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ABSTRACT: Synthetic Aperture Radar (SAR) has been recognized as a powerful tool for modeling ocean waves and forecasting over an area of 300 km x 300 km.  The quantitative descriptors of the ocean surface wave properties such as wave height and wave slope spectra can retrieve from several satellite SAR missions, such as ENVISAT ASAR data.The retrieving techniques of sea surface quantitative descriptors involve linear and nonlinear techniques. In linear technique, Modulation Transfer Function (MTF) used to relate SAR spectra image with real sea surface spectra. This study has demonstrated a new approach for the simulation of wave refraction pattern in airborne radar data. In doing so, the quasi-linear algorithm used to model significant wave height based on the new approach of the azimuth cutoff algorithm. The study shows that wave refraction pattern can simulate from ENVISAT ASAR  data with convergence and divergence spectra energy of 0.84 and 0.4 m2 sec, respectively. In conclusion, modification of the conventional azimuth cutoff algorithm can be used to retrieve significant wave height in Cvv- band data under circumstances of  wave transformation using first order Partial Differential  Equation (PDEs).    

1. INTRODUCTION
Synthetic Aperture Radar (SAR) has been recognized as a powerful tool for modeling ocean waves and forecasting over an area of 300 km x 300 km. Hence, the sediment transport could be modeled by the wave spectra information extracted from a SAR image (Forget et al., 1995 and Li et al., 2010) . Currently, a number of investigations have been carried out on the assimilation of SAR wave mode data into wave forecasting models. This is because the SAR image spectrum has turned out to be far removed from the actual wave spectrum and  rather complicated post-processing is necessary for extracting quantitative wave information In this regards, previous studies were carried out by Hasselmann and Hasselmann, (1991), and Li et al., (2010) by developing an inversion algorithm to map SAR wave spectra into ocean wave spectra. 

Hasselmann and Hesselman (1991) introduced a non-linear algorithm which was developed by Vachon et al.,(1994) to model the significant wave height based on the azimuth cutoff. Vachon et al. (1995) defined the azimuth cutoff as the degree to which the SAR image spectrum is constrained in the azimuth direction. The azimuth cutoff is affected by the wind and wave condition in a quasi-linear forward-mapping model (Vachon et al. 1995).  Marghany (2003 and 2004)  utilized the azimuth cutoff model which was developed by Vachon et al. (1994) to estimate the significant wave height. This study is aimed to retrieve the wave refraction pattern from  ENVISAT ASAR data using the velocity bunching algorithm along the east coast of Malaysia.
The question can be raised as to how an integration of the velocity bunching algorithm  with a first order Partial Differential  Equation (PDEs) could  use to develop a new approach to observe coastal wave refraction from  ENVISAT ASAR data. The main objective is to modify the conventional azimuth algorithm to model significant  wave height in coastal water of Malaysia. The sub-objectives are :(i) to model the physical properties of wave spectra such as wavelength,  significant wave height and spectra energy in azimuth direction using Cvv-band data; (ii) to simulate wave refection pattern using first order Partial Differential  Equation (PDEs); and to model spectra energy variation of  wave refraction patterns.
2. Velocity Bunching Algorithm

2.1   Wave Spectra Model

According to Pierson and Moskowitz (1964) the significant wave height spectrum 
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are the wave numbers in the azimuth and range directions, respectively, and 
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2.2 Wave Spectra from SAR Data

In this study, a single ENVISAT ASAR image  frame comprising of 512 x 512 pixels and lines  was extracted. The ENVISAT ASAR images are a two dimensional sampling of the ocean wave field and thus a two-dimensional (2-D) Fourier transfer has to be utilized (Populus  et al., 1991;Forget et al., 1995;Marghany 2001;Marghany 2003; Marghany 2004; Marghany 2014a) .When the Fourier transfer was selected, the output domain is the two-dimensional frequency spectrum of the input image (Marghany 2014a).  To map observed SAR spectra into the ocean wave spectra, a nonlinear model was applied.  The nonlinear  theory is explained below: According to the Gaussian linear theory, the relation between ocean wave spectra 
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could be described by tilt and hydrodynamic modulation (real aperture radar (RAR) modulation) and velocity bunching modulation. The tilt modulation is linear to the local surface slope in the range direction, i.e. In the plane of radar illumination. The tilt modulation in general is a function of wind stress and wind direction for ocean waves and ENVISAT ASAR. According to Vachon et al.,(1994) the tilt modulation is the largest for HH polarization. The hydrodynamic interaction between the scattering waves (ripples) and longer gravity waves produced a concentration of the scatterer on the up wind face of the swell. Following Vachon et al., (1995) ENVISAT ASAR image spectra can map into ocean wave spectra under the assumption of the quasi-linear modulation transfer function 
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where 
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 is an azimuth cutoff function that depends upon the azimuth wave number 
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, the the cut-off azimuth wave number 
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) is the ENVISAT ASAR point spread function. ENVISAT ASAR point spread function is a function of the azimuth and the range resolutions (Li et al., 2010). According to Vachon et al., (1995) 
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 is a linear modulation transfer function which is composed of the RAR (the tilt modulation and hydrodynamic modulation), and the velocity bunching modulation.  
2.3 Significant Wave Height 

In order to estimate the significant wave height from the quasi-linear transforms, we adopted the algorithm that was given by Vachon et al., (1995) and modified by Marghany (2003) to be appropriate for the geophysical conditions of tropical coastal waters:
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cut-off, Hs and U are the in situ data of significant wave height and wind speed. The measured wind speed was estimated at 10 m height above the sea surface. 
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 is an empirical value which results of  R/V multiplied by the intercept of azimuth cut-off C when the significant wave height and the wind speed equal zero.  A least squares fit was used to find the correlation coefficient between cut-off wavelength and the one calculated directly from the ENVISAT ASAR spectra image by equation (3). Then, the following equation was adopted by Marghany (2014) to estimate the significant wave height (HsT) from the ENVISAT ASAR images
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 where 
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 is the significant wave height simulated from ENVISAT ASAR images.  The significant wave height 
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is estimated by using the velocity-bunching model. Finally, the in situ wave spectra measurements have been collected using AWAC wave rider buoy during the ENVISAT ASAR overpass on 28 December 2010. 

2.4   Wave Refraction Pattern

Following, Marghany (2014a) the explicit finite difference scheme, centered in x, proposed for the solution of wave refraction equation:

(1) Wave angle equation: solved for 
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(2) Significant wave height equation: solved for 
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( Herbers  et al.,1999)
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3. Results and Discussion 

Figure 1 shows the ENVISAT ASAR satellite data along the coastal waters off Johor which are acquired on 28 December 2010 (Figure 1). The study area is located along the coast of Johor in the southern, eastern part of Peninsular Malaysia. The area is approximately 20 km of Johor (Figure 1), located  in the South China Sea, between 1° 57´ N to 2° 15´ N and 103° 51´ E to 104° 15´ E. Further, the coastline is bordered with varying widths of alluvial plains. Consistent with  Marghany et al., (2010) and Zelina et al., (2001), this area is located in an equatorial region dominated by two seasonal monsoons and two transition monsoon. The southwest monsoon lasts from May to September while the northeast monsoon lasts from November to March.  The transition monsoon periods involve April  which  is between end of northeast monsoon and the beginning of the southwest monsoon periods. Further, the second transition monsoon is October which is between the end of the southwest monsoon and beginning of northeast monsoon periods (Marghany 2014). 
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Figure 1. ENVISAT ASAR data with selected kernel windows of 512 x 512 pixels and lines  

and blue windows indicates the location of in situ measurements.

Figure 2 shows the simulated wave spectra that derived from AWAC wave rider buoy, ENVISAT ASAR data, and  modeled by using the velocity bunching model. Clearly, the wavelength is varied from 100 m to 200 m. The main direction of the wave spectra is the northeast. The monsoon winds affect the direction and magnitude of the waves. Further, Marghany [8] stated that strong waves are prevalent during the northeast monsoon when the prevailing wave direction is from the north (November to March), while during the southwest monsoon (May to September), the wave directions are propagated from the south. According to Marghany et al., (2004) the maximum wave height during the northeast monsoon season is 4 m. The minimum wave height is found during the southwest monsoon which is less than 1 m (Marghany et al., 2009 and Marghany 2013).
(a)                          (b)                         (c)
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Figure 2. Ocean wave spectra derived from (a) AWAC, (b) ENVISAT ASAR and (c) velocity bunching model.
According to Marghany (2004), velocity bunching model produces precisely the information of wave spectra. Indeed, it is able to solve the matter of non-linearity between SAR observed spectra and ocean wave spectra. In other words, it can be used to map SAR observed spectra into real ocean spectra. This result confirms that studies of  Vachon et al., (1995); Marghany (2004) and Marghany (2014a).  Figure 3 shows the wave refraction spectra energy  because of convergence and divergence. The convergence spectrum has the sharper peak compared to divergence spectra. The sharp peak of the convergence spectrum is 1.0 m2 sec  while the divergence spectrum peak is  0.2 m2 sec.  This study confirms the studies of Marghany (2014b).
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Figure 3. 3-D wave refraction simulated from ENVISAT ASAR data.

4  Conclusions
This study has demonstrated a new approach for the simulation of wave refraction pattern in airborne radar data. In doing so, the quasi-linear algorithm used to model significant wave height based on the new approach of the azimuth cut-off algorithm. The study shows that wave refraction pattern can simulate from ENVISAT ASAR data with convergence and divergence spectra energy of 1.0 and 0.2 m2 sec, respectively. In conclusion, the integration between velocity bunching algorithm and wave transformation using first order Partial Differential  Equation (PDEs) can be  used to retrieve wave refraction pattern from ENVISAT ASAR data.  
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