheme, SPRA), which needs the SAR image
spectra and the satellite scatterometer wind vector meas-
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urement. Through comparisons between the SAR-derived
wave parameters and buoy observations for 6 years,
Voorrips et al. (2001) have concluded that the SPRA re-
sults are more accurate than those of MPI.

Coastal seas are important for a variety of human
activities, such as transportation, fisheries, tourism etc.
Surface wave dynamics become more complex in the
coastal seas than that in the deep ocean. It is well known
that the wave model result is distorted by the dominance
of swell and the dramatic change of water depth (Elgar et
al., 1994). Therefore, the SAR observation becomes an
important way to acquire the surface wave information.
Using the ERS SAR wave mode data, applications of the
SAR-wave information are well developed in the open
oceans. Although a large volume of the SAR images illu-
minating coastal seas are archived in the satellite data
centers, the coastal application of SAR wave informa-
tion is pre-mature, due to limited knowledge about SAR
retrieval of the coastal wave parameters and a lack of
comprehensive validation. Collard et al. (2005) examined
the surface wave spectra derived from ENVISAT-ASAR
in the coastal seas near France. Their case study has shown
great potential of high-resolution SAR image for coastal
surface wave monitoring.

In this study we have developed a system to retrieve
the surface wave parameters from high-resolution SAR
images around the coastal seas of Japan. This is the first
systematic validation of the SAR-retrieved wave param-
eters for the seas close to the Japanese coast. In the ab-
sence of any additional information as input for the re-
trieval, we use SAR-derived surface wind together with
the SAR spectra. The swell-dominated cases and wind-
wave dominated cases, which are differentiated by the
SAR wind speed, are processed in different schemes. The
SAR wave parameters are validated by wave gauge meas-
urements around Japanese coastlines. The observation
data and match-up generation are introduced in Section
2. The retrieval method is presented in Section 3, and the
results of retrieval are given in Section 4 with their vali-
dation. Conclusions and discussions are presented in Sec-
tion 5.

2. Data and Match-Up Generation Method

ERS-1 and ERS-2 were launched in 1991 and 1995,
respectively. They carried an Active Microwave Instru-
ment (AMI), which has a SAR function operating in the
C band with VV polarization. Its incident angle is lim-
ited to 20°-26°, making the swath of SAR images around
100 km. The SAR images are produced from the raw data
received at the JAXA station using the Sigma-0 SAR Proc-
essor (Shimada, 1999). The SAR image mode data is
formed by 6656 pixels in the azimuth direction and 5344
pixels in range. We use 5120%5120 pixels of the original
size, avoiding the interference of dark pixels around the
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Fig. 1. Locations of the NOWPHAS wave gauges in the coastal

seas around Japan.

image edges.

The NOWPHAS (Nationwide Ocean Wave informa-
tion network for Ports and HArbourS) data we use in this
study include wave-gauge measurements made at 21 sta-
tions, which are located at sites on the Japanese coast-
lines shown in Fig. 1 and described in Table 1. The wave
sensors of NOWPHAS are an Ultra-sonic Wave Gauge
(UWG), a Current meter type Wave Directional meter
(CWD) and a newly developed wave-directional meter
(DWDM). These sensors are mounted on the sea bottom
at depths ranging from 17 to 55 meters, except for the
surface sensor at No. 8 station (Table 1). The NOWPHAS
wave information we used is mean wave propagation di-
rections, significant wave heights and significant wave
periods, which are sampled every two hours. The
NOWPHAS wave gauge data are used for real-time
coastal wave observation after necessary data correction
and reconciliation (Nagai and Nukada, 2004). In our
analyses, abnormal values of the past NOWPHAS data
are searched using data flags added by the NOWPHAS
quality control, and excluded in the match-up generation
process described below. Because there are no spectral
information and no other wave parameters from the in
situ data source, our validation of the SAR-derived pa-
rameters is limited to the wave direction and the signifi-
cant wave height.

Match-ups are generated by combining coincident



Table 1. NOWPHAS wave gauges used in this study.

No. Name Position Instrument depth (m) Instrument Wave direction observation from
1 TOMAKOMAI 42°39’06” 143°41°08” 23 DWDM 2002.12
2 HACHINOHE 40°33’39” 141°34706” 27.7 CWD 1991.01
3 KU 40°13’04” 141°51'36” 49.5 DWDM 1996.04
4  KAMAISHI 39°15’54” 141°56’06” 49.8 USw \

5 ISHINOMAKI 38°20°48” 141°15’18” 20 CWD\DWDM 1995.04
6  SHENDAI-KOKU 38°15°00” 141°03’58” 21.3 USW\CWD 1991.01
7 SOMA 37°51728” 140°58’52” 17.1 USWNCWD 1991.01
8 IWAKI-OKI 37°18°00” 141°27’35” surface SRW-WCWD 1986.10
9 JYOBANNAKA 36°23°42” 140°39’12” 30.3 USW\CWD 1991.01
10 KASHIMA 35°53’55” 140°45'14” 24 CWD 1991.07
11 NAMIUKI 34°40’31” 139°26°19” 29.7 CWD 1991.01
12 SHIONOMISAKI 33°25’59” 135°44’50” 54.7 DWDM 1999.02
13 MUROTSU 33°16°16” 134°08’52” 26.8 USW\CWD 1991.01
14 KOCHI 33°28’57” 133°35’13” 24.1 DWDM 1997.08
15 MIYAZAKI 31°49’20” 131°34’58” 32 USW\CWD 1991.01
16 SHIBUSHIWAN 31°25°02” 131°06’36” 36.2 CWD 1991.11
17 IOUJIMA 32°42’59” 129°45’15” 31.9 CWD 1992.11
18 GENKAINADA 33°56’02” 130°28’05” 39.5 CWD\DWDM 1991.01
19 KANAZAWA 36°36’50” 136°34702” 20.2 USW \
20 WAJIMA 37°25’51” 136°54’08” 52 CWD\DWDM 1991.01
21 NIGATAOKI 38°00°17” 139°07’34” 34.5 CWD\DWDM 1989.11

SAR sub-images and NOWPHAS wave gauge data. The
SAR image of 5120%5120 pixels is divided into 4040
sub-images, which have 128%128 pixels (approximately
1.6%1.6 km). The match-up is a couple comprising the
SAR sub-image whose center is the closest to the wave-
gauge location (Table 1 and Fig. 1), and the in situ wave
information. Their maximum time difference is one hour
thanks to the NOWPHAS sampling rate of two hours. If
one of the three kinds of in situ wave information is not
available within one hour of the SAR imaging time, we
did not make the match-up. We use several criteria for
match-up generation. If the distance between the sub-
image center and the wave gauge location is longer than
0.5° (corresponding to 45.6 km in the latitude direction
and to 55.5 km in the longitude direction), the match-up
is not generated. We calculate the SAR wave spectrum of
coupled sub-images. If the ratio of the spectral peak to
background levels is less than 3, the match-up is void.
Using the ERS SAR images during 1991 to 2003, we ob-
tained 98 match-ups. With the same sensor specifications
and the same data processor, the images of ERS-1 and
ERS-2 SAR show no quality difference and thus no char-
acteristic difference between the SAR spectra from ERS-
1 SAR and that from ERS-2.

The generated match-ups were carefully checked one
by one, and 32 match-ups were found to be void (see Ta-

ble 2). When we judge that propagating waves in a sub-
image are blocked by undulating coastlines or islands and
not well observed by the wave gauge, we rejected the
match-up (16 match-ups, topography in Table 2). If sur-
face wave stripes in the sub-image are deteriorated by
other phenomena, e.g., atmospheric front, internal waves,
unclassified black areas etc., the match-ups are voided
(16 match-ups, image quality in Table 2). Finally, 66 of
the 98 match-ups generated (about 70%) passed the
manual check mentioned above.

3. Retrieval of Coastal Surface Wind and Wave
Spectra from SAR Images

3.1 SAR coastal surface winds

The ERS-SAR normalized radar cross section
(NRCS) calibration for the produced SAR image mode
data is given by Shimada (1999). The calibrated NRCS
of every pixel in dB is given by the following equation

(D
NRCS =201og,,(DN) +CF, (1)

where CF is the ERS calibration parameter and DN is the
output of the Sigma-0 processor.
The wind retrieval for C-Band and L-Band SARs has
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Table 2. Match-up data classification.

Swell 57
Wind wave 9

Sample accepted

Sample rejected Topography 16

Image quality 16

Total 98

been studied by many researchers (Alpers et al., 1998;
Pan and Smith, 1999; Furevik et al., 2002; Shimada et
al., 2003). Shimada and Kawamura (2005) have derived
the high-resolution surface wind information from about
6,500 ERS SAR scenes in the coastal seas around Japan.
They used the empirical coefficient of the model func-
tion named CMOD_IFR2 and the wind direction of
reanalysis data produced by National Center for Environ-
mental Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) for the retrieval. The root mean
square errors of SAR-derived wind speeds are about or
less than 2 m/s against in-situ and scatterometer meas-
urements (Shimada et al., 2004; Shimada and Kawamura,
2005; Yamaguchi and Kawamura, 2005). Therefore, the
SAR-derived wind speeds have suitable quality for the
present study. The SAR wind speeds with the resolution
of around 1 km? within a specific sub-image used for de-
riving the SAR spectrum (approximately 2.5 km?) is av-
eraged to make the match-ups for the present study. Note
that we use the simultaneously obtained SAR wind to-
gether with the SAR spectra for retrieval the surface wave
spectra whereas SPRA (Mastenbroek and de Valk, 2000)
used the scatterometer wind vectors.

3.2 Coastal surface wave spectra

Figure 2 shows a flow chart for the retrieval proce-
dure of the SAR surface wave parameters (significant
wave height and wave propagation direction), which we
describe below.

The SAR sub-image is first filtered using a Gaussian
high-pass filter to remove the low wave number signal
which has no relation to surface waves. Figure 3(a) shows
the high-pass filtered sub-image and Fig. 3(b) the coarse
SAR spectra computed from it by 2-dimensional Fast
Fourier Transform (2-D FFT). The smoothed SAR spec-
trum is derived by applying a low-pass filter to the coarse
spectra with the conservation of spectral energy.

Generally, it is considered that the SAR spectrum
P (k) is a combination of a wave image spectrum P,(k)
and a background clutter noise spectrum P_,(k) (Bruning
et al., 1994; Hasselmann et al., 1996). To the first order,
P, (k) = P/(k) + P_,(k), which means that the modula-
tion of clutter noise by the ocean waves is negligible. The
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Fig. 2. Flow chart of retrieval of the SAR surface wave param-
eters.

clutter spectrum can thus be removed by subtraction.
Below the high wave number roll-off due to the system
impulse response function, the clutter spectrum is essen-
tially white (Alpers and Hasselmann, 1982). We estimate
the clutter noise spectrum by averaging SAR-spectrum
density of the first 10 bins near the Nyquist wave number.
The derived P,(k) image is illustrated in Fig. 3(c).

We treat swell-dominated SAR spectrum P,;_ (k) and
wind-sea dominated SAR image spectrum P, _,(K) in a
different way (Fig. 2). The differentiating criteria are dis-
cussed in detail in Section 4. For the swell-dominated
case, we retrieve the surface wave spectrum by linear
image relationship P, _¢(k) = k2|_|T(k)|2F(k) +
T(-k)[?F(-k)] giving the standard modulation transfer
function (Lyzenga, 1986; Feindt et al., 1986; Hasselmann
and Hasselmann, 1991). In principal, the SAR spectrum
has 180° directional ambiguity. In order to remove the
directional ambiguity, we adopt the fact that swell can
only propagate toward the coast. Since all the SAR im-
ages used in the present study are matched with the wave
gauge stations at Japanese coastlines, their identification
is easy.

For the wind-sea dominated case in Fig. 3, we use
the JONSWAP spectrum (Hasselmann et al., 1973;
Hasselmann et al., 1980) and the wave directional spread-
ing function proposed by Donelan et al. (1985) to con-
struct a parameterized wind wave spectrum as a first-guess
spectrum F(K). F(K) is the wave number spectrum which
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Fig. 3. Example of processing for retrieving wind-wave spectrum from a SAR image. (a) SAR sub-image of 128*128 pixels,
(b) original SAR image spectrum, (c) filtered SAR image spectrum, (d) first guess spectrum constructed by the JONSWAP
model using SAR wind speed, and (e) retrieved wave spectrum.

is derived by transforming from the frequency direction
spectrum

S(@,0) = %S(a})ﬁ sech? B[00 - 0, 2)

(w—wo)2
2 o, \* CXP[ 202002 }
S(w)=a%exp|i—1.25(;0) ]y . ()

where o = 0.006(U,y/c)*%, 0= 0.08(1 + 4(co/U,,)?) and
the @, ¢, and U,, is peak frequency, peak phase speed
and wind speed at 10 m height respectively. yis peak en-
hancement factor and f is a function of frequency. The
first-guess spectra are used to fill the gap beyond the azi-
muthal cut-off wavelength.

Using the nonlinear imaging mechanism P;_y(k) =
®(F(k)) (Hasselmann and Hasselmann, 1991; Krogstad
et al., 1994), we derive the best-fit surface wave spec-

trum F(Kk) and the best-fit SAR spectrum P(k) minimiz-
ing a cost function J through an iterative procedure.
Hasselmann and Hasselmann (1991) used a cost function
to estimate the wave directional spectra from the SAR
spectra. The form of the cost function is expressed as fol-
lows.

7 = [[P)= P)] dkc+ ] lw} dk

B+ F(k)

B is introduced to avoid the numerical infinity when
F(Kk) = 0. Through careful examinations using the match-
ups which are applied for the following validation proc-
ess, we find no zero value for I:"(k) because of the selec-
tion of SAR sub-images with clear wave stripes. More-
over, the difference between F(k) and F(k) is naturally
scaled for the sub-images. On the basis of the above for-
mulation, we simplified the form of cost function as fol-
lows.
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Fig. 4. An example of SAR spectrum in the azimuth direction

and a fitted Gaussian function for calculating cutoff wave-
length.

7= [P0 P ks uflF0-Fooa )

where P(k) is the SAR spectrum derived from the SAR
sub-image and u is a weighting coefficient (Hasselmann
and Hasselmann, 1991). The weighting factor is set ac-
cording to the reliability of the first-guess spectrum or
observed SAR spectrum. In this study, the SAR wind and
the empirical directional spectrum model are used to de-
rive the first-guess spectrum which is less reliable than
the observed SAR spectra, so the weighting factor is set
to a small value, 0.1, by examination. An example of first-
guess surface wave spectrum derived from the SAR wind
speed (11 m/s) and direction (256°) is shown in Fig. 3(d).
The best-fit surface wave spectrum indicated in Fig. 3(e)
is derived through the iteration scheme described above
(see Fig. 2 for this processing flow).

The SAR spectra are always affected by azimuth
cutoff, the effect of SAR spectra roll-off in the azimuth
direction. The azimuth cutoff is caused by the nonlinearity
of the SAR surface-wave imaging mechanism in the azi-
muth direction and acts as a low-pass Gaussian filter to
the SAR spectra. In the ERS SAR wave mode products
(Johnsen et al., 1999), the cutoff wavelength is a param-
eter derived by fitting a Gaussian function to the range-
integral SAR spectrum (Vachon et al., 1994; Kerbaol et
al., 1998; Schulz-Stellenfleth and Lehner, 2002). We fol-
low the similar steps to estimate the cutoff wavelength
for an appropriate coastal SAR spectrum.

It is well known that the azimuth cut-off is domi-
nated in the SAR-spectra of wind-sea condition (Kerbaol
etal., 1998). Using the SAR surface wind, we choose the
wind-wave cases in which the retrieved wind speeds are
higher than 6 m/s. Because of the greater degree of
imaging nonlinearity, the SAR spectra of wind-wave cases
show that the wind waves travel in the range direction of
the SAR image. Since the case shown in Fig. 3 has a cor-
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responding wind-speed of about 11 m/s, the spectrum in
Fig. 3(c) has peaks located at low azimuth-angle because
of the relatively great nonlinearity, i.e., the waves in the
SAR image are propagating roughly in the range direc-
tion. The spectrum is integrated in the range direction of
the SAR spectrum. The maximum value is located at the
zero wave number and it is reasonable to fit it with a
Gaussian function, which is formulated as,

exp —n[%) , 5)

where k, = 27/L. and L. is the cutoff wavelength. &, is the
variable of Gaussian function. For the case of Fig. 3, the
fitting result is illustrated in Fig. 4, together with the in-
tegrated spectrum.

Figure 5 shows the relationship between the cutoff
wavelength and the square root of significant wave height,
which is derived by the following equation.

Hy=4.0%my, (6)

where mg, = [[F(k,, k,)dk,dk,. k, and k, are the wave number
in azimuth and range direction respectively. Although the
number of match-up points for the wind-wave dominated
condition are small (N =9), it is indicated that the cutoff
wavelength is proportional to the square root of signifi-

cant wave height ./H_ with a correlation coefficient of

0.86. This relation is also presented by Vachon et al.
(1994), although they examined relationships between the
cutoff wavelength and other parameters (i.e., wind speed).
In our study, we could not investigate its dependence on
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the other parameter because of the limited data set fur-
ther examination of the cutoff wavelength is left for fu-
ture studies.

On the other hand, owing to the weak imaging
nonlinearity in the swell-dominated case, the propaga-
tion direction of swell is well detected in the SAR image.
Therefore, when the wind-speed is less than 6 m/s in the
match-up sub-image, we did not apply the wavelength
estimate cut-off procedure.

3.3 Validation of the retrieved surface wave spectra

We now compare the surface-wave parameters ob-
tained from the SAR image to the NOWPHAS surface-
wave parameters. Figure 6 shows the comparison of SAR-
derived significant wave height and the corresponding
NOWPHAS significant wave height. The comparison
shows an agreement with a bias of 0.07 m and standard
deviation of error (SDE) of 0.61 m. The correlation coef-
ficient between them is 0.78. The biases and the SDE for
the wind-wave dominated cases (9 among 66 match-ups)
are 0.19 m and 0.94 m and for the swell-dominated cases
(57) 0.07 m and 0.53 m, respectively.

In our study, the SAR wave heights are underesti-
mated against the NOWPHAS measurements. The rea-
son may be attributed to cut-off of the wave spectrum in
the higher wave number domain caused by the limited
SAR resolution. That is,

H, =40x \/ [ F(K)dk,dk,
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Fig. 7. Comparison between gauge-measured and SAR-derived
wave propagation direction. Solid line indicates perfect cor-
relation. Five groups of samples categorized by wave height
are shown: wave height less than 0.5 m (circle), between
0.5 m and 1 m (square), between 1 m and 1.5 m (diamond),
between 1.5 m and 2 m (triangle) and larger than 2 m (hexa-
gon).

kne  frkng
>4.0x \/ j_kM j_kNa F(K)dk,dk, ,

where ky, and ky, are the Nyquist wave numbers defined
by the SAR spatial resolution.

Figure 7 shows the relationship between the charac-
teristic wave directions from the SAR images and
NOWPHAS. For wave gauge observation, the wave di-
rection is characterized by the propagation direction of
the significant wave component. The peak of the SAR
surface wave spectrum gives the wave direction of the
dominant wave according to the formula 6¢,, =
arctan(k,/k,) where (k,, k) is the wave number correspond-
ing to the peak of retrieved wave spectrum. Since surface
waves can be assumed as a stationary process with a spa-
tially quasi-homogeneous distribution (samples under the
effect of refraction are excluded when generating the
match-ups; Table 2), the characteristic wave direction
from NOWPHAS and the peak wave direction derived
from SAR should be quantitatively the same. They agree
with each other with averaged absolute deviation of 18.4°,
as calculated by the formula

1&
_Z|0SAR - ein_situ -
izt

The agreement does not depend on the wave height, as
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retrieval, and validation results.
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Fig. 8. Relationships between the integrated spectral energy

within the Nyquist wave numbers and wind speed for dif-

ferent azimuth angles. SAR spectra are estimated using the
present scheme.

indicated in Fig. 7. Our validation demonstrates that the
developed SAR surface wave spectrum has sufficient ac-
curacy for monitoring surface waves in the Japanese
coastal seas.

4. Discussion

We used a criterion of 6 m/s to separate the wind-
wave and swell dominated conditions. The difference of
spectrum retrieval between the conditions is summarized
in Table 3. We now discuss how reasonable it is.

The surface waves can only be detected by SAR im-
ages if the wavelength of the imaged waves is greater
than the SAR spatial resolution. To determine whether or
not the surface waves recognized by the limited spatial
resolution of SAR image are generated by wind, we simu-
late the relationship between the SAR spectra energy and
the wind speed. The integrated spectrum energy within
the Nyquist wave numbers (Eyy,,;;,) can be formulated
as:

/P, (/P
ENqu‘st = Jln/p,. J:ﬂ/Pa

Pyag (K)dk,dk,,

where Pg, (k) is the SAR spectrum derived from the
parameterized wave spectrum and HH-relationship, and
p, and p, are the resolutions of SAR images in range and
azimuth directions, respectively. As mentioned above, the
selection criterion of 6 m/s is based on a consideration of
the imaging capability of ERS-1/2 SARs. When the SAR
resolution of p, and p, increases, the shorter components
of surface wave can be observed by the SAR, which may
reduce this wind speed criterion.
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Fig. 9. (a) JONSWAP spectra at different wind speeds ranging from 6 m/s to 16 m/s. Dashed line shows the Nyquist cutoff wave
number according to the resolution of ERS SAR. (b) Ratio of wave energy beyond the cutoff wave number to the total wave
energy, calculated from (a), at different wind speed (solid line). Solid square indicates wind wave cases examined in the

present study.

Figure 8 shows the relationship between Ey,,,;;, and
the wind speed at azimuth angles of 20°, 40°, 60° and
80°. The azimuth angle is defined as the angle between
the wave (wind) and azimuth directions. As seen in Fig.
8, Enyquist 18 Weak for wind speeds <6 m/s for any azi-
muth angles. When wind speed is less than 6 m/s, the
wavenumbers of wind-wave peak are larger than the
Nyquist wavenumbers. Because of the limited SAR spa-
tial resolution, the dominant wind waves are detectable
at wind speeds >6 m/s. If the wind speed <6 m/s, the SAR
imaged surface waves are swell. This is why we selected
the criterion of 6 m/s to differentiate the swell and wind-
wave dominated cases in the ERS SAR image. Strictly
speaking, the wind speed criterion does not differentiate
wind waves from swell in the sense of water wave dy-
namics, but only in relation to the SAR imaging mecha-
nism of surface waves. Consistency of criteria in the dy-
namic and SAR-imaging senses should be investigated
in future using SARs with different resolutions.

When the wind speed >6 m/s, there is a possibility
that the wind-wave and swell co-exist in a SAR image,
although we could not find any such a case in the match-
up sub-images. The SAR-detected wind waves were pro-
duced only by the surface winds blowing from offshore.
Generally speaking, in the coastal seas, the winds off the
land cannot have long fetches for generating wind waves
that can be detected in a SAR image.

The SAR-imaged swells in the coastal seas come
from offshore, which is adapted to removeds the 180 di-
rectional ambiguity in our processing method. Therefore,
both the near-shore swells and wind waves imaged by
SAR have similar propagation directions toward the coast-

line. In this case, the swell and wind waves generated by
strong winds over a long distance may be merged and
treated as a wind-wave dominated case in our study.

Since SAR can only image one part of the wave spec-
tra because of its limited spatial resolution, validation of
SAR wave spectra requires separation of scales while the
wave heights from the wave gauge observation used in
the present study are generated by integrating all the spec-
tral components of surface waves. This raised a question:
does the missing part of SAR spectra beyond the Nyquist
wave number really become a source of systematic error
in present validation for the wind wave dominated cases?

In order to answer this question, we investigated the
effect of wave number cutoff due to SAR’s resolution on
the significant wave height by calculating ratios of the
missing part of wave spectra to the total wave energy us-
ing the JONSWAP formulation. Figure 9(a) shows the
calculated JONSWAP spectra for wind speeds higher than
6 m/s, and Fig. 9(b) shows the ratio of wave energy be-
yond the cutoff wave number (indicated as a dashed line
in Fig. 9(a)) to the total wave energy. The wind speeds
for nine wind-wave dominated cases and the wave en-
ergy ratios of the missing part to the total are plotted in
Fig. 9(b). The ratio decreases with increasing wind speed.
Except for the two lower wind cases (8.9 m/s and 10.0
m/s), the ratio is smaller than 20%. However, though the
cut-off effect may not be significant, the missing part of
the wave spectra contributes to the bias between the SAR
wave height (HSAR) and in-situ wave height (Hin-situ)
as Hin-situ > HSAR. Since we found only nine match-up
of wind wave dominated cases, statistical evaluation of
this effect is difficult and is left for future studies.

Wave Parameters Retrieval from SAR 575



5. Conclusions

Using the SAR image mode data, we have developed
a system to retrieve surface wave parameters in the coastal
seas around Japan. The wind speed information is derived
from the SAR image, which is also used to derive of the
SAR spectrum. The coastal wave gauges of NOWPHAS
have provided high quality, in-situ measurements of the
wave parameters for the analysis and validation of SAR-
derived surface wave parameters. The following conclu-
sions may be drawn.

1) Through careful examinations of SAR and in
situ conditions, we generated 66 match-ups using the SAR
sub-images (3.2 km X 3.2 km) and the in situ wave pa-
rameters. The corresponding SAR surface wind with 1
km-resolution is combined with them.

2) The cut-off wavelength depends on the
nonlinearity in the wind-wave imaging mechanism. Our
analyses show that, in the wind-wave dominated condi-
tion, the cutoff wavelength is proportional to the root of
significant wave height. Although it is based on a limited
data set, this result is consistent with the results of previ-
ous studies.

3) Our validation of SAR wave height shows that
for the whole data set the bias is 0.09 m and SDE 0.61 m.
The correlation coefficient between them is 0.78. The
biases and the SDE for the wind-wave dominated cases
(9 match-ups) are 0.19 m and 0.94 m and for the swell-
dominated cases (57) 0.07 m and 0.53 m, respectively.

4) The surface wave directions from the SAR im-
ages and NOWPHAS agree with the averaged absolute
deviation of 18.4°. The agreement trend does not depend
on the wave height.

This is the first time that the validation of surface
wave parameter retrieval from SAR image mode data in
coastal seas has been performed. Unlike MPI and SPRA,
the present method can extract the wave information with-
out additional inputs under the reasonable assumption that
the waves appearing in the SAR images propagate towards
the coast. This assumption is used to resolve the 180°
directional ambiguity of wave direction. Considering the
imaging mechanism difference, the wind waves and swell
are processed separately according to a differentiating
standard, which depends solely on wind speed. Better
separation criteria (e.g., wave age) may improve the wave
parameter retrieval, but this is left for future studies. Al-
though the retrieval system cannot provide the surface
wave field in the coastal seas with the same accuracy as
that in the open ocean, it does enable us to improve the
result of wave forecast in the coastal seas by combining
the wave information from the data source of SAR. These
promising results will give new opportunities for more
systematic studies of surface wave from SAR images in
coastal seas.
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