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Abstract: This study analyzed the noise equivalent sigma zero (NESZ) and ocean wind sensitivity for
Chinese C-band Gaofen-3 (GF-3) quad-polarization synthetic aperture radar (SAR) measurements to
facilitate further operational wind extraction from GF-3 data. Data from the GF-3 quad-polarization
SAR and collocated winds from both NOAA /NCEP Global Forecast System (GFS) atmospheric
model and National Data Buoy Center (NDBC) buoys were used in the analysis. For NESZ, the
co-polarization was slightly higher compared to the cross-polarization. Regarding co-polarization and
cross-polarization, NESZ was close to RadarSAT-2 and Sentinel-1 A. Wind sensitivity was analyzed
by evaluating the dependence on winds in terms of normalized radar cross-sections (NRCS) and
polarization combinations. The closest geophysical model function (GMF) and the polarization ratio
(PR) model to GF-3 data were determined by comparing data and the model results. The dependence
of co-polarized NRCS on wind speed and azimuth angle was consistent with the proposed GMF
models. The combination of CMODS5 and CMODS5.N was considered to be the closest GMF in
co-polarization. The cross-polarized NRCS exhibited a strong linear relationship with moderate wind
speeds higher than 4 m-s~!, but a weak correlation with the azimuth angle. The proposed model
was considered as the closest GMF in cross-polarization. For polarization combinations, PR and
polarization difference (PD) were considered. PR increased only with the incidence angle, whereas
PD increased with wind speed and varied with azimuth angle. There were three very close PR models
and each can be considered as the closest. Preliminary results indicate that GF-3 quad-polarization
data are valid and have the ability to extract winds in each polarization.

Keywords: Gaofen-3; synthetic aperture radar; quad-polarization; ocean surface wind; noise
equivalent sigma zero; geophysical model function; polarization ratio; polarization difference

1. Introduction

Spaceborne C-band synthetic aperture radar (SAR) can measure high-resolution sea surface
normalized radar cross-sections (NRCS). The SAR-derived NRCS originate from Bragg scattering,
which arose from the resonant interaction between radar transmitting magnetic waves and
centimeter-scale short waves [1]. Through this interaction, the NRCS can be related to radar geometry
and sea surface characteristics (wind and waves). This relationship is usually described by an
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empirical geophysical model function (GMF), facilitating the observations of ocean winds and other
oceanic parameters. With the development of polarimetric SAR technology, an increasing number of
polarization configurations have been attempted on SAR. This polarization diversity will inevitably
deliver new features to the SAR data or the GMFE.

Vertical (VV) polarization was first applied on C-band SAR satellites, such as ERS-1/2. For this
polarization, the most frequently used GMF is the CMOD suite, such as CMOD4 [2], CMOD_IFR2 [3],
CMODS5 [4], and CMODS.N [5]. They relate the NRCS to the incidence angle, wind speed, and azimuth
angle with respect to wind direction. Although these CMOD suites were developed using the C-band
scatterometer data, they apply very well to SAR data for retrieving wind speed and direction.

After VV polarization, horizontal (HH) polarization was extended to SAR, including RadarSAT-1
and ENVISAT ASAR. As expected, the HH data were different from the VV data; the HH NRCS was
significantly lower than the VV NRCS. In general, their correlation is described using a polarization
ratio (PR) model. Currently, most proposed PR models are incidence angle-dependent only [6-9],
while the other models are also a function of wind speed or azimuth angle [10,11]. Using a PR model,
the HH data can be transformed to match the VV data. Thus, a hybrid model function of CMOD and a
PR model is frequently used as the HH GMEF. With the accumulation of SAR data, a co-polarization
(VV or HH) GMF, named C-SARMOD [12], has been proposed using complete SAR data, including
Envisat, RADARSAT-2 (RS-2), and Sentinel-1 (S-1A), and the collocated ASCAT and ECMWF winds.
C-SARMOD can directly describe the HH data without the help of PR models.

In the last ten years, cross-polarization (VH or HV) technology was attempted on C-band
SAR, such as RS-2 and S-1A. As one of the encouraging achievements of these cross-polarization
attempts, the RS-2 SAR cross-polarization NRCS first exhibited a strong linear sensitivity to extreme
wind speeds [13,14], when the NRCS saturation was observed in co-polarization. This unique
sensitivity for cross-polarization data is mainly attributed to the contribution of breaking waves [15,16].
Some cross-polarization GMFs have been developed based on this sensitivity [13-20]. These models
are simple and considered more suitable for high wind conditions.

The first Chinese C-band multi-polarization civil SAR, named Gaofen-3 (GF-3), was launched
on 10 August 2016. The characteristics of a large coverage, fine scale, and quad-polarization are
gathered on GF-3 by 12 imaging modes [21]. Some preliminary assessments have been carried out
on the retrieval of ocean winds [22,23] and waves [23,24]. However, no holistic analysis for GF-3
quad-polarization SAR measurements has yet been performed. To prepare for operational wind
extraction using GF-3 data, we further analyze the noise equivalent sigma zero (NESZ) and wind
sensitivity using additional quad-polarization data to determine the closest model. This analysis will
help to identify the distinction between GF-3 data and the reported GMFs and to further promote
model selections and developments suitable for GF-3 data.

2. Materials and Methods

2.1. Materials

In this study, 1787 GF-3 SAR products acquired in Quad-Polarization Strip I (QPSI) and
Quad-Polarization Strip II (QPSII) mode, processed up to level-1A SLC, between 1 January 2017
and 26 July 2017 were collected. Both modes can provide quad-polarization data. Details of the two
modes are listed in Table 1. The locations of the collected GF-3 SAR data are shown in Figure 1 and
it is clear that most of the data are from the coastal areas of East Asia. Figure 2 shows the central
incidence angle distribution of the SAR data shown in Figure 1. Most incidence angles of the GF-3
data concentrate in a narrow range, between 35.5° and 37.5°, although the entire incidence angle range
is between 20° and 50°. Considering the nonuniformity of the distribution of the incidence angle, data
within this range are the focus of our analysis.
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Table 1. Details for QPSI and QPSII modes.

Mode Polarization Resolution (m) Swath (km)

QPSI VV +HH + VH + HV 8 30
QPSII VV +HH + VH + HV 25 40

60°S
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0° 60°E 120°E 180° 120°W 60°W 0°

Figure 1. Location map of the 1787 GF-3 SAR data points acquired in the QPSI and QPSII modes.
Each blue point represents a SAR data central location.
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Figure 2. Central incidence angle distribution of the collected GF-3 SAR data.

The globally-gridded ocean surface 10 m wind speeds and directions are provided by the
NOAA/NCEP Global Forecast System (GFS) atmospheric model. GFS winds are given at 0.5°
every 3 h. The GF-3 calibrated NRCS, incidence angles, and track angles are derived at a cell
resolution of 10 km. The NRCS are, thus, collocated with GFS wind speed and direction by spatial and
temporal interpolation.

The collocated in situ buoy wind speeds and directions are collected from the National Data Buoy
Center (NDBC) of NOAA. The distances between GF-3 cell center and the collocated buoy location
are less than 5 km. The time interval between them is 30 min. These criteria yield 10 collocations.
The buoy wind speeds are converted into 10-m winds [25,26] prior to use for analysis. The details of
the collocation of GF-3 quad-polarization data and NDBC buoy observations are listed in Table 2.
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Table 2. Details for collocations of GF-3 quad-polarization data and NDBC buoy observations.

. SAR Cell Center SAR Cell Center Buoy Latitude Buoy Longitude Buoy Wind Buoy Wind
Number Mode SAR Time (UTC) Latitude (°/N) Longitude (°/F) DUy Name o) Yo Speed (ms~1)  Direction (°/North)
1 QPSsIT 2017-04-23 01:54:58 33.678 —120.183 46069 33.67 —120.20 10.8 314.0
2 QPSIT 2017-03-08 14:08:04 37.384 —122.880 46012 37.36 —122.88 47 331.0
3 QPSIT 2017-03-08 14:08:10 37.356 —122.849 46012 37.36 —122.88 4.7 331.0
4 QPsII 2017-04-06 14:08:10 37.782 —122.788 46026 37.76 —122.84 6.5 161.0
5 QPSIT 2017-04-06 14:08:16 37.355 —122.806 46012 37.36 —122.88 4.7 155.0
6 QPSII 2017-04-08 14:25:17 37.754 —122.821 46026 37.76 —122.84 5.6 254.0
7 QPSII 2017-04-08 14:25:17 37.347 —122.860 46012 37.36 —122.88 5.5 269.0
8 QPSIT 2017-04-23 14:05:40 34.249 —120.391 46054 34.27 —120.46 12.3 327.0
9 QPsII 2017-04-23 14:05:46 33.692 —120.156 46069 33.67 —120.20 129 304.0
10 QPSIT 2017-04-23 14:05:52 33.671 —120.192 46069 33.67 —120.20 129 304.0
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Figure 3 shows an example of GF-3 QPSI mode quad-polarization SAR data acquired on 3 July
2017 at 01:51:53 UTC. The recorded spatial resolution is 5.55 m (azimuth direction) x 2.25 m (range
direction). It has a central incidence angle of 36.2° and an incidence angle range of 1.8° corresponding
to a swath of 30 km. The NESZ and wind sensitivity are analyzed using similar quad-polarization data
presented in Section 3.
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Figure 3. Normalized radar cross-section (NRCS) from GF-3 QPSI mode quad-polarization SAR data
acquired on 3 July 2017 at 01:51:53 UTC for (a) VV, (b) HH, (c¢) VH, and (d) HV polarization.

2.2. Methods

The NESZ is an important parameter of instrument noise. The existence of noise makes the SAR
NRCS higher than the true one. This is especially true for weak SAR signals, such as those with low
winds, large incidence angles, and cross-polarization, which makes them more vulnerable to the noise
effect. SAR with low NESZ can observe the NRCS better. Prior to the launch, SAR NESZ was estimated
in the laboratory. To track the changes in NESZ after the launch, an empirical estimation of NESZ was
used [12]. This estimation uses massive ocean surface NRCS at a resolution of 1 km as a function of the
incidence angle. Then, the envelope of the lowest NRCS values is considered to be the NESZ. Here,
we use the same method to estimate and analyze GF-3 data NESZ in each polarization with a 10-km
resolution instead of a 1 km resolution.

The analysis on wind sensitivity is expected to answer two questions on the GF-3 data: (1) Are
the trends in the data reasonable? If they are, the GF-3 data are valid; if not, the dataset is unqualified.
(2) Which model is the closest one to the GF-3 data? The determined model can be used to predict or
retrieve GF-3 data.

To answer the first question, data trends are first explored in terms of normalized radar
cross-sections (NRCS) and polarization combinations. We analyze the dependence of NRCS on
wind speed and azimuth direction for each polarization and the dependence of the polarization
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combination on the additional incidence angle. These dependencies are then compared with some
proposed models. The azimuth angle ¢,,imuth is defined as ¢,zimuth = Pwind — PsarR, where ¢y ing is
the GFS wind direction and ¢sar is the GF-3 across-track direction. Both ¢y,inq and ¢sar are the angles
measured from the true north. ¢, imum = 0° and ¢azimun = 180° represent upwind (the wind is blowing
toward the radar antenna beam) and downwind directions, respectively, while ¢,zimuth = 90° and
Pazimuth = 270° represent crosswinds. To better determine the trends, wind speed dependence is fitted
using a second-order polynomial regression formula, while the azimuth angle dependence is fitted
using a second-order Fourier series as follows:

(T(I)Dp = Agp + All)p COS(‘PaZimuth) + Azpp COS(Z(PaZimuth) (1)

where pp stands for polarization, Ug P is the NRCS, Agp is the constant coefficient, A}f P is the first-order
coefficient, and AF is the second-order coefficient. The A}fp and ASP coefficients represent the
asymmetries for upwind-downwind and upwind-crosswind, respectively.

The wind sensitivity of the GF-3 polarization combination is studied in terms of polarization
ratio (PR) and polarization difference (PD). The PR analysis is useful for determining an appropriate
GF-3 HH GMF with the help of CMOD GME, while the PD analysis aims to exploit new wind-related
parameters. Usually, PR is defined as:

aV
PR = —= )
HH
%
and PD is defined as:
PD =gyV — g1 ©)
where 0V and o{! are the NRCS in linear units for VV and HH polarization, respectively.

Using the analysis on the GF-3 data trends, a cross-polarization GMF model and a PR model were
developed by fitting the collocations.

To answer the second question, we compare the GF-3 data with both GMF and PR models to find
the closest model. In particular, two models proposed in this study are also used in the comparisons.
For the GMF model, the collocated GFS winds are used as inputs. Then, the root mean square error
(RMSE) is estimated for different GMFs. The GMF with the lowest RMSE is considered the closest
model to the GF-3 data. Furthermore, the determined GMF is validated using in situ NDBC buoy
winds instead of GFS winds. The PR model uses the same comparison as GMF, but does not include
the application of buoy data.

3. Results

3.1. Noise Equivalent Sigma Zero

Figure 4 presents the GF-3 NRCS as a function of the incidence angle for four different
polarizations. At the envelope bottom, the NESZ of VV, HH, VH, and HV polarization data are
approximately —33 dB, —33 dB, —37 dB, and —37 dB, respectively. The NESZ values are estimated
near the 36° incidence angle. Two co-polarization and two cross-polarization data points have the
same NESZ. The copolarization NESZ is slightly higher than the cross-polarization NESZ with an
increment of 4 dB. Previous studies showed that the co-polarization NESZ for RS-2 was approximately
—34 dB at a 36° incidence angle [13]. The cross-polarization NESZ for both RS-2 and S1-A SAR were
approximately —35 dB [12,13]. This provides a preliminary indication that GF-3 data have an NESZ
level comparable with S-1A and RS-2 in each polarization within this incidence angle range.
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Figure 4. The GF-3 NRCS as a function of incidence angle for 4 different polarizations. The color bars
represent the collocated wind speed from GFS. (a) For VV polarization; (b) for HH polarization; (c) for
VH polarization; and (d) for HV polarization.

3.2. Wind Sensitivity for NRCS

Figure 5 presents the GF-3 NRCS of VV polarization as a function of wind speed and azimuth
angle at the 36° incidence angle bin. The incidence angle bin is set to 2° due to limited data, while
the wind speed bin is 1 m-s—1. GMFs used for comparison include CMOD4, CMOD_IFR2, CMODS5,
CMODS.N, and C-SARMOD. In Figure 5a, GMF-derived NRCS is based on the assumption of 45°
azimuth angle. In Figure 5a, the VV NRCS increases with the wind speed. For the wind speed range of
2-12m-s~!, VV NRCS increases by 8 dB. However, the dependence of VV NRCS on wind speeds less
than 2 m-s~! is weak. The CMOD4 model is significantly deviated from the other models. GF-3 data
and most GMFs display good agreement and GF-3 data exhibit a more pronounced linearity compared
to all other GMFs.
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Figure 5. The GF-3 NRCS of VV polarization as a function of (a) wind speed and (b) azimuth angle.
The GF-3 NRCS data are fitted and compared to GMFs including CMOD4, CMOD_IFR2, CMOD5,
CMOD5.N, and C-SARMOD.
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In Figure 5b, NRCS varies with the azimuth angle. The local maxima occur in the upwind and
downwind directions, while the local minima occur in the crosswind direction. The maximum is
approximately —14 dB while the minimum is —18 dB. CMOD4 remains significantly deviated, while
other GMFs and GF-3 data display consistency on the modulation with the azimuth angle.

Figure 6 shows the data-to-model comparisons using collocations for the full data and multiple
wind speed bins. The collocated winds used in the GMF models are from GFS. In Figure 6a, CMOD5
and CMOD?5.N are close to each other, and are the two GMFs closest to the GF-3 data. In Figure 6b,
each GMF does not exhibit exactly the same RMSE at different wind speed bins. In particular, the GMF
with the smallest RMSE is CMODS5 for wind speeds less than 6 m-s~!, while it is CMODA5.N for higher
wind speeds. Thus, we use a combination of CMODS5 and CMODS.N as the closest GMF to the GF-3
VV data. In practical application which model is chosen will be determined by according to the wind
speed values.
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Figure 6. RMSE of GMFs compared to GF-3 NRCS of VV polarization. (a) Each RMSE is from the
full data; and (b) each RMSE is from a wind speed bin of 1 m-s~!. GMFs used include CMOD4,
CMOD_IFR2, CMOD5, CMODS5.N, and C-SARMOD. The winds used in the GMFs are from GFS.

Figure 7 further validates the results presented in Figure 6 using collocated NDBC buoy winds
instead of GFS winds. The combination of CMOD5 and CMODS.N is used according to the wind
speed value. All GMFs, except CMOD4, have acceptable RMSEs, with values from 0.6 dB to 1.2 dB.
In particular, the smallest RMSE value (0.6 dB) belongs to the combination of CMODS5 and CMOD5.N.
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Figure 7. Scatterplots of GF-3 NRCS of VV polarization against NRCS from GMFs using collocated
NDBC buoy winds as inputs.
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Figure 8 shows the same analysis as in Figure 5, but for HH polarization. C-SARMOD can directly
describe HH polarization data; however, CMOD GMFs are only suitable for VV polarization. Thus,
the GF-3 HH polarization data are also compared with a hybrid model of CMOD and the PR model in
addition to C-SARMOD. The VV NRCS is first obtained using CMOD GMF and then converted into
HH NRCS using the PR model. Here, the PR model is tuned from the GF-3 data using Equation (5).
The details of the tuning process are described in Section 3.3.

L I I I T I 1 L 1 1 I T 1 1 4
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_5F CMOD_IFR2+PR  — Fit on GF3 NRCS 3 -10 CMOD_IFR2+PR  — Fit on GF3 NRCS 4
b — CMOD5+PR . GF3 NRCS r — CMOD5+PR . GF3 NRCS

GF3 NRCS (dB)

Polarization=HH / 6=36.0 degree

Polarization=HH / 8=36.0 degree / U;=7.0 m-s '

CMODS5.N+PR

GF3 NRCS (dB)

-12

CMODS5.N+PR

—22L L IR |
0

1 1 1 1 1 1
135 180 225 270 315 360
Wind speed (m-s™!) Azimuth angle (degree)

Figure 8. Same as Figure 5, but for HH polarization. The PR model used was developed using GF-3

data, shown in Equation (5).

The comparisons of the dependence on wind speed and azimuth angle in Figure 8a,b show that
HH polarization exhibits the same trends as those of VV polarization. Most GMFs are still in good
agreement with the GF-3 data. The results suggest that C-SARMOD or the combination of CMOD and
the PR model can describe the HH NRCS at an incidence angle of 36° and a wind speed of 7 m-s~ 1.

Figure 9 is the same as Figure 6 but for HH polarization. In Figure 9a, the CMODS5.N yields
the least RMSE of about 1.6 dB. In Figure 9b, models are more consistent compared to those of VV
polarization except for CMOD4. However, this figure basically exhibits a similar RMSE distribution to
that of VV polarization, except that C-SARMOD has some improvements. From the above analysis,
the combination of CMOD5 and CMODS5.N is still considered as the closest GMF to GF-3 HH data.
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16

Figure 9. Same as Figure 6, but for HH polarization. The used PR model was developed using

GF-3 data.

Figure 10 is the same as Figure 7 but for HH polarization. The combined closest GMF still yields
the smallest RMSE, with a value of 0.8 dB. It means that GF-3 VV and HH polarization data can use
the same combined GMEF to retrieve winds, with the help of PR model developed using GF-3 data.



Remote Sens. 2017, 9, 1215 10 of 17

NRCS scatter / Polarization=HH

R BT AT S S EaRE
[ eee CMOD4+PR (RMSE=2.0 dB) o
-10F CMOD_IFR2+PR (RMSE=0.9 dB) §

I 4++4 CMOD5+PR (RMSE=0.9 dB) °

4~
-2

=10

'
[

I: &
— -12[-%Xx CMOD5.N+PR (RMSE=1.2 dB) - .
T | akk C-SARMOD (RMSE=2.4 dB) .~ 1
2 -14 —AAA CMOD5+CMOD5.N+PR (RMSE=0.8 dB)
gt 3
2 -16F -]
s °F ]
o I ]
© - -
w -18F -]
= C ° 4
o C ]
€ 201 o .
= T +. ]
§ -22 C X -
zZ Saa ]
24 -
X% ]

DT-] SAPI I P I U I NP P
26 -24 -22 -20 -18 -16 -14 -12 -10 -8

GF3 NRCS (dB)

Figure 10. Same as Figure 7, but for HH polarization. The used PR model was developed using
GEF-3 data.

Figure 11 shows the same analysis as Figure 5, but for VH polarization. In Figure 11a, GF-3
VH NRCS dependence on wind speed exhibits a linear relationship for wind speeds higher than
4ms~!. The VH data are widely used for higher winds. Our results suggest that VH data are sensitive
to moderate wind speeds under low noise conditions. Based on this linear relationship, some VH
GMFs have been proposed using RS-2 data. Here, we compare the VH NRCS dependence with the
proposed models by Vachon et al. [13] and Zhang et al. [18], and two models (H14S and H14E) by
Hwang et al. [20]. These comparisons show that the model in Vachon et al. [13] is relatively close to
GEF-3. This model is nearly parallel to the GF-3 data fit with a difference of approximately 2.0 dB.
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Figure 11. Same as Figure 5, but for VH polarization. The GF-3 NRCS data are fitted and compared to
four proposed models.

In Figure 11b, VH NRCS varies with the azimuth angle similar to the co-polarized NRCS.
The maxima and minima still occur in the upwind and crosswind directions, respectively. The VH
NRCS dependence on azimuth angle is weak compared to the co-polarized data. This is why most VH
GMFs do not consider azimuth modulation.

Based on the results reported in this section, a new VH GMF as a function of wind speed only, is
established using the GF-3 data. This GMF is simply developed by fitting the first-order NRCS to the
wind speed, expressed by:

oy = 0.5629U — 36.1786 4)

where 01 is the NRCS in VH polarization and Uy is the wind speed at 10 m.
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Figure 12 is the same as Figure 6, but for VH polarization. In Figure 12a, the model developed in
this study has the smallest RMSE of 1.3 dB. Moreover, the model in Vachon [13] is close to our model
with a difference of about 0.3 dB. In Figure 12b, both models are still close, but our model is slightly
lower than Vachon'’s for most wind speed bins. The new VH GMF model in this study is, thus, used as
the closest model to GF-3 VH data.

Polarization=VH Polarization=VH
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: ] 9_(b) e—e Vachon et al. [13] 3
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Figure 12. Same as Figure 6, but for VH polarization. The GMFs used include four previous models
and one model developed using GF-3 data.

Figure 13 is the same as Figure 7, but for VH polarization. Our model yields the smallest RMSE of
1.4 dB compared to GF-3 NRCS. Moreover, the model in Zhang [18] yields an extra bias, likely because
of the calibration difference between GF-3 and RS-2 SAR data. Both H145S and H14E models have
comparable RMSEs to our model at higher wind speeds, whereas there are large differences at low
wind speeds. These results are also consistent with those shown in Figure 12.
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Figure 13. Same as Figure 7, but for VH polarization. The GMFs used include four previous models
and one model developed using GF-3 data.

Figure 14 presents the GF-3 NRCS scatter between VH and HV polarizations. Theoretically, NRCS
for VH and HV should be the same. The correlation between the two polarizations is strong when the
resolution is 10 km. This indicates that the two sets of cross-polarization data generally have the same
GMEF at a resolution of several kilometers. However, there are still some small differences on NRCS
values between VH and HV. These differences are probably due to the distinctive treatments on how
to record or process the two paths in GF-3 SAR configuration.
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Figure 14. The GF-3 NRCS scatter between VH and HV polarization. The color bar represents the
incidence angle.

3.3. Wind Sensitivity for the Polarization Combination

Most proposed PR models are incidence angle dependent only, such as those reported in
Elfouhaily et al. [6], Thompson et al. [7], Vachon et al. [8], and Horstmann et al. [9]. Some recent
models are also wind speed (Zhang et al. [11]) or azimuth angle (Mouche et al. [10]) dependent.
We analyze the GF-3 PR dependence on incidence angle, wind speed, and azimuth angle, and compare
these to the proposed PR models (Figure 15). Figure 15a shows the GF-3 PR as a function of incidence
angle (GF-3 PR increases with the incidence angle). Except for the model in Thompson et al. [7], the
GE-3 PR and other PR models agree well with each other within the 20°—40° incidence angle range.
However, for incidence angles larger than 40°, the difference between the models increases with the
incidence angle.
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Figure 15. The GF-3 polarization ratio as a function of (a) incidence angle, (b) wind speed, and
(c) azimuth angle. The GF-3 polarization ratios are fitted and compared to some proposed models.
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Figure 15b shows the GF-3 PR dependence on wind speed. Overall, GF-3 PR is significantly lower
than the model in Zhang et al. [11] for all wind speeds. There is a difference of approximately 1.0 dB
between the two when the wind speed is 6 m-s~!. The model in Zhang et al. [11] decreases with wind
speed, whereas GF-3 PR remains basically unchanged.

Figure 15c shows the GF-3 PR dependence on azimuth angle. GF-3 PR is lower than the model in
Mouche et al. [10] for any azimuth angle; the maximum difference occurs at the azimuth angle of 180°
(1.7 dB). The model in Mouche et al. [10] is sensitive to the azimuth angle and the peak is located at
180°, whereas GF-3 PR is not sensitive to the azimuth angle.

In summary, GF-3 PR is sensitive to the incidence angle, but not to wind speed or azimuth angle.
Thus, we develop a new GF-3 PR model using the collocated data and it is a function of the incidence
angle only. This model uses the same structure as the model in Vachon et al. [8]. The model coefficient
« is estimated by fitting GF-3 PR data to the incidence angle and it has a value of 1.3. The new GF-3 PR
model is expressed as:

- 1+ 2 tan? 9)2
R = 5 ®)
(1 + 1.3tan?0)

To quantitatively evaluate the models, we compare the PR values from GF-3 measurements and
the models. Figure 16 shows the estimated RMSEs of the models. In Figure 16a, the RMSE of the model
of this study is very close to the RMSE of the models by Elfouhaily et al. [6] and Vachon et al. [8] that
have the same and the smallest RMSE values (~0.19 dB). In Figure 16b, the three models still have
lower RMSEs than the other models at most incidence angle bins. Moreover, they show a slowly and
alternately increasing trend with the incidence angle. Thus, each one of the three models can be used
as the closest model to GF-3 PR data.
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Figure 16. The RMSE of PR models compared to GF-3 PR measurements. (a) Each RMSE is from full
data; and (b) each RMSE is from an incidence angle bin of 1°.

Figure 17 presents the same data as Figure 15 except for GF-3 PD dependence. The behavior of PD
is different from that of PR. In Figure 17a, PD is insensitive to the incidence angle. The PD has no clear
trend with incidence angle, with intensely fluctuation values, ranging from 0.01 to 0.06. Figure 17b
shows that PD increases with wind speed, consistent with the study by Mouche et al. [12]; the two
analyses have a value of 0.025 at a 10 m-s~! wind speed. In Figure 17c, PD varies with the azimuth
angle. In particular, the azimuthal modulation of PD is comparable to those of VV and HH data, as
also discussed in Mouche et al. [12]. Moreover, the positions of the maxima and minima for PD are
exactly the same as those for VV and HH data shown in Figures 5b and 8b. The maxima and minima
are approximately 0.022 and 0.004, respectively.
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Figure 17. The GF-3 polarization difference dependence on (a) incidence angle, (b) wind speed, and
(c) azimuth angle. The GF-3 NRCS data are fitted.

4. Discussion

GF-3, as the first Chinese C-band multi-polarization civil SAR, can determine the design
adjustment and the launch schedule of subsequent satellites. Among the applications of GF-3,
high-resolution measurements of ocean winds are undoubtedly among the most important ones.
Currently, GF-3 is still in the early stages of use in orbit operations and is used in data characteristics
testing. Some GF-3 data in copolarization have been collected for wind analysis and are used to
retrieve ocean winds using frequently-used CMOD GMFs. Corresponding retrievals are validated by
collocated buoy data and show an overall agreement. However, the amount of data used for validation
is not sufficient. Moreover, polarization modes are confined to copolarization. In particular, there is no
holistic analysis method for GF-3 SAR measurements in each polarization. For the ultimate operational
application, it is essential to identify the gaps between Chinese GF-3 data and other SAR data or stable
SAR models. Thus, in this study, we analyze NESZ and ocean wind sensitivity in each polarization
using additional GF-3 quad-polarization measurements. The results of the NESZ analysis show that
GEF-3 data have an NESZ level comparable with S-1A and RS-2 in each polarization. The analysis of
wind sensitivity reveals that GF-3 data are consistent with the proposed GMFs and PR models and
contain the wind information. Even more importantly, it proves the reliability of the data quality.
We also used the data-to-model comparisons to determine the closest models to the data. These models
can be used to extract winds from GF-3 data.

The analysis of copolarization shows that the accuracy of GMFs at different wind speeds are
not exactly the same. Therefore, a combined model is used to retrieve winds from GF-3 data more
accurately. In fact, the closest GMF to GF-3 copolarization is a combination of two models. Thus, the
GEF-3 data with lower NRCS can be processed using CMODS5, while the model is replaced by CMOD5.N
for higher NRCS. Wind retrieval in extreme wind conditions can also turn to cross-polarized data,
which are not easy to saturate. In addition, cross-polarized NRCS also exhibit strong linear relationships
with moderate wind speeds larger than 4 m-s~!. This means that cross-polarization has a potential to
retrieve moderate winds if the noise meets certain requirements.
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In previous studies [12,27], PD mostly contains information on the fast-response spatial changes
of short-scale resonant Bragg waves, mainly caused by variable wind fields. Our results show that
GEF-3 PD data increase with wind speed and are modulated with azimuth direction. This represents a
potential of extracting more true winds from PD data using fast-response characteristics for changing
coast winds. As a next step, we will compare the wind retrievals from conventional SAR data and PD
data in combination with in situ winds, to quantitatively explore the fast-response characteristics.

There are three factors that affect the accuracy of the analysis. The first one is the data location.
Most of the data are from the coastal areas of East Asia, which makes it difficult to study the regional
differences in GF-3 data characteristics. The second one is the nonuniformity of the distribution of the
incidence angle. Most incidence angles of GF-3 data are concentrated in a narrow range, between 35.5°
and 37.5°, which limits the analysis of NESZ and wind sensitivity for NRCS to a narrow incidence
angle, although wind sensitivity for polarization combination uses a wider, but intermittent, range
of incidence angles. The last one is the limited amount of in situ buoy data. In this study, we only
collected ten NDBC buoy collocations because most GF-3 data are from the East Asia coast, while most
NDBC data are collected off the west coast of the United States. Moreover, most buoy wind data are
in the range of 5 m-s~! and 12 m-s~!. If we have a larger amount of buoy data, we can make more
comprehensive comparisons for a wider range of wind speeds.

Despite the limitations, we recommend promoting the initial applications of GF-3 data. For both
QPSI and QPSII mode data at a specific incidence angle range, this study reveals the validity and the
capacity of GF-3 data to extract wind information. This study also determines the models suitable for
GF-3 data.

5. Conclusions

This study focuses on the preliminary analysis of NESZ and wind sensitivity for Chinese GF-3
SAR measurements. The results can be used to select or develop models used for GF-3 operational
wind retrievals. Datasets used in this study include the GF-3 SAR quad-polarization data and the
collocated wind field data from both GFS and NDBC.

The NESZ for GF-3 SAR measurements in each polarization was first analyzed using NRCS and
the collocated GFS wind speeds. The NESZ of VV, HH, VH, and HV data at a 36° incidence angle are
—33dB, —33 dB, —37 dB, and —37 dB, respectively. The copolarization NESZ is slightly higher than the
cross-polarization NESZ. The GF-3 NESZ is close to the NESZ levels for RS-2 and S-1A. The low NESZ
performance of GF-3 cross-polarization data makes the application of these weak signals possible.

Next, the wind sensitivity of GF-3 SAR measurements was studied by analyzing the dependence
of NRCS and polarization combination on wind data. First, the dependence of GF-3 NRCS on wind
speed and azimuth angle in different polarizations was analyzed and compared to the proposed GMFs.
We explored the trends in GF-3 data against wind speed and azimuth direction. For copolarization
data, GF-3 NRCS increased with the wind speed and was modulated by the azimuth angle. The results
were consistent with most GMFs, including CMOD_IFR2, CMOD5, and CMODS5.N. The PR model
used in the analysis of HH polarization data was developed using GF-3 data. For VH data, a clear
linear relationship between GF-3 NRCS and moderate wind speeds (higher than 4 m-s~!) was detected.
This suggests that VH data have the potential to retrieve moderate winds accurately, although this
type of polarization data has been previously used in high-wind applications. The HV data had nearly
identical NRCS at a 10-km spatial resolution.

In addition, the GF-3 polarization combination was analyzed and compared to the results of
the existing studies. The polarization combinations analyzed in this study include PR and PD. GF-3
PR increased with the incidence angle, but was insensitive to both wind speed and azimuth angle.
GF-3 PR and most PR models were consistent within the incidence angle range of 20°-40°; however,
differences were significant for larger incidence angles. GF-3 data was not dependent on wind speed
or azimuth angle, whereas GF-3 PD was sensitive to wind speed and azimuth angle, but insensitive
to the incidence angle. PD increases with the wind speed and is modulated by the azimuth angle.
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The GF-3 PD dependence on wind speed and azimuth angle was generally consistent with the studies
on ENVISAT ASAR.

Based on the linearity of cross-polarization, a simple GF-3 VH GMF was developed using
collocations. Meanwhile, considering the PR diversity for large incidence angles, a new GF-3 PR
model was developed using GF-3 data as a function of incidence angle only.

To determine the closest GMF in each polarization and PR model to GF-3 data, we performed
data-to-model comparisons. The comparison used collocated GFS winds to determine the closest
model in terms of the magnitude of RMSE. The comparisons also used collocated in situ NDBC buoy
winds to validate the determined models. The closest GMF in copolarization was the combination of
CMOD5 and CMODS5.N. The former was suitable for lower wind speeds, while the latter was suitable
for higher wind speeds. For GF-3 cross-polarization, the closest GMF was the model proposed in this
study. In addition, there were three very close PR models proposed in Elfouhaily et al. [6], Vachon [8],
and the current study. Each one can be used as the closest PR models to GF-3 data.

In future research, the determined closest model in each polarization will be used to extract winds
from GF-3 data. Furthermore, we will extend the GF-3 data incidence angle range to enrich the analysis
of NESZ and wind sensitivity of GF-3 measurements.
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