The ocean plays significant roles in shaping features of the Earth. The ocean controls the Earth's weather and long-term climate patterns. It also has great impacts on our societies through water/food supply and product delivery. Only by studying the characteristics and dynamics of the ocean can we better project its influence on the humankind. Among the numerous exploration techniques, spaceborne synthetic aperture radar (SAR), independent of the solar illumination and cloud cover, has been widely used to observe the atmospheric and oceanic phenomena. Air-sea interactions govern the sea surface roughness (gravity-capillary waves) which determines the magnitude of the radar backscattering. Despite of being complex and non-linear, the modulation of the sea surface roughness by ocean waves is also mapped on the SAR images, providing a unique source of two-dimensional ocean swell spectra measurements from space. As consequence, many different applications, such as swell tracking, assimilation of wave spectra into operational wave forecasting systems or more recently wave-ice interactions studies have benefited from SAR observations. However, since Envisat/ASAR (2002-2012) which provided 10-year acquisitions over open ocean, SAR systems have been significantly improved, offering new perspectives for ocean applications. This thesis deals with the potential of these new missions to fully exploit their capabilities and to, possibly, provide guidance for future concept missions.

To this aim, this thesis mainly deals with the latest European (Copernicus program) SAR constellation mission Sentinel-1(S-1) constellation (S-1A in April 2014 and S-1B in April 2016). These two C-band SAR ensures continuity with the past European missions for waves measurements thanks to the so-called Wave Mode and new capabilities. In particular, S-1 wave mode acquires SAR vignettes over the global ocean at higher resolution than Envisat/ASAR and alternately at two different incidence angles to increase the swell sampling. This thesis also explores the GaoFen-3 (Chinese mission) and Radarsat-2 (Canadian mission) to extend the incidence angle range and investigate the polarization diversity benefits. Finally, the 10 years of Envisat/ASAR data are also considered to explore the temporal trend of global wind/waves.

In Part I, the commonly used SAR parameters are reviewed, including the Normalized radar crosssection (NRCS) and azimuth cutoff. NRCS has been extensively used in the microwave remote sensing to describe the backscattering magnitude of the imaged area. A series of calibration steps are required to obtain the proper NRCS. Thus, prior to any geophysical applications, NRCS of Sentinel-1 (S-1) wave mode (WV) acquisitions is first assessed. It is found in this thesis that WV
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Azimuth cutoff is another parameter that has been proven useful in the wind retrieval. Azimuth cutoff is advantageous because it is directly estimated from SAR image spectra and free of calibration steps. It can be taken as a complementary to NRCS and accounts for the sea state impact on wind speed. In addition to its wind dependence, the azimuth cutoff is also analyzed regarding its polarization dependence based on data acquired by Radarsat-2 and Gaofen-3. In general, azimuth cutoff is greater in VH than in HH, which in turn larger than VV. The comparison of azimuth cutoff between SAR measurements and the simulation out of collocated ocean wave spectra is conducted on a case-by-case basis. The statistical disagreement mainly lies in the cross-polarized azimuth cutoff that SAR measurements show larger values. The greater azimuth cutoff is speculated to associate with the higher sensitivity of cross-polarization to the wave breaking. Further theoretical investigations are required to fully interpret the SAR mapping principles for cross-polarization measurements. This shall lead to the possibility of quantifying the contributions of wave breaking by combining the polarized azimuth cutoff.

One of the main limitations of existing SAR system is their unique viewing angle. To overcome this issue, one can combine complementary (different sensitivity to azimuth look angle) radar parameters. For instance, the use of both Doppler centroid anomaly (DCA) and NRCS has proven to help constraining the wind speed and direction inversion. However, due to issues in the attitude systems of S-1, its accuracy is still under improvement. Another possible solution is to move toward more advanced SAR mission concepts such as STEREOID to get both diversity in viewing angles and radar parameters. Here, based on the existing SAR, a new SAR parameter is defined to complement NRCS and azimuth cut-off. In addition, it could possibly replace DCA as existing SAR mission requirements hardly fit the mandatory accuracy needed for ocean applications from Doppler. This new parameter is termed as MACS and defined from the SAR image cross Spectra. Part II of this v thesis is dedicated to this new parameter.

MACS is first defined by filtering the cross-spectra around range-traveling intermediate ocean waves (15-20 m) since these waves are strongly coupled with the local winds. By definition, MACS is expected to reflect both magnitude and direction of the mapped intermediate waves. It is a complex quantity and dependent on the radar configurations (radar center frequency, polarizations and incidence angles). Imaginary part of MACS (IMACS) is found to be a signed quantity relative to the wind direction (from upwind to downwind). IMACS also shows asymmetry with respect to the radar line-of-sight direction. Analogous to the DCA, MACS can be used together with NRCS to establish an independent wind algorithm. The self-derived winds from SAR measurements shall benefit further studies, such as wave inversion, assessment of finescale wind/wave/current interaction, et al.

As a follow-up study to the IMACS dependence on winds, the possibility of using MACS to examine the modulation transfer function (MTF) between SAR backscatter and ocean waves is also addressed. To this end, the magnitude of MACS (MMACS) is documented with respect to the sea surface wind (wind direction dependence, up-downwind asymmetry) and radar configurations (incidence angles and polarizations). The comparison of MMACS obtained from SAR measurements and simulations shows disagreements, particularly at small incidence angle. Assuming a linear mapping for MMACS, the real aperture radar (RAR) MTF is accordingly derived by adjusting the simulation to be consistent with the measurements. The ratio of the derived to the initial RAR MTF overall increases with wind speed. And for given wind speed, this ratio is slightly larger in HH than in VV and much greater at small incidence angle. It shall be used to refine the wave spectral inversion and possibly to complement the tilt modulation based on the NRCS GMF.

More practically, MACS offers new perspectives for wind/waves analysis from routine and global SAR acquisitions but also to better characterize complex atmospheric phenomena. One-year S-1

WV data is used to demonstrate the global and seasonal variations of IMACS. In general, global patterns of IMACS are in agreement with the global winds. IMACS exhibits opposite signs from trade winds to the westerlies. Its magnitude is much greater in the respective storm tracks, which is associated to the consistently high winds. Complementary to the NRCS, IMACS is able to capture the seasonal variations of wind direction. In addition, the feasibility to use MACS computed at high spatial resolution for measuring sea surface wind field from SAR acquisitions in wide swath mode is also demonstrated in a case of polar low. In this context, IMACS should be advantageously used vi to help constrain local wind retrieval schemes from various SAR measurements and help look into the fine structures of wind field over local wind events.

As described, MACS is defined to highlight the image spectral properties of the individual wave scales. The primary application of MACS shall be to investigate the global distributions of ocean waves at various wavelengths. Taking advantage of the ten-year acquisitions from Envisat/ASAR wave mode, this aspect is studies with the following results. The MACS for various wavelengths presents increasing trend with respect to the wind speed, corresponding to the wind-wave coupling.

The degree of coupling depends on the wavelength: longer waves are in higher coupling with higher winds. And from the wave climate point of view, global patterns of MACS differ from the intermediate wind waves (60 m) to the long ocean waves (300 m). The signatures well represent the global distribution of winds, spatially and seasonally. In addition, it is found that the most energetic wavelengths are closely related to the local winds. In specifics, MACS signatures of longer waves are found over the storm tracks while relatively shorter waves (∼ 100 m) are within the trade winds.

The global wave signatures represented by MACS are expected to help evaluate the model outputs and complement studies of the wave spectral climate. The data continuation of S-1 in the coming 10 years shall allow this study to extend towards longer temporal analysis.

Based on the results presented in this thesis, future studies are anticipated in several aspects. First, given the distinct wind direction dependence of MACS, an independent wind retrieval scheme by combining NRCS and MACS will certainly enhance the usage of SAR images. This method is also expected to perform at wide swath SAR images and the fine structure of wind field over various weather events can be possibly examined. Then, this analysis technique can be readily applied to the SWIM observations aboard the CFOSAT satellite, which is capable of providing the fully two-dimensional ocean wave spectra. The MACS shall be extended to all waves directions since SWIM is not subject to the nonlinear mapping as a SAR is. In addition, the spectral analysis of Theoretical values are derived using formula in (W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF]. The GMF-based tilt MTF is calculated using CSARMOD in (A. Mouche & Chapron, 2015a) 3.9 The same as Figure 3.3 but for re-calibrated NRCS. The scatters are re-calibrated NRCS using rain-forest method. Black line (marker of right triangle) 'Fit I' represents rain-forest calibration method and red line (marker of vertical line) 'Fit II' for ocean calibration. . . . .

3.10

Re-calibrated NRCS residuals (σ 0 SARσ 0 CMOD5.N ) relative to wind speeds. Data (in color) are re-calibrated NRCS by ocean calibration method. Black lines are the replica of Figure 3.4 and blue (red) lines are mean re-calibrated NRCS residuals using Amazon rain-forest (ocean calibration) method. The wind speed bin is 1 ms -1 . The error bar represents 1 standard deviation of NRCS difference within each bin. . . . . . . . . . . . . . . . . . . . . . . . . .

Temporal evolution of correction constant obtained by ocean calibration method per cycle

for (a) S-1A and (b) S-1B (top). The corresponding number of imagettes per cycle is given in the bottom panel. Any cycle with acquisitions less than 1000 is excluded. The fact that S-1B operated in HH polarization results in the interruption from mid-March to June in 2017.

3.12 (Top) Scatter plot of retrieved wind speed from re-calibrated NRCS using CMDO5.N relative to buoy wind speed for (a) WV1; (b) WV2. The buoy wind direction is input as a priori to CMOD5.N. (Bottom) The ocean wind field of S-1 Level-2 products derived from ESAcalibrated NRCS using CMOD-IFR2 are plotted with respect to buoy wind speed for (c) WV1; (d) WV2. Red lines are least-squared linear regression for all collocation data points and dashed red lines are linear fit to data points with buoy wind speed higher than 4 m/s. . . 

(a)

Scatter plot of IMACS (1) relative to wind direction at wind speed of 7 m/s. Binned average of IMACS (1) (solid), IMACS

+A (dashed) and IMACS

-A (dotted) are also plotted. (b) ∆ IMACS (1) ± (IMACS (1) +A -IMACS (1) -A ) at 7 m/s. (c) ∆ IMACS (1) ± relative to wind direction for various wind speeds. Wind direction of 0 • denotes upwind. . . . . . . . . . . . . . . . .

(a) NRCS representation acquired by S-1A Interferometric Wide swath (IW) on 29 Decem-

ber, 2016 at 15:03 UTC over a Polar Low. ECMWF forecast winds at 15h00 UTC are superimposed as arrows with colors denoting wind speed. (b) IMACS (1) computed over moving window. (c) IMACS (1) along two transects depicted by two black lines in plot (b). . . . . .

5.7

Seasonal global map of IMACS (1) based on data acquired by S-1A WV1 over ascending pass from December 2016 to November 2017. The negative IMACS (1) corresponds to upwind direction with wind roughly blowing from the east to the west. Data are averaged on a spatial bin of 2 • in both longitude and latitude. . . . . . . . . . . . . . . . . . . . . . . . . 5.8 Probability Density Function (PDF) of (a) NRCS and (b) IMACS (1) over the east Equatorial Current area (marked by red rectangle in Figure 5.7(a)) are presented for four seasons. The wind rose of collocated ECMWF winds is also depicted for (c) season of JJA; (d) season DJF.

5.9 Seasonal average of (a) IMACS (1) , (b) collocated ECMWF wind direction and (c) projected radial wind speed relative to latitude along the transect of 90 

Publications

In achieving the objectives listed above, the following papers in Chapter 3-7 are prepared: 

Overview of the satellite measured sea surface winds and waves

The ocean covers approximately 71% of the Earth's surface and contains almost 97% of the Earth's water. It plays significant roles in shaping the global weather and long-term climate. Comprehensive observations of the global ocean are necessary to understand its geophysical dynamics. This includes a wide range of oceanic and atmospheric variables, such as the oceanic current, sea surface salinity, ocean biology, precipitation, sea surface temperature, wind and waves, etc. Of which, the sea surface wind and waves are the most basic elements on the vast ocean surface.

1.3. Overview of the satellite measured sea surface winds and waves Sea surface wind is caused by atmospheric pressure gradient. Surface waves are then generated under the forcing of sea surface wind. These two variables are highly correlated and both are important to local air-sea interactions. Observations are needed to better understand the wind-wave coupling and their roles in the air-sea interactions. In the context of global atmosphere and ocean interaction, their climate signatures at regional or global scale are also desired. To date, the winds and waves are usually measured using two types of systems: in situ and remote sensing sensors.

The traditional in situ instruments are able to regularly provide observational records, but are limited to sparse locations in space and it is difficult and expensive to deploy many sensors over a large area on the ocean. Plus they are subject to fragile damage associated with environmental events or human activities. As such, despite accurate observational records at the location of interest, it is not feasible to gather in situ measurements that cover the entire region, not to mention the globe.

Remote sensing measurements can be grouped in terms of their mounted positions, such as shipborne, airborne, spaceborne etc. Among others, spaceborne remote sensing systems are capable of continuously providing observations of sea surface wind and waves at global scale. This was first demonstrated with the pioneering launch of the SeaSat-A satellite in 1978. It carried a Ku-band (center frequency 14.599 GHz) scatterometer sensor, an Ku-band (center frequency 13.56 GHz) radar altimeter and an L-band (center frequency 1.275 GHz) SAR sensor. Unfortunately, the satellite mission was terminated by a massive power failure only after 105 days of operation. Yet, the large data set collected over this short duration still proved the ability of spaceborne radars to accurately measure sea surface winds and waves [START_REF] Jones | Evaluation of the seasat wind scatterometer[END_REF]. In this sense, the SeaSat-A is a visionary mission, being the precursor for the subsequent ocean satellite systems.

Satellite observations of ocean winds

Spaceborne satellites are effective and economical means of observing global ocean winds. Active radars, including scatterometer, SAR and altimeter are the main sensors to measure sea surface winds. These radars rely on the sea surface roughness to measure the surface wind at 10 m elevation (hereafter U10) [START_REF] Quilfen | Calibration/validation of ers-1 scatterometer precision products[END_REF][START_REF] Hersbach | An improved c-band scatterometer ocean geophysical model function: Cmod5[END_REF][START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF]A. Mouche & Chapron, 2015a). Among which, each sensor has its strong and weak points.

Scatterometers have multiple viewing antennas and are able to resolve the absolute wind direction.

Typical errors of the inferred wind vectors are 1 m/s for wind speed from various scatterometers and less than 20 • for wind direction [START_REF] Bentamy | Compatibility of c-and ku-band scatterometer winds: Ers-2 and quikscat[END_REF][START_REF] Stoffelen | Ambiguity removal and assimilation of scatterometer data[END_REF]. The winds are usually available at spatial resolution of 12.5 km or 25 km [START_REF] Bentamy | Compatibility of c-and ku-band scatterometer winds: Ers-2 and quikscat[END_REF][START_REF] Freilich | The accuracy of the nscat 1 vector winds: Comparisons with national data buoy center buoys[END_REF][START_REF] Stoffelen | Ambiguity removal and assimilation of scatterometer data[END_REF]. Since SeaSAT-A, several scatterometers have been launched.

These include the wind scatterometer on ERS satellite (ERS-1: 1991-2000and ERS-2: 1995-2011),

the SeaWinds instrument on QuikSCAT (2001QuikSCAT ( -2009)), the SCAT instrument on Oceansat-2 (2009Oceansat-2 ( -2014)), the ISS-RapidScat on International Space Station (2014Station ( -2016) ) and the ASCAT on MetOp satellites (MetOp-A launched in 2006 andMetOp-B in 2012). The next generation MetOp satellites have been approved and are going to be launched soon.

While a SAR has only one fixed antenna, in consequence, it cannot resolve the wind direction.

With the input wind direction as a priori, SAR is able to provide the wind speed at much higher spatial resolution up to hundred meters [START_REF] Lehner | Mesoscale wind measurements using recalibrated ers sar images[END_REF][START_REF] Horstmann | Ocean winds from radarsat-1 scansar[END_REF]. The derived fine-scale SAR winds can complement the scatterometer measurements to better resolve the spatial variability of local wind fields. The typical errors of derived wind speed are 1 m/s [START_REF] Lehner | Mesoscale wind measurements using recalibrated ers sar images[END_REF][START_REF] Lin | An overview on sar measurements of sea surface wind[END_REF]. It is worth pointing out that wind direction can be partly resolved (180 In addition to the two radars mentioned above, the radar altimeter is another instrument that can obtain wind speed records. The wind speed can help correct the simultaneously measured significant wave height and can also be used for climatological studies given the long duration of altimeter missions (I. R. [START_REF] Young | Global trends in wind speed and wave height[END_REF]. There are a many of altimeters that have been launched, including: GEOSAT (1986GEOSAT ( -1990)), ERS-1 (1991ERS-1 ( -2000)), TOPEX/Poseidon (1992[START_REF] Mouche | Radar scattering of the ocean surface and sea-roughness properties: A combined analysis from dual-polarizations airborne radar observations and models in c band[END_REF], ERS-2 (1995-2011), Jason-1 (2001-2013) and Jason-2 (2008-now), Cryosat-2 (2010-now), HY-2 (2011HY-2 ( -2016) ) and SARAL (2013-now).

•
In remote sensing, a geophysical model function (GMF) is generally used to infer the wind speed and direction from these radar measurements. It relates the Normalized Radar Cross Section (NRCS) to radar configurations (radar wavelength, polarization as well as incidence angle) and sea surface wind (wind speed and direction). Several families of GMF have been proposed to aid the wind retrieval from radar measurements at different bands (X-, ku-, C-band). Among which, C-band GMF is widely used in virtue of the numerous data archive. Though it has been continu-ously updated to improve its performance in wind retrieval [START_REF] Quilfen | Calibration/validation of ers-1 scatterometer precision products[END_REF][START_REF] Hersbach | An improved c-band scatterometer ocean geophysical model function: Cmod5[END_REF][START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF]A. Mouche & Chapron, 2015a), the accuracy is still subject to multiple impact factors. For example, the atmospheric instability [START_REF] Hoffman | The influence of atmospheric stratification on scatterometer winds[END_REF]) and presence of upper oceanic current [START_REF] Plagge | Examining the impact of surface currents on satellite scatterometer and altimeter ocean winds[END_REF] shall both modify the local sea surface roughness.

These influence on sea surface roughness leads to a modified NRCS, different from the ambient NRCS generated by the local winds. In addition to that, the modulation of wind generated small scale roughness by ocean swell can also influence the mean radar backscattering. All these NRCS modifications would accordingly translate to biases in the wind retrieval. In particular, the sea state impact has been examined by (Stopa et al., 2017) using the advanced SAR (ASAR) aboard EN-VISAT. Since ASAR operated only at one incidence angle (∼23 • ), analyses using scatterometers were extrapolated to investigate sea state impact dependence on incidence angle. It was found that this impact decreases with increasing incidence angle (Stopa et al., 2017), consistent with the previous findings [START_REF] Quilfen | Relationship between ers scatterometer measurement and integrated wind and wave parameters[END_REF]. This impact is expected to be compensated in order to obtain the accurate wind from both SAR and scatterometers.

On top of that, it should also be noted that most of the present active radars operate at co-polarization (VV or HH). The co-polarized radar return is notoriously prone to signal saturation at high winds (>25 m/s), restricting their applications in extreme weather events (for example tropical cyclones).

With the increasing availability of fully polarimetric acquisitions, it was recently documented that cross-polarized backscatter is not subject to the saturation issue (B. [START_REF] Zhang | Cross-polarized synthetic aperture radar: A new potential measurement technique for hurricanes[END_REF]. This opens up a new avenue for monitoring the high winds conditions using spaceborne radar observations. Now, quasi-routine acquisitions over tropical cyclones have been initiated by S-1 constellation during the hurricane season. This capability shall be further enhanced with the coming S-1C&D, the next generation Metop as well as the radarsat constellation mission (launch expected in May 2019).

In addition to the active radars, passive radiometers have recently been demonstrated to be capable of monitoring high wind conditions, particularly over the tropical cyclones [START_REF] Reul | A new generation of tropical cyclone size measurements from space[END_REF]. And microwave radiometers work quite differently from the radar [START_REF] Zhao | Direct comparison between active cband radar and passive l-band radiometer measurements: Extreme event cases[END_REF], depending on the brightness temperature to sense the wind strength. The brightness temperature is closely related to the surface emissivity affected by surface whitecaps. As the winds intensify particularly over cyclone conditions, whitecap coverage greatly increases, changing the brightness temperature. With careful corrections, the local winds can then be derived. The radiometers can provide wide-swath observations at spatial resolution of 40 km and have been shown to give reliable measurements on the wind structures of hurricanes. By combining with the active radar measurements, it shall improve forecasting for tropical cyclones.

Satellite measurements of ocean waves

Ocean waves are the most common phenomena on the sea surface and cover a wide range of wavelengths and directions. They are caused by the sea surface wind, generated by the friction between the wind and the water. As the wind blows, ocean waves gain energy from the wind and gradually grow. After the wind blowing over an area (fetch) for a certain time (duration), the sea state reach equilibrium with the local winds [START_REF] Phillips | Spectral and statistical properties of the equilibrium range in wind-generated gravity waves[END_REF][START_REF] Juszko | Wind stress from wave slopes using phillips equilibrium theory[END_REF]. Properties of local sea state can be fully characterized by the two-dimensional ocean wave spectrum, describing the wave energy distribution with respect to the wavelength and direction [START_REF] Phillips | Spectral and statistical properties of the equilibrium range in wind-generated gravity waves[END_REF]. All statistical parameters of ocean waves can be accordingly derived from the ocean wave spectrum.

In fact, spaceborne satellites provide quite different measurements of ocean waves, depending on the platform. On one hand, the integrated significant wave height (hereafter H s ) is systematically measured by the radar altimeters. While SAR is the one of the few spaceborne sensors that are able to observe the two-dimensional ocean wave spectrum, based on which the integrated variables can be accordingly derived, such as H s , peak wavelength and direction, mean wavelength and direction, etc.

A radar altimeter is an active radar, looking at down nadir direction. It transits the radar pulses and records the travel time of the signal to the ocean surface. Since radar altimeters operate at nadir, radar backscattering can be well described by the specular reflection theory [START_REF] Barrick | Rough surface scattering based on the specular point theory[END_REF][START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF]. After a series of atmospheric corrections, the significant wave height can be derived from the slope of the return radar pulse [START_REF] Brown | The wind-speed measurement capability of spaceborne radar altimeters[END_REF][START_REF] Wingham | The mean echo and echo cross product from a beamforming interferometric altimeter and their application to elevation measurement[END_REF][START_REF] Phalippou | Re-tracking of sar altimeter ocean power-waveforms and related accuracies of the retrieved sea surface height, significant wave height and wind speed[END_REF]. To reduce the uncertainty, a number of radar return pulses are usually averaged to produce one estimate of H s about every 7 km along the satellite track. Altimeters on various satellites have been launched, including: GEOSAT (1986GEOSAT ( -1990)), ERS-1 (1991ERS-1 ( -2000)), TOPEX/Poseidon (1992[START_REF] Mouche | Radar scattering of the ocean surface and sea-roughness properties: A combined analysis from dual-polarizations airborne radar observations and models in c band[END_REF], ERS-2 (1995-2011), Jason-1 (2001-2013) and Jason-2 (2008-now), Cryosat-2 (2010-now), HY-2 (2011[START_REF] Li | A new insight from space into swell propagation and crossing in the global oceans[END_REF]) and SARAL (2003-now). The accuracy of altimeter measurements is generally on the order of 0.5 m or ±10% of the wave height in the range from 1 m to 20 m [START_REF] Staabs | Statistical comparison of global significant wave heights from topex and ers-1 altimeter and from operational wave model wam[END_REF][START_REF] Queffeulou | Analysis of wave height variability using altimeter measurements: Application to the mediterranean sea[END_REF].

Though the global H s can be obtained, other parameters, such as the peak wavelength and wave di-rection are currently not available from the radar altimeters. By comparison, SAR has the potential to routinely measure the two-dimensional ocean wave spectrum. Since ERS-1/2, a dedicated imaging mode for ocean waves measurements, called wave mode, has been operating over the global ocean. Each wave mode vignette is acquired every 100 km or 200 km along the flight direction.

The wave mode data set is designed to provide extensive wave measurements at global scale. To better interpret the wave mode data, an analytic formulation of the SAR forward mapping is fundamental (W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF][START_REF] Hasselmann | Theory of synthetic aperture radar ocean imaging: A MARSEN view[END_REF]. The mapping transformation of ocean waves has been the subject of many studies over past decades. In general, an ocean wave SAR image is formed by two independent processes: RAR imaging of ocean waves and the motion effects of velocity bunching. A closed-form of SAR imaging relation from ocean wave spectrum to SAR image spectrum has been proposed in (K. [START_REF] Hasselmann | On the nonlinear mapping of an ocean wave spectrum into a synthetic aperture radar image spectrum and its inversion[END_REF]. Later, SAR image cross-spectrum between two sub-looks is formulated relative to the ocean wave spectrum in [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF][START_REF] Bao | On the cross spectrum between individual-look synthetic aperture radar images of ocean waves[END_REF].

With the closed-form transformation in hand, the inversion of ocean wave spectrum from SAR image spectrum is then addressed by several studies (K. [START_REF] Hasselmann | On the nonlinear mapping of an ocean wave spectrum into a synthetic aperture radar image spectrum and its inversion[END_REF][START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF][START_REF] Hasselmann | An improved algorithm for the retrieval of ocean wave spectra from synthetic aperture radar image spectra[END_REF]. The inversion scheme is usually classified into two types of schemes. The first is developed at the Max Planck Institut (MPI), proposed by (K. Hasselmann [START_REF] Hasselmann | On the nonlinear mapping of an ocean wave spectrum into a synthetic aperture radar image spectrum and its inversion[END_REF] and later updated in (S. [START_REF] Hasselmann | An improved algorithm for the retrieval of ocean wave spectra from synthetic aperture radar image spectra[END_REF]. This method relies on a twoloop cost function minimization procedure. A priori structure of the wave spectrum (wavenumber and the spectral shape of each wave systems) is taken as input. The wavenumber, wave height, and wave propagation direction of each partition is then adjusted iteratively to improve the agreement of the observed with the predicted image spectra. [START_REF] Heimbach | Statistical analysis and intercomparison of wam model data with global ers-1 sar wave mode spectral retrievals over 3 years[END_REF] used three-year ERS-1 wave mode data set to assess performance of the MPI scheme relative to the wave model outputs. [START_REF] Violante-Carvalho | Assessment of ers synthetic aperture radar wave spectra retrieved from the max-planck-institut (mpi) scheme through intercomparisons of 1 year of directional buoy measurements[END_REF] further carried out a validation test with the directional buoy measurements and demonstrated the good performance of this inversion scheme.

However, the primary drawback of this scheme is that it requires A priori wave spectra, which are not always available.

The second scheme is a straightforward inversion scheme [START_REF] Krogstad | Generalizations of the nonlinear oceansar transform and a simplified sar inversion algorithm[END_REF]. It only makes use of the quasi-linear part of SAR image spectrum and then directly derives the ocean wave spectrum with the input modulation function. This inversion scheme has been applied to the operational inversion for wave mode of ENVISAT/ASAR (2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012) and Sentinel-1 (2014-). Quality of the retrieved ocean wave spectrum has been assessed for ENVISAT/ASAR by (J.-G. [START_REF] Li | Comparison of envisat asar ocean wave spectra with buoy and altimeter data via a wave model[END_REF][START_REF] Kerbaol | Analyse spectrale et statistique vent-vagues des images radar ouverture synthtique : application aux donnes satellites ers-1/2[END_REF]3. Overview of the satellite measured sea surface winds and waves J.-G. [START_REF] Li | Assessment of the updated envisat asar ocean surface wave spectra with buoy and altimeter data[END_REF] and for Sentinel-1 in [START_REF] Husson | Taking advantage of sentinel-1 acquisition modes to improve ocean sea state retrieval[END_REF], showing satisfactory results from a statistical point of view.

It is worth mentioning that polarimetric SAR observations have been used in attempt to obtain more wave information. [START_REF] Engen | Retrieval of ocean wave spectra and rar mtf's from dual-polarization sar data[END_REF] demonstrated the feasibility of estimating the RAR MTF by combing co-polarized (VV and HH) measurements. (B. [START_REF] Zhang | Validation of radarsat-2 fully polarimetric sar measurements of ocean surface waves[END_REF] used fully polarimetric SAR images to validate the independent wave retrieval algorithm bypassing input of the difficultto-measure RAR MTF. These studies evidenced the possibility to extract more information on ocean waves from polarized SAR measurements. Now the Chinese Gaofen-3 (launched in 2016) is collecting wave mode vignettes with fully polarimetric modes. And launch of a second Gaofen-3 sensor is also under discussion. In addition, the coming Radarsat constellation mission that carries three fully polarimetric SAR is going to be launched soon (G. [START_REF] Zhang | Semi-empirical ocean surface model for compact-polarimetry mode sar of radarsat constellation mission[END_REF]. Abundant wave information shall be systematically provided. Moreover, it will have the capacity to view a point over 90% of the global open ocean every 24 hours. This capacity shall allow to create the image series that highlight the changes over time, which is useful to monitor the wave variations at daily scale.

Unlike the SAR sensors, SWIM aboard the recently launched CFOSAT, is a real aperture radar.

Its imaging process of ocean waves is a linear process. It has been demonstrated to be capable of measuring quality two-dimensional ocean wave spectra at relatively high resolution. In combination with the winds field from the scatterometer on board CFOSAT, studies towards the wind-wave interaction shall be intriguing.

In addition to the microwave sensors, recently, the multispectral camera has been demonstrated to capture wave patterns. This technique relies on the sun reflections to sense the tilting ocean waves.

Using the acquisitions from slightly different angles and at slightly different times, [START_REF] Kudryavtsev | Sun glitter imagery of surface waves. part 2: Waves transformation on ocean currents[END_REF] determined the two-dimensional ocean wave spectra and inferred the speed of oceanic current according to the wave-current interaction theory. However, this instrument is deterred by the cloud cover. Combination of the microwave and multispectral sensors (for example, OptiSAR)

shall great benefit the continuous observations of ocean surface and better understand the windwave-current interactions.

1.4. Thesis outline

Thesis outline

This dissertation is dedicated to exploring new potential methods for refining wind and wave observation from SAR images. Such methods should enhance usage of SAR data and bring new perspectives for SAR wind/wave retrieval. To better describe the work involved in this thesis, it is divided into two parts and organized as follows.

Part I begins with a brief introduction on SAR backscattering from the ocean surface and SAR mapping transformation of ocean waves in Chapter 2.

In Chapter 3, the wind retrieval scheme from SAR measurements is reviewed. The widely used parameter to infer wind field is the Normalized Radar Cross Section (NRCS). Prior to any geophysical application, its calibration quality is first evaluated for S-1 wave mode. The NRCS is found to be poorly calibrated. Two re-calibration methods are then implemented by examining the backscattering profile over Amazon rain-forest and ocean calibration. NRCS of Sentinel-1 constellation is fully re-calibrated using the ocean calibration considering its high efficiency and accuracy. The retrieved wind speed based on which exhibits better agreement with buoy observations in comparison to the level-2 products. Possible improvements to refine the algorithm are also discussed in this chapter.

Azimuth cutoff, another parameter has been demonstrated useful in wind retrieval. For example, it is feasible to account for the sea state impact in the wind speed retrieval. Yet, these studies are mostly based on co-polarized observations, foremost VV-polarization. With the increasing number of quad-polarized SAR images, the polarimetric azimuth cutoff analysis becomes possible. Taking advantage of the acquisitions from Radarsat-2 and Gaofen-3, the analyses are covered in Chapter 4.

Though NRCS and azimuth cutoff have been demonstrated to work in the wind retrieval, the prerequisite of a priori wind direction is as yet resolved. This issue might be overcome with the proposed parameter, MACS, defined based on the SAR image cross-spectra. Part II of this thesis is dedicated to exploring the properties of MACS and its applications in SAR wind/wave observations.

In Chapter 5, the definition of MACS is detailed. Its dependence on wind speed and direction is first documented. This confirms the possibility of using MACS to resolve the wind direction ambiguity in deriving high-resolution wind fields from SAR images. More importantly, MACS The ocean surface can be considered as a complex distributed target with statistical surface descriptors that vary both in time and space. This randomness yields uncorrelated scatterers of different scales contributing to the radar return. Under certain linearized assumptions, great progress has been achieved towards interpreting the radar backscattering. In this chapter, we briefly introduce key radar imaging principles for ocean surfaces as well as the SAR mapping transformation of moving ocean waves.

Radar backscattering

According to linear wave theory, ocean waves are assumed to be homogeneous and Gaussian processes. The EM surface scattering can therefore be approximated by the analytic solutions. In terms of the approximation criteria, the surface scattering is categorized into three types of solutions. The first is referred to as specular scattering, applicable to the smooth and undulating surface with large horizontal dimension compared to the incident radar wavelength. Kirchhoff and the physical optics are the most widely used formulation in specular scattering. The second is resonant scattering, which is applied to the slightly rough surface equivalent to the incident radar waves. Small perturbation method is one of the standard approach. The third is a combination of the two mentioned methods. These models have been reviewed in detail elsewhere (G. R. [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF][START_REF] Ulaby | Microwave remote sensing active and passive. vol 2, radar remote sensing and surface scattering and emission theory[END_REF].

Since the rough surface can be described statistically, the scattering field is also a statistical quantity.

Therefore, the ensemble averages of scattering field are usually calculated to represent the mean values. Normalized radar cross-section (NRCS, hereafter it is used interchangeably with σ 0 ) is often used to quantify the scattering field from rough surface, written as [START_REF] Ulaby | Microwave remote sensing active and passive. vol 2, radar remote sensing and surface scattering and emission theory[END_REF]:

σ 0 = 4πR 2 |E s | 2 |E i | 2 (2.1)
where R is the distance between the receiving radar and center of the scattering area. represents the ensemble average over the scattering area. E s is the total scattered power from the scattering area and E i is the total incident (transmitted) power.

For given incident radar power, each scattering model predicts differing scattered power from the rough surface, dependent on the conditions of ocean surface. This then corresponds to distinct scattering coefficient σ 0 of each model. In the following, the analytic formulations of σ 0 in the case of specular, Bragg and composite scattering are introduced, respectively.

Specular scattering

When both the horizontal dimension and radius of curvature of the imaged surface are much larger than the incident EM wavelength, specular scattering can be invoked to predict the scattering mechanism. The incident wave is assumed to impinge upon an infinite plane, tangent to the given point on the surface. The scattering field is from the surface slope in the radar line-of-sight direction.

Schematic view of the specular scattering is shown in Figure 2.1. The scattering field is computed by physical optics or the Kirchhoff method. According to (G. R. [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF][START_REF] Ulaby | Microwave remote sensing active and passive. vol 2, radar remote sensing and surface scattering and emission theory[END_REF], the applicable surface conditions of Kirchhoff method can be expressed as

r k r cos 3 θ 1 (2.2)
where r is the local radius of curvature of the illuminated ocean surface. k r is the wavenumber of incident radar waves and θ is the radar incidence angle relative to the normal of ocean surface. [START_REF] Barrick | Rough surface scattering based on the specular point theory[END_REF]) derived an analytic formulae to predict the backscattering σ 0 from the finitely conductive rough surface in terms of the physical optics approximation. The magnitude of σ 0 is proportional to the sea surface slope, written as:

σ 0 = π cos 4 θ p(s x , s y ) |R(0)| 2 (2.3)
where p(s x , s y ) is the joint probability density of the two-dimensional slope of the rough ocean surface at the specular point. The sea surface slope s is computed as the first derivative of the vertical sea surface height by s x = ∂ h ∂ x and s y = ∂ h ∂ y . h is the vertical sea surface height. R(0) is the Fresnel reflection coefficient for the normal incidence angle. As formulated, the backscattering only contains backscattering contributions from the ocean surface facets normal to the radar line-of-light direction [START_REF] Hagfors | Backscattering from an undulating surface with applications to radar returns from the moon[END_REF].

Assuming a Gaussian-distributed random ocean surface, the formula in Eq. ( 2.3) can be further simplified. And the σ 0 for upwind configuration (radar antenna looks against the wind) can be written as:

σ 0 = |R(0)| 2 2 s u s c sec θ exp(-tan 2 θ /2s 2 u ) (2.4)
where s 2 u and s 2 c are the mean-squared sea surface slopes at upwind and crosswind direction, respectively. This simplification has been proved to be valid by various radar observations [START_REF] Barrick | Remote sensing of sea state by radar[END_REF]. One can easily find that this scattering coefficient is independent of polarization because multiple scattering and shadowing effect are both excluded here.

The surface backscattering from ocean surface is specular only at near normal incidence angle. The scattering starts to diffuse with increasing incidence angle due to the augmenting contributions from the sea surface roughness (capillary waves of wavelength equivalent to the incident radar waves). When both the standard deviation and correlation length of sea surface height are much smaller than the incident EM wavelength, a different surface scattering model is supposed to be devised. This is the case for most of the spaceborne radars, who operate at incidence angle higher than 18 • .

Resonant scattering

The radar waves interact with the short capillary waves traveling along the line-of-sight direction with wavenumber of

k w = 2 k r sinθ (2.5)
where k r is wavenumber of incident radar waves. That is to say, the wave scale responsible for radar scattering echoes the radar wave scale. The backscattering σ 0 is proportional to the variance spectrum of short capillary waves on ocean surface. This resonant scattering mechanism was first outlined by [START_REF] Rice | Reflection of electromagnetic waves from slightly rough surfaces[END_REF] and identified by [START_REF] Crombie | Doppler spectrum of sea echo at 13.56 mc./s[END_REF] using measurements of 22.1 m radio waves over the sea. The Doppler shift generated by the capillary waves is equal to their frequency, showing two peaks travelling at opposite directions (one moves towards the radar and one moves away).

According to the perturbation theory in [START_REF] Rice | Reflection of electromagnetic waves from slightly rough surfaces[END_REF], the first-order backscattered σ 0 from the ocean surface is [START_REF] Wright | A new model for sea clutter[END_REF]):

σ 0 (1) (θ ) pq = 4πk 4 r cos 4 θ |g (1) pq (θ )| 2 W (2k r sinθ , 0) (2.6)
where the subscript pq denotes polarization state of incident and backscattered EM waves, respectively. W (k x , k z ) is the two-dimensional spectral density of the ocean surface capillary waves. The incident radar wave is in the xz plane with z being the vertical direction. g

pq (θ ) is the first-order scattering coefficients. For horizontal polarization (G. R. [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF]:

g (1)
HH (θ ) = ε r -1 [cosθ + (ε r -sin 2 θ ) 1/2 ] 2 (2.7)
and for vertical polarization

g (1)
VV

(θ ) = (ε r -1)[ε r (1 + sin 2 θ ) -sin 2 θ ] [ε r cosθ + (ε r -sin 2 θ ) 1/2 ] 2 (2.8)
where ε r is the relative dielectric constant of the ocean. The cross-polarized scattering coefficients (VH and HV) are zero when only the first-order contribution is considered. Details of the secondorder backscattering σ 0 can be found in [START_REF] Ulaby | Microwave remote sensing active and passive. vol 2, radar remote sensing and surface scattering and emission theory[END_REF].

When high-order solutions are considered, radar backscattering from slightly rough ocean surface contains contributions from various wave components. This is why radar backscattering can be used to infer characteristics of ocean surface waves. In addition to backscattering σ 0 , Doppler spectrum is also important in radar remote sensing. To first order, Doppler spectrum has only two frequency peaks corresponding to the frequency of capillary waves ±ω B . At high-order, Doppler spectrum has broader band centered around the first-order capillary peaks.

For resonant scattering model, the basic scatterers are the short gravity-capillary waves. The resonant interactions between incident radar wave and ocean waves are mostly second order or even higher order contributions. In the case of low wind and low sea state, capillary waves are the dominant scatterers. Tilting and hydrodynamic processes by longer waves might slightly broaden the Doppler spectrum of radar return. However, as the wind and sea state increase, the sea surface becomes more and more rougher. High order contributions to the backscattering accordingly becomes prominent. In that context, the typical composite or two-scale scattering model should be applied.

Composite scattering

As stated above, both specular and Bragg scattering have strict application criteria, which is only valid for rough surface with either large or small horizontal dimension. But the natural ocean surface usually contains a number of wave scales, even a continuous distribution of ocean waves.

To predict the scattering solutions from such kind of surface, the ocean surface is assumed to consist of two types of independent scales: one is large and one is small, in comparison to the incident radar waves. Figure 2.3 gives an illustration of two-scale ocean surface. being the slope angle in the incidence plane and δ in the plane perpendicular to the incidence plane.

The backscattering σ 0 of each slightly rough facet for horizontal polarization (HH) is [START_REF] Wright | A new model for sea clutter[END_REF][START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF])

σ 0 (θ i ) HH = 4πk 4 r cos 4 θ i α cosδ α i 2 g (1) 
HH

(θ i ) + sinδ α i 2 g (1) 
VV (θ i ) 2

•W (2k r α, 2k r γsinδ ) (2.9) and for vertical polarization (VV):

σ 0 (θ i ) VV = 4πk 4 r cos 4 θ i α cosδ α i 2 g (1) 
VV

(θ i ) + sinδ α i 2 g (1) 
HH (θ i ) 2

•W (2k r α, 2k r γsinδ ) (2.10) and for the cross-polarization (VH, HV):

σ 0 (θ i ) V H(HV ) = 4πk 2 r cos 4 θ i α sinδ cosδ α 2 i 2 g (1) 
VV (θ i )g

HH (θ i ) 2

•W (2k r α, 2k r γsinδ ) (2.11) where α i = sinθ i and α = sin(θ + ψ) and γ = cos(θ + ψ). g

HH (θ ) and g

(1)

VV (θ ) is the first-order scattering coefficients given in Eq.(2.7) and Eq.(2.8), respectively. Thus, the total backscattering σ 0 from an area of ocean surface is the weighted sum of each facet scattering over the distribution of ocean surface slopes, obtained by

σ 0 (θ ) pq = +∞ -∞ d(tanψ) +∞ -∞ d(tanδ ) σ 0 (θ i ) pq p(tanψ,tanδ ) (2.12)
where p(tanψ,tanδ ) is the joint probability density function of surface slopes of the longer ocean waves. Accordingly, one can find that VV backscattering is less sensitive to the tilt of surface slopes in comparison to HH polarization (K. [START_REF] Hasselmann | Theory of synthetic aperture radar ocean imaging: A MARSEN view[END_REF].

Though, composite scattering model is able to predict the increasing σ 0 and the decreasing polarization ratio σ 0 VV /σ 0 HH as wind speed increases (G. R. [START_REF] Valenzuela | Theories for the interaction of electromagnetic and oceanic waves -a review[END_REF]. It is not sufficient to reproduce observed polarization ratio variation relative to wind direction (A. A. [START_REF] Mouche | Dual-polarization measurements at cband over the ocean: results from airborne radar observations and comparison with envisat asar data[END_REF]Mouche et al., , 2006a)). In the last decade, progresses in the domain of approximate scattering theory has led to better interpretation of the backscattering σ 0 from ocean surface. In particular, (A. A. Mouche et al., 2007a) proposed an improvement to local and resonant curvature approximation theory and reproduced the azimuth modulation of polarization ratio. Comparable results have been reported by [START_REF] Kudryavtsev | A semiempirical model of the normalized radar cross section of the sea surface, 2. radar modulation transfer function[END_REF][START_REF] Johnsen | Sea-surface polarization ratio from envisat asar ap data[END_REF]. Radar measurements for both HH and VV polarized backscattering show consistency with these model results.

Space-borne SARs usually operate at incidence angles higher than 18 • . Therefore, composite scattering theory is generally applicable. But given the complexity of ocean surface, more effort is still required to better interpret SAR imaging of moving ocean surfaces.

SAR basics

In the context of remote sensing, a SAR sensor is mounted aboard a moving aircraft or satellite. This is to make best use of the Doppler shift in order to achieve the high spatial resolution, which is characteristic of a SAR sensor. A SAR usually points the radar beam approximately perpendicular to the sensor's flight direction. It transmits radar pulses and records the return signal from the Earth's surface. In this section, how a SAR works and the processing methods to form highresolution images are briefly reviewed.

Resolution

Two-dimensional backscattering signal are required to form a SAR image. In the SAR coordinate, one dimension, range direction, is along the radar antenna pointing direction (denoted by xaxis).

The range distance between SAR and the scatterer determines the traveling time of radar signal.

The return signal is placed in the right position according to the time delay along this dimension.

Pulse compression technique is widely used to achieve high resolution in the range axis. The range resolution is therefore proportional to the reciprocal of pulse bandwidth B as [START_REF] Jackson | Synthetic aperture radar marine user's manual[END_REF]:

R r = c 2B (2.13)
where c is the speed of light. B is related to the radar center frequency. While the other dimension, azimuth direction, is in the flight direction of a SAR (denoted by yaxis). As the sensor advances along its motion vector, SAR transmits subsequent pulses and records the return signal. The received signal is processed and placed in the right position along the y-axis.

The SAR received signal has an additional phase shift in comparison to the transmitted pulses. This phase shift is given by the distance between SAR and the point target R(η), written as:

φ = - 4π λ R(η) (2.14)
where η is time in azimuth. The approximation

R(η) = R 2 0 +V 2 η 2 ≈ R 0 + V 2 η 2
2R 0 is used for the special zero squint case. R 0 is the shortest slant range distance and V is the platform velocity. As a result, the instantaneous Doppler shift is [START_REF] Madsen | Estimating the doppler centroid of sar data[END_REF] 

f D = 1 2π dφ dη = - 2V 2 λ R 0 η (2.15)
from which, one can find that Doppler shift and azimuth time are one-to-one correspondent. As the sensor moves forwards, a point target is illuminated by a sequence of radar pulses. While strength of each pulse varies in terms of its position within the azimuth beam pattern. A schematic view of signal variation in azimuth is given in Figure 2.4. In general, only the received signal from main lobe of the azimuth pattern is considered in the SAR processing algorithm. Yet, contributions from the side lobe would produce azimuthal ambiguities on the processed image. The Doppler shift is determined by radial component of the relative velocity between the imaged target and the sensor.

When the sensor is approaching the target, the Doppler shift is positive and becomes negative when the sensor is moving away. The Doppler shift is zero when the target is in the center of antenna beam since their relative velocity is zero.

The maximum Doppler shift occurs at the edge of the main lobe with η = λ R 0 V L , where L is the antenna length. The bandwidth of Doppler shift then writes f Dmax = 2V /L. As such, resolution of the azimuth time η is [START_REF] Madsen | Estimating the doppler centroid of sar data[END_REF])

δ η = 1 f Dmax = L 2V (2.16)
and accordingly, the azimuth resolution is

R a = V • δ η = L 2 (2.17)
As shown, SAR azimuth resolution is ideally half of the antenna length, independent of the radar altitude. By virtue of the high-resolution along two dimensions, SAR images are believed to have better performance in the discrimination of surface features.

SAR processing

Though SAR data are recorded in the two-dimensional time domain, they are often transformed into frequency domain to increase high processing efficiency. In processing the azimuth signal to achieve high resolution, one important parameter is the Doppler centroid, which is the Doppler shift when the imaged point target is in the antenna bore-sight direction. It is an essential input in the procedure of Range Cell Migration Correction (RCMC) and azimuth compression [START_REF] Cumming | Digital processing of synthetic aperture radar data[END_REF]. After range compression and RCMC, a matched filter is often used to focus the data in the azimuth direction in order to register the results to zero Doppler. The phase of stationary point targets can be canceled by the matched filter, leaving only a linear phase term that corresponds to the unique azimuth position of each target. And it is zero when the point target is right in the bore-sight direction.

It should be noted that different SAR processing algorithms have been specifically developed for different applications or imaging modes. Range Doppler algorithm (RDA) [START_REF] Wu | Modeling and a correlation algorithm for spaceborne sar signals[END_REF][START_REF] Smith | A new approach to range-doppler sar processing[END_REF] is widely used to achieve block processing efficiency by implementing in frequency domain along both range and azimuth direction. Another key feature of this algorithm is that it is able to accommodate range variation of the signal [START_REF] Cumming | Digital processing of synthetic aperture radar data[END_REF]. However, limitations of the RDA are also obvious. The computation load is high if an accurate RCMC operation is required and it is also difficult to deal with the secondary range compression (SRC) when the squint angle is non-zero [START_REF] Cumming | Digital processing of synthetic aperture radar data[END_REF]. The chirp scaling algorithm (CSA) is then developed to overcome these limitations [START_REF] Raney | Precision sar processing using chirp scaling[END_REF]. Neither RDA or CSA is as yet adequate to compensate the range time dependence for wide apertures or high squint cases. As such, a new algorithm, the omega-K algorithm (ωKA) corrects range dependence of range-azimuth coupling through a special implementation in the two-dimensional frequency domain [START_REF] Cumming | Digital processing of synthetic aperture radar data[END_REF][START_REF] Bamler | A comparison of range-doppler and wavenumber domain sar focusing algorithms[END_REF]. All these three algorithms are particularly applicable to the stripmap mode, in which each point target is illuminated by the complete antenna footprint. With the growing need of larger swath, another imaging mode is developed, the Scanning SAR (ScanSAR). With the operation of ScanSAR, a new processing algorithm is proposed, called SPECAN algorithm. SPECAN can yield SAR images with swath up to 500 km but at reduced resolution around 50 m.

At present, a SAR sensor can alternate among various imaging modes. For example, Sentinel-1 has four exclusive imaging modes with two of them belonging to the stripmap mode and the others being the ScanSAR mode (or TOPSAR). Accordingly, the SAR processing facility is equipped with 2.3. SAR imaging principle for a point target various algorithms to process all kinds of acquisitions.

SAR imaging principle for a point target

In this section, the SAR imaging principle is demonstrated by simulating the radar response over a point target. Several simulation algorithms have been proposed to construct the SAR images from the stationary surface as well as the moving ocean surface (W. [START_REF] Alpers | Monte carlo simulations for studying the relationship between ocean wave and synthetic aperture radar image spectra[END_REF][START_REF] Franceschetti | On ocean sar raw signal simulation[END_REF][START_REF] Franceschetti | Sar raw signal simulation of oil slicks in ocean environments[END_REF][START_REF] Liu | Sar raw data simulation for ocean scenes using inverse omega-k algorithm[END_REF]. Among which, the inverse omega-k algorithm presented in [START_REF] Liu | Sar raw data simulation for ocean scenes using inverse omega-k algorithm[END_REF]) is chosen to compute the SAR raw data considering its computational efficiency. Details are referred to in [START_REF] Liu | Sar raw data simulation for ocean scenes using inverse omega-k algorithm[END_REF].

Here, the simulation size of a SAR image is set to be 256×256 in both range and azimuth direction.

Altitude of the SAR sensor is 708 km and the velocity is 7.6 km/s. In addition, the pulse repetition frequency (PRF) is 1650 Hz, the range sampling rate is 54.6 MHz and incidence angle is 30 Quantitatively, the displacement is proportional to the slant range to velocity ratio and the relative velocity between the target and the sensor. In this simulation, velocity of the point target is set as 0.5 m/s and range to velocity ratio is 107.56 s -1 . As such, the expected displacement along the azimuth is 53.78 m. Considering the azimuth resolution of 4.606 m, the imaged target is supposed to be positioned approximately 11.7 pixels forward or backward. As shown in Figure 2.5, the point target is positioned by 12 pixels forward or backward, which roughly conforms to the expectation.

The displacement of a moving point target on SAR image plane can be equally applied to the case of ocean surface.

In the context of SAR imaging over ocean surface, the moving ocean waves would induce additional Doppler shift. As a result, each target will be displaced in the image plane along the azimuth by a certain distance, which distorts the capability of SAR in resolving the full two-dimensional ocean wave field. This distortion yields the non-linearity of SAR imaging of ocean waves and is depicted in the following section.

SAR transformation of ocean waves

In this section, the forward mapping relation from ocean wave spectrum to SAR image spectrum is presented in detail. The backscattering properties from moving ocean surface is first described, followed by the SAR transformation relation of ocean waves.

Backscattering of moving ocean surface

Numerous efforts have been devoted to interpreting the SAR imaging relation of ocean waves (K. [START_REF] Alpers | The two-frequency microwave technique for measuring ocean-wave spectra from an airplane or satellite[END_REF][START_REF] Alpers | The effect of orbital motions on synthetic aperture radar imagery of ocean waves[END_REF]; W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF][START_REF] Tucker | Review article. the imaging of waves by satellite-borne synthetic aperture radar: the effects of sea-surface motion[END_REF]. A consistent SAR ocean imaging theory has been summarized and presented in (K. [START_REF] Hasselmann | Theory of synthetic aperture radar ocean imaging: A MARSEN view[END_REF]. Later, a series of studies have derived the nonlinear mapping from ocean wave spectrum to SAR image spectrum (K. [START_REF] Hasselmann | On the nonlinear mapping of an ocean wave spectrum into a synthetic aperture radar image spectrum and its inversion[END_REF][START_REF] Krogstad | Generalizations of the nonlinear oceansar transform and a simplified sar inversion algorithm[END_REF][START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF][START_REF] Bao | On the cross spectrum between individual-look synthetic aperture radar images of ocean waves[END_REF]. These established the basis to inverse ocean wave spectrum from SAR measured image spectrum.

Space-borne SAR is often operated at incidence angle ranging from 20 • to 50 • , right in the resonant scattering regime. As introduced above, resonant scattering occurs on the facets, satisfying the condition that their vertical displacements is on the order of a radar wavelength. In deriving the EM backscattering field, an assumption has to be made that complex reflectivity at different scattering facets on the ocean surface are distinct and uncorrelated. According to (K. [START_REF] Hasselmann | Theory of synthetic aperture radar ocean imaging: A MARSEN view[END_REF], this assumption applies for spatial scales that are larger than radar wavelength but smaller than a SAR resolution. Thus, it is reasonable to consider the reflectivity field within a SAR resolution as spatially white.

Based on the spatially white hypothesis, the covariance function of the complex reflectivity for moving ocean surface is:

r( x,t) • r( x + ζ ,t + τ) = σ 0 ( x,t) R( x,t; τ) δ ( ζ ) (2.18)
where denotes ensemble average and σ 0 ( x,t) is the cross-section. R is the normalized correlation function and δ ( ζ ) expresses the spatially white property of r( x,t). The time lag τ describes variation of the complex reflectivity during the SAR integration time T i . While the variable t denotes the variation of R and σ 0 along the more slowly changing long waves with the typical periods of 10 s.

In the context of two-scale model, the ocean surface is decomposed of small-scale capillary waves and longer waves. As such, it is convenient to consider a scattering facet advected with the orbital velocity of underlying long waves. For a given facet, the reflectivity can be expressed as:

r( x,t) = r 0 ( x) exp jω d t + ja ω t 2 (2.19)
where

ω d = 2k r v r , a ω = 2k r a r (2.20)
v r and a r are the line-of-sight component of long-wave orbital velocity and its acceleration, respectively. k r represents the wavenumber of incident radar wave. The linear term arises from the averaged orbital velocity of long waves and the quadratic terms comes from the variance of orbital velocity over the SAR integration time. The linear Doppler would induce displacements in azimuth direction by the distance of

∆x = R 0 V v r (2.21)
and the quadratic term smears the SAR image by

δ x 2 = 1 3 R 0 V a r T i 2 2 (2.22)
The smearing effect is often regarded as the variation of azimuth displacements ∆x during the SAR integration time. independent scattering elements at different intrinsic frequency. After (K. [START_REF] Hasselmann | Theory of synthetic aperture radar ocean imaging: A MARSEN view[END_REF].

From the ocean surface reflectivity map r( x,t), its normalized variance spectrum can be written as:

R( x, T i ; ω) = |r( x, T i ; ω)| 2 T i /2πσ 0 (2.23) where r( x, T i ; ω) = T -1 i ∞ -∞ r( x,t) H(t, ω) exp -jωt dt (2.24)
H represents a weighting function of antenna pattern, which varies with time and frequency. The quantity R( x, T i ; ω) can be associated with the SAR image impulse response function (IRF) through

I(x) = N 2 σ 0 (x , T i ) R( x , T i ; ω)dx (2.25) in which N = T -1 i H(V t ) H R 0 ω 2k r V -V t dt (2.26)
for the case of single look processing. σ 0 (x , T i ) is the averaged cross-section for given facet over the SAR integration time.

Response of the SAR image IRF to various reflectivity variance spectra is then demonstrated. The displacement distance is proportional to the radial component of target velocity, as shown in The interpretation of SAR imaging principles of ocean waves has been the subject of many studies, both from theoretical and experimental point of view (K. [START_REF] Alpers | The two-frequency microwave technique for measuring ocean-wave spectra from an airplane or satellite[END_REF][START_REF] Hasselmann | Theory of synthetic aperture radar ocean imaging: A MARSEN view[END_REF][START_REF] Hasselmann | On the nonlinear mapping of an ocean wave spectrum into a synthetic aperture radar image spectrum and its inversion[END_REF][START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF]. As introduced, SAR backscattering can be described by the two-scale scattering model. In specifics, the small-scale roughness is responsible for the mean scattering field. And these short Bragg waves are in turn modulated by the undulating longer waves. The assumption that the capillary waves and longer waves are independent generally holds. Two basic modulation processes are effectively to form a SAR image of ocean waves: real aperture radar and velocity bunching modulation.

Real aperture radar modulation

Linear tilt and hydrodynamic modulation constitute the Real Aperture Radar (RAR) modulation.

In terms of linear wave theory, the surface elevation is expressed as: .27) where c.c. stands for the complex conjugate. The variation of backscattering can be accordingly written as:

η( x,t) = ∑ k η k exp[ j( k • r -ωt)] + c.c. ( 2 
σ ( x,t) = σ 1 + ∑ k m k exp[ j( k • r -ωt)] + c.c. (2.28)
where σ is the averaged backscattering over SAR imaged area, ω is the wave angular frequency and ω = √ gk based on the ocean wave dispersion relation in deep water condition. Further, the backscattering modulation is linearly related to wave amplitude through:

m x = T R x η x (2.29)
where T R x is the RAR modulation transfer function (MTF), consisting of tilt and hydrodynamic modulation:

T R x = T t x + T h x (2.30)
The magnitude of tilt modulation has been derived theoretically by (W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF], which is a constant for given incidence angle. Then, a straightforward estimate methodology from SAR images is presented in [START_REF] Jacobsen | Estimation of the real aperture radar modulation transfer function directly from synthetic aperture radar ocean wave image spectra without a priori knowledge of the ocean wave height spectrum[END_REF]. However, it is inadequate to utilize a RAR modulation without considering its dependence on local wind speed and direction, therefore Kerboal [START_REF] Kerbaol | Analyse spectrale et statistique vent-vagues des images radar ouverture synthtique : application aux donnes satellites ers-1/2[END_REF] proposed to employ the geophysical model function (GMF) such as CMOD family to calculate the RAR MTF for given radar configuration and surface winds. Here, the tilt modulation of theoretical estimate and GMF estimate are compared in Figure 2.7.

The variation of tilt MTF relative to incidence angle is shown in Figure 2.7(a) at wind speed of 7 m/s and wind direction of 45 • for both HH and VV polarization. The theoretical values of tilt MTF are calculated after (W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF]. Tilt MTF is generally larger in HH than in VV polarization (W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF][START_REF] Engen | Retrieval of ocean wave spectra and rar mtf's from dual-polarization sar data[END_REF]. In addition, the theoretical tilt MTF is a constant at given incidence angle and independent of wind speed and direction given its Because only few case studies have been carried out to infer RAR MTF from SAR measurements, it is still inadequate to determine their respective accuracy. Nevertheless, the RAR MTF derived from GMF can account for wind speed and direction variation, carrying more information than the analytic formula.

Further, hydrodynamic component in the RAR modulation is derived considering the interaction between short and long swell. The detailed form is deducted in (W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF] for a simple Phillips k -4 wave spectrum, written as:

T h x = -4.5kω ω -iµ ω 2 + µ 2 (2.31)
where µ is the relaxation rate to describe the response of short waves to long waves modulation.

To first order, both tilt and hydrodynamic modulation are linear function with respect to the sea surface slope. The RAR image can be interpreted as instantaneous representation of the sea surface geometry. A SAR image is then formed by the motion effects of long waves.

Velocity bunching

A SAR finds its azimuthal position by recording the phase history of backscattering during the integration time (W. R. [START_REF] Alpers | On the relative importance of motion-related contributions to the sar imaging mechanism of ocean surface waves[END_REF]. Since SAR processing is to position a stationary target at zero Doppler, the orbital velocity of long waves would induce an additional Doppler shift relative to the stationary scatterers. In consequence, these moving scatterers would be displaced by a certain distance forward or backward along azimuth of SAR image plane in terms of their moving direction.

The displacement distance is proportional to wave orbital velocity. From linear wave theory, the orbital velocity is

v r = ∑ k T v x η x exp( j k • r) + c.c. (2.32)
where the range velocity transfer function is expressed by

T v x = -ω (sinθ cosφ + jcosθ ) (2.33)
where φ is wave propagation direction relative to SAR line-of-sight and θ is SAR incidence angle.

Note that this orbital velocity is the average over the SAR integration time during which a point target stays within the SAR antenna pattern. For simplicity, the instantaneous orbital velocity in the center of SAR integration time is taken since the SAR integration time (∼ 0.6 s) is relatively short compared to long wave period (> 6 s).

The non-linear SAR transformation

It is a common assumption that the RAR formulation is independent of the motion effects. Considering a multiplicative noise model of SAR return, the RAR intensity image can be expressed as:

I( x ,t) = I R ( x ,t)n( x ,t) (2.34)
where n(x,t) represents the multiplicative noise superimposed on the backscattering intensity. In terms of the motion effects, each pixel on RAR image is accordingly mapped to form the SAR image. This process can be written as,

I S ( x,t) = I( x ,t) h[ x -x -∆( x ,t)] d x (2.35)
h is referred to as the SAR mapping function and describes the imaging mechanism that displaces a scattering facet on the RAR image plane into a different position on the SAR image plane. An analytic approximation to the mapping function h is necessary to derive a closed-form expression of SAR image [START_REF] Krogstad | Generalizations of the nonlinear oceansar transform and a simplified sar inversion algorithm[END_REF],

h( x) = 1 σ x σ y e -π 2 x 2 /(2σ 2 x ) e -π 2 y 2 /(2σ 2 y ) (2.36)
where the variables ∆( x ,t), σ x , σ y denote the azimuthal displacements and smearing spread in the azimuth (x) and range (y) direction, respectively. For simplicity, further assumption that the range smearing can be neglected and σ y = 0 is therefore employed. This range shift is then proportional to the sea surface elevation and orbital velocity [START_REF] Krogstad | Generalizations of the nonlinear oceansar transform and a simplified sar inversion algorithm[END_REF].

The Fourier components I S k on a SAR image can be calculated by applying a Fourier Transform to the basic mapping relation in Eq.( 2.35),

I S k = d x e -j k• x I S ( x,t) = d 2 x I R ( x ,t)e -jk x (x +∆ x ( x ,t
)) e -jk y (x +∆ y ( x ,t)) (2.37)

According to the derivations in [START_REF] Krogstad | Generalizations of the nonlinear oceansar transform and a simplified sar inversion algorithm[END_REF][START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF], the SAR image cross-spectrum may be written as,

P( k,t) = 1 (2π) 2 d x e -j k• x G( x, k) -δ ( k) (2.38) G( x, k,t) = I -2 I R ( x,t)I R ( 0, 0)e -j k[∆( x,t)-∆( 0,0)] n( x,t)n( 0, 0) (2.39)
Given the assumption that the intensity image I R and the white noise n are independent, one can obtain:

n( x,t) n( 0, 0) = n 2 + σ 2 n δ ( x)δ (t) (2.40)
where σ n is the variance of the speckle noise. As such, the G-function can be formulated as:

G( x, k,t) = I -2 I R ( x,t)I R ( 0, 0)e -j k[∆( x,t)-∆( 0,0)] × n 2 + σ 2 n δ ( x)δ (t) (2.41)
By exploiting the properties of speckle noise, SAR image cross-spectrum can be grouped as two types: t = 0 and t = 0. In the case of t = 0, the standard SAR image spectrum is obtained by

P( k, 0) = I 2 I 2 + σ 2 n P 0 ( k, 0) (2.42)
where the un-speckled SAR image spectrum is

P 0 ( k, 0) = I -2 d x e -j k• x I R ( x, 0)I R ( 0, 0)e -j k[∆( x,0)-∆( 0,0)] (2.43)
While in the case of t = 0, the SAR image cross-spectrum is

P( k,t) = P 0 ( k,t) (2.44)
Assuming that the smearing term σ x and σ y in Eq.( 2.36) is small in comparison to the ocean wavelength of interest, and range bunching effect is negligible, the G-function can be written as

G( x, k,t) = e k 2 x [ρ vv ( x,t)-ρ vv ( 0,0)] × [1 + ρ II ( x,t)] (2.45)
where the cross terms between RAR modulation and velocity bunching are neglected as well as the high-order terms. The correlation functions are associated with the ocean wave spectrum S( k)

through ρ aa ( x,t) = 1 (2π) 2 d ke j k• x N a ( k,t)S( k) + N * a (-k,t)S * (-k) (2.46)
where the subscript a represents I for RAR modulation in Eq.(2.30) or v for velocity bunching MTF in Eq.( 2.33) and

N aa ( k,t) = 1 2 |T aa ( k)| 2 e -jωt (2.47)
Another advantage of SAR image cross-spectrum is the introduction of phase shift through ωt during the time interval t. This feature is widely used to resolve the propagation ambiguity of ocean swell in the wave spectrum inversion. 

Method of SAR wind retrieval

In this section, the methods widely used to derive wind speed from SAR measurements are described. The importance or description of each component in the retrieval algorithm is then accordingly given. Since the launch of Seasat-A in 1978, numerous wind retrieval algorithms from SAR measurements have been proposed and developed. As outlined in Chapter 1, many subsequent SAR missions have been operational in orbit. In spite of varying radar configurations (incidence angle, polarization, wavelength), the principle of wind retrieval remains the same. In general, an empirical function relates the SAR observable to both radar configurations and environmental conditions and a socalled Geophysical Model Function (GMF) is built. This function is then used to infer winds from a given measurement. As a result, the essential wind direction in the retrieval algorithm usually comes from the external input, such as weather model output or measurements from other in-situ and remote instruments (Stopa & Mouche, 2017a).

Algorithm of SAR wind retrieval

In addition to the NRCS, the Doppler Centroid Anomaly (DCA) estimated from the SAR backscattering signal has also been found to exhibit a unique relationship with surface wind (Chapron et al., 2005). DCA can be interpreted as the averaged orbital velocity of line-of-sight ocean waves weighted by the local radar return. Over the regions with strong surface current, the estimated DCA is composed of actions from both surface wind and current. This forms the basis to infer features of oceanic current from single-antenna SAR (Collard et al., 2009a;[START_REF] Rouault | Mapping the agulhas current from space: An assessment of asar surface current velocities[END_REF]). Yet, by consequence, the retrieved wind speed that combines NRCS and DCA can be greatly biased.

Nevertheless, over the regions without strong surface current, the introduction of DCA in the wind retrieval algorithm does improve the accuracy and lessen its reliance on a priori wind direction (A. A. [START_REF] Mouche | On the use of doppler shift for sea surface wind retrieval from sar[END_REF].

As shown in Figure 3.1, azimuth cutoff, a parameter derived from the SAR image spectrum can also be used to refine the wind speed retrieval. In fact, there are growing number of studies that have addressed this subject [START_REF] Grieco | Dependency of the sentinel-1 azimuth wavelength cut-off on significant wave height and wind speed[END_REF][START_REF] Corcione | A novel azimuth cutoff implementation to retrieve sea surface wind speed from sar imagery[END_REF]. It is found that azimuth cutoff also depends on the local sea state in addition to the winds. As such, many studies have been carried out to extract wave information based on the azimuth cutoff (Shao et al., 2016a;Stopa et al., 2015a).

Recently, the potential of cross-polarized (VH or HV) SAR images in monitoring high winds conditions has been well proven (B. Zhang et al., 2011a). Several new GMF relating cross-polarized NRCS to winds have been proposed in the literature [START_REF] Hwang | Cross-References polarization geophysical model function for c-band radar backscattering from the ocean surface and wind speed retrieval[END_REF]A. A. Mouche et al., 2017). Given the insensitivity of cross-polarized NRCS to changing wind direction, the combination of both co-and cross-polarized backscattering enables the derivation of wind speed and direction independently from SAR observations.

GMF of CMOD5.N

The empirical GMF, CMOD5.N, was developed for global applications for use of the C-band scatterometer on board ERS-2 satellite and the Advanced Scatterometer (ASCAT) [START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF].

CMOD5.N performs better than its predecessor CMOD5 with higher accuracy in the wind retrieval [START_REF] Carvajal | Retrieval and quality assessment of wind velocity vectors on the ocean with c-band sar[END_REF][START_REF] Jagdish | Validation of wind speed retrieval from risat-1 sar images of the north indian ocean[END_REF]. It is routinely used for operational ocean surface wind produced by the OSI-SAF (Ocean and Sea Ice -Satellite Application Facilities) (Ocean and Sea

Ice SAF, 2016). CMOD5.N is valid for incidence angles ranging from 18 • to 60 • , covering the two incidence angles of WV. CMOD5.N relates the NRCS to the incidence angle, wind speed and wind direction (relative to radar line-of-sight), and polarization under neutral atmospheric stability with the following equation [START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF]:

σ 0 = B 0 [1 + B 1 cos(φ ) + B 2 cos(2φ )] (3.1)
where φ is the wind direction relative to the antenna look angle. B 0 is the dominant term determining scale of NRCS for given wind speed. B 1 incorporates the up-downwind asymmetry of NRCS, while B 2 expresses the up-crosswind asymmetry of NRCS. The three terms are all functions of incidence angle, wind speed, and wind direction. Coefficients for each term are given in [START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF]. It is used throughout the rest of the manuscript to predict NRCS for given S-1A incidence angle and collocated ECMWF (European Centre for Medium-Range Weather Forecasts) winds on a case-to-case basis.

Radiometric calibration of S-1 NRCS

Over the ocean, the normalized radar cross section (NRCS or σ 0 used inter-changeably through this work) responds primarily to the ocean surface wind vector. Proper calibration of WV NRCS is necessary in order to accurately estimate geophysical quantities such as oceanic wind speeds [START_REF] Horstmann | Global wind speed retrieval from sar[END_REF][START_REF] Lehner | Wind and wave measurements using complex ers-2 sar wave mode data[END_REF] and sea state parameters, such as significant wave height [START_REF] Schulz-Stellenfleth | Spaceborne synthetic aperture radar observations of ocean waves traveling into sea ice[END_REF]Stopa et al., 2017;[START_REF] Wang | Gf-3 sar ocean wind retrieval: The first view and preliminary assessment[END_REF] or ocean swell spectrum [START_REF] Chapron | Wave and wind retrieval from sar images of the ocean[END_REF]. In general, the radiometric calibration of NRCS is performed by comparing the backscatter from ground targets with known NRCS that are concurrently measured by transponders [START_REF] Shimada | Palsar radiometric and geometric calibration[END_REF][START_REF] Sharma | Radiometric calibration stability assessment for the risat-1 sar sensor using a deployed point target array at the desalpar site, rann of kutch, india[END_REF] or routine acquisitions over the reference distributed targets such as Amazon rain-forest [START_REF] Crapolicchio | Ers-2 scatterometer: Mission performances and current reprocessing achievements[END_REF][START_REF] Gupta | Evaluation of risat-1 sar radiometric calibration using extended amazon rainforest[END_REF].

At C-band the NRCS is a function of radar polarization, incidence angle as well as environmental conditions such as the wind field (A. Mouche & Chapron, 2015a). For a given polarization and wind speed, the NRCS decreases with increasing incidence angle. As such, the signal-to-noise ratio decreases with incidence angles, leading to possible contamination of thermal noise at high incidence angle and under low wind conditions. A proper noise-correction is therefore essential to obtain an accurate NRCS. The radiometric calibration of S-1A, taking noise-correction into account is expressed as (European Space Agency, 2017) :

σ 0 = DN 2 -η i A 2 i (3.2)
where Here, we compute a single σ 0 per imagette at a resolution of 20 km by 20 km. The noise equivalent sigma-nought (NESZ) is further removed from NRCS in Eq. (3.2). The maximum of NRCS histogram for collocated ECMWF wind speed lower than 1 ms -1 is taken as the NESZ. The NESZcorrected NRCS is used throughout rest of this manuscript unless particularly stated. Images with negative NRCS are not included in the analysis because the backscattered signal is lower than than thermal noise.

DN = (I 2 + Q 2 ) is the digital number of ESA Level-1 Single Look Complex (SLC) prod- uct. η is the de-noise Look-Up-

Assessment and re-calibration of S-1 NRCS

Prior to any geophysical applications over the ocean, it is essential to assess the accuracy of its radiometric calibration. In this section, the accuracy of S-1 calibrated NRCS is firstly evaluated.

Given the results, two different and complementary methods for re-calibration are demonstrated and compared. The first method relies on the use of the Amazon rain-forest through the Gammanought parameter γ 0 (Crapolicchio & Lecomte, 1999;PCS Team, 1999;[START_REF] Gupta | Evaluation of risat-1 sar radiometric calibration using extended amazon rainforest[END_REF] whereas the second is an evaluation over open ocean [START_REF] Verspeek | Calibration and validation of ascat winds[END_REF]. In the end, ocean calibration is chosen to re-calibrate the long-time series of S-1 NRCS.

Collocated Sentinel-1A and ECMWF wind speed

The lack of sufficient acquisitions over ground transponders or the limited acquisitions over the rain-forest makes routine calibration difficult. Therefore, an alternative method can be used to S-1 WV alternates between WV1 (centered at 23.8 • ) and WV2 (at 36.8 • ) with a new 'leap frog' approach (European Space Agency, 2018). Each vignette is acquired every 100 km along the flight direction [START_REF] Torres | Gmes sentinel-1 mission[END_REF]. S-1 WV can only be operated in single polarization (either VV or HH) for a given acquisition. The WV at VV polarization is the default mode over global ocean.

Here we use 27,000 images acquired between June 2016 and June 2017 by S-1A WV1 and WV2 at VV polarization, respectively. This period was chosen to avoid processor updates, such as one that occurred in May 2016, and to maintain the consistency of instrument calibration. We also limit the data to latitudes less than 55 • to avoid any possible sea-ice contamination. Each WV imagette is collocated with ECMWF forecast winds from operational forecast model. The wind data set is considered 'nowcast' and is a compiled data set of the ECWMF forecast initialized every 6 hours.

The ECWMF winds are available every 3 hours on a spatial grid of 0.25 • . The collocation takes the nearest point both in space and in time, resulting in maximum spatial distance of 12.5 km and maximum temporal difference being 1h30.

A ±0.7 • incidence angle variation is observed for S-1 WV1 and WV2 along the orbit. [START_REF] Atlas | A multiyear global surface wind velocity dataset using ssm/i wind observations[END_REF], WV1 and WV2 data are analyzed separately throughout this work. Ascending and descending passes are merged and analyzed as a single dataset since we did not find any differences related to the orbit configuration.

Assessment of the NRCS

S-1A WV NRCS is assessed for given wind speed and incidence angle by comparing with the predicted value from CMOD5.N. The deviations are then quantified by NRCS residual between SAR measurements and CMOD5.N prediction.

First we evaluate the S-1A NRCS relative to wind direction for given wind speed and incidence angle. U10 of 12 ms -1 is used to illustrate the comparison of S-1A NRCS with the CMOD5.N prediction. We choose U10=12 ms -1 because it is a compromise between sufficiently high signalto-noise ratio and adequate collocation pairs. In addition, working with incidence angles of 23. there are more than 50 samples. Otherwise, all data points are used for that bin. This equalization method is used to remove biases induced by nonuniform distribution of wind direction [START_REF] Stopa | Significant wave heights from sentinel-1 sar: Validation and applications[END_REF]. This results in 1569 and 1658 points (marked by 'N') for WV1 and WV2, respectively for U10=12 ms -1 . The random selection taken in the equalization procedure has been repeated for several times and we found the nearly identical results.

As shown in Figure 3.3 (a), the fit to S-1A measurements are overall in good agreement with CMOD5.N curve for WV1. In particular, S-1A NRCS are slightly greater than CMOD5.N estimate approximately by about 0.3 dB at crosswind (wind direction of 90 • ). Similar trend is found for other incidence angles of WV1. By contrast, as shown in Figure 3.3 (b), S-1A NRCS is constantly smaller than the CMOD5.N estimate across all wind directions for WV2. The NRCS residual (σ 0 SAR -σ 0 CMOD5.N ) at crosswind is -0.4041 dB and -0.6545 dB at upwind. Similar trend has been found for wind speeds higher than 7 ms -1 for other incidence angles of WV2. This suggests that the WV has not been properly calibrated for WV2 and wind speeds would be consistently underestimated. CMOD5.N is now systematically used to calculate the expected NRCS for each S-1A imagette based on collocated ECMWF winds and given incidence angle. The NRCS residuals (σ 0 SARσ 0 CMOD5.N ) relative to U10 at three incidence angles for WV1 (WV2) are presented in the upper (lower) panels of Figure 3.4. The main similarities between WV1 and WV2 are the slightly decreasing NRCS residual with increasing wind speed up to 7 ms -1 before remaining steady at higher winds. The NRCS residuals for WV1 and WV2 are different when U10>7 ms -1 . Overall the average NRCS residual is approximately 0 dB for all WV1 and -0.8 dB for WV2 when considering all incidence angles. In particular, for U10=12 ms -1 , there are NRCS residuals of 0.05 dB for WV1 (incidence angle of 23.6 • ) and -0.88 dB for WV2 (incidence of 36.6 • ) (see Figure 3.4(b),(e)). In addition, the standard deviation exhibits similar variation trend with the mean residual. The greater variability at low wind speed (<3 ms -1 ) is mostly due to limited number of observations. The negative NRCS residuals are unexpected for WV2. There are several possible sources of error to verify, including accuracy of radiometric calibration for WV2, bias of NESZ correction as well as errors in collocated ECMWF winds. The bias of NESZ could be ruled out because higher wind speed corresponds to higher signal-to-noise ratio and consequently leads to negligible noise contribution. Indeed the contribution of thermal noise to NRCS is expected to decrease with increasing wind speed, making it impossible to reproduce the increasing deviation. As for biases induced by the ECMWF winds, WV1 and WV2 used the same data source, so that any errors in the ECMWF winds should be equally translated into NRCS residuals for both WV1 and WV2. However, we do not see this behavior. Therefore the calibration is likely the best candidate for causing the NRCS discrepancies. In the following, we apply two different methods to re-calibrate S-1A WV NRCS and compare their respective performances.

Re-calibration of NRCS

In this section, two re-calibration methods are carried out. First the γ 0 profile over the Amazon rain-forest is examined and then the NRCS residuals over the open ocean.

Re-calibration over rain-forest

For radiometric calibration of most scatterometers and SARs (Crapolicchio & Lecomte, 1999;[START_REF] Long | Calibration of spaceborne scatterometers using tropical rain forests[END_REF][START_REF] Hawkins | Stability of amazon backscatter at c-band: Spaceborne results from ers-1/2 and radarsat-1[END_REF], the Amazon rain-forest is used as a reference distributed target to monitor variation of backscattering during missions lifetime. For C-band radar, this target could be considered as a rough surface, which equally scatters the incident radar electromagnetic waves in all directions. Therefore the backscatter has small incidence angle dependence and can be characterized by [START_REF] Hawkins | Stability of amazon backscatter at c-band: Spaceborne results from ers-1/2 and radarsat-1[END_REF]:

γ 0 = σ 0 /cos(θ ) = β 0 tan(θ ) (3.3)
where γ 0 , σ 0 and β 0 are three different forms to represent the backscattering signal. In terms of the isotropic properties of the rain-forest, γ 0 can be approximated to be incidence angle independent (Crapolicchio & Lecomte, 1999). This property together with the stability of rain-forest allow us to directly compare measurements from different imaging modes of S-1A that have large range of incidence angles.

IW γ 0 is chosen as reference to re-calibrate WV because IW is well calibrated against ground corner reflectors [START_REF] Schwerdt | Independent verification of the sentinel-1a system calibration[END_REF]. Besides, the comparison of IW NRCS with CMOD5.N using collocated ECMWF winds for various incidence angles shows good consistency with mean NRCS residual around 0.1 dB (not shown). Adopting the common test site used by scatterometer community (PCS Team, 1999), we collect IW acquisitions from 4 • S to 9 • S in latitude and from 73 • W to South America of relatively high heterogeneity, which would induce spatial variability in radar backscatter. To assure the spatial homogeneity of imaged area, we manually screened 366 products acquired by WV1 and 338 by WV2 over rain-forest. Both IW and WV products are processed into sub-images of 10 km by 10 km. An example of WV2 imagette is shown in Figure 3.5 (a). For each sub-image, histogram of γ 0 is computed and fitted with a normal distribution plus a second-order polynomial, expressed as (PCS Team, 1999): where x denote γ 0 and A i are six coefficients to be determined, which are determined by nonlinear least squares method. Figure 3.5 (b) is an example of γ 0 histogram over the sub-image I in Figure 3.5 (a). The coefficient A 1 is then taken as the reference γ 0 over this sub-image. The same procedure is applied to all WV and IW products.

F(x) = A 0 • exp - (x -A 1 ) 2 2A 2 2 + A 3 • x 2 + A 4 • x + A 5 (3.4)
The geographical positions of processed IW and WV data are presented in Figure 3.6 (a). As shown, IW data are densely located in the west, while points of WV are sparsely distributed throughout.

The weekly count of data points is shown in Figure 3.6 (b). Although there is one to two orders of magnitude difference in the number of data counts between WV and IW, both show regular acquisition number during the study period, without obvious seasonal variation. This could to an extent avoid a temporal bias caused by nonuniform acquisitions.

As theoretically derived, γ 0 over Amazon rain-forest is approximately a constant for VV polar- ization, independent of elevation angle or incidence angle [START_REF] Hawkins | Stability of amazon backscatter at c-band: Spaceborne results from ers-1/2 and radarsat-1[END_REF]. Though, it is preferable to compare the γ 0 observed at the same elevation angle in purpose to maintain the same antenna elevation pattern. Elevation angle of IW varies between 27.5 • and 40.5 is accordingly applied to processed IW data points. While for WV1, we use a different strategy. IW γ 0 relative to elevation angle is shown in Figure 3.7 (a). It is worth noting that the γ 0 does exhibit variation with elevation angle, which might be caused by the inadequate correction of inter-beam as well as beam-to-beam gain offset of azimuth antenna pattern as reported in [START_REF] Schwerdt | Independent verification of the sentinel-1a system calibration[END_REF].

Here, we choose to use all IW Level-1 data given the small variability of γ 0 , assuming that the γ 0 dependence on the elevation angle is negligible.

We present the histograms of γ 0 for all IW points, filtered with respect to elevation angle, WV1, and WV2, in A seasonal variation on the order of 0.15 dB (Crapolicchio & Lecomte, 1999) has been commonly observed by scatterometers. However, this cannot explain the difference found here. For simplicity, the seasonal variation is not considered for the moment in this re-calibration process. In order to make the γ 0 consistent between IW and WV1, a deduction of 0.2803 dB is required which is equivalent to be divided by a factor of 1.0667 in linear units. Similarly, for WV2 γ 0 a deduction of -0.4449 dB is equivalent to be divided by 0.9026 in linear units. 

Ocean calibration

Although the γ 0 profile over Amazon rain-forest could serve to re-calibrate WV NRCS, few WV products limits its routine application. A more practical method taking advantage of the numerous acquisitions over open ocean is therefore advantageous. The ocean calibration procedure [START_REF] Verspeek | Calibration and validation of ascat winds[END_REF] is widely used in scatterometer community to derive the NRCS corrections. It is more feasible since it only needs a few days of collocated pairs to compute the correction constant.

The ocean calibration algorithm is applied to the collocated dataset between S-1A and ECMWF winds. The dataset is split into wind speed bins of 1 ms -1 and wind direction bin of 10 • . Within each wind speed bin, one out of thirty-six of the collocated pairs is randomly selected to equalize wind direction bin. This varying threshold considerably preserves the proportion of dataset relative to wind speed. An averaged NRCS residual is calculated per wind speed, which is further weighted by the occurrence of this wind speed to compute the final NRCS residual. It is worth noting here that only the cases with collocated ECMWF wind speed higher than 1 ms -1 are used to estimate the final NRCS residual. Based on the collocated dataset, the final NRCS residuals are 0.2730 dB for WV1 and -0.5750 dB for WV2, which correspond to a correction constant of 1.0649 for WV1 and 0.8760 for WV2 to divide in linear unit. These ocean correction constants are comparable with those obtained using Amazon rain-forest calibration method. This confirms the robustness of the ocean calibration procedure for SAR WV data. 

Re-calibration of S-1A and S-1B wave mode

Two re-calibration methods including gamma-zero profile examination over rain-forest and ocean calibration, were implemented. The ocean calibration method is more efficient and practical to perform since it only needs several days of collocations to get a robust estimate of the NRCS difference between S-1 NRCS and the predicted NRCS [START_REF] Verspeek | Calibration and validation of ascat winds[END_REF]. As a follow-up, a correction constant is calculated per cycle for both S-1A and S-1B and presented in Figure 3 As introduced in (H. [START_REF] Li | Calibration of the normalized radar cross section for sentinel-1 wave mode[END_REF], an additional noise is also removed from ESA-provided NRCS. It is 0.0001 (0.0002) for WV1 and 0.001565 (0.0008) for WV2 of S-1A (S-1B) in linear unit, respectively. Taking this additional noise removal into account, the overall re-calibrated NRCS is:

σ 0 = (σ 0 ESA -η a )/C OC [linear] (3.5)
where σ 0 ESA denotes ESA-calibrated NRCS in Eq.(3.2) and C OC is the correction factor converted to linear unit. Here, we choose to directly apply the correction factor per cycle for both S-1A and S-1B. Re-calibrated NRCS will be used to infer wind speed throughout rest of this paper unless particularly stated. 

Challenges in S-1 wind retrieval

In this section, the status of wind retrieval from S-1 WV images is first described. The problems and challenges in the present retrieval algorithm is then discussed.

Wind retrieval based on re-calibrated NRCS

CMOD5.N is used to derive wind speed from re-calibrated NRCS based on assumption of neutrally stable atmospheric condition. Wind direction measured by buoy is input to CMOD5.N. SAR re- trieved U10 is firstly compared to collocated buoy wind speed in Figure 3.12 for WV1 and WV2, respectively. The standard error metrics are given in top left corner. Retrieved wind speeds of both WV1 and WV2 are overall in good agreement with buoy measurements. Specifically, biases of SAR retrieved wind speed are 0.32 m/s for WV1 and 0.28 m/s for WV2. Scatter index (SI) is on the similar level for these two incidence angles. Slopes of least-squared linear fit to all winds pairs (red solid line) is 0.89 and 0.85 for WV1 and WV2, respectively. The less steeper fit than one-to-one curve is in primary caused by the greater SAR U10 at low wind speed (<4 m/s). This is confirmed by fitting data points with buoy wind speed larger than 4 m/s and finding the linear regression slopes are closer to one-to-one curve: 0.96 for WV1 and 0.91 for WV2. This is because the noise removal particularly at low winds is not sufficient to obtain a noise-free NRCS.

To better outline the improvements of wind speed retrieval using the re-calibrated NRCS, we also show the Level-2 (L2) ocean wind field in Figure 3.12(c)(d) for comparison. L2 wind speed is derived from ESA-calibrated NRCS using CMOD-IFR2 with ECMWF wind direction as input.

The wind speed biases are smaller than those derived using CMOD5.N and the overall error metrics are similar. For example, the root mean square error (RMSE) is around 2 m/s, comparable to typical errors on SAR wind retrieval [START_REF] Horstmann | Global wind speed retrieval from sar[END_REF][START_REF] Lu | A c-band geophysical References model function for determining coastal wind speed using synthetic aperture radar[END_REF]). Yet, improvements by using CMOD5.N are obvious. First, there are fewer points with retrieved U10 being 0 m/s for WV1.

The gathering of L2 U10 around 0 m/s is induced by the lower sensitivity of CMOD-IFR2 at low wind speed than CMOD5.N. This 0 m/s winds cluster also influences the linear fit to have a larger slope. Second, for WV2 the re-calibrated U10 partly resolves the U10 overestimate U10 at low wind speed of L2 products. This results in linear fit of re-calibrated U10 closer to the one-to-one curve. These improvements further confirm the necessity to re-calibrate NRCS using CMOD5.N for S-1 WV.

It should be noted that the S-1 L2 wind algorithm takes ECMWF model wind direction as input.

In comparison to the buoy measurements, model wind has relatively coarser spatial and temporal resolution. In addition, accuracy of ECMWF wind direction tends to be poor, particularly at low wind conditions. These aspects might result in lower accuracy of retrieved L2 wind speed.

Possible improvements in wind retrieval

Though C-band GMFs have been continuously updated to improve its performances in wind retrieval [START_REF] Quilfen | Calibration/validation of ers-1 scatterometer precision products[END_REF][START_REF] Hersbach | An improved c-band scatterometer ocean geophysical model function: Cmod5[END_REF][START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF]A. Mouche & Chapron, 2015a), the retrieval accuracy is still subject to multiple impact factors. For example, atmospheric instability [START_REF] Hoffman | The influence of atmospheric stratification on scatterometer winds[END_REF]) and presence of upper oceanic current [START_REF] Plagge | Examining the impact of surface currents on satellite scatterometer and altimeter ocean winds[END_REF] shall both modify local sea surface roughness. These influence on sea surface roughness leads to a modified NRCS, different from the NRCS generated by local winds. In addition, the modulation of wind generated small scale roughness by ocean swell can also influence the mean radar backscattering. All these NRCS modifications would accordingly impact wind retrieval.

A match-up dataset between S-1 WV and NDBC buoys allows to evaluate performance of wind speed retrieval from re-calibrated NRCS. The retrieved wind speeds are overall in good agreement with buoy observations as in Figure 3.12. In addition, the concurrent wind and wave measurements from NDBC buoys help to investigate the sea state impact on wind retrieval. As shown in the Appendix A, weaker sea state impact is observed at higher incidence angle. This impact should also be taken into account in the operational wind retrieval.

Summary

In addition, the lack of accurate satellite AOCS (Attitude and Orbital Control System) information hampers the S-1 DCA interpretation, as the geometric DC accuracy is not sufficient. Notably, the estimated DC is latitude dependent, that is being said, its relationship with winds differs from low to high latitude. It further hinders the application of DCA in refining the wind retrieval from SAR measurements. Thus, other comparable variables which can be independently derived from a SAR image and have distinct relationship with the wind direction is demanded. As such, they should be advantageously used to help constrain the local wind retrieval schemes from SAR measurements.

Recently, several studies have been published, attempting to include azimuth cutoff in the wind retrieval (Shao et al., 2016a;[START_REF] Corcione | A novel azimuth cutoff implementation to retrieve sea surface wind speed from sar imagery[END_REF]. As a parameter directly derived from the SAR image spectrum, azimuth cutoff has been found, to first order, associated with the local winds like NRCS does. Being a spectral parameter, its relationships relative to winds differ with polarizations.

Yet, this difference has not been well addressed from the SAR imaging point of view.

Further, the cross-polarization should also be involved in the wind retrieval in effort to lessen the dependence on the a priori wind direction. Since the combination of both co-and cross-polarized channels has been proven efficient in wind retrieval over the extreme winds (> 25m/s), its potential to observe the intermediate wind conditions needs explored. With the increasingly available quadpol SAR products, this aspect is expected to advance the wind retrieval in the future.

Summary

High-resolution wind field is essential to investigate local winds variability over the global ocean. SAR can provide wind observations up to hundreds of meters in spatial resolution. Although SAR wind retrieval algorithms have been widely studied, improvements are still required.

Accurate radiometric calibration of a SAR is fundamental to various applications for land and ocean studies. In this chapter, we assessed radiometric calibration accuracy of S-1A WV through comparisons of SAR-measured NRCS with CMOD5.N prediction over open ocean and at global scale.

WV1 and WV2 exhibit distinct calibration accuracy: WV1 is overall consistent with CMOD5.N predictions while WV2 shows a considerable deviation from CMOD5.N. Two re-calibration methods are then carried out by examining the γ 0 profile over Amazon rain-forest as well as ocean calibration. These two methods give comparable correction constants for WV1 and WV2, respectively.

When the corrections are applied, the NRCS residuals between re-calibrated NRCS and CMOD5.N 3.4. Summary predicts are greatly reduced towards zero. By comparison, ocean calibration is more advantageous than the rain-forest calibration method, showing greater improvement of NRCS residuals as well as being more practical to implement.

As such, NRCS of both S-1A and S-1B has been revisited using ocean calibration method throughout the whole mission operational duration. The retrieved wind speeds from re-calibrated NRCS are overall in good agreement with buoy observations, showing distinct improvements in comparison to ESA-provided wind speed.

As demonstrated in the appendix, the weaker sea state impact is observed at higher incidence angle.

More importantly, azimuth cutoff is found to be an effective variable in accounting for the sea state impact on wind speed retrieval since it is easily measured from SAR image spectrum. A new NRCS GMF including azimuth cutoff would benefit more accurate wind speed retrieval from SAR measurements. Yet, as pointed out above, azimuth cutoff has been reported to exhibit different relationship with sea surface winds/waves for polarimetric images. This aspect will be discussed in the following chapter in preparation to better interpret the polarimetric imaging of ocean surface.

Chapter 4

Azimuth cutoff of polarimetric SAR images Though basic understanding on the SAR imaging mechanism of ocean waves has been achieved, challenges still remain. A large number of quad-polarized SAR images are analyzed here to help assess how the standard SAR imaging transformation applies to all polarization channels. The analyses based on quad-polarized Radarsat-2 and Gaofen-3 products, document the distinct dependence of azimuth cutoff on polarization and incidence angle. Especially, for cross-polarized VH measurements, azimuth cutoff estimates are generally larger than co-polarized HH ones, the latter already being larger than values estimated under VV configuration. This trend increases with the incidence angle. The systematic comparisons between SAR measurements and simulations further demonstrate that the present SAR nonlinear transformation may not properly take into account 4.1. Single-polarized azimuth cutoff w.r.t. wind vectors the differing coherence times associated to the multi-polarized SAR-ocean scenes. In particular, to reproduce the large azimuth cutoff parameters obtained from cross-polarized images, a reduced coherence time shall be expected. This measurable sensitivity shall enhance the capabilities of polarized SAR systems to derive more precise ocean surface properties, especially the influence of wave breakers, by combining both the co-and cross-polarization measurements. This chapter is based on the paper entitled 'Polarization dependence of azimuth cutoff from Quad-pol SAR images'.

Single-polarized azimuth cutoff w.r.t. wind vectors

In this section, the azimuth cutoff dependence on wind vectors (wind speed and direction) is illustrated using SAR images acquired by S-1 WV. As a comparison to Figure 3.3, the wind speed of 12 m•s -1 is also chosen here to depict the azimuth cutoff variation with respect to wind direction as in Figure 4.1. Azimuth cutoff is determined by both the range-to-velocity ratio and variance of the orbital velocity. Since WV2 has larger rangeto-velocity ratio, a larger azimuth cutoff is thus expected for given winds. As shown in Figure 4.1, azimuth cutoff of WV2 is greater than that of WV1 across the entire wind direction range.

Wind direction

Comparable to NRCS, azimuth cutoff also exhibits sine-like dependence on wind direction. Specifically, the azimuth cutoff is the smallest in the crosswind and increases toward both upwind and downwind. It is worth noting that azimuth cutoff reaches the maximum at downwind for WV1 while upwind for WV2 as shown in Figure 4.1. In addition, the modulation depth is much greater for WV1, suggesting the higher sensitivity of radar return to the wave modulation at lower incidence angle. This in turn is associated with the greater RAR modulation for WV1. The wind speed dependence of azimuth cutoff is explored in Figure 4.2 for both VV and HH polarization. For given wind speed and polarization, azimuth cutoff is larger at WV2 than at WV1 because of the greater range-to-velocity ratio. For given wind speed at WV2, it is clear that azimuth cutoff is larger in HH polarization than in VV polarization. For example, Table 4.1 lists the azimuth cutoff at wind speed of 15 m • s -1 for the two polarizations and incidence angles. For WV1 at lower incidence angle, azimuth cutoff is comparable in VV and HH polarization. While for WV2, HH azimuth cutoff is larger by 21 m.

Wind speed

The polarization dependence of azimuth cutoff is statistically clear in Figure 4.2, though the VV- 

Quad-pol data set

In this section, the quad-pol data used to analyze the azimuth cutoff are presented, including

Radarsat-2 and Gaofen-3. The collocated WaveWatch III ocean wave spectra are also described.

Radarsat-2

Radarsat-2 was launched in 2007 and carries a C-band SAR sensor (radar frequency of 5.4 GHz).

Among various imaging modes, the quad-pol mode transmits H and V pulses alternatively and 4.2 presents the detailed information (acquisition time, incidence angle and geographic position) of these Radarsat-2 products.

Gaofen-3

The Chinese Gaofen-3 satellite also carries a C-band SAR sensor (radar frequency of 5. has the maximum number of images around 1,700. There are 7 incidence angles with more than 400 acquisitions (22

• ±1 • , 30 • ±1 • , 34 • ±1 • , 36 • ±1 • , 40 • ±1 • , 42 • ±1 • , 48 • ±1 • )..

WW3 ocean wave spectrum

For our purpose, a match-up data set between Gaofen-3 and WW3 ocean wave spectrum has been created. The ocean wave spectra are generated by WW3 spectral wave model using wind forcing from operational European Centre for Medium-Range Weather Forecasts (ECMWF) output and the parameterization in [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. part i: Definition, calibration, and validation[END_REF]. They are available on a global spatial grid of 0.5 • in both latitude and longitude and temporal interval of 30 mins. The WW3 wave spectrum composes of 24 directions and 32 wavenumber bins from 0.0056 rad•m -1 to 2.0632 rad•m -1 . This corresponds to wavelength ranging from 1,122 m to 3.045 m. The minimum wavelength is comparable to the spatial resolution of Gaofen-3 WM. This assures the azimuth cutoff from Gaofen-3 measurements and simulations out of WW3 spectra is comparable.

Polarized SAR azimuth cutoff

The polarimetric azimuth cutoff computed from Quad-pol SAR observations is demonstrated from a case study and statistical point of view, respectively. This can still be related to the larger HH-pol RAR MTF, in agreement with the above simulated results, Figure 4.7. We would expect a smaller VH azimuth cutoff, as the VH RAR MTF may be expected to be much smaller (A. [START_REF] Mouche | Global c-band envisat, radarsat-2 and sentinel-1 sar measurements in copolarization and cross-polarization[END_REF]. This is not the case. Smearing effects, likely associated to shorter life times of VH scatters, seem to dominate, as the image contrast is apparently more blurred. VH cutoff parameter provides the largest value, Figure 4.4. To emphasize the differing azimuth cutoff sensitivity to polarization, both HH and VH estimates are displayed relative to VV. et al., 2006b, 2007b). As the incidence angle increases, the mean fit line deviates from the oneto-one relationship. Particularly, at incidence angle of 48 • , the HH azimuth cutoff first show a more rapid increase before leveling off when compared to high VV values. While this increasing HH azimuth cutoff may be expected from simulations, it shall also be recalled that larger scalar backscatter contributions [START_REF] Kudryavtsev | Impact of wind waves on the airsea fluxes: A coupled model[END_REF], likely associated to breaking events, impact HH measurements. Accordingly, smearing effects, associated to these breaking events, are certainly acting to contribute to increase the HH cutoff values compared to VV ones. cases, the mean fit also increases with incidence angle. Note that the mean fit lines are also slightly higher than the one-to-one curve for low incidence angles, Figure 4.5 top panel. For incidence angle larger than 36 • , the deviation increases. As compared to HH, the increasing trend is distinct, with VH almost exhibiting constant offset compared to VV. Note, the VH azimuth cutoff is largely more scattered than HH for all incidence angles. With increasing incidence angle, 30 • (in green and red), HH azimuth cutoffs are larger than VV, consistent with Gaofen-3 data in Figure 4.5. As also found, VH azimuth cutoff is larger than both VV or HH parameters, except one outlier. Again, this is consistent with results reported in Figure 4.5.

A Case study

Statistical azimuth cutoff

To summarize these comparisons, VH azimuth cutoffs are certainly expressing the impact of SAR ocean scene coherence times on smearing effects. Larger than HH estimates, already larger than VV ones, these results seem to confirm that different scattering mechanisms are to be considered, with so-called non-polarized and super-Bragg contributions associated with wave breaking events [START_REF] Kudryavtsev | On radar imaging of current features: 1. model and comparison with observations[END_REF]A. A. Mouche et al., 2008;[START_REF] Kudryavtsev | Impact of wind waves on the airsea fluxes: A coupled model[END_REF][START_REF] Kudryavtsev | Quad-polarization SAR features of ocean currents[END_REF][START_REF] Hansen | Wave breaking in slicks: Impacts on c-band quad-polarized sar measurements[END_REF]. Already key to control the polarized degree of backscatter intensity, these events may have short-life time properties., Especially under VH configuration, the detected scatters may then contribute to reduce the SAR coherence time to explain the azimuth resolution losses.

Azimuth cutoffs from simulations

In this section, we first show estimates of polarimetric azimuth cutoff from simulated image crossspectrum based on the nonlinear SAR-forward mapping transform. Comparisons between SAR measurements and simulations based on WW3 ocean wave spectra are then presented and discussed

Nonlinear SAR transformation

Assuming a multiplicative noise model to represent the backscatter intensity from a moving ocean surface, [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF] derived a closed-form expression for SAR image cross-spectra between two sub-looks. Uncorrelated speckle noise largely vanishes, and phase motions of ocean waves, captured during the dwell-time interval between two sub-looks, can then be estimated.

Phase motions are directional, and the 180 • direction ambiguity of ocean waves is generally resolved. The nonlinear cross-spectrum can be simplified as:

P mn S (k, ∆t) = dx e -ik•x e k 2 x [ρ dd (x,t)-ρ dd (0,0)] [1 + ρ II (x,t)] (4.1) 
where the subscript d and I in ρ aa denote the velocity bunching and RAR modulation, respectively. k x is the wavenumber along the azimuth direction. The correlation function defined in Eq. ( 4.1) is related to the ocean wave spectrum S(k) through

ρ aa (x, ∆t) = 1 (2π) 2 dk e ik•x • 1 2 |M a (k)| 2 e -iω∆t S(k) + |M a (-k)| 2 e iω∆t S(-k) (4.2)
where M a represents the modulation transfer function (MTF) for RAR or velocity bunching. In this study, we use the following form of MTF for velocity bunching (K. Hasselmann & Hasselmann, 1991a;[START_REF] Chapron | Wave and wind retrieval from sar images of the ocean[END_REF]:

M d = R V ω(sinθ cosφ + jcosθ ) (4.3)
where R/V is the slant-range to velocity ratio of SAR sensor. The RAR MTF is expressed by:

M I = -ik y 1 σ 0 ∂ σ 0 ∂ θ (4.4)
The co-polarized (VV, HH) σ 0 is empirically derived using the CSARMOD (A. [START_REF] Mouche | Global c-band envisat, radarsat-2 and sentinel-1 sar measurements in copolarization and cross-polarization[END_REF]) and cross-polarized (VH) by the model in [START_REF] Hwang | Cross-References polarization geophysical model function for c-band radar backscattering from the ocean surface and wind speed retrieval[END_REF][START_REF] Mouche | Global c-band envisat, radarsat-2 and sentinel-1 sar measurements in copolarization and cross-polarization[END_REF]A. A. Mouche et al., 2017). According to the reciprocity theorem (G. [START_REF] Valenzuela | Depolarization of em waves by slightly rough surfaces[END_REF], VH and HV backscatter intensities are expected to be the same. Thus, only VH polarization is analyzed throughout this chapter. It is worth noting that azimuth cutoff parameter reflects the expected random time-evolution of the radar detected scatterers during the SAR-integration time. The time-evolution shall include orbital motions, but also local accelerations over the integration time (K. Hasselmann & Hasselmann, 1991a). Since the integration time of space-borne SAR is of the order of 0.6 seconds, the specific acceleration of long waves is generally neglected (K. Hasselmann et al., 1985a), and a catch-all time coherency parameter possibly considered. A finite scene coherence time will relate to smearing effects, acting to reduce the along-track resolution associated with both the unresolved random scatter motions and the limited scatter lifetime during the SAR integration time. To estimate this contribution, the ratio between azimuth cross-spectrum profiles obtained for different look separation time can be performed. The idea is to make use of the expected extremely short life time of the wind generated ripples and breakers to evaluate,if there is, increasing impact on the overall smearing of the SAR scene. Expecting different scattering mechanism associated to each polarization configuration [START_REF] Kudryavtsev | Quad-polarization SAR features of ocean currents[END_REF], it will be demonstrated that a more direct estimation can be obtained.

Left panel of Figure 4.7 shows simulated SAR image cross-spectra for three polarization channels (VV, HH and VH). The time coherency is not adjusted, and the simulations serve to analyze the cutoff sensitivity to the different RAR MTFs. The input ocean wave spectrum is Elfouhaily spectrum [START_REF] Elfouhaily | A unified directional spectrum for long and short wind-driven waves[END_REF] at wind speed of 7 m/s and wind direction of 45 • with inverse wave age of 0.35. The R/V ratio is set as 92.5 s and incidence angle is 36 • . Peak wavelength is around 256 m.

Comparing the three simulated cross-spectra, one can find that HH spectrum exhibits the largest spectral energy at a given wavenumber, in line with the expected largest RAR MTF in HH pol.

Note, the input velocity bunching is the same for all three polarization channels.

To estimate the azimuth cutoff parameter, a widely used method is to fit the inter-correlation of SAR cross-spectrum by a Gaussian function (Kerbaol et al., 1998a), as given in the right panel of Figure 4.7. Note that the inter-correlation function is generally complex, as coherent wave motions contribute to shift the resulting SAR sub-look images, i.e. the cross-spectra have nonzero imaginary contributions. Accordingly, the real part is used to estimate azimuth cutoff with asymmetry relative to the azimuth distance (Stopa et al., 2015a) (see their Figure 14). As mentioned above, this shift is key to resolve the 180 • direction ambiguity. In this study, we do not focus on ocean wave retrieval, and the absolute value of the cross-spectrum is considered to estimate the inter-correlation function.

Using different MTFs, the simulated azimuth cutoff is certainly supposed to vary with polarization, as shown in Figure 4.7. While HH RAR MTF shall improve the wave imaging process, random motions are found to impact more significantly the resolution loss in the azimuth direction. This is a relative effect. For short scales, the HH SAR spectrum is indeed relatively more attenuated than the initially lower VV SAR spectrum. For the same reason, the simulated azimuth cutoff in VH is the smallest, Figure 4.7(f), following the smallest RAR MTF definition. As performed, these simulations do not consider the impact of time coherency, and under this assumption, the simulation suggest that azimuth cutoff parameters shall only differ from the definition of the different RAR MTFs. As demonstrated in Section 4.4.1, azimuth cutoff parameters from simulated SAR image crossspectra already display polarization sensitivity. In this section, neglecting a time coherence effect, we further systematically evaluate nonlinear SAR transformation. NRCS GMF of CSARMOD (A. [START_REF] Mouche | Global c-band envisat, radarsat-2 and sentinel-1 sar measurements in copolarization and cross-polarization[END_REF]) is used to estimate RAR MTF for co-pol VV and HH measurements and Hwang's GMF [START_REF] Hwang | Cross-References polarization geophysical model function for c-band radar backscattering from the ocean surface and wind speed retrieval[END_REF] is used to determine the VH MTF. For each Gaofen-3 product, the collocated WW3 ocean wave spectrum is used to perform a forward SAR-spectral transform. Azimuth cutoffs are then estimated from these simulation results.

Comparison of SAR and simulation

For VV polarization, Figure 4.8(a) presents comparisons between SAR-measured azimuth cutoffs and from simulations Eq.(4.1). All Gaofen-3 data are used. As obtained, the simulations are in overall good agreement with SAR measurements. The total bias (SAR -simulation) is 8.80 m with root-mean-square-error (RMSE) of 62.34 m. The linear regression slope is 0.67, comparable to previous reported results (Stopa et al., 2015a) (see their Figure 4). The simulated azimuth cutoff are underestimated for low sea conditions (small azimuth cutoff) and overestimated for high sea state conditions (large azimuth cutoff). This might in part be attributed to the poor fit of Gaussian function to the SAR inter-correlation under low sea state conditions (Stopa et al., 2015a).

For HH polarization, results are presented in Figure 4.8(b). The total bias (SAR -simulation) is 18.97 m, larger than that of VV-pol, Figure 4.8(a). RMSE is also larger, 65.22 m. The linear regression slope is still comparable to the VV polarization case. HH azimuth cutoff is seemingly much higher than simulated ones for low sea state (azimuth cutoff smaller than 150 m). With increasing sea state, SAR observations and simulated results become more consistent.

The VH configuration is given Figure 4.8(c). Most of the scatter points are now above the oneto-one curve, i.e. SAR-measured VH azimuth cutoff is likely larger than a simulated one. This also reflects in a large total bias (SAR-simulation) of 71.35 m. In comparison to VV and/or HH, VH azimuth cutoff exhibits variability with higher RMSE of 72.28 m. In short, the remarkable deviation between SAR-measured and simulated VH-pol azimuth cutoff shall certainly help to assess the short-life time of VH scatters.

To further diagnose the deviation between SAR measurements and simulations, we associate azimuth cutoff residuals (SAR-simulation) with collocated ECMWF wind speed, Figure 4.9. Azimuth cutoff residual decreases with increasing wind speed for both VV and HH. The interception point with zero residual is 7 m/s for VV and 9 m/s for HH. This corresponds to the higher intercept terms for HH in Figure 4.8(b). Note, the analysis is limited to wind speed lower than 15 m/s and more data will be collected to address the results for higher wind speed. As expected, the azimuth cutoff residual is thus wind speed dependent. As foreseen, a more careful examination of the azimuth cutoff residual might provide means to both refine the RAR MTFs and to properly take into account short life time scatters, to help constrain the ocean wave spectral retrieval algorithm. The mean VH azimuth residual slightly varies between 45 m and 60 m and exhibits an increasing trend with wind speed lower than 12 m/s. Compared to co-pol VV and HH measurements, VH residual has larger spread for a given wind speed, suggesting higher variability as shown in Figure 4.8.

This demonstrates that the present SAR forward transform is not suited to interpret cross-polarized observations.

Considering the good performance of VV-forward SAR transform to reproduce measured azimuth cutoff parameters in VV, it is chosen as reference to evaluate the polarization difference (PD) between SAR measurements and simulations. 

Summary

Over the past years, investigations mostly focused on the mean intensity properties of co-and cross-polarized high-resolution SAR measurements [START_REF] Kudryavtsev | Quad-polarization SAR features of ocean currents[END_REF][START_REF] Hwang | Cross-References polarization geophysical model function for c-band radar backscattering from the ocean surface and wind speed retrieval[END_REF]A. A. Mouche et al., 2017;[START_REF] Zhang | Wind speed retrieval from radarsat-2 quad-polarization images using a new polarization ratio model[END_REF][START_REF] Zhang | Cross-polarized synthetic aperture radar: A new potential measurement technique for hurricanes[END_REF]. In particular, the cross-polarized signal reveals higher sensitivity to the sea surface roughness changes, and the occurrence of breaking waves. As such, VH-polarized SAR measurements have already been demon- mesoscale surface current features, and SST fronts et al) [START_REF] Kudryavtsev | Quad-polarization SAR features of ocean currents[END_REF]. In this study, analyses are performed to better evaluate the distinct imaging capabilities of co-and cross-polarized SAR measurements. More specifically, azimuth cutoff associated with the typical SAR nonlinear imaging distortions are analyzed to document their respective polarization sensitivities.

Taking advantage of the available large number of quad-polarization products acquired by Radarsat-2 and moreover today, by the Gaofen-3 mission, statistically robust trends clearly emerge. For instance, HH azimuth cutoff parameters are generally larger compared to VV estimates, this trend increasing with incidence angle. While more contrasted, with a larger MTF, HH SAR observations are finally more impacted than VV SAR ones, with a larger sensitivity to random motions.

To recall, Doppler centroid estimates, mostly governed by the correlation between local tilts and detected velocities [START_REF] Chapron | Direct measurements of ocean surface velocity from space: Interpretation and validation[END_REF], have also been reported to be larger for HH than VV signals (A. A. [START_REF] Mouche | Predicted doppler shifts induced by ocean surface wave displacements using asymptotic electromagnetic wave scattering theories[END_REF][START_REF] Saïd | An ocean wind doppler model based on the generalized curvature ocean surface scattering model[END_REF]. SAR azimuth cutoff, mostly governed by the overall variance of the detected scatter motions, must thus also reflect an higher sensitivity of HH signals to random surface motions. Despite biases between SAR measurements and simulations, the co-polarized observations can be well reproduced by applying a standard SAR nonlinear forward transform.

By contrast, the increasing trend of VH azimuth cutoff relative to VV could not be attributed to an higher imaging sensitivity. Indeed, the RAR VH MTF is expected to be small compared to 4.5. Summary co-polarized channels. As such, the SAR nonlinear forward transform does not help to interpret the present analysis. Results imply that the HV detected scatters must be associated to larger and more variable random motions. As mentioned above, cross-polarized signals are sensitive to very enhanced roughness patches, areas over which out-of-plane tilts develop [START_REF] Kudryavtsev | Quad-polarization SAR features of ocean currents[END_REF].

These rough patches shall then further be characterized by short scene coherence time to explain the resulting VH azimuth cutoffs. Further theoretical investigations are thus required to fully interpret the SAR mapping principles for cross-polarization measurements.

Yet, this feature can already be of more direct use to refine the ocean wave spectral inversion from SAR image measurements. For future SAR polarized systems, including bi-static ones, this measurable sensitivity to both polarization and incidence angle will enhance capabilities to derive more precise ocean surface properties, especially the influence of wave breakers and local wind information, by combining co-and cross-polarization measurements.

Chapter 5

A new SAR parameter: MACS and its directionality The SAR image cross-spectral analysis is extended to investigate the time coherence of radar modulations at much smaller scales than swell scales. A new parameter, the MeAn Cross-Spectra (MACS), is defined by filtering SAR cross-spectra within the shortest range-detected scales, i.e.

wavelengths between 15 m and 20 m. Given the strong dependence of these intermediate ocean waves to local wind field [START_REF] Juszko | Wind stress from wave slopes using phillips equilibrium theory[END_REF], MACS estimates shall instruct about radar modulation associated to surface waves within their equilibrium range, predominantly related to wind speed and wind direction. By definition, MACS is a complex quantity. As imaginary part of SAR cross-spectra resolves ocean swell direction, the imaginary part of MACS (IMACS) is demonstrated to capture the intermediate wave direction, in other words, wind direction. Analogous to and cross-spectra are defined as:

P (m,n) s (k, ∆t) = F [I (m) (x)] • F * [I (n) (x)] I (m) (x) • I (n) (x) -δ (k), m, n ∈ [1, 2, 3] (5.1)
where ∆t = |m -n|τ is separation time between m-th and n-th sub-looks, τ is the time interval between two adjacent looks. In this chapter, τ = 0.27 × T a with T a being SAR integration time. 

I (m) (x)

MACS of intermediate waves

Formally, the SAR nonlinear mapping writes as 

I SAR (x) = I RAR (x )δ (x -x -ξ (x ))dx ( 
MACS( k, ∆t) = 1 N N ∑ n=1 P (m,n) s (k az , k ra , ∆t), (k az , k ra ) ∈ A (5.3)
where N is number of points within area A. Cross-spectra can be calculated for different combinations of sub-looks. Throughout rest of this section, we only use MACS defined based on SAR crossspectra computed between two adjacent sub-looks, denoted as MACS (1) . In terms of cross-spectral transformation [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF], MACS (1) carries both magnitude and phase information of radar backscatter modulations. Assuming that we can neglect the highly reduced contribution from velocity bunching, MACS should be related to the intermediate scale ocean wave information as viewed through the Real Aperture Radar (RAR) Modulation Transfer Function (MTF). MACS may thus contain information related to the two key different imaging contributions (hydrodynamical, tilt) and they may change relative to incidence angle and polarization. In this section, we solely concentrate on the imaginary component of MACS, denoted as IMACS (1) .

Equalization of wave mode data

The Sentinel- A match-up dataset is systematically performed to associate the surface winds from ECMWF (European Centre for Medium-Range Weather Forecasts) and the S-1 WV acquisitions. The ECMWF winds have spatial and temporal resolution of 0.25 • and 3 hours, respectively. A sub-dataset consisting of upwind/downwind (wind blowing towards/away from the radar look direction) cases is also considered. Specifically, the winds blowing towards (0 • ) or along (180 • ) the antenna look direction with a variation of ±10 • are selected. The wind speed is then referred to as the radial wind speed, ranging from -20 to 20 m/s. In our conventions, positive radial wind values denote upwind conditions (wind blowing towards the antenna look direction, see Figure 5. (>15 m/s) is evident. As such, we adopt the processing method described in (Stopa & Mouche, 2017a) to equalize this sub-dataset. If there are fewer than 100 data points within a radial wind speed bin, all data points are kept. Otherwise, 100 data points are randomly selected from the dataset within that radial wind speed bin. The equalized dataset is then referred to as Data I. PDFs wind speed in Figure 5.4. As anticipated, IMACS (1) changes sign when wind direction reverses.

Statistically, it is positive for downwind direction and negative for upwind.

To first order, it is a linear function of radial wind speed, up to ±10 m/s. For WV1 in Fig-

ure 5.4(a)(c), IMACS (1) have nearly the same slope for upwind and downwind directions. For WV2 in Figure 5.4(b)(d), IMACS (1) is more sensitive under upwind conditions than for downwind ones. For a given radial wind, IMACS (1) is found to decrease with increasing incidence angle. At given incidence angle, IMACS (1) obtained in HH polarization is larger than in VV. This is expected, as HH MTFs have generally been reported larger than VV MTFs, expressing a larger sensitivity to hydrodynamical and tilt modulation effects. A slight saturation of IMACS (1) , around wind speed higher than 10 m/s, is apparent for WV1, but not for WV2.

Quite remarkably, as shown in Figure 5.4(a), IMACS parameters share similar characteristics with Doppler Centroid Anomaly (DCA) [START_REF] Chapron | Direct measurements of ocean surface velocity from space: Interpretation and validation[END_REF] (see their Figure 5). Indeed, both parameters are directly linked to the temporal evolution and coherency of detected sea surface scatters.

The DCA encompasses all detected scales, and estimates are performed using cross-correlation between consecutive (in time) complex signals. For IMACS, it is the coherency and time evolution of filtered reflectivity modulations which are captured. As such, the cross-correlation can apply between intensity signals acquired at larger time differences. For IMACS, the cross-correlation will measure the coherency and time evolution of the filtered modulations of the intensity signals.

Under a two-scale scattering model decomposition (see Appendix B in [START_REF] Chapron | Direct measurements of ocean surface velocity from space: Interpretation and validation[END_REF], also

Eq.( 3) in [START_REF] Johannessen | Direct ocean surface velocity measurements from space: Improved quantitative interpretation of envisat asar observations[END_REF])), such intermediate scale time evolution contribute to the DCA parameter. To first order, both parameters, DCA and IMACS, must be strongly linked, closely tracing the wind direction within a single SAR imagette. To date, the lack of accurate satellite AOCS (Attitude and Orbital Control System) information hampers S-1 DCA interpretation, as the geometric DC accuracy is not sufficient. This is not as stringent for IMACS (1) . A precise time or Doppler origin is not required, as IMACS can isolate the ocean scene time evolution by matching detected (and filtered) modulations of intensity signals. Accordingly, IMACS (1) can therefore be an alternative to DCA measurements to help constrain ocean surface wind vector estimate at moderate to high spatial resolution (A. A. [START_REF] Mouche | On the use of doppler shift for sea surface wind retrieval from sar[END_REF].

To note, analyses of IMACS (1) can also be extended to other (longer) wavelengths. For instance, over tropical hurricanes with local wind speed exceeding 30 m/s, integrating IMACS (1) over ocean scales of 100 m would be more appropriate. (1) In this section, the IMACS (1) dependency on wind direction is demonstrated. For simplicity, only acquisition of WV1 at VV polarization is involved. Figure 5.5 (a) displays the IMACS (1) relative to wind direction at wind speed of 7 m/s (dots). The mean is marked as solid curve. It closely follows a cosine function across wind direction. IMACS (1) reaches minimum at upwind (0 • ), maximum at downwind (180 • ). Again, azimuthal modulation of IMACS (1) is found similar to that of DCA, as shown in (A. A. [START_REF] Mouche | On the use of doppler shift for sea surface wind retrieval from sar[END_REF]. Analogous to DCA (see Fig. 2(e) in (A. A. [START_REF] Mouche | On the use of doppler shift for sea surface wind retrieval from sar[END_REF])) , a wind retrieval algorithm using NRCS and IMACS (1) would reduce the possible wind solutions to two. Resolving the remaining two ambiguities is therefore crucial to develop an independent SAR wind retrieval.

Wind direction dependency of IMACS

Figure 5.5: (a) Scatter plot of IMACS (1) relative to wind direction at wind speed of 7 m/s. Binned average of IMACS (1) (solid), IMACS As defined, IMACS (1) is concentrating on information close to the radar range direction, precisely filtering over ±2π/600 rad • m -1 along the azimuth direction in Figure 5.2. To help discriminate the contributions between azimuthal quadrants, IMACS (1) is then further decomposed into two parts. The part defined over [-2π/600 rad • m -1 ,0] is denoted as IMACS -A (dotted line) as well as IMACS (1) (solid line). At 270 • , the deviation between IMACS ± exhibits distinct azimuthal modulation than IMACS (1) . It is close to zero at crosswind of 90 • and decreases to its minimum at 270 • . This contrast between two crosswinds increases with wind speed as shown in Figure 5.5(c). At low wind speed (<3 m/s), ocean wave features are not ECMWF forecast winds at 15h00 UTC are superimposed to complement the NRCS interpretations. This event was an intense meso-scale extra tropical cyclone, quite typical over oceans at high-latitude in cold polar areas [START_REF] Montgomery | Polar low dynamics[END_REF][START_REF] Smirnova | Polar low References climatology over the nordic and barents seas based on satellite passive microwave data[END_REF]. In the northern hemisphere, the winds rotate counterclockwise. Considering the SAR flight direction, towards the North in this case, it corresponds to upwind conditions (blowing against the antenna pointing) in the northern sector, and subsequently, downwind conditions in the southern sector. Given the distinct up-downwind asymmetry of NRCS at this incidence angle, a darker pattern is indeed found in the southern sector. However, at this point, it is difficult to interpret wind variation without use of external ancillary information, such as the ECMWF wind direction. By comparison, IMACS (1) parameters, mapped on Figure 5.6 (b), clearly provide first-order directional information of local winds. The opposite sign of IMACS (1) (blue to red) well captures the reversed wind direction as in Figure 5.6(a). This is better presented by the averaged IMACS (1) along the two transects in Figure 5.6(c). IMACS (1) at transect 'T1' and 'T2' has comparable magnitude, corresponding to the comparable wind speed and direction as given by ECMWF winds. In addition, magnitude of IMACS (1) is roughly consistent with that in Figure 5.4(b) (different incidence angles), implying the mobility of MACS analysis between various SAR imaging mode. It should also be noted that over the central part, IMACS (1) is not trustworthy, likely due to low signal-to-noise ratio. (1) As demonstrated, IMACS (1) is complementary to the conventional NRCS measurements. Free from any calibration issues, IMACS (1) essentially contains information related to coherent time evolution of filtered radar modulations. As already mentioned, it is related to the local equilibrium part of the wind wave spectra weighted by the C-band RAR MTF. Therefore, analysis of IMACS (1) not only relates to local wind climate, but more directly to intermediate scale wave climate. (1) Seasonal average of IMACS (1) is presented in Figure 5.7, grouped as June-July-August (JJA), and September-October-November (SON), December-January-February (DJF), March-April-May (MAM). S-1A WV1 acquisition from December 2016 to November 2017 over ascending pass is solely considered. The white areas are due to lack of observation. They are close to coastlines and over the northeast Atlantic Ocean where other acquisition modes are operated. These results are produced with observations acquired at latitude lower than 55 • to avoid potential ice-sea contamination. The same convention than in Figure 5.4 is used, the negative values correspond to upwind direction (wind blowing from east to west).

Spatial pattern of IMACS

Global map of IMACS

In tropics (30 • S -30 • N), the prevailing trade winds are blowing from the east to the west. It thus corresponds to upwind conditions for ascending passes, resulting in consistently negative IMACS (1) parameters. The migration of the intertropical convergence zone (ITCZ) is clearly well captured by the seasonal sign changes of IMACS (1) . For JJA (Figure 5.7(c)) and SON (Figure 5.7(d)), ITCZ is located north of the Equator, about latitude 10 • N, extending to the west Pacific Ocean. For the other two seasons, the ITCZ moves southward and locates at the Equator with shrunken zonal extension.

At mid-latitudes (30 • -60 • ), westerlies blow from the west to the east, i.e. downwind conditions. Accordingly, positive IMACS (1) are obtained. The Southern Hemisphere extra tropics are very consistent with high magnitude of IMACS (1) . This is associated to the regular storms over this area throughout the year. During the season DJF, Figure 5.7(a), exhibits maximum IMACS (1) in northwest Pacific Ocean, caused by high winds of winter storms. Lack of data precludes this feature to appear over the Atlantic Ocean. As also clearly observed, boundaries between the trade winds and westerlies vary with seasons. In details, the boundary migrates southward from summer to winter, consistent with the motion of ITCZ.

IMACS (1) over the east Pacific Ocean

To further document the ITCZ migration captured by IMACS (1) , a more local analysis is performed. (1) based on data acquired by S-1A WV1 over ascending pass from December 2016 to November 2017. The negative IMACS (1) corresponds to upwind direction with wind roughly blowing from the east to the west. Data are averaged on a spatial bin of 2 • in both longitude and latitude.

It corresponds to the region delineated by a red rectangle in

From PDF of NRCS, the maximum point is steady with seasons, being around 0.1687 (linear unit).

The wider PDF in DJF and MAM implies larger spread of local winds, but gives no further details.

On the contrary, PDF of IMACS (1) greatly differs from JJA to DJF. The maximum point in JJA and SON is located around +0.010, suggesting the prevailing winds to have small zonal components.

For DJF and MAM, the maximum shifts towards -0.055, corresponding to winds blowing from the east. As obtained, PDF of IMACS (1) have larger spread for DJF/MAM than for JJA/SON. Given the analogy between JJA (DJF) and SON (MAM), wind rose of collocated ECMWF forecast winds are displayed for JJA in Figure 5.8(c) and DJF in Figure 5.8(d). During JJA, most of local winds mostly blow along the SAR ascending flight direction, resulting in nearly zero IMACS (1) , Figure 5.8(b).

For DJF, winds blowing from the east are predominant and have large spread. Based on this analysis, the NRCS measurements are not sufficient to manifest the seasonal migration of ITCZ. But, combined NRCS and IMACS (1) may open new strategies to determine global wind/wave climatologies. (1) along the Indian Ocean Over the Indian Ocean, there is also a distinct seasonality captured by IMACS (1) estimates. North of the Equator, IMACS (1) is negative in DJF/MAM, positive in JJA/SON. The sign change is to be attributed to reversed winds during the monsoon season (usually occurring from July to October). A different rate of sign changes of IMACS (1) is well captured from north to south, across the Indian Ocean. A transect at longitude 90 • E is chosen to help analyze this seasonal pattern of IMACS (1) .

IMACS

Seasonal average of IMACS (1) and wind direction along the transect are given in Figure 5.9(a)(b), respectively. During JJA (red curve) and SON (black curve), IMACS (1) decreases from positive to negative at latitude 5 • S to reaches a negative maximum at 18 • S. It then starts to increase from negative to a positive maximum at 50 • S. Marked features of IMACS (1) during DJF (red line) and MAM (green line) are north of the Equator. During DJF, IMACS (1) is first negative to inverse its sign, becoming positive at latitude 3 • N. The sign change from positive to negative more precisely occurs at latitude 9 • S. The IMACS (1) variation is consistent with wind direction change shown by projected radial ECMWF winds in Figure 5.9(c). This strong seasonal variation of IMACS (1) is further quantified by the inter-seasonal variability, Figure 5.10. It is computed as the standard deviation of seasonal average of IMACS (1) . A larger variability of IMACS (1) occurs over the Northern Hemisphere. Around 40 • N in Northern Hemisphere, the largest seasonal variability is estimated. In the Southern Hemisphere, IMACS (1) parameters have smaller standard deviation at 50 • S. By contrast, IMACS (1) is largely variable, throughout

Summary

For upwind or downwind conditions, a signed and nearly linear variation is obtained. This result bears strong similitude with the Doppler Centroid Anomaly (DCA) sensitivity to radial wind speed (see Fig. 5b in [START_REF] Chapron | Direct measurements of ocean surface velocity from space: Interpretation and validation[END_REF]). As understood, MACS is the result of an overall correlation between surface wave motions and filtered (radar) detected contrasts, in line with a two-scale interpretation of the wave motion bias associated to DCA measurements (see Eq. B1 in [START_REF] Chapron | Direct measurements of ocean surface velocity from space: Interpretation and validation[END_REF], and Eq.( 3) in [START_REF] Johannessen | Direct ocean surface velocity measurements from space: Improved quantitative interpretation of envisat asar observations[END_REF]). Comparable to previous developments (A. A. [START_REF] Mouche | On the use of doppler shift for sea surface wind retrieval from sar[END_REF], such dependencies are complementary to NRCS measurements, and open for new analysis strategies. As first anticipated and demonstrated with a Polar Low case, these two high-resolution radar quantities, i.e., NRCS and MACS (possibly DCA when available), should be advantageously used to help constrain local wind retrieval schemes from SAR measurements.

Providing improved local wind estimates shall also have positive impact on SAR-wave retrieval algorithms to more precisely inform the local sea state conditions. Moreover, given the close dependency of MACS to the strength of the local radial wind component, MACS may also have the potential to more directly help remove the wave bias contribution from DCA estimates. This step is essential to recover the geophysical Doppler information solely related to ocean surface current. In that context, MACS estimates can help bypass the need of a priori wind information (e.g. [START_REF] Rouault | Mapping the agulhas current from space: An assessment of asar surface current velocities[END_REF][START_REF] Martin | Windwave-induced velocity in ati sar ocean surface currents: First experimental evidence from an airborne campaign[END_REF]). Such a demonstration is beyond the scope of the present paper, and will be the focus of future studies, possibly revisiting Envisat/ASAR previous analysis. This can also establish the data processing basis for future ocean satellite mission (e.g. (A. C. [START_REF] Martin | Simultaneous ocean surface current and wind vectors retrieval with squinted sar interferometry: Geophysical inversion and performance assessment[END_REF]). From its definition, MACS parameter can also be refined to encompass bi-frequency or bi-location beam instrumental configuration, as well as highly range resolved real aperture radar measurements [START_REF] Nouguier | Sea surface kinematics from near-nadir radar measurements[END_REF][START_REF] Ardhuin | Measuring currents, ice drift, and waves from space: the sea surface kinematics multiscale monitoring (skim) concept[END_REF].

Finally, as further demonstrated in the present study, global mapping and analysis of MACS can efficiently quantify regional and seasonal wind and (intermediate) wave properties (periodicities and space-time variabilities). As such, this new parameter may support wind and wave climate studies. This aspect leads us to revisit the available ten-year archive of ENVISAT/ASAR wave mode data. Given a relatively coarser resolution (10 m) compared to Sentinel-1, the filtering operation shall certainly be adapted, i.e. possibly down to 50 m scales. This new parameter can also be used to jointly analyze wind and equilibrium wave range climate by considering an adaptive definition over various wavelengths. Still, for moderate to high wind conditions, MACS parameters will likely carry valuable information related to radial wind conditions to enhance previous attempts [START_REF] Stopa | Estimating wave orbital velocity through the azimuth cutoff from space-borne satellites[END_REF] to more precisely document long-term wind/wave climate properties.

with the simulated MACS based on the present SAR nonlinear transformation. This chapter is based on the paper entitled 'A new ocean SAR cross-spectral parameter: magnitude and its application in deriving the RAR MTF'.

6.1 Speckle noise of MMACS (0) In this section, the reason to use MMACS (0) is first discussed. The removal of speckle noise from the MMACS (0) is then presented.

Usage of MMACS (0)

By definition, MACS could be considered as RAR MTF weighted intermediate wave spectral density. As such, magnitude of MACS shall readily reveal quantitative information of RAR modulation. Better understanding of RAR modulation is crucial to improve accuracy of ocean wave spectrum inversion from a SAR imagette. To first-order, the intermediate waves can be considered in equilibrium range with sea surface wind. According to [START_REF] Phillips | Spectral and statistical properties of the equilibrium range in wind-generated gravity waves[END_REF], the intermediate wave spectral density is proportional to wind friction velocity, e.g. neutral wind speed. In other words, for given wind speed, spectral density of intermediate waves can be approximated as a constant, independent of radar configurations (such as incidences, polarizations and etc.). Though MMACS (1) is free of noise, additional decorrelation mechanisms between co-spectra and cross-spectra has been reported in [START_REF] Schulz-Stellenfleth | A noise model for estimated synthetic aperture radar look cross spectra acquired over the ocean[END_REF]. This would bias the derivation of RAR modulation from MMACS (1) . As an alternative, we firstly attempted to remove noise contribution from SAR-measured MMACS (0) . The characteristics of noise-free MMACS (0) as well as its application to derive RAR modulation are then discussed respectively.

Removal of speckle noise

The common description of a SAR intensity image is based on a multiplicative noise model. Assuming a white speckle noise as in [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF], it is straightforward to find that the speckle noise contributes to SAR image variance spectrum MMACS (0) as a noise floor. A similar conclusion has been made in [START_REF] Schulz-Stellenfleth | A noise model for estimated synthetic aperture radar look cross spectra acquired over the ocean[END_REF] but it is given in a different analytical expression. To be specific, the impact of speckle noise is related to both SAR system of these two values is adopted as the final noise floor for given polarization and WV. The noisecorrected MMACS (0) is accordingly shown in Figure 6. 1(b). At low wind conditions, MMACS (0) for WV1 still suffers from local contamination, which is not present for WV2. In the following, noise-free MMACS (0) is used throughout rest of this chapter unless particularly stated.

6.2 Statistics of noise-free MMACS (0) In this section, the characteristics of noise-free MMACS (0) are presented in terms of the incidence angle, polarizations and wind speed and wind direction.

Azimuthal modulation

For microwave radars, NRCS is one measure used to describe the backscattering of illuminated sea surface. It is mainly determined by the scattering from centimeter-scale Bragg waves. To date for Cband radars, the dual-polarization NRCS has been widely studied with respect to sea surface winds and incidence angles through empirical Geophysical Model Functions (GMF) [START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF]A. Mouche & Chapron, 2015a). Polarization sensitivity of NRCS has also been addressed with routine SAR acquisitions (B. Zhang et al., 2011a;A. Mouche & Chapron, 2015a). The available NRCS GMF for dual-polarization C-band data allows us to examine the polarization sensitivity of empirical RAR modulation. However, the sophisticated procedures needed to derive RAR modulation from SAR observations has hindered its validation with empirical model on a statistical basis.

The spectral analysis of MACS localizes the RAR modulation of intermediate waves, providing an alternative manner to directly investigate the RAR modulation. This thus facilitates the comparison of the C-band RAR MTF under various conditions: 1) polarizations, 2) incidence angles and 3) surface wind field.

NRCS and MMACS (0) are plotted relative to the wind direction for dual-polarizations at given wind speed of 7 m/s in Figure 6.2. A fit to observed NRCS is carried out with the harmonics function in form of

σ pp 0 = a pp 0 + a pp 1 cos(φ ) + a pp 2 cos(2φ ) (6.1)
where the superscript pp denotes polarization either VV or HH here. For WV1, both VV and HH NRCS show similar azimuthal modulation with VV NRCS slightly greater than HH NRCS. While (0) , to first order, follow similar functional curves of wind direction as NRCS does. A fit to MMACS (0) in form of Eq.(6.1) is carried out. HH MMACS (0) is slightly larger than VV, resulting from greater RAR modulation in HH than in VV (W. R. [START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF]. In contrast to NRCS in Figure 6.2(a), HH MMACS (0) illustrates a deeper azimuthal modulation than that of VV. MMACS (0) of WV2 is given in Figure 6. 2(d). With increasing incidence angle, the deviation between VV and HH MMACS (0) augments as the NRCS does but with greater MMACS (0) in HH than in VV. MMACS (0) of WV2 also exhibits distinguished trend with half period of cosine function. It first decreases and reaches the minimum at downwind and then increases. This great upwind/downwind asymmetry is unique to WV2 despite of wind speed (curves for other wind speeds are not shown here).

In addition, variation of standard deviation (std) for NRCS also differs from that for MMACS (0) .

In specifics, NRCS has maximum std at upwind and downwind as in Figure 6.2(a)(c). While std of MMACS (0) reaches the maximum at crosswinds and decreases to the minimum at upwind and downwind. In particular, std of NRCS does not show much polarization difference for both WV1 and WV2. However, std of HH MMACS (0) is much greater than VV across all wind directions at WV2 in Figure 6. 2(d). This is expected because range intermediate ocean waves would show approximately random variation at crosswind conditions. The color represents MMACS (0) . Wind direction of 0 • corresponds to upwind (wind blows against the antenna pointing direction).

The two-dimensional plot of MMACS (0) with respect to wind speed and wind direction is given in Figure 6.3. Radius represents wind speed with circles from inner to outer corresponding to 5 m/s, 10 m/s, 15 m/s, respectively. Bin size of wind speed is 1 m/s and wind direction is 5 • .

Data with wind speed lower than 2 m/s are not shown. Each value is obtained by averaging the valid data points within the bin based on equalized data set. MMACS (0) is almost symmetric from upwind to downwind for WV1, while clearly asymmetric for WV2. To better characterize the azimuthal modulation of MMACS (0) , the upwind-downwind and upwind-crosswind asymmetry will be quantified and discussed in the following.

UDA and UCA

SAR-measured NRCS is mainly determined by backscattering from sea surface roughness composed of centimeter Bragg waves. The azimuthal modulation of NRCS is accordingly used to characterize the azimuthal distribution of Bragg waves. By similarity, MMACS (0) can help reveal the azimuthal distribution of range-traveling intermediate waves.

Here, we define the Upwind-Crosswind Asymmetry (UCA) and Upwind-Downwind Asymmetry (UDA) as in (A. Mouche & Chapron, 2015a):

UCA pp = a pp 0 + a pp 2 a pp 0 -a pp 2 -1 (6.2) UDA pp = a pp 1 a pp 0 (6.3)
where a pp i are fit coefficients in form of Eq.(6.1) for NRCS and MMACS (0) , respectively. Figure 6.4(a) presents the UCA of NRCS relative to wind speed. Overall, NRCS UCA behaves differently between WV1 and WV2. For WV1, it gradually increases with wind speed from 0 m/s to 15 m/s. In the case of WV2, the UCA first gradually increases with wind speed and reaches its maximum at 9 m/s. It then starts to slowly decrease. In addition, the polarization sensitivity of UCA also differs with incidence angle. For WV1, no distinct deviation is found between VV UCA and HH UCA. While for WV2, UCA of NRCS in VV is greater than in HH as documented for Ku-band [START_REF] Quilfen | Global ers 1 and 2 and nscat observations: Upwind/crosswind and upwind/downwind measurements[END_REF] and C-band (A. Mouche & Chapron, 2015a). This is because with increasing incidence angle, NRCS becomes more sensitive to non-polarized scattering associated to surface wave breaking. The relative contribution of non-polarized scattering to NRCS is larger in HH polarization, resulting in weakly distinct azimuthal distribution of NRCS in HH.

The MMACS (0) UCA is given in Figure 6. 4(b). It varies remarkably with wind speed for given incidence angle and polarization. For WV1, MMACS (0) UCA reaches its maximum at 5 m/s and gradually increases with increasing wind speed. While it does not vary greatly for WV2. For given incidence angle, the MMACS (0) UCA is distinct between HH and VV polarization at low wind speed (< 8 m/s). This difference becomes negligible for wind speed higher than 10 m/s. This might be caused by approaching RAR MTF in VV and HH polarization with increasing wind speed.

UDA of NRCS and MMACS (0) are presented in Figure 6.4(c)(d). For NRCS UDA, WV1 and WV2 show distinct features that WV1 is mostly negative and WV2 gradually increases. The increasing slope of NRCS UDA for WV2 is larger at low wind speed (<7 m/s) and smaller at higher wind speed. In addition, NRCS UDA is greater in HH than in VV for WV2. As shown in subplot (d), MMACS (0) UDA for WV1 is similar to NRCS UDA with negative values. For WV2, MMACS (0) UDA is much greater in VV and in HH. This is due to the much lower level of MMACS (0) in VV polarization as in Figure 6. 2(d). The marked up-to-downwind asymmetry provides new qualitative insight into the RAR modulation of SAR cross-spectra for upwind and downwind direction, if not all.

6.3 RAR modulation derived from MMACS (0) In the following, simulation of SAR image cross-spectra based on nonlinear transformation is introduced. We assess the agreement of MMACS (0) between SAR measurements and simulation with input of empirical RAR MTF. Through comparison, an improved RAR MTF is derived and discussed.

Simulation of SAR image cross-spectra

To compare SAR-measured MACS with simulations, we follow the nonlinear transformation presented in [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF] to compute SAR image cross-spectra. The closed-form expression of SAR cross-spectra for mth and nth look is expressed as:

P mn S (k, ∆t) = dxe k 2 x [ρ dd (x,t)-ρ dd (0,0)] [1 + ρ II (k,t)] (6.4)
where the subscript dd and II denote velocity bunching and RAR modulation, respectively. k x is the wavenumber along azimuth direction. The correlation function defined in Eq. (6.4) is related to ocean wave spectrum S(k) through

ρ aa (x, ∆t) = 1 (2π) 2 dke ik•x • 1 2 |M a (k)| 2 e -iω∆t S(k) + 1 2 |M a (-k)| 2 e iω∆t S(-k) (6.5)
where M a represents the modulation transfer functions for RAR or velocity bunching. In the fol-

lowing, M d = R V ω(sinθ cosφ + jcosθ ) is used and R/V is slant-range to velocity ratio of SAR. The expression of RAR modulation M I = ik y M R is used with M R = 1 σ 0 ∂ σ 0 ∂ θ .
Here, σ 0 is calculated based on CSARMOD (A. Mouche & Chapron, 2015a) with collocated ECMWF wind and given incidence angle from S-1 product. The ocean wave spectra are generated by WAVEWATCH III (WW3) spectral wave model using wind forcing by ECMWF and the parameterizations of [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. part i: Definition, calibration, and validation[END_REF]. Each wave spectrum is collocated with each S-1 wave mode acquisition. The input WW3 wave spectra composes of 24 directions and 32 wavenumber bins from 0.0056 rad•m -1 to 2.0632 rad•m -1 . The minimum wavelength of sea surface waves is 3.045 m, slightly smaller than S1 spatial resolution.

Derived RAR modulation

The RAR MTF estimated using the empirical GMF of CSARMOD (A. Mouche & Chapron, 2015a) by 6.5(a) for dual-polarizations. Modulation values of VV obtained using CMOD5.N [START_REF] Hersbach | Cmod5.n: A c-band geophysical model function for equivalent neutral wind[END_REF] are also plotted for comparison. MMACS (0) is then simulated using nonlinear transformation with empirical RAR modulation based on CSARMOD. (0) between SAR-measurement and simulation for WV1 and WV2, respectively. It is clear that the simulated MMACS (0) is mostly underestimating observations at both incidence angles. For example, for WV1 and wind speed of 10 m/s, SARmeasured MMACS (0) is about three times as large as the simulation. The exception is upwind for WV2. SAR-measured MMACS (0) and the simulated are in good agreement for wind speed lower than 10 m/s as shown in Figure 6.5(c). This suggests that empirical RAR modulation could only partly reproduce the observed RAR modulation at wind speed lower than 10 m/s. It therefore implies the deficiency of M R = 1 σ 0 ∂ σ 0 ∂ θ in representing the true RAR modulation over a wide range of wind conditions.

M R = 1 σ 0 ∂ σ 0 ∂ θ is first plotted in Figure
The inaccurate empirical MTF in estimating RAR modulation is also traceable in theory. Local backscattering signal can be written relative to surface slope up to second order as:

σ 0 (θ + ∆θ ) = σ 0 (θ ) + ∆θ ∂ σ 0 ∂tanθ + ∆θ 2 2 ∂ 2 σ 0 ∂tan 2 θ (6.6)
where θ is nominal incidence angle of SAR and ∆θ is change of local incidence angle induced by surface slope. However, the σ 0 of CSARMOD or CMOD5.N is obtained by averaging SARmeasured or scatterometer-measured σ 0 to a reduced spatial resolution of 12.5 km, expressed as:

σ 0 (θ ) = σ 0 (θ ) + 1 2 ∂ η ∂ x 2 ∂ 2 σ 0 ∂tan 2 θ (6.7)
where x represents local mean and η denotes instantaneous sea surface height. The first-order tilt modulation by surface slope is averaged out by NRCS of GMFs. As such, it implies that empirical GMF cannot properly reproduce the first-order tilt modulation. However, the spectral analysis of intermediate ocean waves MACS is expected to include both first-order and second-order variation of local backscattering signal. From Figure 6.5(b)(c), the best agreement of MMACS (0) between SAR-measurement and simulation is found for upwind at WV2. We may speculate that first-order tilt modulation is more significant at smaller incidence angle and for downwind.

However, it is not straightforward to isolate the first-order tilt modulation using SAR measurements. Thus, we propose to adopt a simple method to approximate the RAR modulation based on comparisons of MACS between observations and simulations. Since MACS is defined adjacent to the range axis, it can be approximated by quasi-linear imaging, written as:

MACS = e -k 2 y λ 2 c /π 2 (M 2 d + M 2 I )S(k) (6.8)
where the first exponential accounts for velocity bunching with λ c being azimuth cutoff. The others are the same with Eq. (6.4). Azimuth cutoff mainly depends on surface wind speed [START_REF] Kerbaol | Analysis of ers-1/2 synthetic aperture radar wave mode imagettes[END_REF] and slightly on incidence angle through SAR's range-to-velocity ratio. M d is much smaller than M I since we have constrained the azimuthal wavelength of interest greater than 600 m.

Therefore, for given wind speed, variations of MMACS (0) mainly arise from RAR modulation, which depends on surface wind as well as radar configurations.

Neglecting the nonlinear velocity bunching term in Eq.(6.8) for the moment, the MMACS (0) can then be simplified to MACS = FM 2 I S(k) with F denoting the exponential factor associating to azimuth cutoff. As such, ratio of observed MMACS (0) to simulated MMACS (0) is equal to (M T I /M E I ) 2 with superscript T indicating the observed RAR modulation and E empirical RAR modulation. The obtained ratio of (M T r /M E r ) as function of radial wind speed is given in Figure 6.6. The ratio firstly decreases then increases with wind speed. The greater ratio of WV1 for both HH and VV implies that the empirical RAR modulation is highly underestimated. On the contrary, RAR modulation is overestimated at WV2, particularly for downwind. By comparing the up-to-downwind asymmetry of ratio, a non-tilt component almost accounts for 30% of order of magnitude of RAR modulation for WV2. However, it should be pointed out that this ratio is based on strict assumption of negligible velocity bunching. It only illustrates one potential approach to derive the RAR modulation from SAR measurements using MACS estimate. The crude approximation still provides us an insight into the insufficiency of empirical RAR estimate to reproduce up-to-downwind asymmetry.

A component of particular significance at downwind is apparently missing.

The inaccurate estimate of RAR modulation using empirical GMF will lead to imprecise inversion of ocean wave spectrum from SAR images. It is accepted that RAR modulation M R is globally applicable to all wavenumber for given radar configuration and environmental conditions. Based on which, we consider a simple case of wind sea at 7 m/s and upwind for incidence of 23 • . The empirical RAR modulation is 11.6 and the true one is tuned to be 18.6 in terms of ratio in Figure 6.6.

We find that the inversed significant wave height is overestimated by 0.1 m by using the empirical RAR modulation. To date, few studies have been devoted to investigating performance of ocean swell inversion relative to wind direction. In this case, study of intermediate waves can bridge this gap thanks to the sensitivity of intermediate waves to wind speed as well as wind direction.

Summary

SAR is capable of measuring two-dimensional ocean wave spectra, based on which sea state parameters can be derived. Benefiting from the high spatial resolution as well as global coverage of S-1 WV, we focus on characteristics of intermediate ocean waves with wavelength 20 m using the collocated dataset. This is based on the new radar parameter MACS over range-traveling intermediate waves defined on SAR image cross-spectra.

MACS displays distinct dependence on wind speed and wind direction. In particular, it azimuthal modulation on wind direction gives information on spread function of ocean wave spectrum. Its up-to-downwind asymmetry can help quantify the RAR modulation, which is difficult to measure.

In addition, its polarization sensitivity is valuable toward a better understanding on polarimetric 6.4. Summary SAR imaging of ocean waves.

RAR modulation is significant to accurate ocean wave spectrum inversion from SAR images. Based on analysis of MACS relative to radial wind speed, it suggests that RAR modulation is greatly underestimated using empirical NRCS GMF. In particular, the empirical estimate also fails to capture an up-to-downwind asymmetry of RAR modulation. Adequacy of hydrodynamic modulation in accounting for this asymmetry requires considerate studies. Further, the underestimation (overestimation) of RAR modulation will translate into overestimation (underestimation) of ocean wave spectra. This study therefore provides an insight into the improvement of RAR modulation estimate by combining SAR observations and simulation results. Future studies would be devoted to addressing accurate estimate of RAR modulation both theoretically and empirically.

Introduction of wave spectra climate

Ocean waves are generated by the sea surface wind, typically covering the wavelength from centimeter to hundred meters [START_REF] Toba | Local balance in the air-sea boundary processes[END_REF][START_REF] Phillips | The dynamics of the upper ocean[END_REF][START_REF] Valenzuela | The growth of gravity-capillary waves in a coupled shear flow[END_REF][START_REF] Hasselmann | Measurements of wind-wave growth and swell decay during the joint north sea wave project (jonswap) (Part of collection[END_REF]. Knowledge of the global wave characteristics is essential to a wide range of marine applications. As the medium between the water and the air, ocean waves influence momentum flux transfer and play a significant role in air-sea interaction [START_REF] Janssen | Ocean waves and the atmospheric climate[END_REF][START_REF] Bourassa | A sea state parameterization with nonarbitrary wave age applicable to low and moderate wind speeds[END_REF][START_REF] Doyle | Coupled atmosphereocean wave simulations under high wind conditions[END_REF]. To a broader extent, ocean wave related processes can also crucially impact global circulation and shape the coastal environment [START_REF] Camus | Statistical wave climate projections for coastal impact assessments[END_REF][START_REF] Wang | Changes in global ocean wave heights as projected using multimodel cmip5 simulations[END_REF].

During the last decades, numerous studies have been conducted to study the global and regional signatures of ocean waves based on either wave model outputs, satellite observations or the combination of both [START_REF] Sterl | Fifteen years of global wave hindcasts using winds from the european centre for medium-range weather forecasts reanalysis: Validating the reanalyzed winds and assessing the wave climate[END_REF][START_REF] Young | On the determination of global ocean wind and wave climate from satellite observations[END_REF][START_REF] Wang | North atlantic ocean wave climate change scenarios for the twenty-first century[END_REF][START_REF] Li | Ocean wave integral parameter measurements using envisat asar wave mode data[END_REF][START_REF] Young | Global trends in wind speed and wave height[END_REF]. These subjects have greatly advanced our understanding about the spatiotemporal pattern of ocean waves [START_REF] Hanley | A global climatology of windwave interaction[END_REF][START_REF] Stopa | Patterns and cycles in the climate forecast system reanalysis wind and wave data[END_REF], the presence of ocean swell [START_REF] Chen | A global view of swell and wind sea climate in the ocean by satellite altimeter and scatterometer[END_REF][START_REF] Jiang | A global view on the swell and wind sea climate by the jason-1 mission: A revisit[END_REF], response of ocean waves to global climate [START_REF] Shimura | Future projections of extreme ocean wave climates and the relation to tropical cyclones: Ensemble experiments of mri-agcm3.2h[END_REF][START_REF] Reguero | A recent increase in global wave power as a consequence of oceanic warming[END_REF] et al. Most of these studies have focused on integrated wave field parameters (such as significant wave height, mean wave period and mean wave direction). However, these integrated parameters do not fully characterize realistic wave conditions, particularly when multi-modal wave systems exist [START_REF] Portilla-Yandún | The global signature of ocean wave spectra[END_REF]. Such analyses can be complemented by a wave spectral approach, which describes the wave energy distribution over wavenumber and direction (Phillips-1977). By partitioning the full wave spectra, the integrated wave parameters from each wave system can lead to better descriptors of the local wave conditions using the reanalysis data [START_REF] Portilla-Yandún | Climate patterns derived from ocean wave spectra[END_REF][START_REF] Portilla-Yandún | The global signature of ocean wave spectra[END_REF]. As the primary microwave imaging sensor that can provide ocean wave spectra, spaceborne SAR measurements have demonstrated an ability to provide quality wave observations, particularly for swell tracking [START_REF] Collard | Monitoring and analysis of ocean swell fields from space: New methods for routine observations[END_REF][START_REF] Stopa | Swell dissipation from 10years of envisat advanced synthetic aperture radar in wave mode[END_REF] and wave-ice interaction [START_REF] Ardhuin | Estimates of ocean wave heights and attenuation in sea ice using the sar wave mode on sentinel-1a[END_REF][START_REF] Stopa | Strong and highly variable push of ocean waves on southern ocean sea ice[END_REF]. Recently, a global atlas of crossing swell has been presented by (X.-M. [START_REF] Li | A new insight from space into swell propagation and crossing in the global oceans[END_REF] based on the ten-year Envisat/ASAR data. Yet, global wave spectra for given wave component (wavenumber and direction) are rarely exploited. This might be expected to offer a new perspective for the analysis of global wave climate.

(H. [START_REF] Li | A new ocean sar cross-spectral parameter: definition and directional property using the global sentinel-1 measurements[END_REF] proposed a new parameter MACS by filtering the SAR image cross-spectra around the range-traveling intermediate waves (wavelength of 20 m) and demonstrated that the global MACS variations correlate with sea surface winds. In this study, we extend this approach to a broader range of wavelengths. The ten-year wave mode data acquired by the Envisat/ASAR are analyzed. The wind-wave interaction inherent in MACS is discussed. We also demonstrate the global patterns of MACS at selected wavenumbers, from the typical wind sea to long ocean swell.

The spatio-temporal features of range traveling peak wavenumber detected from the MACS profile are also investigated and discussed.

Extraction of the MACS profile

In this section, we first describe the global Envisat/ASAR wave mode data and extraction of the MACS profile. We examined the MACS variations at given wavelengths in an attempt to address the ocean wave variability with collocated wind speed and inverse wave age. The Level-1B products of SAR image cross-spectrum, which are systematically processed from the single look complex (SLC) SAR vignettes are included in the analysis. Each image spectrum is composed of 24 discrete wavenumbers ranging from 0.008 rad•m -1 to 0.2 rad•m -1 and 36 direction [START_REF] Johnsen | Envisat asar wave mode product description and reconstruction procedure[END_REF]. The ASAR wave mode acquired between January 2007 and April 2012 are collocated with the ECMWF (European Centre for Medium-Range Weather Forecasts) reanalysis wind vectors. The reanalysis product is available at spatial resolution of 0.5 • every 6h (0h,6h,12h,18h).

Envisat/ASAR wave mode

The wind vector at the nearest spatial and temporal point to the SAR passing time is assigned as the reference wind of the SAR image.

Ten-year ASAR wave mode acquisition over the ascending pass is included in this chapter. The global data density binned by 2.5 • is given in Figure 7.1 top-left panel. As shown, most of the grids between ±50 • have more than 800 data points. The top-right panel shows the monthly data count over the globe. An abrupt decrease of data acquisition is observed in February, 2007. In addition, the first-year operation of ASAR wave mode is not globally covered as in the bottom-left plot.

MACS profile extraction

Since the SAR mapping of ocean waves is highly nonlinear, causing loss of information for waves traveling in the flight direction, the extraction of wave information therefore becomes complicated [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF][START_REF] Chapron | Wave and wind retrieval from sar images of the ocean[END_REF]. Algorithms to directly infer the integrated significant wave height from the SAR images have been proposed [START_REF] Schulz-Stellenfleth | An empirical approach for the retrieval of integral ocean wave parameters from synthetic aperture radar data[END_REF][START_REF] Stopa | Significant wave heights from sentinel-1 sar: Validation and applications[END_REF], while the inversion of wave spectra is still circumscribed by the nonlinearity.

In addition to that, needs of the input wind speed and direction, either from model or observation, might add more biases in the derived ocean wave spectra [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF].

Bypassing the nonlinearity of SAR mapping and the biases in the inversion algorithms, in this chapter, we extend the MACS analysis in (H. [START_REF] Li | A new ocean sar cross-spectral parameter: definition and directional property using the global sentinel-1 measurements[END_REF] to a wide of wavenumbers, ranging from wind sea to ocean swell. The range profile of SAR image cross-spectra is thus extracted, denoted as MACS profile hereinafter. Four examples of the extraction are shown in the Supporting Information (SI) (see Figure S1). When the peak wave directions are close to the range, the spectral envelope is well preserved by the MACS profile. This capability gradually fades with the peak waves approaching the azimuth. As a quality control and to feature the range-travelling waves, the cases with dominant azimuth traveling waves are detected and filtered out in the following analysis.

It is worth pointing out that we focus on the ascending pass data of ASAR wave mode to maintain the wave direction consistent. In the end, there are about 3,000,000 products considered as good cases. In the rest of this chapter, MACS for given wavelength is denoted as MACS λ , for example, MACS for 62m as MACS 62 .

Four examples of SAR image and the corresponding extraction of MACS profile are shown in Figure 7.2. In the first three cases, the wave signatures are well preserved for the wave partition close to the range. While this is not the case when the waves are close to the azimuth. In particular, no useful wave signatures are captured if there is only one dominant wave partition as the fourth case in Figure 7.2. This corresponds to a no-peak, which is readily detected. Therefore, all the cases without a peak of MACS profile are excluded in this study. Under the impact of local winds, the ocean waves grow over duration and fetch until reached the fully developed sea state. The increase of wave spectral energy for given wavelength accompanies and finally saturates. By definition, MACS is closely associated with the wave spectra. Though indirectly, MACS can still be used to qualitatively study the wave growth relative to the winds.

MACS variation with wind speed

Since MACS only captures wave information in the radar line-of-sight direction, we thus constrain the wind direction in the same direction (both upwind and downwind) with a variation of 3 • . Figure 7.3(a) present the increasing MACS 62.5 with the wind speed. One finds that MACS 62.5 saturates for wind speed higher than 10 m/s. In fact, the saturation is observed for all wavelengths from the wind sea to the ocean swell, as shown in Figure 7.3(b) that depicts the mean MACS variation from 47 m to 257 m. The saturation wind speed increases with increasing wavelength of interest. From wavelength of 62 m to 194 m, it varies from 10 m/s to 16 m/s.

In reality, the fully developed sea state is rare on the ocean surface. We therefore explore the relationship of MACS increase in terms of the wave maturity through the inverse wave age (iwa). The iwa describes the wave growth under the action of local winds, defined as wind speed divided by phase speed of the ocean waves [START_REF] Hanley | A global climatology of windwave interaction[END_REF]. The iwa of 0.84 is commonly used to characterize the fully developed sea state [START_REF] Hanley | A global climatology of windwave interaction[END_REF]. Otherwise, the ocean swell is dominant for smaller iwa and undeveloped wind sea for larger iwa. As shown in Figure 7.3(c), the sharp increase of MACS occurs at iwa approaching this limit when the local wind becomes dominant in driving the wave growth. For iwa of 0.84 when the wind and waves reach equilibrium, the given wavelength becomes the peak of the wave spectrum. As the iwa increases, the wave spectral energy at this wavelength maintains steady [START_REF] Elfouhaily | A unified directional spectrum for long and short wind-driven waves[END_REF], resulting in the saturated MACS. This is also supported by the consistent peak wavelengths for given wind speed with wavelengths of interest here (see Figure SI2(a)). It should be noted that the sharp increase of MACS occurs at slightly greater iwa for ocean swell. This is possibly due to the fact longer ocean swell needs longer temporal duration and larger spatial fetch to be fully developed and therefore, a greater iwa.

The wind speed at which MACS abruptly increases is related to the wind speed at which that wavelength reaches the peak of ocean wave spectrum. Figure 7.4 shows the variation of peak wavelength at different inverse wave age (iwa). For given wind speed, the peak wavelength increases with decreasing iwa. This corresponds to the fetch or duration effect. This is being said, for the same wind, the ocean waves grows bigger for larger fetch or longer duration. Since the fully developed sea is uncommon on the ocean surface, it is widely accepted that iwa increases with wind speed.

In other words, the peak wavelength becomes closer to that of fully developed sea with increasing wind. Thus, the wind speed of abrupt increase of MACS is closer to the wind speed at larger iwa for longer wavelength.

Global wave characteristics from MACS profile

In this section, we first demonstrate the global patterns of MACS at various wavelengths to offer a new way into wave climate by SAR observations. MACS profile is then used to present the seasonal variation of wave features along the latitude. We also show the detection of range peak wavenumber from MACS profile and the global features. In the end, we carry out an EOF analysis on the detected range peak wavenumber in an effort to decipher its spatio-temporal patterns.

7.4.1 Global MACS at selected wavelengths This figure demonstrates that the mean value differs greatly from the median because the mean is skewed by very large outliers (not shown in the PDF). Since image spectra at low wavenumbers are subject to presence of atmospheric or oceanic phenomena, the impact of skewing is particularly significant for low wavenumbers as shown in the right panel. Based on this demonstration, the median value is finally used to represent the MACS for given wavenumber over a given location and a time period. It is recommended to use median value to represent the sea state over an area because it is more robust against outliers than the mean in [START_REF] Carter | Applications of waves statistics estimated from altimeter data[END_REF].

Ocean waves cover a wide range of wavelengths from centimeters to hundreds meters [START_REF] Portilla-Yandún | The global signature of ocean wave spectra[END_REF]. Within the wavelength extent resolved by ASAR wave mode, the intermediate waves (∼50 m) are in higher couple with the local winds than the ocean swell (∼200 m). To illustrate the difference, seasonal average of global MACS for three selected wavelengths (62.5 m, 168.4 m; 342.0 m) are given in Figure 7.6. As expected, global pattern of MACS 62.5 is representative of the global winds (I. [START_REF] Young | On the determination of global ocean wind and wave climate from satellite observations[END_REF]. Smaller MACS 62.5 are found due to the low wind speed over the Inter Tropical Convergence Zone (ITCZ) [START_REF] Zagar | Climatology of the itcz derived from era interim reanalyses[END_REF]. Two belts of higher MACS 62.5 adjacent to the ITCZ correspond to the trade wind regions. Over the extratropics, MACS 62.5 is consistently large because of the high winds. Seasonality of MACS 62.5 is also distinguishing. In the northern extratropics, the maximum activity is during the winter time (DJF) and the minimum in the summer (JJA). The belt of large MACS 62.5 in north of the ITCZ extends to the Philippines in DJF while reduces to 180 • in JJA. This periodicity is associated with the high winds of winter storms. It is worth mentioning that the two belts exhibit strong asymmetry in DJF and MAM with greater MACS 62.5 in the north. In JJA and SON, they become comparable in the magnitude. In addition, the northern Indian Ocean have the largest MACS in JJA, caused by the high winds during the monsoon season. While the minimum MACS is found in MAM, rather than in DJF, consistent with the minimum wind speed in MAM (I. [START_REF] Young | On the determination of global ocean wind and wave climate from satellite observations[END_REF].

The seasonal average of MACS 168.4 is presented in Ocean waves of 168.4 m can be generated by local winds roughly higher than 11 m/s, which is com-mon in the southern extratropics [START_REF] Sijp | Southern hemisphere westerly wind control over the ocean's thermohaline circulation[END_REF]. While ocean waves of 342.0 m can only grow when the wind speed reaches about 18 m/s (K. [START_REF] Hasselmann | Measurements of wind-wave growth and swell decay during the joint north sea wave project (jonswap) (Part of collection[END_REF]. In other words, these long waves is usually related to the extreme high winds events. MACS 342.0 shown in Figure 7.6(c) supports the expectations. Large MACS 342.0 is mostly observed in the extratropics, particularly in the Southern Hemisphere storm tracks. Due to the blocking impact of the continent, MACS 342.0 in the west of the continent is much greater than that in the east, particularly for Australia and South America (I. [START_REF] Young | On the determination of global ocean wind and wave climate from satellite observations[END_REF]. In addition, the winter storms in the northern extratropics are also able to generate these long waves as shown. Given the duration and fetch needed for the long swell to grow, MACS 342.0 are only observed in the east part, distinguished from the spatially spread MACS in Figure 7.6 (a)(b). As expected, MACS 342.0 is constantly low in the tropics over the trade winds.

k rp from MACS profile

The ocean waves generated by the local storms can propagate for thousands of kilometers across the whole ocean basin [START_REF] Collard | Monitoring and analysis of ocean swell fields from space: New methods for routine observations[END_REF]. They disperses in space and time, resulting in the smaller wave energy far away from their origins [START_REF] Stopa | Swell dissipation from 10years of envisat advanced synthetic aperture radar in wave mode[END_REF]. As in Figure 7.6, MACS profile portrays, to an extent, the global distribution of wave spectra for given wavelength. In particular, over the Pacific Ocean (see Figure 7.6), signatures of MACS from the wind sea to the long swell obviously differ. A latitude transect is chosen between 150 • W and 145 • W to demonstrate the variation of wave signatures across the Pacific Ocean.

Seasonal MACS profile along the latitude is given in Figure 7.7 top panel. From the north to the south, MACS for given wavelength generally decreases to the equator and then increases. This trend is generally consistent with the winds (I. [START_REF] Young | On the determination of global ocean wind and wave climate from satellite observations[END_REF]. Along the latitude, four clusters of ocean wave systems are present and evolve with seasons. The one in the northern extratropics reaches the maximum in DJF, spreading between 25 • N and 60 • N. It reduces to the minimum in JJA and shrinks to 40 • N. This pattern is closely related to the impact of winter storms. The long ocean swells generated by the winter storms propagate southward and drives the cluster southward. While in the southern extratropics, the trend is opposite with maximum spread in JJA and minimum in DJF. The two clusters over the trade winds vary in phase with their neighbors in the extratropics.

To highlight the seasonality at given locations, MACS profile at three latitudes are displayed in wind sea. For example, in Figure 7.7(h), MACS profile roughly follow the wind wave spectra with decreasing magnitude at smaller wavenumber than the peak. While in Figure 7.7(g), MACS remains consistent at longer wavelength than the peak, suggesting the presence of distant ocean swell. In addition, ocean swell is commonly present as suggested by the non-decreasing MACS at long wavelength, which is in agreement with the findings in [START_REF] Chen | A global view of swell and wind sea climate in the ocean by satellite altimeter and scatterometer[END_REF]. In addition, the range peak wavenumber k rp (vertical dashed lines) of MACS profile is an useful indicator of the sea state. In general, the peak wavelengths in A1 and A3 are around 250 m while it is 120 m over A2. Over A1, DJF has the smallest k rp , namely, the largest peak wavelength. This is caused by the high winds of winter storms during DJF. It is worthing noting that SON and MAM have the same k rp , resulting in the overlapping. The low trade winds generate the shorter peak wavelengths over A2, while the constantly high winds in the southern extratropics for the long wavelengths over A3.

Seasonal average of k rp is presented in the bottom panel of [START_REF] Young | On the determination of global ocean wind and wave climate from satellite observations[END_REF]. With the extinction of winter storms in the northern extratropics, the k rp increases in JJA. Activities in the southern extratropics reaches the maximum and generates the minimum k rp . In addition, a belt of higher k rp compared to the surroundings appears at the equator, extending from 115 • W to 90 • W. This belt persists into the SON but at reduced extent.

Over the Arabian Sea, a cluster of low k rp is obvious. This might be related to the high winds of summer monsoon (I. [START_REF] Young | On the determination of global ocean wind and wave climate from satellite observations[END_REF].

Temporal variation of k rp

The global k rp exhibits strong seasonality, particularly in the northern extratropics. In the following, we choose six areas of interest (A1-A6) to demonstrate the long-term periodicity of k rp . The geographic positions of these six areas are annotated in Figure S5, each covering 5 • in both latitude and longitude. Note that A1-A3 are actually overlapped with the three latitude transects in Figure 7.7. All the six areas are chosen by considering the spatial distribution (covering the three Oceans) and maximally consistent acquisitions over that area (see Figure S2). produces the high peak of the frequency spectrum at period of 12 months. By comparison, both A2 and A3 have relatively consistent k rp with weak yearly change, corresponding to the low values of the frequency spectra. But the sea state conditions differ between A2 and A3 in that the average k rp is 0.05 rad• m -1 for A2 and 0.025 rad• m -1 for A3. This might be related to the constantly low winds in the trade winds region while high winds in the Southern Ocean throughout the year. 

Conclusion

Since the launch of the first spaceborne SAR, Seasat-A in 1978, SAR observations have helped improve our understanding on many oceanic and atmospheric phenomena. As the most common elements on the sea surface, ocean winds and waves mutually interact with each other and both are significant to regulate the air-sea flux transfer. Their fine features on the sub-mesoscale (1-10 km) are as yet to be addressed with proper measurements. Spaceborne SAR is an effective means of providing winds and waves observations at resolution up to hundreds meters. It is thus of great interest to accurately derive winds and waves information from SAR images. In this thesis, the SAR observations of winds and waves are presented from several aspects. SAR backscattering mainly responds to the sea surface roughness composed of capillary waves, commonly quantified by NRCS. Calibration is an essential process to obtain the proper NRCS from the raw radar signal. An accurate NRCS is critical to inferring the wind speed. Thus, S-1 WV NRCS is first evaluated in this thesis. It is found that WV1 is well calibrated while it is not the case for WV2. Given this result, two re-calibration methods: rain forest calibration and ocean calibration are carried out and accordingly assessed. It is found that the ocean calibration method is more efficient to perform with slightly higher calibration accuracy. In addition to that, since it only needs several days' acquisitions over the global ocean, the operational status of NRCS calibration can be monitored over time. Subsequently, the retrieved wind speed based on the re-calibrated NRCS is demonstrated to improve in comparison to the ESA products. Yet challenges still remain and two aspects of work, at least, are needed to advance the SAR wind observation. One is to compensate the sea state impact in the wind retrieval. The other being a brand new algorithm to independently infer wind speed and direction from SAR observations. Azimuth cutoff is another parameter that has been used to refine wind retrieval from SAR images.

It is advantageous in that it is directly estimated from SAR image spectra and free of the calibration. Azimuth cutoff obtained from single-polarized SAR images has shown similar dependence on winds as NRCS does. With increasing availability of polarimetric data, it is possible to investigate the features of polarized azimuth cutoff. Based on the analyses of Radarsat-2 and Gaofen-3 data, azimuth cutoff is found to be polarization dependent. The general trend of VH larger than HH than in turn larger than VV is observed for both data sets. The comparison of azimuth cutoff between SAR measurements and simulations shows that the present SAR mapping theory is roughly sufficient to represent the co-polarized observations. In contrast, the cross-polarization needs further studies to formulate the transformation from ocean wave spectra to SAR image spectra. As a matter of fact, the distinguished azimuth cutoff of cross-polarization is kind of expected. It has been well documented that cross-polarized signal is more sensitive to the breaking waves on the sea surface, which have faster orbital velocity than the regular ocean waves. In a sense, the velocity bunching part is supposed to be revisited by taking the wave breaking into account, which is expected to lead to a larger azimuth cutoff in cross-polarization.

Either NRCS or azimuth cutoff represent an ensemble response to the imaged ocean waves of all scales. The SAR image spectra calculated from the variance of NRCS, however, reflects the modulation of the small-scale roughness by various wave scales. This lays the basis for inversion of the ocean waves spectra. On contrary to inversing the wave spectra and inferring the integrated parameters, in this thesis, the SAR image cross-spectra of the isolated wavelengths are extracted and termed as MACS. From the Envisat/ASAR to S-1, MACS is defined by filtering the cross-spectra around the range axis.

On one hand, benefiting the complex nature of SAR cross-spectra, MACS is also a complex number with both real and imaginary component. Since the intermediate ocean waves are in strong coupling with the winds, MACS defined over wavelength of 20 m is found closely related to the local winds. In particular, IMACS provides fruitful information on the wind direction as demonstrated using both S-1 WV and wide swath images. Global analysis of IMACS shows good agreement yet advanced features than the global winds. Its directionality reveals the seasonal migration of intertropical convergence zone. To first order, IMACS is valuable to constrain an independent wind retrieval scheme (wind speed and direction) solely from SAR measurements.

Apart from that, magnitude of MACS (MMACS) is also documented relative to radar configurations (incidence angle, polarization) and the winds (wind speed and direction). It shows greater updownwind asymmetry particularly at larger incidence angle of (36 • ). The comparison of MMACS between SAR measurements and the simulations using the nonlinear SAR transformation is found to show great deviations. Assuming a quasi-linear mapping relation of MACS, the RAR MTF is then derived by adjusting the simulations to be consistent with SAR measurements for combination of polarizations and incidence angles.

In comparison to NRCS and azimuth cutoff, MACS highlights the SAR signatures of ocean waves at isolated scales. As outlined above, MACS defined for 20 m waves is examined based on S-1 WV data. Considering that MACS varies with incidence angle, the ten-year acquisitions by Envisat/ASAR wave mode used to investigate the global variation of MACS for various wave scale.

Another reason to select this data set is its relatively long duration allows to look into the temporal trend of MACS. Locally speaking, it provides qualitative yet promising evidence on the wind-wave coupling. The growth of ocean waves under the forcing of sea surface winds varies with wave scales: longer waves response strongly to higher winds. In addition to the integrated wave parameters, MACS offers a new means to studying the global wave spectral climate. The global distribution of ocean waves from 60 m to 320 m greatly differs, featuring the typical wind conditions from low to high winds. On top of that, the sea state can also be well derived from the MACS profile through the range peak wavenumber. It not only characterizes the dominant wave systems over the SAR passing time, but depicts the propagation of ocean swell at a broader scale across the ocean basin. This analysis can still be extended to longer time duration as there will be much more and routine acquisitions by the S-1 constellation and Radarsat-2 constellation mission in the coming 10-20 years. The corresponding results shall contribute a new perspective into the global ocean waves in addition to the integrated variables.

Future Work

The present thesis reviewed the commonly used SAR variables in wind/wave observations and explored the new perspectives to enhance the capacities of high-resolution SAR images. The analyses presented in this thesis are expected to benefit several aspects of future studies.

First, an independent wind retrieval algorithm from SAR images is feasible given the distinct dependence of IMACS on wind direction. Now the retrieval methods mostly rely on the a prioir wind direction (model or others) to infer the wind speed. However, the coarse resolution of input wind direction restricts the applications of SAR images in addressing the variation of wind dynamics at high-resolution. Taking advantage of the self-sufficient retrieval, wind changes at sub-mesoscale O(1 km) shall be addressed, such as the wind across the atmospheric or oceanic front et al. As such, the response of wind changes to other impact factors can be better examined.

Similarly, the RAR MTF derived in Chapter 6 requires further validation. This might be achieved by applying the refined RAR MTF in the operational wave inversion algorithm and then comparing the obtained variables such as significant wave height with buoy measurements. In fact, a more thorough look-up-table of RAR MTF can be built as function of winds without the simplification of MMACS formulae. A better RAR MTF shall also be helpful to complement the SAR imaging formulation in a quantitative way.

As in Chapter 7, the coupling between ocean waves and winds is presented by the MACS profile.

Though limited to qualitative interpretations, the wind-wave interaction information provided by MACS is still significant. With the accurate winds independently retrieved from a SAR image, it is feasible to address the global wind-wave interactions. A climatology of global wind-wave interaction can therefore be derived based on the SAR data archive. This shall make full use of SAR measurements on simultaneous observations of wind and waves. In particular, this would aid in interpreting the wind-wave coupling under extremely high winds such as tropical cyclones at high spatial resolution. It is worth noting that the SWIM sensor aboard the recently launched CFOSAT (October 2018) is capable of measuring the two-dimensional ocean wave spectrum without nonlinear distortion. The combination of SWIM and existing/coming SAR sensors shall greatly advance the global waves studies. Now cross-polarized images are mainly involved in monitoring extreme events considering its high sensitivity at high winds. Its utility in observing ocean wave field has often been overlooked mostly due to lack of consistent observations. To date the SAR imaging theory of ocean waves by VH/HV polarization is barely investigated. Azimuth cutoff gives measure to non-linearity of SAR mapping transformation. In this sense, higher non-linearity of VH imaging process in comparison to that of VV is evidenced. Now, a major challenge in the inversion algorithm is to accurately estimate and remove the nonlinear image spectra component of velocity bunching. The present estimate algorithm is biased since it is computed from input of a priori including sea surface wind and wave age.

The highly nonlinear image spectra of VH polarization and the negligible RAR modulation can be directly approximated as the nonlinear component in the co-polarized SAR image spectra. This would reduce the additional bias in ocean wave spectral inversion introduced by the inaccurate estimate of nonlinear part. Certainly, the future study will also focus on the theoretical investigations to better comprehend the SAR mapping principles of cross-polarization.

In addition to the points listed above, there are still a lot of questions remaining unanswered during this thesis. For example, the phase of MACS is found inconsistent with the predicted values in terms of SAR nonlinear mapping, which still needs to be examined. Also the application of MACS in extreme winds conditions is under study. Nevertheless, this thesis is not only a progress summary of the current work, but more like an opening knock to the future studies. where M i represents the ith moment of the wave spectrum

M i = ∞ 0 f i S( f )d f (A.2)
Other sea state parameters such as swell wave height, wave period, wave age have been demonstrated to have subtle impact on wind speed retrieval (Stopa et al., 2017). Thus, we do not include these variables in our analysis and only focus on the U10 relationship with H s .

A.2 Sea state impact

In this section, U10 retrieved from re-calibrated NRCS is compared with collocated buoy wind speed. The U10 residual is further analyzed relative to buoy wind speed, significant wave height as well as SAR azimuth cutoff.

A.2.1 U10 residuals U10 retrieval errors are further explored through the U10 residuals (U10 SAR -U10 Buoy ). Figure A.2 presents U10 residuals relative to buoy wind speed. The U10 residuals are negatively proportional to buoy wind speed for both WV1 and WV2. This can be explained by the overestimation when buoy U10 is lower than 4 m/s. But the slightly smaller linear fit slope for WV1 is marginally inconsistent with results in (Stopa et al., 2017). They found much weaker wind speed dependence of U10 residual at higher incidence angle using scatterometers observations. This might be because ASCAT winds vectors are inferred based on the merged three NRCS from three azimuth look angles. This merge is expected to resolve wind field more accurately even at higher incidence angle.

In addition, larger U10 errors are found at low and high wind speeds for both WV1 and WV2. This is consistent with results in (Stopa et al., 2017). By comparison, the overall least-squared regression slope is much smaller in (Stopa et al., 2017) (see their Figure 6). In addition, the U10 residual at higher wind speed (> 12 m/s) for both WV1 and WV2 requires further investigations based on more collocation pairs. U10 residuals versus collocated buoy H s are shown in Figure A.3 to document the sea state impact on wind speed retrieval at two incidence angles. Overall, there is distinct relationship between U10 residuals and H s . U10 residuals proportionally increase with H s for both WV1 and WV2. The larger slope of U10 residual with H s for WV1 is comparable to results of ENVISAT/ASAR (Stopa et al., 2017) since they operate at similar incidence angles. As expected, U10 residuals show much weaker dependence on sea state at higher incidence angle for WV2. Linear-regression slope of WV2 (0.128) is almost half that of WV1 (0.305). Since U10 residual dependence on H s at higher incidence angle of scatterometer was not shown in (Stopa et al., 2017), a direct comparison is not available. Therefore, we computed Pearson correlation coefficient between U10 residual and buoy H s . They are 0.08459 for WV1 and 0.01334 for WV2. By comparison, the correlation coefficient of sea state is less marked in the S-1 data than in the ASAR data. This might be associated with the larger footprint of S-1, averaging out more contributions from long ocean waves. This can also explain the less pronounced sea state impact of S-1 than scatterometer at incidence angle of WV2. In addition, a larger variability of U10 residual at low sea state (H s <1 m) is presented for both WV1 and WV2. This impact needs to be compensated in order to obtain more accurate wind speed, particularly at low and high wind speed.

The relationship between U10 residuals and collocated H s indicates the necessity of compensating sea state to improve the wind retrieval. However, this requires a priori from external source and cannot estimate from SAR observations. Therefore, relating U10 residuals to a SAR-measured variable is essential to improve the operational SAR wind retrieval. A SAR takes advantage of Doppler history to achieve high along-track resolution, in other words, effect of local sea surface on Doppler echo is also recorded [START_REF] Chapron | Wave and wind retrieval from sar images of the ocean[END_REF]. This restricts the imaging of azimuthtraveling waves to minimum wavelength corresponding to azimuth cutoff (Kerbaol et al., 1998a).

It can be estimated by minimizing a Gaussian fitted function to cross-correlation function from standard SAR image cross-spectral analysis (Kerbaol et al., 1998a).

Analytically, azimuth cutoff can be calculated directly from ocean wave spectrum using (Kerbaol et al., 1998a;[START_REF] Stopa | Estimating wave orbital velocity through the azimuth cutoff from space-borne satellites[END_REF]) where R/V is slant range-to-velocity ratio of SAR sensor, ω is angular frequency of ocean waves

λ c = π R V ω 2 (sin 2 θ sin 2 φ + cos 2 θ )S(k)dk (A.3)
given by ω = √ gk in deep water conditions. θ is SAR incidence angle and φ is wave propagation direction relative to SAR line-of-sight. As given in Eq.(A.1), H s is zeroth-order moment of ocean wave spectrum while azimuth cutoff is a measure of second-order moment. By this definition, azimuth cutoff and H s are intercorrelated with the former being more strongly influenced by the high frequency wave components. Several studies have demonstrated the feasibility to estimate H s through azimuth cutoff [START_REF] Beal | Largeand smallscale spatial evolution of digitally processed ocean wave spectra from seasat synthetic aperture radar[END_REF][START_REF] Shao | Ocean wave parameters retrieval from sentinel-1 sar imagery[END_REF][START_REF] Stopa | Significant wave heights from sentinel-1 SAR: Validation and applications[END_REF]. (Vachon et al., 1994) showed that azimuth cutoff has an empirical relationship on the square root of H s . [START_REF] Stopa | Estimating wave orbital velocity through the azimuth cutoff from space-borne satellites[END_REF] reported the climate pattern of wave orbital velocity derived from azimuth cutoff is consistent with H s using ten-year data of ASAR. This builds the basis of replacing H s with azimuth cutoff to compensate the sea state impact on wind retrieval. 

A.2.2 NRCS with azimuth cutoff

In this section, we propose to assess the possibility of using both NRCS and azimuth cutoff for wind speed retrieval. Given the limited number of SAR-buoy collocations, we use SAR-ECMWF match-ups to demonstrate this feasibility. We restrain the ECMWF wind directions to be upwind with a variation of ±5 • . This is to highlight the impact of sea state in modifying radar NRCS. The deviation 5 • is chosen to limit the NRCS variation with wind direction for given wind speed as well as to maintain a certain number of observations. We also choose the incidence angle of 24.2 • ± 0.1 • for WV1 and 37.2 • ± 0.1 • for WV2 to avoid the NRCS variation with incidence angle. It ends up with about 6,000 data points for both WV1 and WV2. A three-layer neural network is then used to train the GMF, which relates NRCS to winds and winds plus azimuth cutoff, respectively. This is realized based on the deep learning Python Keras library, publicly available (https:// keras.io/). By default, the selected dataset is divided into two parts, one for training (70%) and one for validation (30%). Considering both accuracy and computation time, the number of epochs is set to be 50 to train the model after a series of tests. Two types of GMFs are trained, one is to relate NRCS only as function of wind speed and direction and the other relates NRCS to both winds and azimuth cutoff. This relationship resembles the sea state impact represented by H s in (Stopa et al., 2017), showing larger H s for larger NRCS. However, when only wind information is included to train a GMF (see Spaceborne synthetic aperture radar (SAR) has been demonstrated invaluable in observing the global ocean winds and waves. SAR images acquired by multiple sensors are employed, including Sentinel-1 (S-1), Envisat/ASAR, Gaofen-3 and Radarsat-2. This thesis reviews the commonly used SAR parameters (NRCS and azimuth cutoff) in the first part. A series of calibration steps are required to obtain a proper NRCS and assessment of NRCS is carried out for S-1 wave mode (WV). It turns out that WV is poorly calibrated and is thus re-calibrated to obtain accurate NRCS. Azimuth cutoff is demonstrated to be complementary to NRCS and can account for the sea state impact on the wind retrieval. Based on the available fully polarimetric SAR products, azimuth cutoff is found to vary greatly with polarizations. The present SAR mapping transformation is sufficient to interpret the co-polarized azimuth cutoff, while not for the cross-polarization.

With the limitations of SAR imaging in mind, a new parameter is proposed and defined based on the SAR image cross-spectra, termed as MACS. The imaginary part of MACS is found to be a signed quantity relative to the wind direction. Given this dependence, an independent wind retrieval algorithm is expected to benefit. The magnitude of MACS is able to aid for estimate of modulation function of SAR mapping. In addition, MACS also gives promising results regarding the global wave studies. The global signatures of MACS at various wavelengths are well representative of the winds distributions, spatially and seasonally. MACS of long waves shows greater values over the storm tracks while the shorter waves are mostly within the trader winds. These results are expected to help evaluate the model outputs and complement further studies of the global wave spectral climate. Data continuity in the coming 10 years shall extend the study towards longer duration.
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  ambiguity still exists) by SAR images when wind streaks are present. Past and present SAR missions include C-band sensors on ERS-1/2 (1991-2011), Radarsat-1 (1995-2016), ENVISAT (2002-2012), Radarsat-2 (2007-), Sentinel-1 (2014-) and X-band sensor (center frequency: 9.65 GHz) on TerraSAR-X satellite (2007-now) and TanDEM-X (2010-now).
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 21 Figure 2.1: Geometry of specular backscattering.

Figure 2 . 2 :

 22 Figure 2.2: Illustration of resonant Bragg backscattering from slightly rough surface.
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 23 Figure 2.3: Illustration of composite backscattering from ocean surface.

Figure 2 . 4 :

 24 Figure 2.4: Illustration of antenna pattern impact on radar return from a point target.

  • . As such, the resulting spatial spacing is 4.6 m in the azimuth and 5.4 m in the range. The simulation procedure is based on a point target positioned in the center of SAR image with various velocity properties. Three simulation procedures are carried out here with the simulated SAR images shown in Figure 2.5.
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 25 Figure 2.5: SAR image representation for (a) a stationary target; (b) a target moving towards the sensor; (c) a target moving away from the sensor. The red dot marks true point target position.

Figure 2 .

 2 Figure 2.5(a) presents the simulated SAR raw data over a stationary point target positioned at (256, 256) marked by the red dot. Given its zero velocity, there is no additional Doppler shift in the backscattering signal. This stationary target is thus registered at the original position where it is. While a SAR flies over a moving target, its non-zero velocity shall induce an additional Doppler shift in addition to the SAR's velocity. This additional Doppler shift displaces the point target
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 26 Figure 2.6: SAR imaging mechanism of surface scatterers. (a) Two stationary independent targets at different positions. (b) Mapping of a stationary scattering element A and another B at the same range position but with non-zero mean velocity. (c) Mapping of a scattering facet with a continuous distribution of distinct and

  Figure 2.6 displays the structure of variance spectrum and SAR image IRF for three cases. The azimuth position determined through Doppler history is demonstrated in Figure 2.6(a). Two stationary targets (A and B), positioned separately along the azimuth are accordingly mapped on the image plane. While a moving target (B ) at the same position as target A is displaced along the azimuth on the image plane. The motion of target B induces an additional Doppler shift in the backscattering signal. This results in the mapping of B into the displacement relative to its true position.

Figure 2 .

 2 Figure 2.6(b). In reality, the ocean surface is composed of a continuous distribution of surface scatterers instead of the distinct ones. Figure2.6 therefore shows mapping of a scattering facet

Figure 2 .

 2 6 therefore shows mapping of a scattering facet with scatterers at the same position but moving at different velocities. These components are directly mapped into an identical distribution on the image plane. This represents the image smearing caused by the variability of the scatterers even within one scattering facet.
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 27 Figure 2.7: Variation of tilt MTF relative to (a) incidence angle at wind speed of 7 m/s and wind direction of 45 • ; (b) wind speed at incidence angle of 40 • and wind direction of 45 • ; (c) wind direction at incidence angle of 40 • and wind speed of 7 m/s. 0 • wind direction denotes upwind (wind blowing towards the radar looking direction). Theoretical values are derived using formula in (W. R.[START_REF] Alpers | On the detectability of ocean surface waves by real and synthetic aperture radar[END_REF]. The GMF-based tilt MTF is calculated using CSARMOD in (A.Mouche & Chapron, 2015a).
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 31 Figure 3.1: Flowchart of the wind retrieval from a SAR image. 'wdir' is wind direction and 'DCA' is Doppler centroid anomaly. 'U10' is the neutral wind speed at 10 m height. Solid lines represent determined processes and dashed lines are alternatives.

Figure 3 .

 3 Figure 3.1 presents the basic flowchart of wind retrieval from SAR data. NRCS is the most straightforward SAR measurement, thus, most of the retrieval algorithms are developed based on the NRCS. The co-polarized NRCS where a SAR transmits and receives the signal in the same po-

  quantitatively assess NRCS calibration through comparisons with the an empirical Geophysical Model Function (GMF) combined with collocated 10 meter height wind (U10) from the European Centre for Medium-range Weather Forecasts (ECMWF) forecast. Here the collocated data set is presented.
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 32 Figure 3.2: Histogram of incidence angles for (a) WV1 and (b) WV2, receptively. Bin size of incidence angle is 0.22 • . (c) Normalized histogram of latitude at given incidence angle for WV1. Bin size of latitude is 2 • . Solid lines are for Ascending pass and dashed lines are for Descending pass. Colors represent different incidence angles. Products acquired at latitude higher than 55 • have been filtered out to avoid ice contamination.
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 2 a) and (b) present histogram of collocated data set binned by incidence angle for WV1 and WV2, respectively with bin size of 0.2
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 33 Figure 3.3: NRCS at 12 ms -1 relative to wind direction for (a) WV1 at incidence of 23.4 • ; (b) WV2 at incidence of 36.4 • . Black dots are S-1A measurements and red lines are fit to S-1A observed NRCS in form of Eq.(3.1). Blue line is the predicted CMOD5.N for given incidence angle and wind speed. For wind direction, 0 • indicates upwind and 180 • is downwind.

4 •

 4 Figure 3.3 (b) for WV2. Within each direction bin of 10 • , 50 data points are randomly selected if
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 34 Figure 3.4: NRCS difference (σ 0 SAR -σ 0 CMOD5.N ) as function of wind speed for given incidence angle for (top) WV1; (bottom) WV2. Solid line is mean NRCS difference with bin size of 1 ms -1 . The error bar represents 1 standard deviation of NRCS difference within each bin. Colors denote count of data points.

Figure 3

 3 Figure 3.5: (a) An example of processing one imagette into subimages of 10 km by 10 km (WV2 image acquired on November 10, 2017 at 22:21:41 UTC). (b) Histogram of γ 0 over sub-image I (blue solid line) and fit (red dashed line) with Eq.(3.4). The bin size of γ 0 is 0.1 dB. The vertical dashed line represents position of fitted A 1 coefficient.

Figure 3

 3 Figure 3.6: (a) Map of processed IW and WV points. Colors denote number of processed IW points. The solid circle represents position of WV data points (WV1 in red and WV2 in black). (b) Weekly count of data points for WV and IW, respectively.

Figure 3

 3 Figure 3.7: (a) Variation of γ 0 relative to elevation angle. Histogram of γ 0 for (b) all IW data; (c) IW data filtered around WV2 elevation angle; (d) WV1; (e) WV2. The fit formula to histogram is given in Eq.(3.4), plotted by black dashed lines. The fitted A 1 coefficients are annotated in subplots.

  Figure 3.7 (b-e). The formula in Eq. (3.4) is employed to fit the histogram and shown as black dashed lines. The fitted coefficient A 1 is also annotated in the plots. By compar-ing A 1 in Figure 3.7(b) and (d), there is a difference of 0.2803 dB between IW and WV1, while 0.4449 dB between filtered IW and WV2 (Figure 3.7c,e).

Figure 3

 3 Figure 3.8: (Top) Variation of ∆σ 0 relative to wind speed (a) WV1; (b) WV2. (Bottom) The corresponding number of observations for given wind speed.
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 39 Figure 3.9: The same as Figure 3.3 but for re-calibrated NRCS. The scatters are re-calibrated NRCS using rain-forest method. Black line (marker of right triangle) 'Fit I' represents rain-forest calibration method and red line (marker of vertical line) 'Fit II' for ocean calibration.

Figure 3 .

 3 Figure 3.9 presents the re-calibrated NRCS curve relative to wind direction at wind speed of 12 ms -1 as shown in Figure 3.3. Both rain-forest calibration (black lines) and ocean calibration (red lines) are plotted. It is found that the agreement between re-calibrated NRCS and CMOD5.N based estimates improves in contrast to Figure 3.3. Particularly for WV2, the NRCS residual is reduced to about -0.24083 dB for rain-forest method and -0.1109 dB for ocean calibration at crosswind (wind direction of 90 • ). This improvement is further quantified by the re-calibrated NRCS

Figure 3 .

 3 Figure 3.10: Re-calibrated NRCS residuals (σ 0 SARσ 0 CMOD5.N ) relative to wind speeds. Data (in color) are re-calibrated NRCS by ocean calibration method. Black lines are the replica of Figure 3.4 and blue (red) lines are mean re-calibrated NRCS residuals using Amazon rain-forest (ocean calibration) method. The wind speed bin is 1 ms -1 . The error bar represents 1 standard deviation of NRCS difference within each bin.

  .11. WV of both S-1A and S-1B show non-negligible fluctuation in the derived calibration constant. NRCS residual for WV1 is consistently positive, while WV2 has negative residual value. In particular, large variance of NRCS residual is primarily related to updates of radiometric calibration constant in the Instrument Processing Facilities (IPF) (Collecte Localisation Satellites, 2018). For example for S-1A, update of IPF to version 2.71 on 15 May, 2016 (cycle 79) causes a clear drift of NRCS residual. Notice that S-1B operates at HH-polarization from mid-March to June in 2017. Thus there are no data available during that period as shown in Figure 3.11(b) since only VV polarization is considered in this analysis.

Figure 3 .

 3 Figure 3.11: Temporal evolution of correction constant obtained by ocean calibration method per cycle for (a) S-1A and (b) S-1B (top). The corresponding number of imagettes per cycle is given in the bottom panel. Any cycle with acquisitions less than 1000 is excluded. The fact that S-1B operated in HH polarization results in the interruption from mid-March to June in 2017.

Figure 3 .

 3 Figure 3.12: (Top) Scatter plot of retrieved wind speed from re-calibrated NRCS using CMDO5.N relative to buoy wind speed for (a) WV1; (b) WV2. The buoy wind direction is input as a priori to CMOD5.N. (Bottom) The ocean wind field of S-1 Level-2 products derived from ESA-calibrated NRCS using CMOD-IFR2 are plotted with respect to buoy wind speed for (c) WV1; (d) WV2. Red lines are least-squared linear regression for all collocation data points and dashed red lines are linear fit to data points with buoy wind speed higher than 4 m/s.
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 41 Figure 4.1: VV-polarized azimuth cutoff relative to wind direction at wind speed of 12 m • s -1 for (left) WV1 and (right) WV2. Solid line is fit to the SAR measurements. Note the different maximum value along y-axis.

Figure 4 . 2 :

 42 Figure 4.2: Azimuth cutoff relative to wind speed for (upper) VV-polarization WV1/WV2 and (bottom) HH-polarization WV1/WV2, respectively. Color denotes the data count.

  receive H and V simultaneously, forming four polarimetric combinations, namely HH, VV, HV and VH. The term HV represents transmitting H pulse H and receiving V and hereinafter. In this chapter, we use Fine Quad-pol mode products, with swath of about 25 km by 25 km and nominal spatial resolution of 4.7 m (range direction) and 4.8 m (azimuth direction). In this study, a total number of 21 Fine Quad-pol products acquired by Radarsat-2 are used, acquired between 2009 and 2016. The incidence angles ranges from 19 • to 49 • . Table

  3 GHz), launched in August 2016. It can support acquisitions in 12 imaging modes. Among which, wave mode (WM) is dedicated to observations of ocean waves. It acquires one imagette every 50 km along the flight direction. Each WM image has swath of approximately 5 km by 10 km (depending on the incidence angle) with nominal spatial resolution of 4 m. It is operated in quad-polarization (VV, VH, HH, HV) and at various incidence angles, ranging from 20 • to 50 • .In this chapter, we use Level-1 Single Look Complex (SLC) WM products obtained from January to October in 2017. In total, about 7,000 products have been collected during this period. The geographic distribution of these data is shown inFigure 4.3(a). As pointed out in (H.Wang et al., 2018), WM can only operate up to 50 minutes per orbit due to power limitations. Therefore, the data are not uniformly distributed across the globe and most of the data are acquired over the north Pacific Ocean. There are no clear dependence of incidence angle on latitude. Histogram of incidence angles in bin size of 2 • is given inFigure 4.3(b). Note that the incidence angle of 36 • ±1 •

Figure 4 .

 4 Figure 4.3: (a) The geographic position of Gaofen-3 WM data across the globe. Color denotes incidence angle [ • ]. (b) Histogram of incidence angles in bin size of 2 • .

Figure 4 .

 4 Figure 4.4 shows a case of Gaofen-3 WM acquired on February 1, 2017 at UTC 4:25:26. Incidence angle is 30.4 • . The normalized backscatter intensity for VV, HH and VH polarization is given in

Figure 4 .

 4 Figure 4.4(a)(d)(g), respectively. All three images exhibit clear wavy signatures. The pattern on

Figure 4 . 4 :

 44 Figure 4.4: A case of Gaofen-3 WM product acquired on February 1, 2017 at UTC 4:25:26. Incidence angle is 30.4 • . (Left) Image of normalized backscattering for (a) VV; (b) HH; (c) VH polarization. (Right) Real part of SAR image cross-spectra for (d) VV; (e) HH; (f) VH polarization.

Figure 4 .

 4 Figure 4.5: (Top) Azimuth cutoff of HH relative to VV polarization for five incidence angles of Gaofen-3 data set. (Bottom) Azimuth cutoff of VH relative to VV polarization. The solid lines are the mean fit for each incidence angle. The dashed lines are the one-to-one curves.

Figure 4 .

 4 5 top panel gives HH versus VV azimuth cutoff based on the Gaofen-3 data set. The five incidence angles with more than 400 images (22 • , 30 • , 36 • , 42 • , 48 • ) are plotted, respectively. The mean fit is given (solid line) at each incidence angle. As found with the large data set, HH azimuth cutoff parameters are generally larger than VV ones, and the deviation increases with the incidence angle. At low incidence angle of 22 • , the mean fit line is closer to the one-to-one curve. This result must be related to the overall weak polarization sensitivity between VV and HH backscatter measurements at low incidence angles (A. A. Mouche

Figure 4 .

 4 Figure 4.5, bottom panel, shows VH azimuth cutoffs with respect to VV ones, for the five different incidence angles. Clearly, VH azimuth cutoff is almost always larger than VV. As found for HH
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 46 Figure 4.6: Azimuth cutoff in HH-pol (a) and in VH-pol (b) relative to VV-pol based on the 21 Radarsat-2 data. Color denotes incidence angle.

Figure 4 .

 4 Figure 4.6 displays azimuth cutoff estimates from the Quad-pol Radarsat-2 data set for HH versus VV in (a) and VH versus VV in (b). Again, confirming the previous results, the azimuth cutoff increases with incidence angle. At moderate incidence angles, [19 • , 25 • ], co-polarized VV and HH azimuth cutoffs can be well well considered as identical given the negligible difference (<10 m).
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 4 Figure 4.7: (Left) Simulated SAR image cross-spectra for three polarization channels: (a) VV; (c) HH; (e) VH. (Right) The corresponding azimuth cutoff estimation for three polarization channels: (b) VV; (d) HH; (f) VH. The input ocean wave spectrum is Elfouhaily spectrum at wind speed of 7 m/s and wind direction of 45 • with inverse wave age of 0.35. Incidence angle is set as 36 • .

Figure 4 .

 4 Figure 4.8: (Top) Comparison of azimuth cutoff from SAR measurements and nonlinear SAR transformation for (a) VV-pol, (b) HH-pol and (c) VH-pol. Solid line is one-to-one curve and dashed line is the least-squared linear regression. Color denotes data density. (Bottom) The corresponding data count of simulated azimuth cutoff in bin size of 25 m for each polarization.

Figure 4 .

 4 10(a)(b) display results for HH-VV and VH-VV, as function of the wind speed. Solid line is for SAR-measured PD and dashed line for simulated 4.5. Summary

Figure 4 . 9 :

 49 Figure 4.9: Azimuth cutoff residual (SAR-simulation) relative to the collocated ECMWF wind speed for (a) VV; (b) HH; (c)VH. Solid black line is the mean azimuth cutoff residual. Color denotes data count.

Figure 4 .

 4 Figure 4.10: Polarization difference of azimuth cutoff relative to the ECMWF wind speed for (a) HH-VV; (b) VH-VV. Solid line is for SAR measurements and dashed line is for the simulation results.

Figure 5 . 1 :

 51 Figure 5.1: (a) Flowchart of SAR image cross-spectral estimate; (b) simplified view of individual look extraction based on Doppler bandwidth spectrum. (c) An example of SAR image acquired by S-1A. Incidence angle is 23.8 • . (d) The corresponding imaginary part of SAR cross-spectra computed for ∆t = 1τ.

  denotes the mean intensity of the m-th look, F [•] stands for the two-dimensional FFT operator, and the superscript * is complex conjugate. δ (k) is a Dirac Delta function. The cospectrum is obtained when m = n. Computed co-and cross-spectra for all tiles are then averaged to reduce speckle noise, leading to one co-spectra and possibly several cross-spectra (obtained for different values of ∆t) for each WV image. This averaging technique is referred to as periodogram in the flowchart. Figure5.1 (c) shows a SAR image acquired by S-1A WV1 and the corresponding imaginary part of SAR cross-spectra for ∆t = 2τ in Figure5.1(d). As shown, one finds that the imaginary part has opposite signs at the symmetric peaks, which is key to resolving the ocean waves propagation ambiguity.

  5.2)with I RAR the initial detected radar intensity, ξ random shifts, and I SAR the resulting SAR intensity.While this mapping is nonlinear, it still ensures the conservation of the overall mean image intensity, i.e. I SAR ()dx = I RAR (x)dx. Accordingly, using a spatial smoothing along the azimuth direction shall best preclude undesirable nonlinear SAR processing effects. Conveniently, this filtering is carried out in the spectral domain by reducing the azimuthal wavenumber domain (< 2π/600 rad • m -1 ). MACS parameter is then defined over intermediate range-detected waves, corresponding to filtering the cross-spectra around range (across-track) wavelength between 15 m and 20 m. The lower limit of range wavelength is set to be approximately three times the nominal S-1 line-of-sight ground resolution. It ensures that modulations of interest are sufficiently well resolved.
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 52 Figure 5.2: A schematic view on extent of intermediate radial waves denoted by 'A' over which to compute MACS. The limits of wavelength used here is 600 m in azimuth and between 15 m and 20 m in range. The dotted circles represent wavelengths of 100 m and 20 m from inner to outer.

Figure 5

 5 Figure 5.3: (Top) Probability density function (PDF) of collocated radial wind speed between S1A/B and ECMWF for HH and VV, WV1 and WV2, respectively; (bottom) PDF of correspondingly equalized dataset (denoted as Data I). The wind speed bin used here is 1 m/s. Data with wind greater than 20 m/s has been excluded due to lack of enough points. Positive radial winds correspond to upwind direction.

  3). The probability density function (PDF) of co-located dataset relative to the radial wind speed is shown, top panel of Figure 5.3. The bin size of radial wind speed used here is 1 m/s. The relatively nonuniform distribution of data points for intermediate wind speed ( around 7 m/s ) and high wind

  at 7 m/s. (c) ∆ IMACS

±

  relative to wind direction for various wind speeds. Wind direction of 0 • denotes upwind.

  the other over [0,2π/600 rad • m -1 ] is IMACS (1)+A . For wind speed at 7 m/s, these two parameters are reported in Figure5.5(a). Estimates are different, especially for the two crosswind directions (90 • and 270 • ).At 90 • , IMACS

±

  versus wind direction is accordingly quantified in Figure5.5(b). Notice that ∆ IMACS(1) 

Figure 5

 5 Figure 5.6(a) presents a SAR image of C-band HH Normalized Radar Cross-Section (NRCS) over a polar low event. Data have been acquired by S-1A, in the Interferometric Wide swath (IW) mode, on 29 December, 2016 at 15:03 UTC. The incidence angle at near range is 41.2 • and 45.5 • at far range. ECMWF forecast winds at 15h00 UTC are superimposed to complement the NRCS inter-

  Figure 5.7(a), extending over the east Pacific Ocean (2 • N -12 • N in latitude and 125 • W -95 • W in longitude). Seasonal probability density function (PDF) of NRCS as well as IMACS (1) are shown Figure 5.8 (a) and (b), respectively.
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 57 Figure 5.7: Seasonal global map of IMACS(1) based on data acquired by S-1A WV1 over ascending pass

Figure 5 . 8 :

 58 Figure 5.8: Probability Density Function (PDF) of (a) NRCS and (b) IMACS (1) over the east Equatorial Current area (marked by red rectangle in Figure 5.7(a)) are presented for four seasons. The wind rose of collocated ECMWF winds is also depicted for (c) season of JJA; (d) season DJF.
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 59 Figure 5.9: Seasonal average of (a) IMACS (1) , (b) collocated ECMWF wind direction and (c) projected radial wind speed relative to latitude along the transect of 90 • E shown as vertical black line in Figure 5.7(a). Data are averaged over latitude bin of 2 • . The gray arrow denotes SAR flight direction over ascending pass. Wind convention is the same with Figure 5.7.
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 62 Figure 6.2: The left panel is NRCS as function of wind direction at 9 m/s in (a) WV1; (b) WV2. The right panel is MMACS (0) in (c) WV1; (d) WV2. The dashed line represents the mean and solid line marks fit curve in form of Eq.(6.1) to the observations. The wind direction of 0 • is upwind and 180 • downwind.

Figure 6

 6 Figure 6.2(b) presents MMACS (0) for WV1. As shown, both VV and HH MMACS (0) , to first
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 63 Figure 6.3: Two-dimensional plot of MMACS (0) for (a) HH WV1; (b) VV WV1; (c) HH WV2; (d) VV WV2. The radius is wind speed with circles from inner to outer of 5 m/s, 10 m/s and 15 m/s, respectively.
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 64 Figure 6.4: (Top) UCA of (a) NRCS; (b) MMACS (0) ; (bottom) UDA of (c) NRCS; (d) MMACS (0) as function of wind speed.

Figure 6

 6 Figure 6.5 (b)(c) present comparison of MMACS (0) between SAR-measurement and simulation for

Figure 6

 6 Figure 6.5: (a) RAR modulation estimated using empirical GMF of NRCS by M r = 1 σ 0
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 66 Figure 6.6: Ratio of derived RAR MTF to the empirical as function of radial wind speed based on assumption of negligible velocity bunching.

  Envisat/ASAR operated for nearly a decade from November 2002 to April 2012. It is a C-band radar (center frequency of 5.4 GHz), collecting SAR images in various modes. Of which, wave mode is dedicated to observation of global ocean waves (K. Hasselmann et al., 2012), acquiring vignettes every 100 km along the track. These vignettes have a spatial footprint of 10 by 7 km and resolution of 9 by 6 m. We use only wave mode vignettes obtained at incidence angle of 23 • by VV polarization in this work.
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 71 Figure 7.1: (Top) Global data density of wave mode acquisitions at spatial resolution of 2.5 • by 2.5 • and monthly data count of global ASAR data. Ascending products collected from 2003 to 2012 are used here. (Bottom) Monthly data density in March 2003 and March 2004.
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 72 Figure 7.2: Examples of ENVISAT/ASAR wave mode images for definition of range MACS profile. (Top) Normalized backscattering for four cases. (Middle) The corresponding SAR image spectra are plotted. Color represents the normalized image spectral magnitude. The circles from inner to the outer are 400 m, 200 m 100 m and 50 m respectively. (Bottom) The range MACS profile is extracted relative to wavenumber.
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 73 Figure 7.3: MACS derived for various wavelengths. (a) MACS for wavelength of 62.5 m relative to wind speed. Color denotes data counts and solid black line is the mean fit. (b) MACS relative to wind speed for various wavelengths between 47 m and 257 m. (c) MACS variations relative to inverse wave age (wind speed/wave phase speed). Only winds in the radar looking direction (upwind and downwind) with a variation of 2 • are included in the analysis.
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 74 Figure 7.4: (Left) Peak wavelength at given wind speed is plotted for various iwa. Peak wavelength is derived from Elfouhaily spectrum. (Right) Wavelength resolution of Level-1B SAR image spectra products.

Figure 7

 7 Figure 7.5: (Left) Estimates of averaged MACS for given wavelength. Bars are histogram of MACS at 602.6 m over A2 during the season MAM. Vertical red line indicates the median value and black line is the mean value. (Right) Comparison of range MACS profile using mean and median values.
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 76 Figure 7.6: Seasonal average of MACS for three selected wavelengths in the panels of (a) 62.50 m; (b) 168.4 m; (c) 342.0 m. Both latitude and longitude are binned into 2.5 • by 2.5 • . Color denotes MACS and note that the color bar dynamics vary in the three columns. Blank spaces are due to lack of SAR observations.

  Figure 7.6(b). Comparable to the global pattern of MACS 62.5 , MACS 168.4 in the southern extratropics are also consistently high (in red) throughout the year. For its counterpart in the Northern Hemisphere, DJF has the maximum MACS 168.4 and the minimum in JJA. Yet, the global pattern of MACS 168.4 clearly differs from that of MACS 62.5 in the disappearance of the two bright belts over the trade winds, particularly in the south side of ITCZ. This mainly results from the asymmetric winds as shown on MACS 62.5 . The relatively lower winds (< 7 m/s) in the south of the ITCZ are not sufficiently high to generate ocean waves of 168.4m. In addition, spatial features of MACS 168.4 over the northern Indian Ocean are overall weak, except in the Arabian Sea during JJA.While in the Bay of Bengal, MACS 168.4 appears to be consistently low.

Figure 7

 7 Figure 7.7(e)-(h). the shape of MACS profile can readily help tell the dominance of swell or local

Figure 7

 7 Figure 7.7: (Top) MACS profiles averaged over the Pacific Ocean (150 • W-145 • W) along latitude are shown for four seasons: (a) DJF; (b) MAM; (c) JJA and (d) SON. Color bar denotes MACS in log scale. (Middle) MACS profile relative to wavenumbers for three latitudes in (a). Total average in (e) and seasonal average for (f) A1; (g) A2; (h) A3. Dashed vertical lines indicates position of detected peak wavenumber with color corresponding to seasons. (Bottom) Seasonal average of global peak wavenumber derived over latitude and longitude bin of 2.5 • . Color denotes peak wavenumber k p [rad • m -1 ].

  Figure 7.7. The extratropics have smaller k rp (longer wavelength) and the trade winds regions have larger k rp . DJF has minimum k rp (longest waves) in the North Pacific and North Atlantic Ocean between 35 • N and 55 • N. The smaller k rp almost extends to the equator at longitude of 180 • , suggesting the propagation of ocean swell. Over the trade winds region, the k rp are relatively higher, particularly in the Equatorial Pacific Ocean, the Atlantic Ocean and the North Indian Ocean (blue color). Even known as the persistent presence of ocean swell in the equator, the k rp patterns are still closely related to the global winds (I.

Figure 7 .

 7 Figure 7.8 gives the monthly MACS profile with the detected k rp in the left panel. The frequency spectra of temporal series of k rp is accordingly given in the right panel. It should be mentioned that the vertical blank space is due to lack of SAR observations over the area in that month. From the time series of k rp on the Pacific Ocean, A1 exhibits much stronger seasonal changes in comparison to that of A2 and A3. In the winter, long ocean waves are generated by the high winds of the winter storms and the averaged k rp is around 0.025 rad• m -1 (wavelength of 250 m). With the receding winter storms, the winds become lower and the local waves become shorter. As a result, the k rp increases to 0.05 rad• m -1 (wavelength of 125 m) in the summer. This explains the larger k rp in the Northern Hemisphere storm tracks (see Figure 7.7). The strong seasonality of k rp over A1 also

Figure 7

 7 Figure 7.8: (Top) The geographic position of six area of interest. (Left) Monthly time series of MACS profile (color in log scale) over six area of interest (A1-A6) and detected k rp (black solid line). The vertical blank space is due to lack of observations during that month. (Right) The frequency spectra of time series of range peak wavenumber. Note that A1-A3 correspond to the three transects in the Pacific Ocean in Figure 3.
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Figure A. 1 :

 1 Figure A.1: Map of collocation dataset between S-1 WV and buoys. The red asterisk denotes collocations for WV1 and the blue for WV2. Spatially overlapped WV1 and WV2 do not coincide in time.

Figure A. 2 :

 2 Figure A.2: Wind speed residual (U SAR -U buoy ) relative to collocated buoy wind speed for (a) WV1 and (b) WV2. The error bars are 1 standard deviation about the average (black solid lines) and red solid lines represent least-squared linear regression. The linear fit slope is annotated on top left corner in red.

Figure

  Figure A.3: (Top) Wind speed residual (U SAR -U buoy ) is shown relative to collocated buoy H s for (a) WV1 and (b) WV2. The error bars are 1 standard deviation about the average (black solid lines) and red solid lines represent linear regression. (Bottom) Histogram with bin of 0.25 m for WV1 in (c) and WV2 in (d), respectively.

Figure A. 4 :

 4 Figure A.4: Wind speed residual (U SAR -U buoy ) relative to azimuth cutoff for (a) WV1 and (b) WV2. Error bars are 1 standard deviation about the average (black solid lines) and red solid lines represent linear regression.

Figure A. 4

 4 Figure A.4 presents U10 residuals relative to azimuth cutoff. As the azimuth cutoff increases, the U10 residuals increase proportionally. Slopes of linear regression are 0.0078 for WV1 and 0.0047 for WV2, respectively. This decreasing trend with increasing incidence angle is very similar to the trend observed when applying U10 residual versus H s (seeFigure A.3). Since azimuth cutoff can be obtained from high-resolution SAR images, this parameter is an indicator of the sea state and can potentially be used to account for the sea state impact on the wind speed retrieval without an ancillary dataset.

Figure A. 5 :

 5 Figure A.5: NRCS as function of wind speed WV1/WV2 at top/bottom (only upwind direction with variation of ±5 • ). (a)/(d) S-1A observations; (b)/(e) the predicted using a neural network with wind speed and wind direction as input; and (c)/(f) the predicted using a neural network with wind speed, wind direction and azimuth cutoff as input. The color denotes azimuth cutoff [m]. Bias and RMSE are calculated by the predicted NRCS relative to the S-1A observations.

Figure A. 5

 5 Figure A.5 illustrates NRCS from S-1 measurements and two types of GMFs. On the top, Figure A.5(a) presents the S-1 measured NRCS for WV1 relative to wind speed. The color denotes the corresponding azimuth cutoff. It is worth noting that the wind direction has been limited to upwind in order to better demonstrate the NRCS modification by sea state for given wind speed.

Figure A. 5

 5 Figure A.5(b) is the first trained GMF, relating NRCS to only wind speed and wind direction. While NRCS predicted by the second trained GMF as function of both wind and azimuth cutoff is then presented in Figure A.5(c). The results for WV2 are accordingly shown in Figure A.5(d)(e)(f).Note that the two types of GMF are trained separately for WV1 and WV2.

Figure A. 5

 5 Figure A.5(b)(e)), NRCS does not exhibit any variability at given wind speed. This implies that this GMF is insufficient to account for the NRCS modification by sea state. By comparison, the GMF in Figure A.5(c)(f) by involving the azimuth cutoff can partly resolve the NRCS variability with smaller NRCS bias and RMSE in Figure A.5(c)(f). For given wind speed, NRCS increases with azimuth cutoff rather than a constant predicted by F(u, φ ). For example, at wind speed of 10 m/s in Figure A.5(c), the predicted NRCS increases from -5.5 dB to -3.8 dB with azimuthcutoff varying from 250 m to 400 m. The variation of 1.7 dB corresponds to wind retrieval error of about ± 1.5 m/s at 10 m/s wind speed. As a result, sea state impact is significant and needs to be compensated. This preliminary demonstration confirms the feasibility to train an advanced NRCS GMF with azimuth cutoff and accordingly account for the sea state impact.
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High-resolution SAR imagettes can complement scatterometer observations, providing local vari-

ability of sea surface wind field. The wind vector is also a key parameter for the ocean wave spectral inversion. Accurate wind retrieval from SAR images is therefore of great significance. In this chapter, the SAR wind retrieval algorithm is reviewed. As a first step, radiometric calibration of normalized radar cross-section (NRCS) is evaluated prior to inferring the geophysical quantity.

The challenges of the present wind retrieval algorithms are discussed and inspire the following studies outlined in this thesis. This chapter is based on the papers 'Calibration of the normalized radar cross-section for Sentinel-1 wave mode' and 'Impact of Sea State on Wind Retrieval from Sentinel-1 Wave Mode data'.

Table 3 .

 3 

	1: Mean NRCS residual
	NRCS Residual	WV1 [dB]	WV2 [dB]
	ESA calibration	0.2541	-0.6052
	rain-forest calibration	-0.0241	-0.1642
	ocean calibration	-0.0169	-0.0352

Table 4 .

 4 1: Azimuth cutoff at 15 m • s -1 .

	Pol	VV-WV1	VV-WV2	HH-WV1	HH-WV2
	AC	303.0 m	344.0 m	307.0 m	368.0 m
	and HH-polarized SAR images are not acquired simultaneously over the same ocean scene. With
	the technical development, formulation of multi-polarized SAR images are possible. They are
	acquired at negligible time difference O(1 ms) over the identical area, namely sea state. In the
	following, taking advantage of the increasingly available quad-pol data, the polarimetric azimuth
	cutoff is thus explored.				
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  Compared to Envisat/ASAR capability, the size of each imagette has been increased to 20 × 20 km with a 5 m spatial resolution. WV can only be operated in single polarization (VV or HH). In this chapter, we use data acquired by S-1A from December 2016 to November 2017 at VV polarization. To document the polarization sensitivity, HH products acquired by S-1B from 18 March to 31 June in 2017 are considered. Numbers of data are listed in Table5.1 in detail. It is worth mentioning that products acquired at latitude higher than 55 • are filtered out to exclude possible sea-ice contamination.

1 (S-1) mission is a constellation of two C-band SAR sensors (S-1A and S-1B), launched by European Space Agency (ESA) in April of 2014 and 2016, respectively. Sentinel-1 ensures the continuity of SAR missions in Europe after ENVISAT/ASAR. Over the open ocean, S-1 mostly operates WaVe mode (WV) acquisitions

[START_REF] Torres | Gmes sentinel-1 mission[END_REF]

. Data are publicly available on https://scihub.copernicus.eu/. Each imagette is acquired every 100 km following a leap-frog pattern, alternating between two incidence angles (WV1: 23.8 • and WV2: 36.8 • , respectively).

Table 5 .

 5 1: Number of data included in this study.

	Pol	WV1	WV2
	VV (S-1A 2016.12-2017.11)	350,858	350,842
	VV (S-1A 2017.03-2017.06)	107,651	108,648
	HH (S-1B 2017.03-2017.06)	93,915	94,671
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Part II

A new SAR parameter and its applications in wind/wave study Doppler anomaly parameter [START_REF] Chapron | Direct measurements of ocean surface velocity from space: Interpretation and validation[END_REF][START_REF] Mouche | On the use of doppler shift for sea surface wind retrieval from sar[END_REF], it can thus be used to reduce the wind direction ambiguity in the inversion of high-resolution wind fields. To note, as a normalized quantity, IMACS is independent of any calibration issues (as compared to NRCS and/or attitude precise knowledge). This chapter is based on the paper entitled 'A new ocean SAR cross-spectral parameter: definition and directional property using the global Sentinel-1 wave mode measurements'.

Definition of MACS

In this section, the algorithm to estimate SAR image cross-spectra from a SAR image is presented.

The new parameter MACS is then defined.

Estimate of SAR image cross-spectra

The relatively long aperture time, O(1s), used to perform the SAR processing can be uniquely exploited. Indeed, it provides means to extract different ocean surface views (sub-looks), corresponding to different epochs, during the SAR acquisition time interval. As such, an along-track temporal correlation analysis can be performed. Resulting temporal shifts must then be associated to organized and coherent (during the acquisition time interval) line-of-sight motions. Such a property is already currently applied to efficiently eliminate incoherent speckle noise, and to help resolve the propagation ambiguity of SAR detected swell systems, longer than the azimuth cut-off [START_REF] Engen | Sar-ocean wave inversion using image cross spectra[END_REF][START_REF] Chapron | Wave and wind retrieval from sar images of the ocean[END_REF].

The method of computing SAR image cross-spectra from the Single Look Complex (SLC) data has been thoroughly described in [START_REF] Johnsen | Sentinel-1 ocean swell wave spectra (osw) algorithm definition[END_REF]. A simplified flowchart is given in Figure 5. 1 (a). As shown, Sentinel-1 look-up-tables are applied to calibrate the SLC products.

Two subsequent pre-processing steps are also performed to eliminate bright targets signal. The procedure 'Detrending' removes the low frequency (non-wave) signatures by low-pass filtering the input image [START_REF] Johnsen | Sentinel-1 ocean swell wave spectra (osw) algorithm definition[END_REF]. Then, each SLC imagette is split into tiles of 512 × 512 pixels. From each tile, a Fourier transform (FFT) is performed, and the resulting azimuthal (slowtime) spectrum is divided into three non-overlapping parts as in Figure 5. 1 (b). The sub-look intensity images are obtained by applying an inverse FFT to each one of these parts. Finally, co-of Data I are plotted in bottom panel of Figure 5.3. (1) w.r.t. winds

Characteristics of IMACS

In this section, the dependence of IMACS (1) on the wind speed and direction is demonstrated based on both global wave mode measurements and a local wide-swath image over the Polar Low. (1) Under developed sea state conditions, propagation of intermediate waves shall mostly be in agreement with local wind direction [START_REF] Juszko | Wind stress from wave slopes using phillips equilibrium theory[END_REF][START_REF] Quilfen | Global ers 1 and 2 and nscat observations: Upwind/crosswind and upwind/downwind measurements[END_REF]. Imaginary component of MACS (1) , IMACS (1) , is accordingly expected to also provide a quantitative insight on the propagation direction of intermediate (radar-detected) scales. IMACS (1) is displayed relative to radial sufficiently well resolved due to low signal-to-noise ratio. This can explain the low contrast of ∆ IMACS (1) ± across wind directions at 3 m/s. With wind speed increasing, the contrast becomes pronounced. This distinguished wind direction dependence can thus help resolve the wind direction ambiguities, to provide means to obtain one single wind vector. The wind inversion scheme using ∆

Directional IMACS

IMACS

(1)

± is beyond scope of the present thesis. Present efforts are underway [START_REF] Nilsen | A novel approach to sar ocean wind retrieval[END_REF], and left to further validation efforts. (1) over a Polar Low (1) computed over moving window. (c) IMACS (1) along two transects depicted by two black lines in plot (b).

IMACS

Statistically, Figure 5.4, IMACS (1) parameters capture radial wind information. Hereafter, a particular local event is more precisely analyzed.

Summary

the year, at longitude between 160 • W and 130 • W. The Indian monsoon region also presents higher IMACS (1) variance. This is caused by reversed wind directions during the monsoon season, Due to lower operation priority of S-1A WV close to coastal areas and over the Atlantic Ocean, there are no WV data available over these regions. Nevertheless, the climatological pattern of IMACS (1) is consistent with previous wind and wave climate studies. IMACS (1) would certainly bring some new perspectives to jointly analyze wind and equilibrium wave range climate by considering an adaptive definition over various wavelengths.

Summary

To best isolate expected ocean surface wave motions, we apply an along-track temporal correlation analysis on highly resolved Sentinel-1 SAR measurements. High-pass filtered in the range direction, the time coherency of radar modulations is robustly evidenced to be a measurable geophysical quantity. Specifically, a proposed newly defined MeAn Cross-Spectra (MACS) parameter carries signed information relative to wind direction. The new parameter, MACS, captures 20 m waves traveling in the range direction is expected to provide new insights into SAR imaging processes. In particular we can assess any differences in the polarizations to improve our understanding of the radar response to the sea surface. Since we specifically define the MACS parameter to limit the effect of nonlinear SAR distortions, we can also put focus on assessing the RAR MTF relative to polarization and incidence angle.

In this chapter, we continue to explore behavior of MACS magnitude using dual-polarization data acquired by S-1A (VV polarization) and S-1B (HH polarization). Two aspects are addressed. We first document the statistical properties of MACS, including azimuthal modulation relative to wind direction, upwind-to-downwind asymmetry (UDA) and upwind-to-crosswind asymmetry (UCA) as well as polarization ratio (PR). An improved RAR modulation is then derived through comparison transfer function and normalized variance of RAR image in the former model, while the latter only associates it to SAR spatial resolution. Both models are established on the hypothesis that a SAR has perfect sensitivity with zero thermal noise. In reality, this hypothesis is not valid. Thus, the total noise contribution including speckle noise and system thermal noise cannot be completely removed by simply deducting the analytical noise floor from MMACS (0) . Since variance of RAR image is also hard to measure, we therefore assumed a global noise floor as in the latter model. In this section, we use data with wind direction on the range to determine this global noise floor.

The best mean fit of SAR-measured MMACS (0) is presented in Figure 6. 1(a). It can be seen that MMACS (0) decreases gradually from wind speed of 10 m/s to 4 m/s. At wind speed lower than 3 m/s, signal-to-noise ratio is low and the radar backscattering is subject to local sea state conditions. Sometimes, presence of surface surfactant or atmospheric turbulence could contaminate the surface scattering. One can find the irregular variation of MMACS (0) at low wind speed as shown in Figure 6. 1(a). It gives rise to biases in seeking the noise floor at wind speed of 0 m/s. We carefully examine the decreasing trend of MMACS (0) at wind speed higher than 3 m/s and find that an extrapolation based on polynomial fit can be used to infer MMACS (0) at wind speed of 0 m/s. The value of MMACS (0) is assumed as the global noise floor independent of wind speed and is deducted from SAR measurement to obtain noise-free MMACS (0) . Linear ocean waves can be fully characterized by the wave spectrum (wavenumber and direction).

The dashed curves in

Spaceborne synthetic aperture radar (SAR) provides measurements of the ocean wave spectra with proper treatment of the nonlinear transformation. Bypassing this complicated inversion scheme, the SAR image spectra can be filtered along the radar line-of-sight, termed as MACS profile. It reveals that the wind-wave interaction is mainly controlled by the inverse wave age, regardless of the wavelength. Global distribution of the wind sea at 62 m is closely related to the sea surface wind, while the long ocean waves (342 m) mostly exist in the storm tracks. In particular, there are four wave clusters along the latitude at 145 • W, each evolving with seasons. With the impact of winter storms, ocean waves in the Northern extratropics present stronger seasonal variation. This chapter is based on the paper entitled ' New investigation of ten-year Envisat/ASAR wave mode for global ocean waves'.

Summary

The periodicity of k rp greatly varies even in the Southern Ocean (A3-A6). Among which, time series of k rp over A3 are similar to that of A4, showing k rp of 0.025 rad• m -1 with minor fluctuations. By comparison, A5 has sharper changes, particularly on a yearly basis. This is also reflected by the higher frequency spectra at periods longer than 15 months. Since A5 is close to the New Zealand, the ocean waves might be subject to the land activities. While A6 has a shorter time series due to lack of data in the beginning of ASAR. There is no clearly annual changes of k rp over A6 and the periodicity is rather dominated by an intra-annual signal.

Summary

Extensive understanding of the characteristics of ocean waves are significant. The momentum exchange in the air-sea interaction is transferred through the ocean surface waves. A better parameterization of flux transfer by considering the sea state impact is expected to improve the coupled atmosphere-ocean model at global scale [START_REF] Janssen | Ocean waves and the atmospheric climate[END_REF]. This would advance the interpretation of wave climate in the long term. Enhanced usage of the currently available data to examine the modern wave climate is therefore of priority as pointed in [START_REF] Hemer | Advancing wind-waves climate science[END_REF].

The spaceborne satellite observations have proven valuable in the investigation of the global wave climate [START_REF] Chen | A global view of swell and wind sea climate in the ocean by satellite altimeter and scatterometer[END_REF][START_REF] Stopa | Estimating wave orbital velocity through the azimuth cutoff from space-borne satellites[END_REF]. In particular, the great potential of high-resolution SAR images that can resolve ocean wave spectral signatures, has probably been underestimated.

The ten-year acquisition of Envisat/ASAR wave mode allows one to explore global features of ocean waves. Instead of using the integrated wave variables, we demonstrated encouraging new results obtained focusing only on the range traveling ocean waves.

The ocean waves are mostly in couple with the local wind. As shown by the MACS variation relative to the wind speed, longer ocean waves are in higher degree of coupling with the higher wind speed. From the view of wave growth, the degree of coupling strongly depends on the inverse wave age. Though limited to qualitative interpretations, the wind-wave interaction information provided by MACS is still significant. With the accurate winds independently retrieved from a SAR image, it is feasible to address the global wind-wave interactions. In particular, the wind-wave coupling under tropical cyclones is of great interest.

This study also emphasizes the distinct global signatures of ocean waves from various wavelengths.

The results are consistent with the global winds pattern. The short ocean waves well represent the [START_REF] Li | Calibration of the normalized radar cross section for sentinel-1 wave mode[END_REF]. Thus, the wind speeds can not be used to independently evaluate wind retrieval performance. We then collocate S-1 WV data with NDBC buoys and consider buoy measurements as independent and reference winds. Collocations are limited to 100 km in space and 30 min in time. Most of the NDBC anemometers measure winds at a height of 2.5-4 m above the sea surface. To be consistent with SAR-measured neutral winds at 10 m, all buoy wind speeds are converted to 10 m neutral winds using a log-profile relation based on the assumption of neutrally stable boundary layer. Throughout rest of this paper, the wind speed refers to neutral wind speed at height of 10 m unless particularly stated and noted U10.

The wave spectra measured by NDBC buoys, is composed of frequency from 0.04 Hz up to 0.4850 Hz [START_REF] Vandemark | Impact of highfrequency waves on the ocean altimeter range bias[END_REF]. The total significant wave height (H s ) is therefore calculated from two-dimensional frequency spectra by: H s = 4.0 M 0 (A.1)