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Abstract

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 wa-
ter/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 mag-
nitude 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 ob-
servations. 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 capa-

bilities and to, possibly, provide guidance for future concept missions.

To this aim, this thesis mainly deals with the latest European (Copernicus program) SAR constel-
lation 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 in-
vestigate 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 cross-
section (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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NRCS is poorly calibrated, in particular for WV?2 at larger incidence angle. This is because there is
no strategic acquisitions over the corner reflectors to consistently calibrate NRCS. Two different re-
calibration methods: rainforest and ocean calibration are carried out and both achieved comparable
performance. The ocean calibration turns out to be more efficient and easy to implement from the
operational point of view. Following the NRCS re-calibration, wind speed is then derived using an
input wind direction and compared with the S-1 level-2 products. It exhibits better agreement with
the collocated buoy wind speed, particularly over the low winds range. Despite of the improved
NRCS quality with re-calibration, NRCS is still subject to other impact factors, such as presence

of geophysical phenomena and signal-to-noise ratio.

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 calibra-
tion 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 theoreti-
cal 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 parame-
ters. 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



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 com-
plex 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 interac-

tion, et al.

As a follow-up study to the IMACS dependence on winds, the possibility of using MACS to ex-
amine the modulation transfer function (MTF) between SAR backscatter and ocean waves is also
addressed. To this end, the magnitude of MACS (MMACYS) is documented with respect to the sea
surface wind (wind direction dependence, up-downwind asymmetry) and radar configurations (in-
cidence 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
WYV 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
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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
individual wave scales may provide reference for data processing of the coming concept missions,
such as STEREOID and SKIM. The proposed MACS shall open up a new avenue for data analyses

to enhance the utility of SAR observations as well as other sensors.
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Background and study of the existing SAR
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Chapter 1

Background

1.1 Motivations and objectives

Space-borne synthetic aperture radar (SAR) can provide extensive and continuous observations of
the ocean surface under all-weather conditions. Since the launch of SeaSat-A, SAR observations
have been widely used in various maritime applications. Wave mode is an imaging mode that
is dedicated to global wave measurements. It has been used to routinely collect SAR vignettes
over the global ocean from ERS-2 to Envisat/ASAR to today’s Sentinel-1 constellation. In the
meantime, fully polarimetric images have also been available to provide complementary imaging
of ocean surface. The contemporary massive ocean data archive is invaluable to observations of the
basic elements on the sea surface: wind and waves, among others. Taking advantage of the present
SAR acquisitions, this thesis focuses on deriving the wind and wave information and the following

points are addressed.

1. Assessment of the normalized radar cross-section for Sentinel-1 wave mode

2. Investigation of sea state impact on wind speed retrieval at two incidence angles

3. A new radar parameter, MACS, is proposed to complement SAR surface wind retrievals
4. MACS offers new perspectives on interpreting the global patterns of wind and waves

5. MACS helps improve real aperture radar modulation transfer function estimates

6. Study global wave spectral climate from MACS profile using the ten-year Envisat/ ASAR

7. Preliminary analysis of polarimetric SAR mapping through azimuth cutoff

1.2 Publications

In achieving the objectives listed above, the following papers in Chapter 3-7 are prepared:
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1.3

. Li Huimin, Mouche Alexis, Stopa Justin E., Chapron Bertrand, Calibration of the normalized

radar cross-section for Sentinel-1 wave mode, IEEE Transactions on Geoscience and Remote

Sensing, vol. 57, no. 3, pp. 1514-1522, March 2019. doi: 10.1109/TGRS.2018.2867035

. Li Huimin, Mouche Alexis, Stopa Justin E., Impact of Sea State on Wind Retrieval from

Sentinel-1 Wave Mode data, IEEE Journal of Selected Topics in Applied Earth Observa-
tions and Remote Sensing, vol. 12, no. 2, pp. 559-566, Feb. 2019. doi: 10.1109/JS-
TARS.2019.2893890

. Li Huimin, Mouche Alexis, Wang He, Stopa Justin E., Chapron Bertrand, Polarization de-

pendence of azimuth cutoff from Quad-pol SAR images, submitted to IEEE Transactions on

Geoscience and Remote Sensing, in revision.

. Li Huimin, Chapron Bertrand, Mouche Alexis, Stopa Justin E., A new ocean SAR cross-

spectral parameter: definition and directional property using the global Sentinel-1 wave mode

measurements, Journal of Geophysical Research - Oceans, 124, 1566-1577, Feb 2019.

. Li Huimin, Mouche Alexis, Stopa Justin E., Chapron Bertrand, A new ocean SAR cross-

spectral parameter: magnitude statistics and its application in deriving the real aperture radar

modulation transfer function, in preparation.

. Li Huimin, Mouche Alexis, Stopa Justin E., Chapron Bertrand, New investigation of ten-year

Envisat/ASAR wave mode for global ocean waves, in preparation.

. Li Huimin, Chapron Bertrand, Mouche Alexis, SAR Cross-Spectral Analysis of Radial Inter-

mediate Waves: Directional Properties. IEEE International Geoscience and Remote Sensing

Symposium, Valencia, 2018, pp. 5827-5830.

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. Comprehen-

sive 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.
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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 lim-
ited 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 ship-
borne, 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 satel-
lite 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 ac-
curately measure sea surface winds and waves (Jones et al., 1981). In this sense, the SeaSat-A is a

visionary mission, being the precursor for the subsequent ocean satellite systems.

1.3.1 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) (Quilfen & Bentamy, 1994; Hersbach et al., 2007; Hersbach, 2008; 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
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less than 20° for wind direction (Bentamy et al., 2013; Stoffelen & Anderson, 1997). The winds are
usually available at spatial resolution of 12.5 km or 25 km (Bentamy et al., 2013; Freilich & Dunbar,
1999; Stoffelen & Anderson, 1997). Since SeaSAT-A, several scatterometers have been launched.
These include the wind scatterometer on ERS satellite (ERS-1: 1991-2000 and ERS-2: 1995-2011),
the SeaWinds instrument on QuikSCAT (2001-2009), the SCAT instrument on Oceansat-2 (2009-
2014), the ISS-RapidScat on International Space Station (2014-2016) and the ASCAT on MetOp
satellites (MetOp-A launched in 2006 and MetOp-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 (Lehner et al., 1998; Horstmann et al., 2002). 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 (Lehner et al.,
1998; Lin et al., 2008). It is worth pointing out that wind direction can be partly resolved (180°
ambiguity still exists) by SAR images when wind streaks are present. Past and present SAR mis-
sions 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).

In addition to the two radars mentioned above, the radar altimeter is another instrument that can ob-
tain 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. Young et al., 2011). There are a many of altimeters that have been launched, includ-
ing: GEOSAT (1986-1990), ERS-1 (1991-2000), TOPEX/Poseidon (1992-2006), ERS-2 (1995-
2011), Jason-1 (2001-2013) and Jason-2 (2008-now), Cryosat-2 (2010-now), HY-2 (2011-2016)
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-
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ously updated to improve its performance in wind retrieval (Quilfen & Bentamy, 1994; Hersbach et
al., 2007; Hersbach, 2008; A. Mouche & Chapron, 2015a), the accuracy is still subject to multiple
impact factors. For example, the atmospheric instability (Hoffman & Louis, 1990) and presence
of upper oceanic current (Plagge et al., 2012) 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 pre-
vious findings (Quilfen et al., 2004). 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. Zhang & Perrie, 2012). This
opens up a new avenue for monitoring the high winds conditions using spaceborne radar obser-
vations. Now, quasi-routine acquisitions over tropical cyclones have been initiated by S-1 con-
stellation 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 (Reul et al., 2017). And
microwave radiometers work quite differently from the radar (Zhao et al., 2018), 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 cy-
clone 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
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on the wind structures of hurricanes. By combining with the active radar measurements, it shall

improve forecasting for tropical cyclones.

1.3.2 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 (Phillips, 1985; Juszko et al., 1995). 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 (Phillips, 1985). 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;) 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;, 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 (Barrick, 1968;
G. R. Valenzuela, 1978). After a series of atmospheric corrections, the significant wave height
can be derived from the slope of the return radar pulse (Brown et al., 1981; Wingham et al., 2004;
Phalippou & Enjolras, 2007). To reduce the uncertainty, a number of radar return pulses are usually
averaged to produce one estimate of H about every 7 km along the satellite track. Altimeters
on various satellites have been launched, including: GEOSAT (1986-1990), ERS-1 (1991-2000),
TOPEX/Poseidon (1992-2006), ERS-2 (1995-2011), Jason-1 (2001-2013) and Jason-2 (2008-now),
Cryosat-2 (2010-now), HY-2 (2011-2016) 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 (Staabs & Bauer, 1998; Queffeulou & Bentamy, 2007).

Though the global Hy can be obtained, other parameters, such as the peak wavelength and wave di-
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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 imag-
ing 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 fun-
damental (W. R. Alpers et al., 1981; K. Hasselmann et al., 1985b). 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. Hasselmann & Hasselmann, 1991b). Later, SAR
image cross-spectrum between two sub-looks is formulated relative to the ocean wave spectrum in

(Engen & Johnsen, 1995; Bao & Alpers, 1998).

With the closed-form transformation in hand, the inversion of ocean wave spectrum from SAR im-
age spectrum is then addressed by several studies (K. Hasselmann & Hasselmann, 1991b; Engen
& Johnsen, 1995; S. Hasselmann et al., 1996). The inversion scheme is usually classified into two
types of schemes. The first is developed at the Max Planck Institut (MPI), proposed by (K. Has-
selmann & Hasselmann, 1991b) and later updated in (S. Hasselmann et al., 1996). 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 im-
prove the agreement of the observed with the predicted image spectra. (Heimbach et al., 1998)
used three-year ERS-1 wave mode data set to assess performance of the MPI scheme relative to the
wave model outputs. (Violante-Carvalho et al., 2005) 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 (Krogstad et al., 1994). 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 (2002-2012) and Sentinel-1 (2014-). Quality of the
retrieved ocean wave spectrum has been assessed for ENVISAT/ASAR by (J.-G. Li & Holt, 2009;
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J.-G. Li & Saulter, 2012) and for Sentinel-1 in (Husson et al., 2016), 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. (Engen et al., 2000) demonstrated the feasibility of estimating the RAR MTF by
combing co-polarized (VV and HH) measurements. (B. Zhang et al., 2010) used fully polarimetric
SAR images to validate the independent wave retrieval algorithm bypassing input of the difficult-
to-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. Zhang et al., 2018). 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 combina-
tion 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, (Kudryavtsev
et al., 2017) 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 wind-

wave-current interactions.
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1.4 Thesis outline

This dissertation is dedicated to exploring new potential methods for refining wind and wave ob-
servation 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 pa-
rameter 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 backscat-
tering 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 compari-
son 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 prereq-
uisite 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
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can be employed to look into the global signatures of ocean winds. A one-year analysis, from
Sentinel-1 Wave Mode data, is further reported to quantify the regional and seasonal variations of

MACS.

Then in Chapter 6, the magnitude of MACS (MMACS) is addressed in terms of wind speed and
direction. Its dependence on polarization as well as incidence angle is also demonstrated. It is found
that MMACS greatly differs between SAR measurements and simulations. Assuming a quasi-linear
mapping formulation for MMACS, a refined RAR MTF is derived by adjusting the simulations to
be consistent with SAR-MMACS .

Since MACS is defined to highlight the image spectra of isolated wave scales, the global patterns
of MACS at various wavelengths are expected to depict the spatial distribution of differing ocean
waves. Chapter 7 then follows to address this point by analyzing MACS of various wavelengths
based on the ten-year Envisat/ASAR data archive. The wind-wave coupling is examined for dif-
ferent wave scales. The global patterns of three MACS, typical of wind sea and long waves are
illustrated and compared. The temporal variations of MACS profile are also analyzed at six loca-

tions of interest across the globe.

Conclusion and the perspectives are given in Chapter 8.
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Chapter 2

SAR imaging of the ocean surface

Contents
1.1 Motivations and objectives . . . . . . . .. it i it ittt 2
1.2 Publications . .. ... ... it i e e e e e 2
1.3 Overview of the satellite measured sea surface winds and waves . ... ... 3
1.3.1 Satellite observations of ocean winds . . . . . . ... ... ... .... 4
1.3.2  Satellite measurements of ocean waves . . . . . . ... ... ...... 7
14 Thesisoutline. . . . . . ... it i it i ittt ittt i 10

Progresses in scattering theory of electromagnetic (EM) waves lay the groundwork for development
of microwave remote sensing of ocean surfaces. The key to interpreting radar return data is to as-
sociate it with geophysical phenomena. The complexity of wave-roughened ocean surface imposes
additional difficulties in understanding the radar backscattering. To tackle this, simplified assump-
tions are needed so that ocean surface backscatter can be described by the linear statistics. Based
on which, several fundamental microwave backscattering models have been proposed to solve the

EM scattering problem.

The ocean surface can be considered as a complex distributed target with statistical surface descrip-
tors 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 occan waves.

2.1 Radar backscattering

According to linear wave theory, ocean waves are assumed to be homogeneous and Gaussian pro-

cesses. The EM surface scattering can therefore be approximated by the analytic solutions. In terms
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2.1. Radar backscattering

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 pertur-
bation 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. Valenzuela, 1978; Ulaby,

1982).

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 ¢?) is

often used to quantify the scattering field from rough surface, written as (Ulaby, 1982):

2
GO:47IR2<| i) .1

where R is the distance between the receiving radar and center of the scattering area. () represents
the ensemble average over the scattering area. Ej is the total scattered power from the scattering

area and E; 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 oy of each model. In the following, the analytic formulations of ¢ in the

case of specular, Bragg and composite scattering are introduced, respectively.

2.1.1 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 mech-
anism. 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.
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2.1. Radar backscattering

back to radar

water

Figure 2.1: Geometry of specular backscattering.

According to (G. R. Valenzuela, 1978; Ulaby, 1982), the applicable surface conditions of Kirchhoff
method can be expressed as

rk, cos° 0> 1 (2.2)

where r is the local radius of curvature of the illuminated ocean surface. k, is the wavenumber of

incident radar waves and 0 is the radar incidence angle relative to the normal of ocean surface.

(Barrick, 1968) derived an analytic formulae to predict the backscattering 6 from the finitely
conductive rough surface in terms of the physical optics approximation. The magnitude of 6? is

proportional to the sea surface slope, written as:

o0 = ﬁ P(sx,5y) [R(O) 2.3)
where p(sy,sy) 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, = % and s, = g—;’. 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 (Hagfors, 1964).

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

o_ [RO)P?

0% = - secPexp(—tan*0 /252) (2.4)
2 5uS¢

where s2 and s are the mean-squared sea surface slopes at upwind and crosswind direction, re-

spectively. This simplification has been proved to be valid by various radar observations (Barrick,
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2.1. Radar backscattering

1972). 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).

2.1.2 Resonant scattering

back to radar

LA

water

Figure 2.2: Illustration of resonant Bragg backscattering from slightly rough surface.

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

ky, =2k,sinB (2.5)

where k, is wavenumber of incident radar waves. That is to say, the wave scale responsible for
radar scattering echoes the radar wave scale. The backscattering ¢ is proportional to the variance
spectrum of short capillary waves on ocean surface. This resonant scattering mechanism was first
outlined by (Rice, 1951) and identified by (Crombie, 1955) 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 (Rice, 1951), the first-order backscattered ¢ from the
ocean surface is (Wright, 1968):

00)(0)pg = 47k} cos*0 |8} (8)]°W (2K 5in6. 0) (2.6)
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2.1. Radar backscattering

where the subscript pg denotes polarization state of incident and backscattered EM waves, respec-
tively. W (ky,k;) is the two-dimensional spectral density of the ocean surface capillary waves. The
(1)

incident radar wave is in the x — z plane with z being the vertical direction. g, () is the first-order

scattering coefficients. For horizontal polarization (G. R. Valenzuela, 1978):

0)(0) = &1 27
$ir(0) [cosO + (&, — sin20)1/2)2 7
and for vertical polarization
& — 1)[e-(1 +sin*0) — sin*6

[€,c050 + (&, — sin0)1/2]2

where &, 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 second-

order backscattering 6 can be found in (Ulaby, 1982).

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 ¢, 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 £wg. 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 res-
onant 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 dom-
inant 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 be-
comes 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.

2.1.3 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
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2.1. Radar backscattering

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.

Long waves

Figure 2.3: Illustration of composite backscattering from ocean surface.

This decomposition yields the composite or two-scale scattering model. It expresses the ocean
surface as short capillary waves riding on the longer waves, which are generated by two independent
processes. In the model, it is assumed that the ocean surface is composed of an infinite number of
slightly rough facets. Each individual facet is composed of short capillary waves, titled by the slope
of undulating longer waves. This tilt results in the local incidence angle 6; being different from the
nominal incidence angle 8. The local incidence angle reads as 6; = cos™ ! [cos(0 + w)cosd] with y
being the slope angle in the incidence plane and & in the plane perpendicular to the incidence plane.
The backscattering 6 of each slightly rough facet for horizontal polarization (HH) is (Wright,
1968; G. R. Valenzuela, 1978)

2
acosd\? sind\
( ) g%(@w(—) gy (6)

i

GO(Gi)HH = 47rkfc0s49,~

W (2k,t, 2k, ysinG)  (2.9)

and for vertical polarization (VV):

acosS\ > sind\ 2
(222 gthien+ (222 efhcen

c%(6))yy = 4nkltcos*6; W (2k,, 2k, ysinS)  (2.10)

1

and for the cross-polarization (VH, HV):

. 2
M) ‘ (1) W (2K, 2k, ysinS)  (2.11)

a2 gvv(6) _ggl)'-l(ei)

1

0 (6:)vr(uy) = 4mkjcos*6; (
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where o; = sin6; and a = sin(6 + y) and y = cos(0 + y). gﬁ}},(e) and g‘(,]‘),(e) is the first-order

scattering coefficients given in Eq.(2.7) and Eq.(2.8), respectively.

Thus, the total backscattering 6” from an area of ocean surface is the weighted sum of each facet

scattering over the distribution of ocean surface slopes, obtained by

oo +o0

0(6) g = / d(tany) / d(tand) 6°(6;) pg p(tany, tand) 2.12)

—o0 —o00

where p(tany,tand) 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. Hasselmann et al., 1985b).

Though, composite scattering model is able to predict the increasing ¢° and the decreasing po-
larization ratio 6‘9‘, / GQIH as wind speed increases (G. R. Valenzuela, 1978). It is not sufficient
to reproduce observed polarization ratio variation relative to wind direction (A. A. Mouche et al.,
2005, 2006a). In the last decade, progresses in the domain of approximate scattering theory has led
to better interpretation of the backscattering ¢° 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 (Kudryavtsev et al., 2003; Johnsen et al., 2008). 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 scat-
tering 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.

2.2 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 high-

resolution images are briefly reviewed.
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2.2.1 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 x — axis).
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 (Jackson & Apel,

2004):
c

R = —
" 2B

(2.13)

where c is the speed of light. B is related to the radar center frequency.

Signal strength

azimuth time

Frequency

[8] azimuth time

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

While the other dimension, azimuth direction, is in the flight direction of a SAR (denoted by y —
axis). 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(n), written as:

4r

0=~ R(n) (2.14)
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2172
where 1 is time in azimuth. The approximation R(1) = y/R3+V?n? ~ Ry + V2T1Z) is used for the
special zero squint case. Ry is the shortest slant range distance and V is the platform velocity. As a

result, the instantaneous Doppler shift is (Madsen, 1989)

1 dp  2v?

Jp

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 n = %, where L is the

antenna length. The bandwidth of Doppler shift then writes fpmqc = 2V /L. As such, resolution of
the azimuth time 7 is (Madsen, 1989)

1 L
on = = — (2.16)
M f Dmax 2V
and accordingly, the azimuth resolution is
L
Ra:V-Snzz (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.
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2.2.2 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 (Cumming
& Wong, 2005). 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) (Wu et al., 1982;
SMITH, 1991) 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 (Cumming & Wong, 2005). However, limita-
tions 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 (Cumming & Wong, 2005). The chirp scaling algorithm (CSA) is then de-
veloped to overcome these limitations (Raney et al., 1994). 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 (wKA) corrects range dependence of range-azimuth coupling
through a special implementation in the two-dimensional frequency domain (Cumming & Wong,
2005; Bamler, 1992). 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 oper-
ation 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
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various algorithms to process all kinds of acquisitions.

2.3 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. Alpers, 1983; Franceschetti et al.,
1998, 2002; Liu & He, 2016). Among which, the inverse omega-k algorithm presented in (Liu &
He, 2016) is chosen to compute the SAR raw data considering its computational efficiency. Details

are referred to in (Liu & He, 2016).

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°. 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.
Stationary Target Moving Target Moving Target
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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 2.5(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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forward or backward, depending on its relative moving direction to the SAR. In Figure 2.5(b), the
point target is moving toward the sensor, yielding an additional positive Doppler shift. It is then
registered at the forward position in comparison to its original position. On the contrary, when the
point target is moving away from the sensor, the negative Doppler shift corresponds to a backward

displacement as shown in Figure 2.5(c).

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~!. 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.

2.4 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.

2.4.1 Backscattering of moving ocean surface

Numerous efforts have been devoted to interpreting the SAR imaging relation of ocean waves
(K. Alpers W.and Hasselmann, 1978; W. Alpers & Rufenach, 1979; W. R. Alpers et al., 1981;
TUCKER, 1985). A consistent SAR ocean imaging theory has been summarized and presented in

(K. Hasselmann et al., 1985b). Later, a series of studies have derived the nonlinear mapping from
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ocean wave spectrum to SAR image spectrum (K. Hasselmann & Hasselmann, 1991b; Krogstad
et al., 1994; Engen & Johnsen, 1995; Bao & Alpers, 1998). 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 reso-
nant 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. Hasselmann
et al., 1985b), 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(@1) r(@+C,t+1)) = 6°%1) R(% ;1) 8(8) (2.18)

where () denotes ensemble average and 6 (¥, 1) is the cross-section. R is the normalized correlation
function and 3(5 ) expresses the spatially white property of r(X,¢). The time lag T describes varia-
tion of the complex reflectivity during the SAR integration time 7;. While the variable ¢ denotes the

variation of R and ¢ 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) = ro(X) expjoyt + japt? (2.19)
where
Wy = 2kvy, agy = 2kra, (2.20)

v, and a, are the line-of-sight component of long-wave orbital velocity and its acceleration, re-
spectively. k, 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
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direction by the distance of

R
Ax = VOW 2.21)
and the quadratic term smears the SAR image by
52— L (Ko, T 2 (2.22)
xX° = 3y ay > .

The smearing effect is often regarded as the variation of azimuth displacements Ax during the SAR

integration time.

a) azimuth real bl \ azimuth real c) azimuth real

x = Ut mage x = Ut image x = Ut image
A A

“\;_A

0 w 0 w
voriance A,B varance A B wariance
spectrum spectrum M spectrum

0 ] 0

Figure 2.6: SAR imaging mechanism of surface scatterers. (a) Two stationary independent targets at differ-
ent 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

independent scattering elements at different intrinsic frequency. After (K. Hasselmann et al., 1985b).
From the ocean surface reflectivity map r(X,¢), its normalized variance spectrum can be written as:
R(X, T o) = (|F(X, T;; 0)|*) T;/2n6° (2.23)

where

FE T 0) =T, / r(31) H(t, 0) expi¥di (2.24)

H represents a weighting function of antenna pattern, which varies with time and frequency. The

quantity R(¥, T;; @) can be associated with the SAR image impulse response function (IRF) through

(1(x)) = / N2 GO, ) R(¥, T )dy! (2.25)
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in which
_ Ry
N=T, 1/H Vi) H — vt ) dt 2.26

for the case of single look processing. 6”(x',T;) 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. Fig-
ure 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 tar-
gets (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 backscat-
tering signal. This results in the mapping of B’ into the displacement relative to its true position.
The displacement distance is proportional to the radial component of target velocity, as shown in
Figure 2.6(b). In reality, the ocean surface is composed of a continuous distribution of surface
scatterers instead of the distinct ones. Figure 2.6 therefore shows mapping of a scattering facet
with scatterers at the same position but moving at different velocities. These components are di-
rectly 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.

The interpretation of SAR imaging principles of ocean waves has been the subject of many stud-
ies, both from theoretical and experimental point of view (K. Alpers W.and Hasselmann, 1978;
K. Hasselmann et al., 1985b; K. Hasselmann & Hasselmann, 1991b; Engen & Johnsen, 1995). 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.
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2.4.2 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:
nx,t) = Zn% explj(k-7—wt)] + c.c. (2.27)
k

where c.c. stands for the complex conjugate. The variation of backscattering can be accordingly

written as:

o(X,1) = c_f{I—I—Zm%exp[j(ié-?—(ot)]+c.c.} (2.28)
k

where G is the averaged backscattering over SAR imaged area, w is the wave angular frequency
and w = /gk based on the ocean wave dispersion relation in deep water condition. Further, the

backscattering modulation is linearly related to wave amplitude through:
_ TR
my = T)—é Nz (2.29)

where T;C.R is the RAR modulation transfer function (MTF), consisting of tilt and hydrodynamic
modulation:

TR =T} +T}¢ (2.30)

The magnitude of tilt modulation has been derived theoretically by (W. R. Alpers et al., 1981),
which is a constant for given incidence angle. Then, a straightforward estimate methodology from
SAR images is presented in (Jacobsen & Hgda, 1994). However, it is inadequate to utilize a RAR
modulation without considering its dependence on local wind speed and direction, therefore Ker-
boal (Kerbaol, 1997) 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. Alpers et al., 1981). Tilt MTF is generally larger in HH than in
VV polarization (W. R. Alpers et al., 1981; Engen et al., 2000). In addition, the theoretical tilt

MTF is a constant at given incidence angle and independent of wind speed and direction given its
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2.4. SAR transformation of ocean waves

(a) Tilt vs incidence angle (b) Tilt vs wind speed (c) Tilt vs wind direction
16 - ': —— Analytic HH 121-* tnc =40" 000, o000,
e Analytic vV wdir = 45° o7 .° Steateet .
14 4 p e GMFVWV ° Jeo' ‘e,
e GMF HH 10 A . g° .

-
N

Abs. Tilt MTF
=
o

®

o

IN

1T wdir=45°
15 20 25 30 35 40 45 0 5 10 15 20 0 90 180 270 360
Incidence [°] Wind speed [m/s] Wind direction [deg]

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. Alpers et al., 1981). The GMF-based tilt
MTF is calculated using CSARMOD in (A. Mouche & Chapron, 2015a).

sole dependence on SAR incidence angle, as shown in Figure 2.7(b) (c). For incidence angle of
40°, the GMF-based tilt MTF decreases with increasing incidence angle and reaches the maximum
at crosswind direction. The theoretical tilt MTF is mostly smaller than the GMF-based estimates.
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. Alpers et al., 1981) for a
simple Phillips k~* wave spectrum, written as:

o—il

h _

(2.31)

where u 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.
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2.4. SAR transformation of ocean waves

2.4.3 Velocity bunching

A SAR finds its azimuthal position by recording the phase history of backscattering during the
integration time (W. R. Alpers & Bruening, 1986). 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

vy = Z TInz exp(jk-7)+c.c. (2.32)
[

where the range velocity transfer function is expressed by

T. = —w (sinBcosd + jcosO) (2.33)

X

where ¢ is wave propagation direction relative to SAR line-of-sight and 0 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).

2.4.4 The non-linear SAR transformation

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

I(X,0)=IR& O)nX,1) (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
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2.4. SAR transformation of ocean waves

image. This process can be written as,
PR = / IR, ) hFE—F — AR, 1) d¥ (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 4 is necessary to derive a closed-form expression
of SAR image (Krogstad et al., 1994),

h(E) = ——m/(203) =15/ (20}) (2.36)
where the variables A(X,7), Oy, o, 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 o, = 0 is therefore employed. This range shift is then proportional
g g y

to the sea surface elevation and orbital velocity (Krogstad et al., 1994).

The Fourier components Ig on a SAR image can be calculated by applying a Fourier Transform to

the basic mapping relation in Eq.(2.35),
IS — /d)—c*e]kxls /d2X IR e — k(X + A (¥, ))e Jhy (X' +A (X 1)) (237)

According to the derivations in (Krogstad et al., 1994; Engen & Johnsen, 1995), the SAR image

cross-spectrum may be written as,

P(k,t) = ( 2;)2 Fe R G(R,E) — 8(F) (2.38)

GER1) = (1) (IR @.0)1H(.0)e 400z 1n(0,0) (2.39)

Given the assumption that the intensity image IX and the white noise n are independent, one can

obtain:

<n(5c’,t) n(6,0)> = ()2 +628(x)5(t) (2.40)

where o, is the variance of the speckle noise. As such, the G—function can be formulated as:

G(F K1) = (1) (IR (R, )R (0,0)e FAEO=ACY o ()2 4 626(3)5 (1) ) 24D
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2.4. SAR transformation of ocean waves

By exploiting the properties of speckle noise, SAR image cross-spectrum can be grouped as two

types: t =0 and ¢ # 0. In the case of r = 0, the standard SAR image spectrum is obtained by
. r 5 -
P(k,0) = ~—5 + o, Py(k,0) (2.42)
where the un-speckled SAR image spectrum is
/ dite 3 (1R(3,0)1% (0,0)e K040 0N (2.43)
While in the case of # # 0, the SAR image cross-spectrum is
P(k,t) = Py(k,1) (2.44)

Assuming that the smearing term o, and oy in Eq.(2.36) is small in comparison to the ocean wave-

length of interest, and range bunching effect is negligible, the G—function can be written as
G(®, k1) = kilPnE0=puO0] o 11 4 o (% 1)] (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 § (75)

through

Paa(E,1) E0SH) + N (ks (=B } (2.46)

where the subscript a represents / for RAR modulation in Eq.(2.30) or v for velocity bunching MTF

in Eq.(2.33) and
1

aa 2 —jot
5| T k)P (247)

Naa(k,t) =

Another advantage of SAR image cross-spectrum is the introduction of phase shift through wt
during the time interval . This feature is widely used to resolve the propagation ambiguity of

ocean swell in the wave spectrum inversion.
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Chapter 3

Status and challenges in SAR winds
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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’.
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3.1. Method of SAR wind retrieval

3.1 Method of SAR wind retrieval

In this section, the methods widely used to derive wind speed from SAR measurements are de-
scribed. The importance or description of each component in the retrieval algorithm is then accord-

ingly given.

3.1.1 Algorithm of SAR wind retrieval

Radiometric

oo | 4 wdir €--------- external
calibration

Azimuth
cutoff

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.

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 so-
called Geophysical Model Function (GMF) is built. This function is then used to infer winds from

a given measurement.

Figure 3.1 presents the basic flowchart of wind retrieval from SAR data. NRCS is the most straight-
forward 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-
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3.1. Method of SAR wind retrieval

larization is still widely used. Though extraction of wind direction with the help of wind streaks
has been demonstrated feasible, the signal of wind streaks is not always visible on the SAR image.
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).

In addition to the NRCS, the Doppler Centroid Anomaly (DCA) estimated from the SAR backscat-
tering 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; Rouault et al., 2010). 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. Mouche et al., 2012).

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 (Grieco et al., 2016; Corcione et al., 2018). 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 con-
ditions has been well proven (B. Zhang et al., 2011a). Several new GMF relating cross-polarized
NRCS to winds have been proposed in the literature (Hwang et al., 2015; A. A. Mouche et al.,
2017). Given the insensitivity of cross-polarized NRCS to changing wind direction, the combi-
nation of both co- and cross-polarized backscattering enables the derivation of wind speed and

direction independently from SAR observations.
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3.1. Method of SAR wind retrieval

3.1.2 GMF of CMODS.N

The empirical GMF, CMODS.N, was developed for global applications for use of the C-band scat-
terometer on board ERS-2 satellite and the Advanced Scatterometer (ASCAT) (Hersbach, 2008).
CMODS5.N performs better than its predecessor CMODS with higher accuracy in the wind retrieval
(Carvajal et al., 2014; Jagdish et al., 2018). 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). CMODS.N is valid for incidence angles ranging from 18° to 60°, covering the two
incidence angles of WV. CMODS.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 (Hersbach, 2008):
6" = By[1 + Bicos(¢) + Bacos(20)] 3.1)

where ¢ is the wind direction relative to the antenna look angle. By is the dominant term determin-
ing scale of NRCS for given wind speed. B incorporates the up-downwind asymmetry of NRCS,
while B, expresses the up-crosswind asymmetry of NRCS. The three terms are all functions of in-
cidence angle, wind speed, and wind direction. Coefficients for each term are given in (Hersbach,
2008). 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.

3.1.3 Radiometric calibration of S-1 NRCS

Over the ocean, the normalized radar cross section (NRCS or ¢ used inter-changeably through this
work) responds primarily to the ocean surface wind vector. Proper calibration of WV NRCS is nec-
essary in order to accurately estimate geophysical quantities such as oceanic wind speeds (Horstmann
et al., 2003; Lehner et al., 2000) and sea state parameters, such as significant wave height (Schulz-
Stellenfleth & Lehner, 2002; Stopa et al., 2017; H. Wang et al., 2017) or ocean swell spectrum
(Chapron et al., 2001). In general, the radiometric calibration of NRCS is performed by com-
paring the backscatter from ground targets with known NRCS that are concurrently measured by
transponders (Shimada et al., 2009; Sharma et al., 2017) or routine acquisitions over the reference

distributed targets such as Amazon rain-forest (Crapolicchio et al., 2012; Gupta et al., 2017).
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3.2. Assessment and re-calibration of S-1 NRCS

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) :

o DN?—n;

o’ == (3.2)

where DN = /(1% + Q?) is the digital number of ESA Level-1 Single Look Complex (SLC) prod-
uct. 7 is the de-noise Look-Up-Table (LUT) provided in annotation file and A; is the calibration
LUT for ¢V as function of azimuth and range pixel, also annotated in the Level-1 products. Multiple
calibration procedures are incorporated in A;, containing area normalization factor, calibration con-
stant and geophysical calibration. Among which, the geophysical calibration constant, the NRCS
difference between SAR measurements and simulated NRCS using CMOD-IFR?2 from collocated
ECMWEF winds in the range of [4 m/s, 10 m/s], is provided by the Sentinel-1 Mission Performance
Center for WV1 and WV2, respectively (Collecte Localisation Satellites (CLS), 2017).

Here, we compute a single 6” per imagette at a resolution of 20 km by 20 km. The noise equiv-
alent 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~! is taken as the NESZ. The NESZ-
corrected 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.

3.2 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 Gamma-

nought parameter y° (Crapolicchio & Lecomte, 1999; PCS Team, 1999; Gupta et al., 2017) whereas
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3.2. Assessment and re-calibration of S-1 NRCS

the second is an evaluation over open ocean (Verspeek et al., 2013). In the end, ocean calibration

is chosen to re-calibrate the long-time series of S-1 NRCS.

3.2.1 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
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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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 WV 1. Bin size of lati-
tude 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.

S-1 WYV 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 (Torres et al., 2012). 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
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3.2. Assessment and re-calibration of S-1 NRCS

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 ECWMEF forecast initialized every 6 hours.
The ECWMEF 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. Figure 3.2
(a) and (b) present histogram of collocated data set binned by incidence angle for WV1 and WV2,
respectively with bin size of 0.2°. For each incidence bin, the numbers of products are regular
(around 15,000) at incidence smaller than 24.0° (37.0°) for WV1 (WV2). Note that 24.2° (37.2°)
for WV1 (WV2) has the maximum of acquisitions around 41,000. Only about 5,000 imagettes are
acquired at incidence of 24.4° (37.4°) for WV1 (WV2). Ascending and descending passes have
similar data counts (except 24.4° (37.4°) for WV1 (WV2)).

Incidence angles are not evenly distributed across the globe. This is shown by the normalized
histograms in Figure 3.2 (c) and (d), where latitude bin size is 2°. There is an incidence angle
dependence on latitude for both ascending and descending passes. Both ascending and descending
passes have similar spread over latitude per incidence. Incidence angle generally increases from
the south to the north. In particular, the highest incidence angles plotted as black lines (24.4° for
WVI1 and 37.4° for WV2) are distributed between the Equator (0°) and 20° N. Incidence angles
of 24.2° for WV1 and 37.2° for WV2 have the largest spread over 10° S to 40° N. Since wind
speed and direction vary greatly with latitude (Atlas et al., 1996), 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.

3.2.2 Assessment of the NRCS

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

First we evaluate the S-1A NRCS relative to wind direction for given wind speed and incidence
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Figure 3.3: NRCS at 12 ms~! 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 CMODS5.N for given incidence angle and wind speed. For wind

direction, 0° indicates upwind and 180° is downwind.

angle. U10 of 12 ms~! is used to illustrate the comparison of S-1A NRCS with the CMOD5.N
prediction. We choose U10=12 ms~! because it is a compromise between sufficiently high signal-
to-noise ratio and adequate collocation pairs. In addition, working with incidence angles of 23.4°
and 36.4° ensures a narrow spread over latitudes as well as relatively uniform wind direction across
[0°, 360°]. NRCS with respect to wind direction is shown on Figure 3.3 (a) for WV1 and on
Figure 3.3 (b) for WV2. Within each direction bin of 10°, 50 data points are randomly selected if
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 (Stopa
& Mouche, 2017b). This results in 1569 and 1658 points (marked by 'N’) for WV1 and WV2,
respectively for U10=12 ms~'. 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
CMODS5.N curve for WV 1. In particular, S-1A NRCS are slightly greater than CMODS5.N estimate
approximately by about 0.3 dB at crosswind (wind direction of 90°). Similar trend is found for
other incidence angles of WV 1. By contrast, as shown in Figure 3.3 (b), S-1A NRCS is constantly
smaller than the CMODS.N estimate across all wind directions for WV2. The NRCS residual
(GgAR'Gg‘MODS.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~! 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.
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Figure 3.4: NRCS difference (G_?A R'GgMO ps.n) s function of wind speed for given incidence angle for (top)
WV 1; (bottom) WV2. Solid line is mean NRCS difference with bin size of 1 ms™!. The error bar represents

1 standard deviation of NRCS difference within each bin. Colors denote count of data points.

CMODS5.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 (GgAR -
GgMODS. ) relative to U0 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 de-
creasing NRCS residual with increasing wind speed up to 7 ms~! before remaining steady at higher
winds. The NRCS residuals for WV 1 and WV?2 are different when U10>7 ms~!. Overall the aver-
age NRCS residual is approximately O dB for all WV and -0.8 dB for WV2 when considering all
incidence angles. In particular, for U10=12 ms~!, there are NRCS residuals of 0.05 dB for WV 1
(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~!) 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
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3.2. Assessment and re-calibration of S-1 NRCS

induced by the ECMWF winds, WV1 and WV?2 used the same data source, so that any errors in
the ECMWF winds should be equally translated into NRCS residuals for both WV1 and WV?2.
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.

3.2.3 Re-calibration of NRCS

In this section, two re-calibration methods are carried out. First the }° 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; Long
& Skouson, 1996; Hawkins et al., 1999), 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 (Hawkins et al., 1999):
Y’ = 6°/cos(8) = B tan(6) (3.3)

where 7°, 6¥ and B are three different forms to represent the backscattering signal. In terms of the
isotropic properties of the rain-forest, }° 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 7° is chosen as reference to re-calibrate WV because IW is well calibrated against ground cor-
ner reflectors (Schwerdt et al., 2016). Besides, the comparison of IW NRCS with CMODS.N using
collocated ECMWEF 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 commu-

nity (PCS Team, 1999), we collect IW acquisitions from 4°S to 9°S in latitude and from 73°W to
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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 ¥° over sub-image I (blue solid line)
and fit (red dashed line) with Eq.(3.4). The bin size of }/0 is 0.1 dB. The vertical dashed line represents

position of fitted A; coefficient.

59°W in longitude between June 2016 and June 2017. In total, 425 IW Ground Range Detected
(GRD) products are used, each with spatial coverage of 250 km by 250 km. In contrast, there are
fewer acquisitions by WV over this test site. Most of the WV images are located in the eastern
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 7° is computed and fitted with a normal distribution plus a second-order

polynomial, expressed as (PCS Team, 1999):

—Aq)?
F(x) ZAo-exp[—(szTl)} +A3-x*+Ag-x+As (3.4)
5
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(a) IW: all points
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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.

where x denote 7 and A; are six coefficients to be determined, which are determined by non-
linear least squares method. Figure 3.5 (b) is an example of ¥° histogram over the sub-image I in
Figure 3.5 (a). The coefficient A; is then taken as the reference Y" over this sub-image. The same

procedure is applied to all WV and IW products.

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, 7° over Amazon rain-forest is approximately a constant for VV polar-
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Figure 3.7: (a) Variation of yo relative to elevation angle. Histogram of yO for (b) all IW data; (c) IW data
filtered around WV?2 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; coefficients are annotated in subplots.

ization, independent of elevation angle or incidence angle(Hawkins et al., 1999). Though, it is
preferable to compare the 7° 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°, covering WV2
(32.6°) but does not cover WV1 (21.6°). For WV2, a filtering of elevation angle within 32.6°+0.4°
is accordingly applied to processed IW data points. While for WV 1, we use a different strategy. IW
7¥ relative to elevation angle is shown in Figure 3.7 (a). It is worth noting that the 7° 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 (Schwerdt et al., 2016).
Here, we choose to use all IW Level-1 data given the small variability of y°, assuming that the }°

dependence on the elevation angle is negligible.

We present the histograms of 7° for all IW points, filtered with respect to elevation angle, WV,
and WV2, in 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; is also annotated in the plots. By compar-
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3.2. Assessment and re-calibration of S-1 NRCS

ing Ay in Figure 3.7(b) and (d), there is a difference of 0.2803 dB between IW and WV 1, while
0.4449 dB between filtered IW and WV2 (Figure 3.7c,e). A seasonal variation on the order of
0.15 dB (Crapolicchio & Lecomte, 1999) has been commonly observed by scatterometers. How-
ever, 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 ¥ consistent be-
tween 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 ¥° a deduction of -0.4449 dB is equivalent to
be divided by 0.9026 in linear units.
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Figure 3.8: (Top) Variation of Ac? relative to wind speed (a) WV1; (b) WV2. (Bottom) The corresponding

number of observations for given wind speed.

Ocean calibration

Although the Y 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 (Verspeek
et al., 2013) 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~! 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
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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™! 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 WV?2 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.
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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.

3.2.4 Assessment of the re-calibrated NRCS

It should be noted that both re-calibration methods are not devoted to seeking an absolute radiomet-
ric calibration constant for WV. Its purpose is to tune an additional correction factor based on ESA
provided NRCS. As expressed in Eq. (3.3), the two backscattering coefficients Y* and ¢ in linear
unit share the same radiometric calibration constant. As such, the additional factors are supposed

to be further divided by ESA-calibrated o to obtain the re-calibrated NRCS.

Figure 3.9 presents the re-calibrated NRCS curve relative to wind direction at wind speed of
12 ms~! 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 CMODS.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 cross-

wind (wind direction of 90°). This improvement is further quantified by the re-calibrated NRCS
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Figure 3.10: Re-calibrated NRCS residuals (GgAR — Gg‘MODS. ) 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~!. The error bar represents 1 standard deviation of NRCS difference within each bin.

residuals shown in Figure 3.10. The blacks lines are identical to Figure 3.4 for reference. For WV 1,
the fit for rain-forest calibration (blue line with right triangle) are superimposed by the fit lines of
ocean calibration (red with error bar). The error bar represents standard deviation of NRCS differ-
ence within each bin. The outliers when U10>15 ms~! in Figure 3.10 (e) are caused by the limited
number of data points. By comparison, both re-calibrated NRCS residuals using either rain-forest
or ocean calibration demonstrate reduced deviation from zero, particularly at high wind. For WV2
in Figure 3.10 (d-f), the mean NRCS residuals show varying trend relative to wind speed with in-
cidence angles. For incidence angles of 36.6° and 37.2° in Figure 3.10(e) and (f), the residual is
close to zero with negligible variation on the order of -0.05 dB. However, clearly decreasing NRCS
residuals with increasing wind speed is still found at 36.2° in Figure 3.10 (d). The reasons respon-
sible for this variation are discussed in the next section. To summarize the overall performance of
both re-calibration methods, the mean NRCS residuals of the whole dataset before and after re-
calibration are listed in Table 3.1. The two re-calibration methods have comparable performance

and improve the mean residual for both WV1 and WV2 in comparison to ESA calibration.
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3.2. Assessment and re-calibration of S-1 NRCS

Table 3.1: Mean NRCS residual

NRCS Residual WVI1 [dB] | WV2[dB]
ESA calibration 0.2541 -0.6052
rain-forest calibration -0.0241 -0.1642
ocean calibration -0.0169 -0.0352

3.2.5 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 per-
form 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 (Verspeek et al., 2013). As a follow-up, a correction
constant is calculated per cycle for both S-1A and S-1B and presented in Figure 3.11. WV of both
S-1A and S-1B show non-negligible fluctuation in the derived calibration constant. NRCS resid-
ual for WV 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 resid-
ual. 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.

As introduced in (H. Li et al., 2018), 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:

6% = (09¢s — Mu)/Coc |linear] (3.5)

where Ggs 4 denotes ESA-calibrated NRCS in Eq.(3.2) and Cpc 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.
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Figure 3.11: Temporal evolution of correcti

(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
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on constant obtained by ocean calibration method per cycle for

is excluded. The fact that S-1B operated in HH polarization

results in the interruption from mid-March to June in 2017.

3.3 Challenges in S-1 wind retr

In this section, the status of wind retrieval from S-1 WV images is first described. The problems

ieval

and challenges in the present retrieval algorithm is then discussed.

3.3.1 Wind retrieval based on

CMODS5.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 CMODS.N. SAR re-

re-calibrated NRCS
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(a) WV1 CMOD5.N vs buoy (b) WV2 CMOD5.N vs buoy
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Figure 3.12: (Top) Scatter plot of retrieved wind speed from re-calibrated NRCS using CMDOS.N relative
to buoy wind speed for (a) WV1; (b) WV2. The buoy wind direction is input as a priori to CMODS5.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 (¢) 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.

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.
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The wind speed biases are smaller than those derived using CMODS.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 (Horstmann et al., 2003; Lu et al., 2018). Yet, improvements by using
CMODS.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-IFR?2 at low
wind speed than CMODS5.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 CMODS5.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.

3.3.2 Possible improvements in wind retrieval

Though C-band GMFs have been continuously updated to improve its performances in wind re-
trieval (Quilfen & Bentamy, 1994; Hersbach et al., 2007; Hersbach, 2008; A. Mouche & Chapron,
2015a), the retrieval accuracy is still subject to multiple impact factors. For example, atmospheric
instability (Hoffman & Louis, 1990) and presence of upper oceanic current (Plagge et al., 2012)
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 modula-
tion 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.
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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; Corcione et al., 2018). 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 quad-

pol SAR products, this aspect is expected to advance the wind retrieval in the future.

3.4 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 com-
parisons of SAR-measured NRCS with CMODS.N prediction over open ocean and at global scale.
WV1 and WV2 exhibit distinct calibration accuracy: WV1 is overall consistent with CMODS5.N
predictions while WV?2 shows a considerable deviation from CMODS5.N. Two re-calibration meth-
ods are then carried out by examining the Y profile over Amazon rain-forest as well as ocean cali-
bration. These two methods give comparable correction constants for WV1 and WV?2, respectively.

When the corrections are applied, the NRCS residuals between re-calibrated NRCS and CMODS.N
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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 through-
out 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.
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Chapter 4

Azimuth cutoff of polarimetric SAR images
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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 depen-

dence 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 fur-

ther demonstrate that the present SAR nonlinear transformation may not properly take into account
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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’.

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

In this section, the azimuth cutoff dependence on wind vectors (wind speed and direction) is illus-

trated using SAR images acquired by S-1 WV.

4.1.1 Wind direction
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Figure 4.1: VV-polarized azimuth cutoff relative to wind direction at wind speed of 12 m-s~! for (left) WV 1

and (right) WV2. Solid line is fit to the SAR measurements. Note the different maximum value along y-axis.

As a comparison to Figure 3.3, the wind speed of 12 m-s~! 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 range-
to-velocity ratio, a larger azimuth cutoff is thus expected for given winds. As shown in Figure 4.1,

azimuth cutoff of WV?2 is greater than that of WV 1 across the entire wind direction range.

Comparable to NRCS, azimuth cutoff also exhibits sine-like dependence on wind direction. Specif-

ically, the azimuth cutoff is the smallest in the crosswind and increases toward both upwind and
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4.1. Single-polarized azimuth cutoff w.r.t. wind vectors

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 WV, 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.

4.1.2 Wind speed
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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.

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 WV 1
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~! for the two polarizations and incidence angles. For WV 1 at lower
incidence angle, azimuth cutoff is comparable in VV and HH polarization. While for WV2, HH

azimuth cutoff is larger by 21 m.

The polarization dependence of azimuth cutoff is statistically clear in Figure 4.2, though the VV-
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4.2. Quad-pol data set

Table 4.1: Azimuth cutoff at 15 m-s— 1.

Pol | VV-WV1 | VV-WV2 | HH-WV1 | HH-WV2

AC 303.0 m 3440 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.

4.2 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.

4.2.1 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
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 4.2 presents the detailed information

(acquisition time, incidence angle and geographic position) of these Radarsat-2 products.

4.2.2 Gaofen-3

The Chinese Gaofen-3 satellite also carries a C-band SAR sensor (radar frequency of 5.3 GHz),

launched in August 2016. It can support acquisitions in 12 imaging modes. Among which, wave
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Quad-pol data set

Table 4.2: Details of Radarsat-2 Fine Quad-pol products.

Time (UTC) Inc [°] Lat/Lon Time (UTC) Inc [°] Lat/Lon
2013-10-07 19:51:52 | 19.3 34.20N/30.84W || 2011-12-26 18:23:23 | 25.6 | 57.17N/177.78W
2015-10-28 06:48:34 | 19.4 48.48N/5.66W 2009-02-28 05:47:58 | 32.2 | 51.20N/178.80E
2013-06-28 16:11:48 | 20.8 | 17.60N/152.39W | 2009-08-22 14:31:05 | 33.2 | 46.17N/124.54W
2016-09-13 01:59:59 | 20.9 | 46.44N/125.43W || 2011-11-28 18:40:49 | 33.3 55.18N/175.24E
2011-12-19 18:27:32 | 20.9 | 57.16N/177.65W | 2011-12-30 06:02:15 | 35.3 55.18N/175.12E
2016-09-13 01:59:56 | 20.9 | 46.24N/125.37W || 2012-11-29 18:36:40 | 37.3 55.17N/175.17E
2012-11-27 05:49:47 | 219 55.17N/175.04E || 2012-11-23 06:06:25 | 39.1 55.17N/175.16E
2009-01-11 02:25:04 | 23.2 | 46.15N/131.08W || 2011-12-19 18:28:18 | 44.3 55.17N/175.07E
2009-03-17 14:39:15 | 23.2 | 46.19N/124.56W || 2011-12-02 18:24:08 | 47.5 55.19N/175.03E
2011-12-02 18:23:23 | 25.6 | 57.15N/177.78W || 2011-12-26 18:24:08 | 47.5 55.17N/175.02E
2012-05-01 02:48:21 | 48.2 | 38.05N/129.99W

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 in Figure 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 in Figure 4.3(b). Note that the incidence angle of 36°+£1°
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°)..

4.2.3 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 (Ardhuin et al., 2010). They are available on a global spatial grid of 0.5° in both
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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°.

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~! to 2.0632 rad-m~"'. 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.

4.3 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.

4.3.1 A Case study

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

the VH image in Figure 4.4(e) is slightly blurred compared to VV and HH polarization. The real
parts of SAR cross-spectra for each polarization are shown in Figure 4.4(b)(e)(h). Peak wavelength
is around 350 m. Image spectral magnitude of HH polarization is larger than VV. By comparison,
the VH spectrum is much smaller, which is partly related to the lower RAR MTF. These variations

of spectral energy are consistent with the simulation results in Figure 4.7.

Azimuth cutoffs are estimated by fitting a Gaussian function to the inter-correlation, as shown in
the right panel of Figure 4.4. The HH-pol azimuth cutoff is slightly larger than the VV-pol estimate.
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. Mouche & Chapron, 2015b). This is not the case. Smearing ef-
fects, 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.
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4.3. Polarized SAR azimuth cutoff

4.3.2 Statistical azimuth cutoff
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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.

To emphasize the differing azimuth cutoff sensitivity to polarization, both HH and VH estimates
are displayed relative to VV. Figure 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
et al., 2006b, 2007b). As the incidence angle increases, the mean fit line deviates from the one-
to-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 (Kudryavtsev et al., 2013), 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.

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

cases, the mean fit also increases with incidence angle. Note that the mean fit lines are also slightly
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4.3. Polarized SAR azimuth cutoff

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.
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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 4.6 displays azimuth cutoff estimates from the Quad-pol Radarsat-2 data set for HH versus
VVin (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).
With increasing incidence angle, 30° (in green and red), HH azimuth cutoffs are larger than V'V,
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.

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
(Kudryavtsev et al., 2005; A. A. Mouche et al., 2008; Kudryavtsev et al., 2013, 2014; Hansen et
al., 2016). 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.
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4.4. Azimuth cutofts from simulations

4.4 Azimuth cutoffs from simulations

In this section, we first show estimates of polarimetric azimuth cutoff from simulated image cross-
spectrum 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

4.4.1 Nonlinear SAR transformation

Assuming a multiplicative noise model to represent the backscatter intensity from a moving ocean
surface, (Engen & Johnsen, 1995) 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 re-

solved. The nonlinear cross-spectrum can be simplified as:
PP (K, Ar) = / dx e X filPaa(x)=Paa O[] 4 o/ (x,1)] (4.1)

where the subscript d and I in p,, denote the velocity bunching and RAR modulation, respectively.
ky 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

Paa (X, At) / dk KX % M, (K)[2 e 7N S(K) + [My (k) |* €Y S (-k) (4.2)

where M, 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; Chapron et al., 2001):
R . :
My = Va)(smecosq) + jcosO) (4.3)
where R/V is the slant-range to velocity ratio of SAR sensor. The RAR MTF is expressed by:

10
My = —ilky— 220

Ty (4.4)
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The co-polarized (VV, HH) oy is empirically derived using the CSARMOD (A. Mouche & Chapron,
2015b) and cross-polarized (VH) by the model in (Hwang et al., 2015; A. Mouche & Chapron,
2015b; A. A. Mouche et al., 2017). According to the reciprocity theorem (G. Valenzuela, 1967),
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 ex-
pected 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 or-
der 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 (Kudryavtsev et al., 2014), 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 cut-
off sensitivity to the different RAR MTFs. The input ocean wave spectrum is Elfouhaily spectrum
(Elfouhaily et al., 1997) 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 non-
zero 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
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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°.

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
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suggest that azimuth cutoff parameters shall only differ from the definition of the different RAR
MTFs.

4.4.2 Comparison of SAR and simulation
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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.

As demonstrated in Section 4.4.1, azimuth cutoff parameters from simulated SAR image cross-
spectra already display polarization sensitivity. In this section, neglecting a time coherence effect,
we further systematically evaluate nonlinear SAR transformation. NRCS GMF of CSARMOD
(A. Mouche & Chapron, 2015b) is used to estimate RAR MTF for co-pol VV and HH measure-
ments and Hwang’s GMF (Hwang et al., 2015) 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.

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
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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 one-
to-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 az-
imuth 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 ac-
count 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 resid-
ual 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) be-
tween SAR measurements and simulations. Figure 4.10(a)(b) display results for HH-VV and VH-

VYV, as function of the wind speed. Solid line is for SAR-measured PD and dashed line for simulated
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VV; (b) HH; (c)VH. Solid black line is the mean azimuth cutoff residual. Color denotes data count.

PD. In Figure 4.10(a), both azimuth cutoff PD increases with the wind speed and observation-PD
always larger than simulation-PD. With increasing wind speed, SAR-measured PD increased much
more rapidly. At this stage, this might be attributed to the MTF impact, as the empirical HH
RAR MTF could be increasingly underestimated with wind speed. For VH-VV PD analysis, Fig-
ure 4.10(b), the smaller VH RAR MTF numerically suggests a negative trend while it is found
globally positive for SAR-measured PD. SAR-measured and simulated PD are comparable at very
low wind speed, but strongly depart with increasing wind speed. The VH-SAR ocean scene coher-

ence time becomes necessary to estimate smearing effects..

4.5 Summary

Over the past years, investigations mostly focused on the mean intensity properties of co- and
cross-polarized high-resolution SAR measurements (Kudryavtsev et al., 2014; Hwang et al., 2015;
A. A. Mouche et al., 2017; B. Zhang et al., 2011b; B. Zhang & Perrie, 2012). In particular, the
cross-polarized signal reveals higher sensitivity to the sea surface roughness changes, and the oc-

currence of breaking waves. As such, VH-polarized SAR measurements have already been demon-

- 68 -



4.5. Summary

(a) (b)

451 —e— SAR HH-W
=%= Simu HH-VV

—e— SAR VH-VV
—»- Simu VH-VV

80 -

40

E E
= 351 = 60 -
> >
2 5 e
0 3 401
—_ —_
Yy Yy
5% S
=} 3 204
) 20 . )
< <
-+ -+
g 151 g o
N N i L
<< 10 A X’X < \x‘x\
»x7 —20 A e
5 4 e = = =X e i
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
ECMWF wind speed [m/s] ECMWEF wind speed [m/s]

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.

strated to help assess extreme wind conditions (A. A. Mouche et al., 2017; B. Zhang & Perrie,
2012) and/or to depict various surface manifestations of the upper ocean dynamics (internal waves,
mesoscale surface current features, and SST fronts et al) (Kudryavtsev et al., 2014). 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 observa-
tions 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 (Chapron et al., 2005), have also been reported to be larger for HH than VV
signals (A. A. Mouche et al., 2008; Said et al., 2015). 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 simula-
tions, 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
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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 (Kudryavtsev et al., 2014).
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.

-70 -



Part 11

A new SAR parameter and its applications

in wind/wave study
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Chapter 5

A new SAR parameter: MACS and its directionality
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The SAR image cross-spectral analysis is extended to investigate the time coherence of radar mod-
ulations 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 (Juszko et al., 1995), MACS estimates shall instruct about radar modu-
lation 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 demon-

strated to capture the intermediate wave direction, in other words, wind direction. Analogous to
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Doppler anomaly parameter (Chapron et al., 2005; A. A. Mouche et al., 2012), 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’.

5.1 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.

5.1.1 Estimate of SAR image cross-spectra

The relatively long aperture time, O(ls), used to perform the SAR processing can be uniquely
exploited. Indeed, it provides means to extract different ocean surface views (sub-looks), corre-
sponding 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 associ-
ated 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

(Engen & Johnsen, 1995; Chapron et al., 2001).

The method of computing SAR image cross-spectra from the Single Look Complex (SLC) data
has been thoroughly described in (Johnsen & Collard, 2009). 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 (Johnsen & Collard, 2009). Then, each SLC imagette is split into tiles of 512 x 512
pixels. From each tile, a Fourier transform (FFT) is performed, and the resulting azimuthal (slow-
time) 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-

-73 -



5.1. Definition of MACS

(a) (b)
Look 1 Look 2 Look 3
1.0 i
Read SLC data - o 0.81
SAR parameters Individual Look kS
Extraction 2
£ c
o l 2 0.6 q
N N =3 ©
Calibration ) £
o .
= Estimate of cross- £
[ o
= spectra 5 04
Detrending, Bright E] =
targets removal w
¢ l 0.2
Number of MACS 0.0 T T T T
periodogram -0.5 -0.3 -0.1 0.1 0.3 0.5
Azimuthal Frequency (PRF)
0.1 T
06 (d) e S~ 83m
4 Y
<
N | 40
0.5 / “ 30 &
_ 005} 4 == 71T~ 120m |
E ,'I e S \\‘ E.J_
04 3 / / V2 g
= - s J e hegsom N 1| .
s 2 I - \, \ rio o
z £ £ { ’ A\ \ 4
] 03% 2 o0 o L 4 = o ¢
E 3 g \ \ / | g
N t
g ES g \ ‘\‘ Doy , /' i|f-10 8
0.2 £ \ \\ =T / ! >
E \ . e ! |f 208
< \ S -7 / g
o1 005 N\ ~—imme ¥ |l 0 E
\ /
\\
D L, | 40
-
0.0 SN L
0 10 15 20 b1 -0.05 0.0 0.05 0.1

Range [km] Range wavenumber [rad/m]

Figure 5.1: (a) Flowchart of SAR image cross-spectral estimate; (b) simplified view of individual look ex-
traction 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 At = 17.

and cross-spectra are defined as:

(U ] 71 ()] )
<I(m) (X)> . <I(") (x)>

P (k, At) = —8(k), mne[l,2,3] (5.1)
where At = |m — n|T is separation time between m-th and n-th sub-looks, 7 is the time interval
between two adjacent looks. In this chapter, T = 0.27 x T, with T, being SAR integration time.
<I (m) (x)> denotes the mean intensity of the m-th look, .% [-] stands for the two-dimensional FFT
operator, and the superscript * is complex conjugate. (k) is a Dirac Delta function. The co-
spectrum 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 Ar) for each WV image. This averaging technique is referred to as periodogram
in the flowchart. Figure 5.1 (c) shows a SAR image acquired by S-1A WV1 and the corresponding
imaginary part of SAR cross-spectra for Ar = 27 in Figure 5.1(d). As shown, one finds that the

imaginary part has opposite signs at the symmetric peaks, which is key to resolving the ocean
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waves propagation ambiguity.

5.1.2 MACS of intermediate waves

Formally, the SAR nonlinear mapping writes as
Tsar(X) = / Irar(x)8(x — X' — E(x))dX’ (5.2)

with Igag the initial detected radar intensity, & random shifts, and Is4g the resulting SAR intensity.
While this mapping is nonlinear, it still ensures the conservation of the overall mean image intensity,
ie. [Isag()dx = [Irar(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 (< 27 /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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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.

A schematic view for this spectral filtering to extract intermediate range waves, and best minimize

the SAR azimuthal distortion, is shown in Figure 5.2. The MeAn complex Cross-Spectral density
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(MACS) over area ’A’ is:
N
MACS (K, Ar) Z P (ko kyas AY), (Kazokra) € A (5.3)

where N is number of points within area A. Cross-spectra can be calculated for different combina-
tions of sub-looks. Throughout rest of this section, we only use MACS defined based on SAR cross-
spectra computed between two adjacent sub-looks, denoted as MACSW. In terms of cross-spectral
transformation (Engen & Johnsen, 1995), MACS() 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 (hydrodynami-
cal, 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™).

5.1.3 Equalization of wave mode data

The Sentinel-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 (Torres et al., 2012). Data are publicly avail-
able 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 °, re-
spectively). Compared to Envisat/ASAR capability, the size of each imagette has been increased
to 20 x 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 Table 5.1 in detail. It
is worth mentioning that products acquired at latitude higher than 55° are filtered out to exclude

possible sea-ice contamination.

A match-up dataset is systematically performed to associate the surface winds from ECMWF (Eu-

ropean Centre for Medium-Range Weather Forecasts) and the S-1 WV acquisitions. The ECMWF
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Figure 5.3: (Top) Probability density function (PDF) of collocated radial wind speed between S1A/B and
ECMWEF 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.

winds have spatial and temporal resolution of 0.25 ° and 3 hours, respectively.

Table 5.1: Number of data included in this study.

Pol WVli 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

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 5.3). 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
(>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 1. PDFs
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of Data I are plotted in bottom panel of Figure 5.3.

5.2 Characteristics of IMACS(!) w.r.t. winds

In this section, the dependence of IMACS) 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.

5.2.1 Directional IMACS()
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Figure 5.4: IMACS () relative to radial wind speed for (a) WV 1-HH; (b) WV2-HH; (¢) WV1-VV; (d) WV2-
V'V based on the equalized Data I. N’ is the number of points used in each plot. The color represents latitude.
The solid black line marks the mean curve to the observations. Positive radial wind speeds denote upwind

configuration.

Under developed sea state conditions, propagation of intermediate waves shall mostly be in agree-
ment with local wind direction (Juszko et al., 1995; Quilfen et al., 1999). Imaginary component
of MACS(), IMACS™), is accordingly expected to also provide a quantitative insight on the prop-

agation direction of intermediate (radar-detected) scales. IMACSW) is displayed relative to radial

-78 -



5.2. Characteristics of IMACS") w.r.t. winds

wind speed in Figure 5.4. As anticipated, IMACS") 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™) have nearly the same slope for upwind and downwind directions. For
WV2 in Figure 5.4(b)(d), IMACS() is more sensitive under upwind conditions than for downwind
ones. For a given radial wind, IMACS(!) is found to decrease with increasing incidence angle. At
given incidence angle, IMACS() 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(!), around wind speed
higher than 10 m/s, is apparent for WV 1, but not for WV2.

Quite remarkably, as shown in Figure 5.4(a), IMACS parameters share similar characteristics with
Doppler Centroid Anomaly (DCA) (Chapron et al., 2005) (see their Figure 5). Indeed, both param-
eters 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 be-
tween 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 (Chapron et al., 2005), also
Eq.(3) in (Johannessen et al., 2008)), 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(). 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(!) can therefore be an
alternative to DCA measurements to help constrain ocean surface wind vector estimate at moderate

to high spatial resolution (A. A. Mouche et al., 2012).

To note, analyses of IMACS() can also be extended to other (longer) wavelengths. For instance,
over tropical hurricanes with local wind speed exceeding 30 m/s, integrating IMACS™) over ocean

scales of 100 m would be more appropriate.
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5.2.2 Wind direction dependency of IMACS!)

In this section, the IMACS!) dependency on wind direction is demonstrated. For simplicity, only
acquisition of WV1 at VV polarization is involved. Figure 5.5 (a) displays the IMACS™ 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™) reaches minimum at upwind (0°), maximum
at downwind (180°). Again, azimuthal modulation of IMACS() is found similar to that of DCA,
as shown in (A. A. Mouche et al., 2012). Analogous to DCA (see Fig.2(e) in (A. A. Mouche
et al., 2012)) , a wind retrieval algorithm using NRCS and IMACS™) would reduce the possible
wind solutions to two. Resolving the remaining two ambiguities is therefore crucial to develop an

independent SAR wind retrieval.

(a)u=7m/s (b) u=7m/s (c)

— AIMACSY —— 3m/s =——Tm/s —— 1l1m/s
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Figure 5.5: (a) Scatter plot of IMACS(!) relative to wind direction at wind speed of 7 m/s. Binned average of
IMACS (" (solid), IMACS ) (dashed) and IMACS") (dotted) are also plotted. (b) A IMACS! IMACS{)-
IMACSB‘) at 7m/s. (c) A IMACSSE1 ) relative to wind direction for various wind speeds. Wind direction of

0° denotes upwind.

As defined, IMACS() is concentrating on information close to the radar range direction, precisely
filtering over +27t/600 rad - m~"' along the azimuth direction in Figure 5.2. To help discriminate
the contributions between azimuthal quadrants, IMACS() is then further decomposed into two
parts. The part defined over [-271/600 rad - m~',0] is denoted as IMACS(JZ‘ and the other over
[0,276/600 rad - m~'] is IMACS(Q. For wind speed at 7 m/s, these two parameters are reported in
Figure 5.5(a). Estimates are different, especially for the two crosswind directions (90° and 270°).
At90°, IMACS'") (dashed line) is almost identical to IMACS") (dotted line) as well as IMACS (!
(solid line). At 270°, the deviation between IMACSS:)X and IMACS(JA increases. Variation of their
deviation A IMACS&I) versus wind direction is accordingly quantified in Figure 5.5(b). Notice that
A IMACS(i1 ) exhibits distinct azimuthal modulation than IMACS(!). Tt 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
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sufficiently well resolved due to low signal-to-noise ratio. This can explain the low contrast of
A IMACS$ ) 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 A
IMACSSE1 Vis beyond scope of the present thesis. Present efforts are underway (Nilsen et al., 2018),

and left to further validation efforts.

5.2.3 IMACS") over a Polar Low
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Figure 5.6: (a) NRCS representation acquired by S-1A Interferometric Wide swath (IW) on 29 December,
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() computed over moving window. (c) IMACS() along two
transects depicted by two black lines in plot (b).

Statistically, Figure 5.4, IMACS™) parameters capture radial wind information. Hereafter, a partic-

ular local event is more precisely analyzed.
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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. ECMWEF forecast winds at 15h00 UTC are superimposed to complement the NRCS inter-
pretations. This event was an intense meso-scale extra tropical cyclone, quite typical over oceans at
high-latitude in cold polar areas (Montgomery & Farrell, 1992; Smirnova et al., 2015). In the north-
ern 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()
parameters, mapped on Figure 5.6 (b), clearly provide first-order directional information of local
winds. The opposite sign of IMACS™) (blue to red) well captures the reversed wind direction as
in Figure 5.6(a). This is better presented by the averaged IMACS() along the two transects in
Figure 5.6(c). IMACS() 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() 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( is not trustworthy, likely due to low signal-to-noise ratio.

5.3 Spatial pattern of IMACS)

As demonstrated, IMACS) is complementary to the conventional NRCS measurements. Free
from any calibration issues, IMACS() 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()

not only relates to local wind climate, but more directly to intermediate scale wave climate.
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5.3.1 Global map of IMACS(")

Seasonal average of IMACS() 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-TA WV 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 contami-
nation. The same convention than in Figure 5.4 is used, the negative values correspond to upwind

direction (wind blowing from east to west).

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()
parameters. The migration of the intertropical convergence zone (ITCZ) is clearly well captured by
the seasonal sign changes of IMACS(). 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(!) are obtained. The Southern Hemisphere extra tropics are very
consistent with high magnitude of IMACS(). This is associated to the regular storms over this
area throughout the year. During the season DJF, Figure 5.7(a), exhibits maximum IMACS™) 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.

5.3.2 IMACS") over the east Pacific Ocean

To further document the ITCZ migration captured by IMACS(), a more local analysis is performed.
It corresponds to the region delineated by a red rectangle in 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 den-
sity function (PDF) of NRCS as well as IMACS™) are shown Figure 5.8 (a) and (b), respectively.
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Figure 5.7: Seasonal global map of IMACS(! based on data acquired by S-1A WV1 over ascending pass
from December 2016 to November 2017. The negative IMACS() 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.

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() 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() have larger spread for DJE/MAM than for JJA/SON. Given the

-84 -



5.3. Spatial pattern of IMACS™)

LI 6

(a) DJF — OF
— MAM (b) |
— A b
— SON — SON

=
(o)} [o0] o
L L L

IS
f

Probability Density Function
Probability Density Function
w

N
L

0 T T T T 0+ T T T T . T
0.0 0.1 0.2 0.3 0.4 0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
NRCS [linear unit] IMACS™ [m*- rad—2]
N N

(d)DJF

[2.0:4.0)
[4.0:6.0)
[6.0: 8.0)
[8.0710.0)
[10.0 : inf)

||

[ (40:6.0)
[ 16.0:8.0)
 —
|

[8.0710.0)
[10.0 : inf)

iooni

S S

Figure 5.8: Probability Density Function (PDF) of (a) NRCS and (b) IMACS() 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 ECMWEF winds is also depicted for (c) season of JJA; (d) season DJF.

analogy between JJA (DJF) and SON (MAM), wind rose of collocated ECMWEF 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(, Figure 5.8(b).
For DJF, winds blowing from the east are predominant and have large spread. Based on this anal-
ysis, the NRCS measurements are not sufficient to manifest the seasonal migration of ITCZ. But,
combined NRCS and IMACS(!) may open new strategies to determine global wind/wave clima-

tologies.

5.3.3 IMACS() along the Indian Ocean

Over the Indian Ocean, there is also a distinct seasonality captured by IMACS() estimates. North
of the Equator, IMACS™) 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).
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Figure 5.9: Seasonal average of (a) IMACS(I), (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.

A different rate of sign changes of IMACS() is well captured from north to south, across the Indian
Ocean. A transect at longitude 90°F is chosen to help analyze this seasonal pattern of IMACS().
Seasonal average of IMACS™) and wind direction along the transect are given in Figure 5.9(a)(b),
respectively. During JJA (red curve) and SON (black curve), IMACS() 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() during DJF (red line) and
MAM (green line) are north of the Equator. During DJF, IMACS(!) 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(!) variation is consistent with wind direction change shown by

projected radial ECMWF winds in Figure 5.9(c).

This strong seasonal variation of IMACSW) is further quantified by the inter-seasonal variability,
Figure 5.10. It is computed as the standard deviation of seasonal average of IMACS(). A larger
variability of IMACS) occurs over the Northern Hemisphere. Around 40°N in Northern Hemi-
sphere, the largest seasonal variability is estimated. In the Southern Hemisphere, IMACS() param-

eters have smaller standard deviation at 50°S. By contrast, IMACS( is largely variable, throughout
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the year, at longitude between 160°W and 130°W. The Indian monsoon region also presents higher
IMACS) variance. This is caused by reversed wind directions during the monsoon season, Fig-
ure 5.7. By comparison, trade wind regions over the Pacific Ocean display much lower variability.
A band of increased variability is evident, centered at 10°N on the Pacific Ocean. It corresponds to
wind field changes over the ITCZ, Figure 5.8. This band extends to the west Pacific Ocean. Over
the Indian Ocean, a zonal band of distinct standard deviation, centered at 10°S, is also associated

to wind direction changes, Figure 5.9.
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Figure 5.10: Inter-seasonal standard deviation of IMACS(! computed from seasonal average given in Fig-

ure 5.7.

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
IMACSW) is consistent with previous wind and wave climate studies. IMACS™) would certainly
bring some new perspectives to jointly analyze wind and equilibrium wave range climate by con-

sidering an adaptive definition over various wavelengths.

5.4 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 direc-
tion, 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.

-87 -



5.4. 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 (Chapron et al., 2005)). As understood, MACS is the result of an overall correla-
tion 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 (Chapron
et al., 2005), and Eq.(3) in (Johannessen et al., 2008)). Comparable to previous developments
(A. A. Mouche et al., 2012), 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. (Rouault et al., 2010; A. C. H. Martin et al., 2016)). 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. Martin et al., 2018)). 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 (Nouguier et al., 2018; Ardhuin et al., 2018).

Finally, as further demonstrated in the present study, global mapping and analysis of MACS can ef-
ficiently 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 stud-
ies. 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 (Stopa et

al., 2015b) to more precisely document long-term wind/wave climate properties.
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Chapter 6

Statistics of MACS magnitude and derived RAR MTF
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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
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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(

In this section, the reason to use MMACS(© is first discussed. The removal of speckle noise from

the MMACS) is then presented.

6.1.1 Usage of MMACS®)

By definition, MACS could be considered as RAR MTF weighted intermediate wave spectral den-
sity. As such, magnitude of MACS shall readily reveal quantitative information of RAR modu-
lation. 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 (Phillips, 1985), 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, in-
dependent of radar configurations (such as incidences, polarizations and etc.). Though MMACS()
is free of noise, additional decorrelation mechanisms between co-spectra and cross-spectra has been
reported in (Schulz-Stellenfleth & Lehner, 2005). This would bias the derivation of RAR modu-
lation from MMACS(). As an alternative, we firstly attempted to remove noise contribution from
SAR-measured MMACS(®). The characteristics of noise-free MMACS(?) as well as its application

to derive RAR modulation are then discussed respectively.

6.1.2 Removal of speckle noise

The common description of a SAR intensity image is based on a multiplicative noise model. As-
suming a white speckle noise as in (Engen & Johnsen, 1995), it is straightforward to find that the
speckle noise contributes to SAR image variance spectrum MMACS as a noise floor. A similar
conclusion has been made in (Schulz-Stellenfleth & Lehner, 2005) but it is given in a different

analytical expression. To be specific, the impact of speckle noise is related to both SAR system
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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(©). Since variance of RAR

image is also hard to measure, we therefore assumed a global noise floor as in the latter model.
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Figure 6.1: (a) The solid lines represent best fit to SAR-measured MMACS () for wind directions along the
range (+10°), containing contribution of noise. Dashed lines are polynomial fit to the observations in an
effort to infer noise floor, which is equal to MMACS(? at wind speed of 0 m/s. (b) noise-free MMACS ()

after deducting global noise floor. Positive winds are upwind (wind blowing against the antenna).

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(® is presented in Figure 6.1(a). It can be seen
that MMACS©) 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© 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(?) at wind speed higher than 3 m/s and find that
an extrapolation based on polynomial fit can be used to infer MMACS©) at wind speed of 0 m/s.
The value of MMACS( is assumed as the global noise floor independent of wind speed and is

deducted from SAR measurement to obtain noise-free MMACS(?).

The dashed curves in Figure 6.1(a) are polynomial fit to SAR-measured MMACS (¥ for wind speed
ranging from 3 m/s to 10 m/s. It should be pointed out downwind and upwind are fitted separately,

resulting in two slightly different values at wind speed of 0 m/s as shown in the plot. Average
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of these two values is adopted as the final noise floor for given polarization and WV. The noise-
corrected MMACS(©) is accordingly shown in Figure 6.1(b). At low wind conditions, MMACS©
for WV1 still suffers from local contamination, which is not present for WV2. In the following,

noise-free MMACS(©) is used throughout rest of this chapter unless particularly stated.

6.2 Statistics of noise-free MMACS(©)

In this section, the characteristics of noise-free MMACS(©) are presented in terms of the incidence

angle, polarizations and wind speed and wind direction.

6.2.1 Azimuthal modulation

For microwave radars, NRCS is one measure used to describe the backscattering of illuminated sea
surface. Itis mainly determined by the scattering from centimeter-scale Bragg waves. To date for C-
band radars, the dual-polarization NRCS has been widely studied with respect to sea surface winds
and incidence angles through empirical Geophysical Model Functions (GMF) (Hersbach, 2008;
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 modula-
tion 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() 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

o) = all +alPcos(9) + abPcos(2¢) (6.1)

where the superscript #” denotes polarization either VV or HH here. For WV 1, both VV and HH
NRCS show similar azimuthal modulation with VV NRCS slightly greater than HH NRCS. While
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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®© 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.

for WV2, NRCS in VV exhibits deeper azimuthal modulation with largely greater values than in
HH. The observations agree well with the documented results that NRCS polarization difference

increases with incidence angle (A. Mouche & Chapron, 2015a).

Figure 6.2(b) presents MMACS® for WV1. As shown, both VV and HH MMACS(®, to first
order, follow similar functional curves of wind direction as NRCS does. A fit to MMACS©® in form
of Eq.(6.1) is carried out. HH MMACS© is slightly larger than VYV, resulting from greater RAR
modulation in HH than in VV (W. R. Alpers et al., 1981). In contrast to NRCS in Figure 6.2(a), HH
MMACS illustrates a deeper azimuthal modulation than that of VV. MMACS® of WV2 is given
in Figure 6.2(d). With increasing incidence angle, the deviation between VV and HH MMACS(©)
augments as the NRCS does but with greater MMACS® in HH than in VV. MMACS® 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©),

In specifics, NRCS has maximum std at upwind and downwind as in Figure 6.2(a)(c). While std
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of MMACS® 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© 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.

(a) HH wv1 (b) VV_wv1
90° 90°

(d) VV._wWv2
90°

WV2 MMACS(©

I - —
0.0 0.5 1.0 15 2.0

Figure 6.3: Two-dimensional plot of MMACS® 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.
The color represents MMACS(®). Wind direction of 0° corresponds to upwind (wind blows against the

antenna pointing direction).

The two-dimensional plot of MMACS®) 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(© is almost symmetric from
upwind to downwind for WV1, while clearly asymmetric for WV2. To better characterize the
azimuthal modulation of MMACS(©), the upwind-downwind and upwind-crosswind asymmetry

will be quantified and discussed in the following.
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6.2.2 UDA and UCA

SAR-measured NRCS is mainly determined by backscattering from sea surface roughness com-
posed of centimeter Bragg waves. The azimuthal modulation of NRCS is accordingly used to
characterize the azimuthal distribution of Bragg waves. By similarity, MMACS® 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):

pp 4
a, +a,
0 2
pp
uparr =41 (6.3)
ay

where af.’ P are fit coefficients in form of Eq.(6.1) for NRCS and MMACS®©), respectively. Fig-
ure 6.4(a) presents the UCA of NRCS relative to wind speed. Overall, NRCS UCA behaves dif-
ferently 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 WV 1, 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 (Quilfen et al., 1999) 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(®) UCA is given in Figure 6.4(b). It varies remarkably with wind speed for given
incidence angle and polarization. For WV 1, MMACS®) 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(® 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(© are presented in Figure 6.4(c)(d). For NRCS UDA, WV1 and WV2
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Figure 6.4: (Top) UCA of (a) NRCS; (b) MMACS®); (bottom) UDA of (c) NRCS; (d) MMACS(©) as

function of wind speed.

show distinct features that WV1 is mostly negative and WV?2 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® UDA for WV1 is similar to NRCS UDA with negative values. For WV2, MMACS()
UDA is much greater in VV and in HH. This is due to the much lower level of MMACS© 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 ()

In the following, simulation of SAR image cross-spectra based on nonlinear transformation is in-
troduced. We assess the agreement of MMACS( between SAR measurements and simulation
with input of empirical RAR MTF. Through comparison, an improved RAR MTF is derived and

discussed.
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6.3.1 Simulation of SAR image cross-spectra

To compare SAR-measured MACS with simulations, we follow the nonlinear transformation pre-
sented in (Engen & Johnsen, 1995) to compute SAR image cross-spectra. The closed-form expres-

sion of SAR cross-spectra for mth and nth look is expressed as:
Pi"(k,At) = /dxekf[Pdd(X-,l)—Pdd(OD)}[1 +pr(K,1)] (6.4)

where the subscript dd and /I denote velocity bunching and RAR modulation, respectively. k, is
the wavenumber along azimuth direction. The correlation function defined in Eq. (6.4) is related to

ocean wave spectrum S(Kk) through

Paa(X,At) [— My (K) | e M S(k) + % M (-K)|* €Y (k) (6.5)

where M, represents the modulation transfer functions for RAR or velocity bunching. In the fol-

lowing, M; = (sm@cos(]) + jcosO) is used and R/V is slant-range to velocity ratio of SAR.
The expression of RAR modulation M; = ikyMp 1s used with Mg = Gl %‘;0 Here, oy 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 11
(WW3) spectral wave model using wind forcing by ECMWF and the parameterizations of (Ardhuin
et al., 2010). 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~! to
2.0632 rad-m~!. The minimum wavelength of sea surface waves is 3.045 m, slightly smaller than

S1 spatial resolution.

6.3.2 Derived RAR modulation

The RAR MTF estimated using the empirical GMF of CSARMOD (A. Mouche & Chapron, 2015a)

by Mg = is first plotted in Figure 6.5(a) for dual-polarizations. Modulation values of VV

G 89
obtained using CMODS.N (Hersbach, 2008) are also plotted for comparison. MMACS(© is then
simulated using nonlinear transformation with empirical RAR modulation based on CSARMOD.
Figure 6.5 (b)(c) present comparison of MMACS© between SAR-measurement and simulation for

WV1 and WV2, respectively. It is clear that the simulated MMACS® is mostly underestimating
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Figure 6.5: (a) RAR modulation estimated using empirical GMF of NRCS by M, = o_io%. The solid lines

are results with CSARMOD and dashed lines are with CMODS. (b)(c) Comparison of MACS ©) petween

SAR measurements and simulations for incidence of 23° and 36.5°, respectively.

observations at both incidence angles. For example, for WV1 and wind speed of 10 m/s, SAR-
measured MMACS©) is about three times as large as the simulation. The exception is upwind
for WV2. SAR-measured MMACS(? 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 Mr = GLO% in representing the true RAR modulation over a wide range

of wind conditions.

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:

2000 A% 9%00

0 0
AO) = A
o (6+A46)=0c7(6)+ 63tan9 + 2 Jdtan’O

(6.6)

where 6 is nominal incidence angle of SAR and A0 is change of local incidence angle induced
by surface slope. However, the (¢°) of CSARMOD or CMODS.N is obtained by averaging SAR-

measured or scatterometer-measured 6 to a reduced spatial resolution of 12.5 km, expressed as:

(0°(6)) = 00(6) +

1<8n)2 0209 ©67)

2\ 9x/) odtan?6
where X represents local mean and 7 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
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of local backscattering signal. From Figure 6.5(b)(c), the best agreement of MMACS® 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 measure-
ments. 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 5%/ (M2 4+ M2)S(K) (6.8)

where the first exponential accounts for velocity bunching with A, being azimuth cutoff. The others
are the same with Eq. (6.4). Azimuth cutoff mainly depends on surface wind speed (Kerbaol et
al., 1998b) and slightly on incidence angle through SAR’s range-to-velocity ratio. M, is much
smaller than M; since we have constrained the azimuthal wavelength of interest greater than 600 m.
Therefore, for given wind speed, variations of MMACS(©) 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(© can
then be simplified to MACS = F MIZS (k) with F denoting the exponential factor associating to az-
imuth cutoff. As such, ratio of observed MMACS?) to simulated MMACS(©) is equal to (M} /MF)?
with superscript 7" indicating the observed RAR modulation and E empirical RAR modulation. The
obtained ratio of (M /MF) 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 negli-
gible 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 in-
sight 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 My is globally
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Figure 6.6: Ratio of derived RAR MTF to the empirical as function of radial wind speed based on assumption

of negligible velocity bunching.

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.

6.4 Summary

SAR is capable of measuring two-dimensional ocean wave spectra, based on which sea state param-
eters can be derived. Benefiting from the high spatial resolution as well as global coverage of S-1
WYV, we focus on characteristics of intermediate ocean waves with wavelength 20 m using the col-
located 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
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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 un-
derestimated 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 (overes-
timation) of RAR modulation will translate into overestimation (underestimation) of ocean wave
spectra. This study therefore provides an insight into the improvement of RAR modulation esti-
mate by combining SAR observations and simulation results. Future studies would be devoted to

addressing accurate estimate of RAR modulation both theoretically and empirically.
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Chapter 7

Investigation of global ocean waves using SAR MACS
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Linear ocean waves can be fully characterized by the wave spectrum (wavenumber and direction).
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’.
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7.1 Introduction of wave spectra climate

Ocean waves are generated by the sea surface wind, typically covering the wavelength from cen-
timeter to hundred meters (Toba, 1972; Phillips, 1977; G. R. Valenzuela, 1976; K. Hasselmann
et al., 1973). 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 (Janssen & Viterbo, 1996; Bourassa et al.,
2001; Doyle, 2002). To a broader extent, ocean wave related processes can also crucially impact

global circulation and shape the coastal environment (Camus et al., 2017; X. L. Wang et al., 2014).

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 com-
bination of both (Sterl et al., 1998; 1. Young, 1999; X. L. Wang et al., 2004; X. Li et al., 2011;
I. R. Young et al., 2011). These subjects have greatly advanced our understanding about the spatio-
temporal pattern of ocean waves (Hanley et al., 2010; Stopa et al., 2013), the presence of ocean
swell (Chen et al., 2002; Jiang & Chen, 2013), response of ocean waves to global climate (Shimura
etal., 2015; Reguero et al., 2019) 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 (Portilla-Yandun, 2018). Such analyses can be complemented by
a wave spectral approach, which describes the wave energy distribution over wavenumber and di-
rection (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 (Portilla-Yandun et al., 2016; Portilla-Yandun, 2018). 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 (Collard et al., 2009b;
Stopa et al., 2016) and wave-ice interaction (Ardhuin et al., 2015; Stopa et al., 2018). Recently,
a global atlas of crossing swell has been presented by (X.-M. Li, 2016) based on the ten-year En-
visat/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. Li et al., 2019) 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
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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.

7.2 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.

7.2.1 Envisat/ASAR wave mode

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.

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~! to 0.2 rad-m~! and 36 direction
(Johnsen, 2005). The ASAR wave mode acquired between January 2007 and April 2012 are collo-
cated 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 (Oh,6h,12h,18h).
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

- 104 -



7.2. Extraction of the MACS profile

led

I

w

N

Monthly data count

[

(b) Lo
: : , . , 205 700 0% 400 (o8 o e 0 e
0 300 600 900 1200 Year

T 60°W 0°

(c) 200303 (d) 200403

=
o
data count

R R I : L h ; Fi et ]
60°S [ X . - W _h“-&j .......... VI T e i R i S o T R 0
20°E 80°E 140°E 160°W 100°W  40°W 20°B°E 80°E 140°E  160°W 100°W  40°W 20°E

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.

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.

7.2.2 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
(Engen & Johnsen, 1995; Chapron et al., 2001). Algorithms to directly infer the integrated signifi-
cant wave height from the SAR images have been proposed (Schulz-Stellenfleth et al., 2007; Stopa
& Mouche, 2017b), 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 (Engen & Johnsen, 1995).

Bypassing the nonlinearity of SAR mapping and the biases in the inversion algorithms, in this
chapter, we extend the MACS analysis in (H. Li et al., 2019) 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
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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.

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,, for example,
MACS for 62m as MACSg;.

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.
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7.3 MACS variation with wind speed
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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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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.

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.
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°. Fig-
ure 7.3(a) present the increasing MACSg, 5 with the wind speed. One finds that MACSg; 5 saturates

for wind speed higher than 10 m/s. In fact, the saturation is observed for all wavelengths from the
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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 rela-
tionship 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 (Hanley et al., 2010). The iwa of 0.84 is commonly used to char-
acterize the fully developed sea state (Hanley et al., 2010). 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 en-
ergy at this wavelength maintains steady (Elfouhaily et al., 1997), 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 wave-
length 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 de-
creasing 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.

7.4 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
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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
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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.

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 (Carter & Cotton, 1995).

Ocean waves cover a wide range of wavelengths from centimeters to hundreds meters (Portilla-
Yanduin, 2018). 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 illus-
trate 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 MACSg; 5 is rep-
resentative of the global winds (I. Young, 1999). Smaller MACS¢; 5 are found due to the low
wind speed over the Inter Tropical Convergence Zone (ITCZ) (Zagar et al., 2011). Two belts of
higher MACSg; 5 adjacent to the ITCZ correspond to the trade wind regions. Over the extratrop-

ics, MACSg; 5 is consistently large because of the high winds. Seasonality of MACSg, 5 is also
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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.

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¢; 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 MACSg) 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. Young, 1999).

The seasonal average of MACS ¢34 is presented in Figure 7.6(b). Comparable to the global pattern
of MACS¢; 5, MACS 43.4 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 ¢g 4 and the
minimum in JJA. Yet, the global pattern of MACS 43 4 clearly differs from that of MACSg; 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 MACSg; 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 MACSgg.4 over the northern Indian Ocean are overall weak, except in

the Arabian Sea during JJA.While in the Bay of Bengal, MACS ¢g 4 appears to be consistently low.

Ocean waves of 168.4 m can be generated by local winds roughly higher than 11 m/s, which is com-
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mon in the southern extratropics (Sijp & England, 2009). While ocean waves of 342.0 m can only
grow when the wind speed reaches about 18 m/s (K. Hasselmann et al., 1973). In other words, these
long waves is usually related to the extreme high winds events. MACS34> o shown in Figure 7.6(c)
supports the expectations. Large MACS345 ¢ is mostly observed in the extratropics, particularly in
the Southern Hemisphere storm tracks. Due to the blocking impact of the continent, MACS345.¢ in
the west of the continent is much greater than that in the east, particularly for Australia and South
America (I. Young & Donelan, 2018). 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, MACS34; o are only observed in the east part, distinguished from the spatially
spread MACS in Figure 7.6 (a)(b). As expected, MACS34 ¢ 1s constantly low in the tropics over

the trade winds.

7.4.2 k., from MACS profile

The ocean waves generated by the local storms can propagate for thousands of kilometers across
the whole ocean basin (Collard et al., 2009b). They disperses in space and time, resulting in the
smaller wave energy far away from their origins (Stopa et al., 2016). 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. Young, 1999). 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

Figure 7.7(e)-(h). the shape of MACS profile can readily help tell the dominance of swell or local
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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) Al; (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,, [rad - m~!].

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 (Chen et al., 2002). In addition, the
range peak wavenumber k,, (vertical dashed lines) of MACS profile is an useful indicator of the
sea state. In general, the peak wavelengths in Al and A3 are around 250 m while it is 120 m over
A2. Over Al, DJF has the smallest k,,, 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,p, resulting in the overlapping. The low trade winds generate the shorter peak wavelengths over
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A2, while the constantly high winds in the southern extratropics for the long wavelengths over A3.

Seasonal average of k,, is presented in the bottom panel of Figure 7.7. The extratropics have
smaller k,, (longer wavelength) and the trade winds regions have larger k,,. DJF has minimum
k,, (longest waves) in the North Pacific and North Atlantic Ocean between 35°N and 55°N. The
smaller k,,, almost extends to the equator at longitude of 180°, suggesting the propagation of ocean
swell. Over the trade winds region, the k,, 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;, patterns are still closely related to the
global winds (I. Young, 1999). With the extinction of winter storms in the northern extratropics,
the k;, increases in JJA. Activities in the southern extratropics reaches the maximum and generates
the minimum k,,. In addition, a belt of higher k,, 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,, is obvious. This might be related to the high winds of

summer monsoon (I. Young, 1999).

7.4.3 Temporal variation of k.,

The global k,, exhibits strong seasonality, particularly in the northern extratropics. In the follow-
ing, we choose six areas of interest (A1-A6) to demonstrate the long-term periodicity of k,,. The
geographic positions of these six areas are annotated in Figure S5, each covering 5° in both lat-
itude 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).

Figure 7.8 gives the monthly MACS profile with the detected k;,, in the left panel. The frequency
spectra of temporal series of k;, 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,,, on the Pacific Ocean, Al 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,, is around 0.025 rad- m~! (wavelength of 250 m). With the receding
winter storms, the winds become lower and the local waves become shorter. As a result, the k;,,
increases to 0.05 rad- m~! (wavelength of 125 m) in the summer. This explains the larger Kk, in

the Northern Hemisphere storm tracks (see Figure 7.7). The strong seasonality of k,, over Al also

- 113 -



7.4. Global wave characteristics from MACS profile

B S T . YR oo N T

60°S : : : : . :
60°E 120°E 180° 120°W 60°W 0°
Year Year ear
B s L e R P g
L L L L L L

=

g ] ]

3 an g i

s {a) A1 (b AZ () A3
T
E 10 -
T
2
T
2
E
5
H
o
B
2
.
o 04 10 10
g05
B
A

n.a

036 1z 21 36 450 3 & 1z 2 34 430 3 B 1z 24 38 43
Period [renzh]

Pariod [manth] Period [manth]

Year Year ear
A ok o - " a o 2 A o o 4o 5 4 3 -
B L e i AP

u fhe WW

wn
=

e

Daka counk

If} A6

wavenumaer [rad - m~!

036 1z 21 36

4580 3 B 1z 21 35
Pariad [menzh]

480 3 B 1z 24 EL 48
Period [manth]

Pericd [manth]

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., (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.

produces the high peak of the frequency spectrum at period of 12 months. By comparison, both A2
and A3 have relatively consistent k,, 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;p is 0.05 rad- m~! for A2 and 0.025 rad- m~! 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.
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The periodicity of k,, greatly varies even in the Southern Ocean (A3-A6). Among which, time se-
ries of k;, over A3 are similar to that of A4, showing k., of 0.025 rad- m~! with minor fluctuations.
By comparison, AS has sharper changes, particularly on a yearly basis. This is also reflected by the
higher frequency spectra at periods longer than 15 months. Since AS 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;, over A6 and the

periodicity is rather dominated by an intra-annual signal.

7.5 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 param-
eterization of flux transfer by considering the sea state impact is expected to improve the coupled
atmosphere-ocean model at global scale (Janssen & Viterbo, 1996). This would advance the in-
terpretation 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 (Hemer et al., 2012).

The spaceborne satellite observations have proven valuable in the investigation of the global wave
climate (Chen et al., 2002; Stopa et al., 2015b). 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
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wind distribution while the long ocean swell mainly exist at high latitude storm tracks. The other
variable of range peak wavenumber also shed light on the swell propagation route across the ocean
basin. In addition, the temporal periodicity of ocean waves is distinguished, depending on the local

wind patterns.

The spatio-temporal patterns of ocean waves are desired to advance the climate model. The pre-
liminary results of temporal range peak wavenumber portray the distinct changes across the ocean.
Benefiting from the consistent acquisition of Sentinel-1 constellation (A and B now, C and D in
2020), this study can be readily extended to at least the ocean basin scale. With an more accurate
wave spectra inversion algorithm, we might study the wave climate using a combination of both

integral wave variables and the spectral variables.
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Conclusion and perspectives
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8.1 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
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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 calibra-
tion. 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 suf-
ficient 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-
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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 cou-
pling 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 up-
downwind 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 1solated scales. As outlined above, MACS defined for 20 m waves is examined based on S-1
WYV data. Considering that MACS varies with incidence angle, the ten-year acquisitions by En-
visat/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 pa-
rameters, 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 condi-
tions 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
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coming 10-20 years. The corresponding results shall contribute a new perspective into the global

ocean waves in addition to the integrated variables.

8.2 Future Work

The present thesis reviewed the commonly used SAR variables in wind/wave observations and ex-
plored 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 de-
pendence 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 inter-
action 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 nonlin-

ear distortion. The combination of SWIM and existing/coming SAR sensors shall greatly advance
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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 algo-
rithm 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 es-
timate 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.
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Sea state impact on wind retrieval

Contents
81 Conclusion . . . .. . i i i i it i ittt ittt ettt eeeeeeeeeees 117
8.2 Future Work . . . . v v i i i i i e i e e e e e e e e e e e e e e e e e 120

A.1 Collocated wind and wave dataset

A match-up dataset is systematically first created by collocating S-1 WV imagettes with winds from
ECMWEF operational forecast model. The ECMWF winds are used to re-calibrate the NRCS as in
(H. Li et al., 2018). 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. Figure A.1 shows map of collocation pairs between S-1 WV and buoys. Only buoys with
concurrent wind and wave measurements are included in this analysis. There are approximately

2000 pairs for WV1 and WV?2, respectively.

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 (Vandemark et al., 2005). The total significant wave height (Hy) is therefore calculated

from two-dimensional frequency spectra by:

H; =4.0/My (A.1)
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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.

where M; represents the ith moment of the wave spectrum

M= / " AIS(f)df (A2)
0

Other sea state parameters such as swell wave height, wave period, wave age have been demon-
strated 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;.

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 (U1054R-U1084). 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

- 123 -



A.2. Sea state impact
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Figure A.2: Wind speed residual (USAR-UPY) 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.

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 WV?2. 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; 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;. U10 residuals proportionally increase with Hy for both WV1 and WV2. The
larger slope of U10 residual with H; for WV 1 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 Hy 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;. 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; <1 m) is presented for
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Figure A.3: (Top) Wind speed residual (USAR-U%?Y) is shown relative to collocated buoy H; 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.

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; 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 (Chapron et al., 2001). This restricts the imaging of azimuth-
traveling 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; Stopa et al., 2015b)

Ae = ng \// ®?(sin?0sin’¢ + cos?0)S(k)dk (A.3)
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Figure A.4: Wind speed residual (USAR-UP%) relative to azimuth cutoff for (a) WV1 and (b) WV2. Er-
ror bars are 1 standard deviation about the average (black solid lines) and red solid lines represent linear

regression.

where R/V is slant range-to-velocity ratio of SAR sensor, @ is angular frequency of ocean waves
given by @ = /gk in deep water conditions. 0 is SAR incidence angle and ¢ is wave propagation
direction relative to SAR line-of-sight. As given in Eq.(A.1), H; is zeroth-order moment of ocean
wave spectrum while azimuth cutoff is a measure of second-order moment. By this definition,
azimuth cutoff and Hy are intercorrelated with the former being more strongly influenced by the
high frequency wave components. Several studies have demonstrated the feasibility to estimate H;
through azimuth cutoff (Beal et al., 1983; Shao et al., 2016b; Stopa & Mouche, 2017c¢). (Vachon et
al., 1994) showed that azimuth cutoff has an empirical relationship on the square root of H,. (Stopa
et al., 2015b) reported the climate pattern of wave orbital velocity derived from azimuth cutoff is
consistent with H; using ten-year data of ASAR. This builds the basis of replacing H; with azimuth

cutoff to compensate the sea state impact on wind retrieval.

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; (see Figure 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.
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Figure A.5: NRCS as function of wind speed WV 1/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.

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°4+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.
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Figure A.5 illustrates NRCS from S-1 measurements and two types of GMFs. On the top, Fig-
ure 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(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 WV 1 and WV?2.

SAR-measured NRCS shows variability for given wind speed at upwind, up to 4 dB at low wind
speed for both WV1 and WV?2 as shown in Figure A.5(a)(d), respectively. This variability is partly
consistent with variation of azimuth cutoff: larger azimuth cutoff corresponds to larger NRCS.
This relationship resembles the sea state impact represented by H; in (Stopa et al., 2017), showing
larger H; for larger NRCS. However, when only wind information is included to train a GMF (see
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, ). 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 azimuth
cutoff 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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Abstract : Les radars a synthese d'ouverture (SAR) spatioportés ont fait la preuve de leur
valeur inestimable dans I'observation des vents et des vagues océaniques mondiaux. Les
images SAR acquises par plusieurs capteurs sont utilisées, notamment Sentinel-1 (S-1),
Envisat/ASAR, Gaofen-3 et Radarsat-2. Cette thése passe en revue les parameétres SAR
couramment utilisés dans la premiére partie. Une série d'étapes d'étalonnage sont nécessaires
pour obtenir un NRCS approprié et une évaluation du NRCS est effectuée pour le mode d'onde
S-1 (WV). Il s'avere que WV est mal calibré et est donc recalibré pour obtenir un NRCS précis.
Il a été démontré que la coupure de l'azimut est complémentaire du NRCS et peut expliquer
Iimpact de I'état de la mer sur l'extraction du vent. D'aprés les produits SAR entiérement
polarimétriques disponibles, la coupure de l'azimut varie considérablement en fonction des
polarisations. La transformation actuelle de la cartographie SAR est suffisante pour interpréter
la coupure azimutale copolarisée, mais pas pour la polarisation croisée. Compte tenu des
limites de l'imagerie SAR, un nouveau parametre est proposé et défini en fonction du spectre
croisé de l'image SAR, appelé MACS. La partie imaginaire de MACS est une quantité signée
par rapport a la direction du vent. Compte tenu de cette dépendance, on s'attend a ce qu'un
algorithme indépendant de récupération du vent en bénéficie. L'ampleur du MACS peut aider a
estimer la fonction de modulation de la cartographie SAR. De plus, la MACS donne également
des résultats prometteurs en ce qui concerne les études globales sur les vagues. Les
signatures globales du MACS a différentes longueurs d'onde sont bien représentatives de la
distribution spatiale et saisonniere des vents. Les MACS des vagues longues montrent des
valeurs plus élevées sur les trajectoires des tempétes alors que les vagues plus courtes sont
principalement dans les vents des trader. Ces résultats devraient aider a évaluer les résultats

du modéle et compléter les études ultérieures sur le climat spectral global des vagues.

Resume:



L'océan joue un rdle important dans la formation des caractéristiques de la Terre. L'océan
contréle les conditions météorologiques et les régimes climatiques a long terme de la Terre. Elle
a également de grandes répercussions sur nos sociétés par le biais de I'approvisionnement en
eau et en nourriture et de la livraison de produits. Ce n'est qu'en étudiant les caractéristiques et
la dynamique de I'océan que nous pourrons mieux projeter son influence sur 'humanité. Parmi
les nombreuses techniques d'exploration, le radar & synthése d'ouverture (SAR) spatial,
indépendant de l'illumination solaire et de la couverture nuageuse, a été largement utilisé pour
observer les phénomenes atmosphériques et océaniques. Les interactions air-mer régissent la
rugosité de la surface de la mer (ondes gravitationnelles-capillaires) qui détermine I'amplitude
de la rétrodiffusion radar. Bien que complexe et non linéaire, la modulation de la rugosité de la
surface de la mer par les ondes océaniques est également cartographiée sur les images SAR,
fournissant une source unique de mesures bidimensionnelles du spectre de houle océanique
depuis l'espace. Par conséquent, de nombreuses applications différentes, comme le suivi de la
houle, I'assimilation des spectres de vagues dans les systémes opérationnels de prévision des
vagues ou, plus récemment, les études sur les interactions vagues-glace, ont bénéficié des
observations SAR. Toutefois, depuis Envisat/ASAR (2002-2012), qui prévoyait des acquisitions
sur 10 ans en haute mer, les systéemes SAR ont été considérablement améliorés, offrant de
nouvelles perspectives pour les applications océaniques. Cette thése porte sur le potentiel de
ces nouvelles missions a exploiter pleinement leurs capacités et, éventuellement, a fournir des

orientations pour de futures missions conceptuelles.

Dans ce but, cette thése porte principalement sur la derniére constellation Sentinel-1(S-1) (S-1A
en avril 2014 et S-1B en avril 2016) de la constellation européenne (programme Copernicus).
Ces deux SAR en bande C assurent la continuité avec les missions européennes précédentes
pour la mesure des vagues grace a ce que I'on appelle le mode Wave et a de nouvelles
capacités. En particulier, le mode d'onde S-1 acquiert des vignettes SAR au-dessus de l'océan
mondial a une résolution supérieure a celle d'Envisat/ASAR et alternativement a deux angles
d'incidence différents pour augmenter ['échantillonnage par houle. Cette thése explore
également le GaoFen-3 (mission chinoise) et Radarsat-2 (mission canadienne) afin d'étendre la
gamme des angles d'incidence et d'étudier les avantages de la diversité de polarisation. Enfin,
les données d'Envisat/ASAR sur 10 ans sont également prises en compte pour explorer la

tendance temporelle des vents et des vagues dans le monde.



Dans la partie |, les paramétres SAR couramment utilisés sont examinés, y compris la section
transversale normalisée du radar (NRCS) et la coupure de I'azimut. Le NRCS a été largement
utilisé dans le domaine de la télédétection hyperfréquence pour décrire I'ampleur de la
rétrodiffusion de la zone imagée. Une série d'étapes d'étalonnage sont nécessaires pour obtenir
le NRCS approprié. Ainsi, avant toute application géophysique, le NRCS des acquisitions en
mode vague (WV) en mode Sentinel-1 (S-1) est d'abord évalué. Cette thése montre que le WV
NRCS est mal calibré, en particulier pour le WV2 a un angle d'incidence plus grand. Cela
s'explique par le fait qu'il n'y a pas d'acquisitions stratégiques sur les réflecteurs d'angle pour
étalonner de fagon constante le NRCS. Deux méthodes de recalibrage différentes : le calibrage
de la forét tropicale humide et le calibrage de I'océan sont effectués et tous deux ont atteint des
performances comparables. L'étalonnage de I'océan s'avere plus efficace et plus facile a mettre
en ceuvre du point de vue opérationnel. Aprés le réétalonnage du NRCS, la vitesse du vent est
ensuite dérivée a l'aide d'une direction du vent d'entrée et comparée aux produits S-1 de niveau
2. Il montre une meilleure concordance avec la vitesse du vent de la bouée colocalisée, en
particulier dans la plage des vents faibles. Malgré I'amélioration de la qualité du NRCS grace au
réétalonnage, le NRCS est toujours soumis a d'autres facteurs d'impact, tels que la présence de

phénoménes géophysiques et le rapport signal/bruit.

La coupure d'azimut est un autre paramétre qui s'est avéré utile dans la récupération du vent.
La coupure d'azimut est avantageuse parce qu'elle est directement estimée a partir des
spectres d'images SAR et qu'elle ne comporte pas d'étapes d'étalonnage. Il peut étre considéré
comme un complément au NRCS et tient compte de l'impact de I'état de la mer sur la vitesse du
vent. En plus de sa dépendance au vent, le seuil d'azimut est également analysé en fonction de
sa dépendance a la polarisation en fonction des données acquises par Radarsat-2 et Gaofen-3.
En général, la coupure de l'azimut est plus grande en VH qu'en HH, qui a son tour est plus
grande que VV. La comparaison du seuil d'azimut entre les mesures SAR et la simulation a
partir de spectres de vagues océaniques colocalisés est effectuée au cas par cas. Le désaccord
statistique réside principalement dans la coupure d'azimut a polarisation croisée selon laquelle
les mesures du SAR montrent des valeurs plus élevées. La plus grande coupure d'azimut est
spéculée pour s'associer a la plus grande sensibilité de la polarisation croisée a la rupture de
I'onde. D'autres études théoriques sont nécessaires pour interpréter pleinement les principes de
la cartographie SAR pour les mesures de polarisation croisée. Cela doit permettre de quantifier

les contributions de la rupture des vagues en combinant la coupure d'azimut polarisée.



L'une des principales limites du systéeme SAR existant est son angle de vision unique. Pour
résoudre ce probléme, on peut combiner des paramétres radar complémentaires (sensibilité
différente a l'angle de visée azimutal). Par exemple, I'utilisation de I'anomalie centroidale
Doppler (DCA) et du NRCS s'est avérée utile pour limiter la vitesse et l'inversion de direction du
vent. Toutefois, en raison de problémes dans les systémes d'attitude du S-1, sa précision est
encore en cours d'amélioration. Une autre solution possible serait d'adopter des concepts de
mission SAR plus avancés, comme STEREOQOID, pour obtenir a la fois la diversité des angles de
visée et des parameétres radar. Ici, sur la base du SAR existant, un nouveau paramétre SAR est
défini pour compléter le NRCS et le seuil d'azimut. De plus, il pourrait éventuellement remplacer
le DCA, car les exigences actuelles des missions SAR ne correspondent guére a la précision
obligatoire exigée par le Doppler pour les applications océaniques. Ce nouveau paramétre est
appelé MACS et est défini a partir de I'image SAR croisée Spectra. La partie Il de cette thése

est consacrée a ce nouveau paramétre.

La MACS est d'abord définie en filtrant les spectres croisés autour des vagues océaniques
intermédiaires (15-20 m) qui voyagent a grande distance, car ces vagues sont fortement
couplées avec les vents locaux. Par définition, on s'attend a ce que le MACS refléte a la fois
I'amplitude et la direction des vagues intermédiaires cartographiées. Il s'agit d'une quantité
complexe qui dépend des configurations radar (fréquence centrale du radar, polarisations et
angles d'incidence). La partie imaginaire de MACS (IMACS) est une quantité signée par rapport
a la direction du vent (du pres au vent arriere). L'lMACS montre également une asymétrie par
rapport a la direction de la ligne de visée radar. Tout comme le DCA, le MACS peut étre utilisé
avec le NRCS pour établir un algorithme de vent indépendant. Les vents auto-dérivés a partir
des mesures SAR bénéficieront d'autres études, telles que l'inversion des vagues, I'évaluation

de l'interaction entre le vent, les vagues et les courants a échelle finie, et autres.

Dans le cadre d'une étude de suivi de la dépendance de I'MACS a I'égard des vents, la
possibilité d'utiliser le MACS pour examiner la fonction de transfert de modulation (MTF) entre la
rétrodiffusion SAR et les vagues océaniques est également examinée. A cette fin, I'ampleur du
MACS (MMACS) est documentée en ce qui concerne le vent de surface de la mer (dépendance
de la direction du vent, asymétrie ascendante et descendante du vent) et les configurations

radar (angles d'incidence et polarisation). La comparaison des MMACS obtenus a partir des



mesures et des simulations du DAS montre des désaccords, en particulier pour les petits angles
d'incidence. En supposant une cartographie linéaire pour le MMACS, le MTF du radar a
ouverture réelle (RAR) est donc dérivé en ajustant la simulation pour qu'elle soit cohérente avec
les mesures. Le rapport entre le MTF dérivé et le MTF RAR initial augmente avec la vitesse du
vent. Et pour une vitesse de vent donnée, ce rapport est Iégérement plus grand en HH qu'en VV
et beaucoup plus grand a petit angle d'incidence. Il sera utilisé pour affiner l'inversion spectrale
des ondes et éventuellement pour compléter la modulation d'inclinaison basée sur le GMF du
NRCS.

Plus concréetement, le MACS offre de nouvelles perspectives pour I'analyse des vents et des
vagues a partir d'acquisitions courantes et globales de R-S, mais aussi pour mieux caractériser
des phénomenes atmosphériques complexes. Les données de la WV S-1 sur un an sont
utilisées pour démontrer les variations globales et saisonnieres de I''MACS. En général, les
schémas globaux des IMACS sont en accord avec les vents globaux. L'IMACS présente des
signes opposés, des alizés aux vents d'ouest. Son ampleur est beaucoup plus grande dans les
trajectoires des tempétes respectives, ce qui est associé a des vents constamment forts.
Complémentaire au NRCS, I'IMACS est capable de saisir les variations saisonniéres de la
direction du vent. De plus, la faisabilité d'utiliser le MACS calculé a haute résolution spatiale
pour mesurer le champ de vent a la surface de la mer a partir d'acquisitions SAR en mode large
bande est également démontrée dans le cas d'une dépression polaire. Dans ce contexte,
IMACS devrait étre avantageusement utilisé pour aider a limiter les schémas locaux de
récupération du vent a partir de diverses mesures SAR et pour aider a examiner les structures

fines du champ de vent par rapport aux événements de vent locaux.

Comme décrit, MACS est défini pour mettre en évidence les propriétés spectrales de I'image
des différentes échelles d'onde. L'application principale du MACS sera d'étudier la distribution
globale des ondes océaniques a différentes longueurs d'onde. Tirant parti des acquisitions
décennales du mode a ondes Envisat/ASAR, cet aspect est étudié avec les résultats suivants.
Le MACS pour différentes longueurs d'onde présente une tendance a la hausse par rapport a la
vitesse du vent, correspondant au couplage onde-vent. Le degré de couplage dépend de la
longueur d'onde : plus les ondes sont longues, plus le couplage est éleve, plus les vents sont
forts. Et du point de vue du climat des vagues, les modéles globaux de MACS different des

vagues de vent intermédiaires (60 m) aux longues vagues océaniques (300 m). Les signatures



représentent bien la distribution globale des vents, dans I'espace et en fonction des saisons. De
plus, on constate que les longueurs d'onde les plus énergétiques sont étroitement liées aux
vents locaux. En particulier, les signatures MACS des vagues plus longues se trouvent sur les
trajectoires des tempétes alors que les vagues relativement plus courtes (~100 m) sont dans les
alizés. On s'attend a ce que les signatures globales des vagues représentées par MACS aident
a évaluer les résultats du modéle et complétent les études sur le climat spectral des vagues. La
poursuite de I'é¢tude S-1 au cours des dix prochaines années permettra a cette étude de

s'étendre vers une analyse temporelle plus longue.

Sur la base des résultats présentés dans cette thése, des études futures sont prévues a
plusieurs égards. Premiérement, étant donné la dépendance distincte du MACS a I'égard de la
direction du vent, un systéme indépendant d'extraction du vent combinant le NRCS et le MACS
permettra certainement d'améliorer I'utilisation des images SAR. On s'attend également a ce
que cette méthode fonctionne avec des images SAR a large bande et a ce que I'on puisse
examiner la structure fine du champ de vent lors de divers événements météorologiques. Cette
technique d'analyse peut ensuite étre facilement appliquée aux observations SWIM a bord du
satellite CFOSAT, qui est capable de fournir les spectres bidimensionnels complets des vagues
océaniques. Le MACS doit étre étendu a toutes les directions des vagues puisque la SWIM
n'est pas soumise a la cartographie non linéaire comme un SAR. En outre, I'analyse spectrale
des échelles d'ondes individuelles peut servir de référence pour le traitement des données des
missions conceptuelles a venir, telles que STEREOID et SKIM. Le MACS proposé ouvrira une
nouvelle voie a I'analyse des données afin d'améliorer I'utilité des observations SAR ainsi que

d'autres capteurs.
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Abstract :

Les radars a synthése d'ouverture (SAR) spatioportés ont
fait la preuve de leur valeur inestimable dans I'observation
des vents et des vagues océaniques mondiaux. Les
images SAR acquises par plusieurs capteurs sont utilisées,
notamment Sentinel-1 (S-1), Envisat/ASAR, Gaofen-3 et
Radarsat-2. Cette thése passe en revue les parameétres
SAR couramment utilisés dans la premiére partie. Une
série d'étapes d'étalonnage sont nécessaires pour obtenir
un NRCS approprié et une évaluation du NRCS est
effectuée pour le mode d'onde S-1 (WV). Il s'avere que WV
est mal calibré et est donc recalibré pour obtenir un NRCS
précis. Il a été démontré que la coupure de l'azimut est
complémentaire du NRCS et peut expliquer l'impact de
I'état de la mer sur I'extraction du vent. D'aprées les produits
SAR entierement polarimétriques disponibles, la coupure
de l'azimut varie considérablement en fonction des
polarisations. La transformation actuelle de la cartographie
SAR est suffisante pour interpréter la coupure azimutale
copolarisée, mais pas pour la polarisation croisée.

Compte tenu des limites de l'imagerie SAR, un nouveau
paramétre est proposé et défini en fonction du spectre
croisé de I'image SAR, appelé MACS. La partie imaginaire
de MACS est une quantité signée par rapport a la direction
du vent. Compte tenu de cette dépendance, on s'attend a
ce gu'un algorithme indépendant de récupération du vent
en bénéficie. L'ampleur du MACS peut aider a estimer la
fonction de modulation de la cartographie SAR. De plus, la
MACS donne également des résultats prometteurs en ce
qui concerne les études globales sur les vagues. Les
signatures globales du MACS a différentes longueurs
d'onde sont bien représentatives de la distribution spatiale
et saisonniere des vents. Les MACS des vagues longues
montrent des valeurs plus élevées sur les trajectoires des
tempétes alors que les vagues plus courtes sont
principalement dans les vents des trader. Ces résultats
devraient aider a évaluer les résultats du modéle et
compléter les études ultérieures sur le climat spectral
global des vagues.

Global observations of ocean surface winds and waves using spaceborne synthetic aperture

radar measurements

Keywords : Synthetic aperture radar, ocean winds, ocean waves

Abstract :

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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