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Abstract :

The CFOSAT mission provides a unique data set of collocated nadir, near-nadir and moderate angle dual-
polarization Ku-band radar measurements. These combined measurements open new opportunities to
revisit existing interpretation and approaches to analyze ocean radar backscatter signals. In particular,
actual scatterometer wind vector retrieval algorithms and definitions of Geophysical Modulation Functions
(GMFs) can be revisited, including sensitivity to additional parameters: wave state, currents, etc. The
present work describes an alternative GMF approach based on the analysis of signal polarization
differences, and interpretation in terms of ocean surface wind-roughness spectra. Based on CFOSAT
measurements, the polarization-difference GMF reproduces main properties of standard empirical radar
GMFs. However, it is more directly related to a theoretical short wave spectral model. This approach
naturally enables the inclusion of additional sea state variables. Results of this work is intended to be
implemented in wind retrieval processors to complement existing methods.
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1. INTRODUCTION

The scatterometer instrument (SCAT) on-board China-
France Oceanography Satellite (CFOSAT) mission instrument
is a Ku-band space-borne radar instrument, performing dual-
polarization scatterometer measurements over a wide range
of moderate incidence angles [1]. A second sensor, the wave
scatterometer SWIM, operates at near-nadir incidence angles,
to uniquely provide collocated estimates of directional wave
spectral properties [2]. These resulting collocated data sets
for wind and wave observations, and this original multi-
incidence and azimuthal radar configuration, provide unique
opportunities to investigate the sea state impacts on the satellite
radar wind estimates. In this work, our motivation is to propose
a theoretical framework to help refine the analysis of sea
surface backscatter properties and to extend the wind vector
inversion algorithm.

Usually, Geophysical Model Functions (GMFs) are derived to

describe relationships between Normalized Radar Backscat-
tering Cross-Section (NRSC) mean and spectral properties
with ocean sea surface statistical and forcing properties. For
wind scatterometry, the robust derivation of the GMF is
the key element for the wind vector inversion algorithm,
describing the sensitivity of the averaged NRSC properties,
at each incidence and observation azimuth, with wind speed

and/or direction changes. As a common practice, for each
new instrument, a GMF is derived from massive collocations
of radar measurements with global wind model outputs and
offshore buoy network data. Very efficient, this empirical
approach can still suffer to cover all environmental conditions,
e.g. non—stationary sea state, sea surface current, sea surface
temperature, presence of biological films, ...

For Ku-band instrument, a reference GMF is the NSCAT-4
GMF [3], [4] which directly relates NRSC with wind speed
and direction as o (6, ¢) < f(U10(U10, ¢u)), where 0 and ¢ is
the radar observation incidence angle and azimuth, U1g is the
wind vector with wind speed U;( and direction ¢,,. Hereafter,
we propose an alternative version of GMF derivation, based
on the differing polarization sensitivity of backscatter Ku-band
signals. This approach is indeed anticipated to quantitatively
separate the measured roughness variations between changes
associated with denser breaking patches and purely resonant
short-scale scatter modulations [5]. Polarization sensitivity, i.e.
the difference between vertically (VV) and horizontally (HH)
polarized radar signals, is indeed characteristic of a resonant
scattering mechanism mostly governed by small surface scales.
This strategy can then build on the use of semi-empirical short
wind spectra, e.g. [6]-[8].

II. THEORETICAL BACKGROUND

Following [9]-[11], the NRSC is represented as a sum
of polarized, so-called Bragg (BR) and non-polarized (NP)
components
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where P°! indicates vertical (V) or horizontal (H) polarization.
Assuming Gaussian distribution of tilting waves, to the second
order in slopes, the NRSC is expressed as [6], [11]:
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where geometric scattering coefficients are
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B(kpr, ) is the folded saturation spectrum at the Bragg
resonant wavenumebr kp,. = 2k, sin @ in the incidence plane
rotated by azimuth ¢ from wind direction, &, is the radar
wavenumber, € is the seawater complex dielectric constant, sf
and s? are the mean-square slope of tilting wave in- and out-
of incidence plane, M} °l and M,, are the tilt and slope cor-
related parts of hydrodynamics modulation transfer function
respectively. Key, the unknown o, component cancels out
by considering polarization difference (hereafter PD)
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where A[xP°!] = ¥ — 2" is the PD operator.

A. Semi-Empirical Wave Model

The main unknown term in the above formulation is the
saturation spectrum at Bragg wavenumber Bk, ). For wind
speed range 3 < Ujg < 20m/s, a first guess can follow
the semi-empirical short wave spectrum model formulated in
[7], [8]. For wind inversion, a critical parameter is the wind
exponent n, B oc Ujy. In [8], this parameter was adjusted
to fit field measurements by [7]. It will be shown later, it
also largely agrees with empirical GMF derived from SCAT
measurements.

Similar to [7], the angular spreading of saturation spec-
trum is expressed with omni-directional saturation spectrum
Bo(kyr) = f02 " B(kpr,¢)dp and spectrum angular width
parameter &(kp,), such as

B(kpr, ¢) = Bo(kpr)(1 + 6 cos2¢)) /2. (1)
B. The Relation Between Wave Saturation Spectrum and GMF

Commonly, the GMF is expressed as a truncated Fourier
serie: o = Ag + Aj cos @ + As cos 2. The expansion of PD
gives:

Ao = BO(kbr)A[ngml(l + gpolszz)]/z 12)
Ay = Bo(kpr) A[G2ihpor571/2, (13)
Ay = By(kpr)A[G2, (1 + gpors})0 (k) /2. (14)

From the other hand, the same Fourier coefficients can be
obtained directly from radar measurements [9]:

Ag = (AG™P + 2A0°% 4 Ag@ovm) /4, (15)
Ay = (Mg — Agdowny /2, (16)
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where “P, €755 and W™ correspond to up-, cross-, down-
wind directions of radar observations respectively.

III. Ku-BAND RADAR GMFs
A. SCAT and NSCAT observations

The evaluation of PD model in the context of wind inversion
problem was done with the use of SCAT 40 days observation
data set and additionally with NSCAT empirical GMFs de-
scribed in [3], [4], [9]. The instrumental parameters of both
missions are listed in the Table I.

TABLE I
SCAT AND NSCAT INSTRUMENTAL PARAMETERS
Parameter name SCAT NSCAT
Frequency 13.256 GHz 13.995 GHz
Pointing inc. angle 40° 45°
Inc. angle range 26° to 52° 18° to 54°
Central kp,. 357 rad/m 415 rad/m

244 to 438 rad/m
24-11-2018 till now
dual-pol. rotating
~1100 km

181 to 474 rad/m
17-08-1996 to 30-06-1997
six dual-pol. fixed
two swaths, 600 km each

kp,- range
Mission dates
Antenna type
Swath width

The SCAT radar data, related to the period of September-
October 2020, was processed with conventional CFOSAT
Wind Data Processor (CWDP) processor [12] using 2DVAR
ambiguity removal approach [13], [14] to obtain collocated
wind vectors with standard 25 km wind cell resolution. Fol-
lowing Eq. (15-17) the Fourier coefficients were estimated for
H- and V-polarizations in the range of wind speeds 2-20 m/s
and for radar incidence angle range from 30° to 50°.The same
estimation of Fourier coefficients in application to NSCAT
measurements was reported and discussed in [9] and can be
directly compared with the present SCAT measurements.

Independently, the NSCAT-4 model was obtained and
regularly revised to provide optimal performance together
with existing wind inversion algorithms realization and well-
established calibration and ambiguity removal procedures
e.g. [15] and [12]. Note, there is only one h-polarization
antenna on each side of NSCAT swath. Following [3], vertical
and horizontal polarization components were thus differently
derived. Strictly, NSCAT-4 may not be guaranteed to be fully
consistent with the formulated PD analysis. Still, NSCAT-4
GMF is the reference model for most Ku-band scatterometer
data processors, and will be used in the present analysis.

B. Radar and Theoretical Model Spectrum Properties

From empirical GMFs, an omni-directional spectral estimate
at Bragg wave number can be derived from Eq. (12) using
measured PD Ag coefficients:
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The Figure 1 shows By(6,Uio) estimations, using 3 different
GMFs, and compared with the model [8]. The incidence angle
is related to Bragg and radar microwave wave numbers as

. kbr
6 = arcsin (ri).

19)
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Fig. 1. Omni-directional curvature spectrum By as a function of incidence angle and wind speed estimated from polarization difference obtained with different
empirical GMFs and theoretical model. From left to right: SCAT forty days of global observation, NSCAT observations processed by [9], NSCAT-4 GMF
[4], and model [8] estimation for microwave radar wavelength same as for SCAT instrument.

Overall, functional shapes are similar and mostly repro-
duced by the theoretical function. A quantitative analysis
is performed for the wind exponent n in B o< Ujj
0In (By)/01n (Uyp) and angular width 6(8) = As/Ag pa-
rameters. The wind exponent characterizes sensitivity to wind
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Fig. 2. Wind exponent estimated from SCAT and NSCAT observations.
Dotted line corresponds to field stereo photography measurements by [7] and
dashed line shows model [8] estimations at 10 m/s wind speed.

speed variations. Precise stereo-photo field measurements of
this parameter were reported by [7] for a wide range of
environmental conditions, and compared with actual empirical
radar PD functions, see the Figure 2. Remarkably, SCAT-
derived n values fully agree with photographic measurements
and the model. At variance, NSCAT-GMF estimated wind
exponents (both sources) show slightly smaller values. The

model and in-situ experiment report an increase for n for
Uip < 5 m/s. This spectral behavior is confirmed by NSCAT
and SCAT measurements. Still, a larger set of low-wind
observations is necessary to precise these results.

TABLE II
MODEL SENSITIVITY PARAMETERS. ALL VALUES CALCULATED FOR
0 = 40° RADAR INCIDENCE ANGLE (ky, = 377 rad/m).

SCAT PD | SCAT PD | Photo meas.
Model Radar by [7]
n, 6 low winds 2.87 3.45 2.3
3<Uio<7m/s 0.50 0.42 0.4-0.6
n, 0 moderate winds 1.79 1.64 1.65
7<Uio<13m/s 0.72 0.65 0.4-0.6
n, ¢ high winds 1.83 1.59 1.65
13 < Ujp < 18 m/s 0.72 0.50 0.4-0.6

The angular width parameter characterizes the wind di-
rection sensitivity. From the Table II, the model and radar
observations are consistent for low and moderate wind speeds.
For high winds, radar-derived § slightly decreases, while the
predicted model angular width remains on the same level. This
difference between the model and radar measurements may be
explained by the limited growth of short capillary-gravity (1.5
cm) waves in the wind direction due to increased influence of
the surface drift current on short wave dissipation, discussed
in [9].

IV. POLARIZATION DIFFERENCE MODEL

Accordingly, the [8] spectrum exhibits a reasonable con-
sistency with in-situ and space borne radar data. For wind
inversion purposes, a PD GMF can be formulated. From the
Eq. (10), (11) and (19), it writes:

Ao =0(0)By(6) (1 +0(Uyo) Cos(2<p))
X (A[G;Qyol(l + gpolsf)] + A[Gzolhpol]szg] cos ‘P) (20)
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Fig. 3. The PD estimations for different Ku-band models for Uig =

5 (red), 10 (black) and 15 (blue) m/s. Dot lines correspond to NSCAT-4
(@ = 1.1, m = 1), solid lines to SCAT (a = 0.8, m = —1) and dashed
lines show the present model (20).

where O() is a calibration factor, aimed to correct antenna-
gain pattern residual and instrument calibration issues. An
anisotropy factor §(Uyg) is also considered to adjust with
empirical GMFs for a more realistic behavior under high wind
speeds.

Figure 3 shows the comparison of SCAT and NSCAT-4 PD
models with the theoretical model (20) for three different wind
speeds. Here, the instrumental correction factor is expressed
in a relatively simple form © = atan (#)", where a adjusts
the overall level of the GMF and tan ()" introduces the term
related to the correction of the residual antenna gain pattern.

V. CONCLUSIONS

The PD approach can be an efficient means to more directly
relate microwave measurements with sea surface wave spectral
properties. As analyzed, the PD model closely reproduces
the main properties of empirical radar GMFs in the range of
3 < Uyp < 20m/s. Yet, the proposed analytical framework
is a physically-driven approach to more precisely include
any necessary additional local environmental effects, e.g. sea
surface current and temperature effects, and/or presence of
biological films. This enhanced capability will thus enforce the
possibility to derive a more flexible wind vector inversion, with
GMF adapted to every particular geophysical situation. With
this analysis, we anticipate the implementation of the proposed
model to complement the existing SCAT data processor. To
note, the present analysis and formulation are valid to other
microwave sensing bands, and also applies to radar Doppler
measurements [16], [17], to more systematically consider po-
larization sensitivity to improve the retrieval of ocean surface
geophysical parameters, i.e. wind stress, white-caps, upper
ocean currents.
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