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Surface waves are one of the most important factors that influence human's activities in coastal seas. Since

a large portion of human population is located in the coastal zones, it is a social requirement to enhance un-

derstanding characteristics of the coastal surface waves. Because of the coastal complex bottom topography,



the surface wave field becomes complicated there and is needed to be analyzed with fine resolutions. Syn-
thetic Aperture Radar (SAR) has been proven to be a useful and efficient remote sensing tool for observing
the ocean surface wave fields with high resolutions. SAR images contain vast amounts of information on the

surface waves, which enables us to retrieve the surface wave parameters from them.

Using C-band SAR images, retrieval algorithms for the surface wave parameters have been proposed in both
open oceans and coastal seas. In contrast, there is no such a study using L-band SAR images. Nowadays, sat-
ellite carrying the L-band SARs was and is in the space, and has been observing the surface waves. Although
the L-band surface wind retrieval is well established using the accumulated L-band SAR images, studies on

retrieval of the surface wave parameters are not conducted till present.

This study is motivated by the above-mentioned needs in the coastal wave study and the availability of the
L-band SAR images around the Japanese coasts. The surface wave imaging mechanisms of microwave radars
were studied by using the C-band SARs. Though the mechanisms may be referred to understanding the L-
band imaging mechanisms, no study is conducted in this direction. Swells are a typical feature of the surface
waves, and they dominate in the coastal seas. Because, from the C-band SAR studies, the swell imaging
mechanisms of L-band SAR are expected to be linear, we decide to investigate swells captured by the L-band
SAR images as a first step. In Section 1, we introduce the backgrounds, the purpose of this study and the
thesis structure.

In Section 2, the study area, the used datasets and the match-up generation method are described in details.
Coastal seas facing to north-eastern coasts of the Honshu Island and Sendai Bay are chosen as the study
areas. Images of Phased Array type L-band Synthetic Aperture Radar (PALSAR) on board Advanced Land
Observing Satellite (ALOS) are used for this study. In-situ wave parameters observed by the Nationwide
Ocean Wave information network for Ports and HArbourS (NOWPHAS) wave gauges are used for the re-
trieval algorithm development, validation of the retrieved wave parameters and the analyses of swell fields. In
particular, we have used the surface wave spectral data in Sendai Bay. The match-ups are generated combin-
ing the PALSAR scenes and the corresponding NOWPHAS in-situ wave parameters. We separate the wind
wave cases and the swell cases by using the threshold of 6 m/s of PALSAR-derived wind speed following

Sun and Kawamura [2009a].

In Section 3, retrieval algorithms of the swell parameters, i.e., the wavelength, the wave height and the
wave propagation direction (wave direction, hereafter), are studied and developed using the match-ups gener-
ated in Section 2. The retrieval method for wavelength and wave direction utilizes the spectral peak of the
smoothed PALSAR wavenumber spectrum. The SAR image spectrum has the inherent 180° direction ambigu-
ity, which can be solved by the common-sense view that the swells only propagate toward the coast. The de-
rived wavelength and wave direction are validated with the NOWPHAS in-situ wave parameters. The in-situ
wavelength is calculated by using the dispersion relation in the limited depth water together with the wave
period and water depth at the wave gauge point. The SAR-derived and the in-situ wavelengths and the wave

directions show good agreements with each other. For the wavelength, the bias is 10.4 m, the root mean



square error (RMSE) is 18.3 m, and the correlation coefficient is 0.93. For the wave direction, the bias is
1.3°, the RMSE is 15.5°, and the correlation coefficient is 0.94. These results demonstrate that the L-band

SAR imaging mechanism for the swells is considered mostly to be linear.

The C-band Modulation Transfer Functions (MTFs) have been established and used for retrievals of the sur-
face wave spectra and wave heights. In this study, we try to develop a MTF for retrievals of the surface wave
spectrum and the wave height using the L-band PALSAR. Fortunately, we have time series of in-situ two-
dimensional wave spectra at two stations in Sendai Bay. Using the seven pairs of the swell spectra and the
corresponding PALSAR image spectra, we obtain an empirical MTF for the L-band SAR (MTF .-, hereaf-
ter) through the linear regression analysis. Using the MTF .-..«, the SAR image spectra are converted to the
surface wave spectra, which are integrated to estimate significant wave heights. Their validation against the
in-situ significant wave height shows a good agreement; the bias is 0.08 m with the RMSE of 0.30 m and

their correlation coefficient is 0.80.

In Section 4, high-resolution two-dimensional (2-D) maps of the swell parameters are retrieved from a
PALSAR scene on 2006/09/24 in Sendai Bay using the retrieval methods studied and developed in Section
3. The characteristics of coastal wave field (i.e., wave refraction, shoaling effect) can be clearly seen in the
map. Features of the wavelength map are investigated by comparing with a wavelength map calculated
through the linear wave theory with the wave period obtained from a wave gauge in Sendai Bay. They cor-
respond well in most areas though large differences appear in the near-shore area and the complicated bottom

topography area.

It is found that the spatial resolution of the retrieval method is not enough to investigate the surface waves
in the near-shore area. Then, we introduce wavelet transform, which is used to decompose a signal into those
with arbitrary scales. The high-resolution profiles of wavelength are obtained along wave rays by the wavelet
transform. The new wavelength map is derived, which clearly shows that the large difference in the near-shore

area disappears.

For the area over the complicated bottom topography, we have investigated the bottom slope effect referring
the work of Chen et al. [2004]. They have studied the bottom slope effect on the surface wave propagating
from the deep water to the coastal seas by using an advanced perturbation theory. It is concluded that the

large wavelength difference in the area is well reduced by using the 2™ order solution of the perturbation

equation.

The wave height map is also generated from the same PALSAR scene using the MTF,-s.. The map shows
the typical feature of the coastal wave field that the wave height first decreases from the deep water to shal-
low water and then increases again to the coast. The SAR-derived wave height variation agrees well with the

variation estimated from the theory including the bottom slope effect.

In Section 5, discussions are focused on the MTF, ... No L-band surface wave retrieval methods were



presented until this study, which, however, has left many research subjects for future studies. For example, 1)
the MTF .- combines all the effects of SAR surface wave imaging mechanisms, which should be separated
and clarified theoretically. 2) The developed MTF .- cannot be applied to surface wave conditions under
moderate and strong winds. Further examination/validation of the M7TF ;... should be done for the full surface

wave and wind conditions in future.

Section 6 provides the conclusions and the future plans of this thesis. Throughout this study, the retrieval
methods of swell parameters have been established, and the advanced analyses of 2-D swell field in the
coastal sea are first conducted using the L-band PALSAR images. The successful achievements in these sub-
jects imply that the L-band SAR images have a quite high potential for monitoring the coastal surface wave

fields around Japan.
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