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This study analyzes the effects of noise equivalent sigma zero (NESZ) on
wind retrieval accuracy based on the estimated NESZ and wind retrievals from
Gaofen-3 (GF3) synthetic aperture radar (SAR) wave mode data. The NESZ was
estimated from the normalized radar cross-section (NRCS) bottom envelope
from the calm sea (winds <1 m/s). The data used included GF3 SAR wave
mode data, collocated NOAA/NCEP Global Forecast System (GFS), Advanced
Scatterometer (ASCAT) and National Data Buoy Center (NDBC) buoy wind data.
First, the GF3 data were recalibrated using a numerical weather prediction
method in which the recalibration coefficients at four polarizations and different
incidence angles were estimated. The NESZ trends were then estimated along
with the in-orbit time and incidence angles based on the recalibrated GF3 NRCS.
NESZ trends show no obvious change with in-orbit time, whereas it shows
significant fluctuations with the incidence angle. Moreover, wind speed and
direction were retrieved by the CMODS5.N model using the optimal scheme (for
co-polarized data, VV, and HH data) and a linear model (for cross-polarized data,
VH, and HV data). The wind retrieval accuracy was estimated by comparison with
ASCAT and NDBC winds. Finally, the wind retrieval accuracy with the NESZ for
different incidence angle bins was analyzed. The root mean square error (RMSE)
of the wind speed and direction increase with the NESZ for each polarization.
For the NESZ effects, the co-polarized data are more evident than the cross-
polarized data for wind speed retrieval, whereas the two co-polarized data are
close for wind direction retrieval. When the NESZ increases from —-41 dB to
—29 dB, there is a wind speed RMSE degradation of 1.5 m/s, 1.2 m/s, 0.7 m/s and
0.5 m/s for VV-, HH-, VH-, and HV-polarized data respectively, while there is a
wind direction RMSE degradation of 5° for co-polarized data. This reveals the
necessity of reducing the SAR NESZ to improve wind retrieval accuracy.

KEYWORDS
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1 Introduction

The sea surface wind field is an important dynamic environmental parameter of
the ocean that can be measured using multiple radars, such as synthetic aperture
radar (SAR) and scatterometers, based on interactions between radar signals and
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ocean surface capillary waves (Valenzuela, 1978). Owing to the high
spatial resolution in an azimuth, SAR can derive fine sea surface
wind fields reaching levels up to hundreds of meters. Considerable
research has been conducted on SAR wind retrieval. Usually, a
geophysical model function (GMF) is used to retrieve the wind
field from calibrated SAR data. The GMF relates the wind data to
the SAR-measured normalized radar cross-section (NRCS), which
can be developed empirically using scattermeters or SAR data and
collocated true winds. Here the NRCS is defined as the radar
cross-section normalized by a reference area, which allows for
the comparison of radar performance across different targets and
conditions. For C-band SAR, common GMFs include CMOD4
(Stoffelen and Anderson, 1997), CMOD_IFR2 (Quilfen et al., 1998),
CMODS5 (Hersbach et al., 2007), CMOD5.N (Hersbach, 2008), etc.
Once the SAR NRCS is determined for a certain sea area, the
corresponding wind field can be estimated by solving GMFs.

Methods for improving the accuracy of SAR wind products
have long been a research focus in the field of marine microwave
remote sensing. Four factors are considered to primarily affect
the accuracy of wind field retrieval. The first is radiometric
calibration accuracy. The calibration process transfers the radar
voltage signal to the NRCS, and the calibration coefficient is
generally considered constant for the determined incidence angle,
polarization, and system gain. Active transponders and corner
reflectors are commonly used for calibration (Chen et al., 2018),
and the NWP method has gained increasing attention in recent
years owing to its convenience and low cost (Horstmann and
Lehner, 2002; Verspeek et al., 2012; Verspeek et al., 2010; Mu
and Song, 2014). The second factor is GMF accuracy, which is
related to the model structure and accuracy of the data samples.
GMFs have been continuously improved in terms of C-band GMF
family evolution (Stoffelen and Anderson, 1997; Quilfen et al., 1998;
Hersbach et al., 2007; Hersbach, 2008). The third factor is retrieval
algorithm effectiveness. The wind direction was determined for
the latter experiment. Some methods directly substitute model
wind into the GMF to estimate wind speed (Monaldo et al,
2001; Vogelzang et al., 2009; Bergeron et al., 2011; Monaldo, 2000;
Beaucage et al., 2007), whereas an optimal algorithm solves for wind
speed and direction simultaneously based on a cost function that
includes model wind and SAR data (Portabella et al., 2002; Kerbaol,
2007). The fourth factor is the NESZ effect. NESZ is the noise floor
of NRCS measurements that can describe noise intensity. Noise
characteristics are determined by the radar system design (Vachon
and Wolfe, 2011; Scheuchl and Cumming, 2005; Ren et al., 2017;
Mouche and Chapron, 2015; Shi et al., 2020). Suppose that noise
is a random signal with mean and variance. Here, the mean noise
can induce a bias in the original NRCS, whereas the variance can
induce a fluctuation. Note that bias can be removed during the
calibration process, whereas the effects of fluctuations remain in the
final retrievals.

Previous studies on SAR NESZ analyses have employed
RADARSAT-2 and ENVISAT SAR quad-polarization products
to directly yield NESZ information. Using these data, Vachon
etal. (Vachon and Wolfe, 2011) compared the NESZ values for
different polarizations. The comparisons show that the NESZ
increases with the incidence angle but is independent of the wind
speed. Moreover, the NESZ increment with the incidence angle
is more obvious for cross-polarization than for co-polarization.
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Scheuchl et al. (Scheuchl and Cumming, 2005) compared the NESZ
of data from different sea ice regions based on ENVISAT SAR dual-
polarization data from 31° to 34.5° and analyzed the effect of NESZ
changes on sea ice characteristics at different polarizations. It was
found that the variation range of NESZ of VV-polarized data is
from -18.47 dB to —9.28 dB, while the variation range of NESZ
of VH-polarized data is from —23.89 dB to —18.48 dB. The NESZ
of the VH-polarized data is significantly smaller than that of the
VV-polarized data.

However, some SAR data products cannot provide the NESZ.
To account for this, two methods have been proposed to estimate
the SAR NESZ. The first method estimates the NESZ using the
NRCS at very low winds with respect to Gaofen-3 (GF3) SAR QPSI
and QPSII mode data (Ren et al, 2017; Mouche and Chapron,
2015). The bottom envelope of the NRCS was considered the
NESZ. This estimate showed that the NESZ at four polarizations
(VV, HH, VH, and HV) was approximately —33, —33, —37, and
-37 dB. The co-polarized data produced identical NESZ values,
and the NESZ for the cross-polarized data was also the same.
The second method estimated the NESZ using a reciprocity-based
minimum noise envelope estimator with respect to the same-
mode GF3 data (Shi et al, 2020). This estimator presumed that
the HV and VH polarimetric responses of targets are identical and
considers the difference between VH and HV to be NESZ. From
the estimated GF3 NESZ, they found that GF3 had a better noise
control performance than RADARSAT-2 at most elevation angles.
There have been some studies on NESZ estimation and analysis, but
studies on the effects of NESZ on wind retrieval are still rare.

GF3, launched on 10 August 2016, was the first Chinese C-
band multipolarization civil SAR and has a large coverage, fine scale,
multiple modes, and quad-polarization (Sun et al., 2017). In recent
years, many studies using GF3 data have been conducted in the
field of ocean remote sensing, including wind and wave retrieval
(Ren et al., 2019; Wang et al., 2019; Li et al., 2018; Wang et al,,
2017; Shao et al, 2017). It is noteworthy that many new data
features require further exploration. The primary design task for
the GF3 wave mode is to observe global waves, and wave mode
data have been found to be suitable for retrieving wind fields.
Wang et al. (Wang et al., 2019) recalibrated the GF3 wave mode
data with an incidence angle of 40.01° by using the NWP method.
The wind speed was then retrieved from the recalibrated HH
polarization data. By the recalibration, the bias and root mean square
error (RMSE) of the retrieved wind speed decreases by 0.83 m/s and
0.49 m/s, respectively, compared with the collocated HY-2A SCAT
wind data. This study revealed the feasibility of using GF3 wave
mode data for wind retrieval. However, the data at incidence angles
other than 40.01° have not yet been recalibrated. In addition, the
NESZ estimation and its effects on GF3 wind retrievals were not
considered.

Numerous studies have focused on the first three factors
(calibration, GME, and retrieval algorithms) affecting wind retrieval
accuracy. However, the NESZ estimation and analysis of the SAR
data requires further supplementation. In particular, studies on the
effects of the NESZ on wind retrieval accuracy have rarely been
conducted. Therefore, this study aims to analyze the effects of the
NESZ on the wind retrieval accuracy for GF3 SAR wave mode
data. To achieve this goal, GF3 data were recalibrated to derive
an accurate NRCS using the NWP method. Using the recalibrated
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FIGURE 1
Data location map. The blue circles indicate the GF3 SAR wave mode data, the red circles indicate the collocated ASCAT scatterometer wind data, and
the green plus signs indicate the collocated NDBC buoy wind data.

data, the NESZ was estimated, and the wind speed and direction
were retrieved using the corresponding algorithm to provide data
for analysis.

2 Data

The data used in this study included GF3 SAR wave mode data
(Wang et al., 2019), NOAA/NCEP Global Forecast System (GFS)
winds (Ren et al., 2019), Advanced Scatterometer (ASCAT) winds
(Yang et al,, 2011), National Data Buoy Center (NDBC) buoy winds
(Monaldo et al., 2001), and Earth Topography 1 Arc-Minute Global
Relief Model (ETOPOI1) digital elevation (Amante and Eakins,
2009). Level-1A (L1A) GF3 data were collected from January 2017 to
October 2018 and included approximately 18,970 images. The GF3
SAR operates in the C band (approximately 5.3 GHz) and revolves
around the Earth at an altitude of 755 km in a sun-collocated orbit,
with an orbital repetition period of approximately 29 days. Among
the 12 imaging modes of the GF3 sensor, the wave mode provides
5km x 5km images at intervals of 50 km along the orbit, with a
resolution of about 2.3 m (range) x 5.2 m (azimuth) and a quad-
polarization (VV + HH + VH + HV) configuration. To remove
the speckle noise, wave mode data were filtered by averaging data
in a box of 1km x 1km before retrieval processing. The main
task of wave mode data is to measure ocean waves. But it can also
observe high-resolution NRCS of the sea surface, which make it
have the ability of measuring sea surface winds. To directly use
the mature GMFs established by previous researchers, this study
adopted a recalibration method to remove the bias between data
and GMFs. Although the incidence angle of the GF3 wave mode
is designed to switch from 20° to 50°, most GF3 wave mode data
are located at middle incidence angles. In this study, the incidence
angles ranges from 28° to 49°. Figure 1 shows the data location
map. The data are mainly geographically distributed in the Pacific
Ocean, and small amounts of data are distributed in the Atlantic and
Indian Oceans.
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Three types of collocated wind data (GFS, ASCAT and NDBC
winds) were used in this study. GFS winds (Ren et al., 2019) are
obtained from reanalysis model data and have a spatial resolution
of 0.75°%0.75° and a time resolution of 6 h. ASCAT winds are
measured using a scatterometer on the Metop A and B satellites
with a standard spatial resolution of 25 km x 25 km (Yang et al.,
2011). This provides high-quality wind-field products with wide
swaths. The NDBC winds are measured in situ by buoy. The GFS
wind accuracy is lower than those of the scatterometer and buoy
data. However, the GFS wind data are a type of global grid data;
thus, they can be matched with the GF3 wave mode data to obtain
a large amount of collocated data to determine the true wind field
trend. The trend from the GFS wind data was used to recalibrate
the NRCS bias in this study. Meanwhile, compared to GFS wind
data, the ASCAT and NDBC winds are more accurate, although
it has fewer collocations with the GF3 data. For this purpose,
ASCAT and NDBC wind data were used to validate the wind
retrievals. The time difference for the collocation standard between
ASCAT and GF3 is less than 3 h, and the spatial difference of the
central locations is less than 12.5 km. For NDBC data, the time
and spatial collocation standard is 0.5h and 10 km respectively.
Here the spatial difference was calculated using the latitude and
longitude of two locations by the Vincent’s formula (Vincenty, 1975).
Moreover, the scatterometer data are not suitable for observation
near to the coast. For that, only the data with ETOPO1 water
depths less than —50 m were used for avoiding the contamination
from land.

3 NESZ estimation
3.1 Recalibration
Radiometric calibration of SAR data is a prerequisite for

ensuring the accuracy of the SAR NRCS. GF3 wave mode data
are calibrated at the manpower calibration site. The L1A NRCS at
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FIGURE 2
Scatterplots of measured GF3 NRCS against simulated NRCS from GMF and GFS winds at four polarizations. The first line indicates the data before
recalibration, while the second line is the data after recalibration. These GF3 NRCS data were measured at the same incidence angle of 40.5° with a bin
of 1° for (A) VV polarization and before recalibration, (B) HH polarization and before recalibration, (C) VH polarization and before recalibration, (D) HV
polarization and before recalibration, (E) VV polarization and after recalibration, (F) HH polarization and after recalibration, (G) VH polarization and after
recalibration, and (H) HV polarization and after recalibration.

different polarization channels can be calibrated using the following
formula in Equations 1, 2:

¢’ = 10log,,DN-K 1)

DN = (P + Q) x (qv/32767)* )

where o is the NRCS in dB, DN represents the intensity,
K is the calibration coefficient, I represents the real part
of the LIA data, Q represents the imaginary part of the
L1A data, qv represents the maximum qualified value stored
in the product comment file according to the polarization.
Generally, K varies only with the incidence angle and
polarization.

However, according to previous studies, there is some calibration
bias for the GF3 wave mode data (Wang et al., 2019). Considering
that routine calibration activities on land sites usually incur huge
costs, this study adopted the NWP method to recalibrate the data,
which has been widely used in the calibration of marine microwave
remote sensing satellites. This method is briefly described as follows:
First, the measured GF3 wave mode NRCS was obtained using
the original radiometric calibration method at four polarizations.
Second, based on GFS wind data, the simulated NRCS was obtained
using the GMF models at different polarizations. Then, the bias
between the measured GF3 NRCS and the simulated NRCS was
estimated by Equation 3, which is called the recalibration coeflicient

K

recal*

A3)
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where 09, is the original GF3 NRCS and o° is the
simulated NRCS based on GMF and GFS winds. Using the

the

recalibration coefficient, NRCS can be recalibrated in
Equation 4 as
Ugmz = g?n - Krecal (4)

where ofml is the recalibrated NRCS.

Figure 2 shows the accuracy of the recalibrated NRCS at 40.5°
incidence angle using the NWP method, which was estimated by
comparing the measured GF3 NRCS against the simulated NRCS
from the GMF and GES winds. Here the used GMFs at VV, HH,
VH and HV are described in the following text (Section 4.1). Wind
speeds greater than 5 m/s were used to ensure a stable wind field
and a strong NRCS, thus helping relieve interference from noise.
Figures 2A-D show the comparisons before recalibration for the V'V,
HH, VH, and HV polarizations, while Figures 2E-H show similar
comparisons after recalibration.

Before calibration, the biases of the GF3 NRCS are 3.54, 2.26,
2.79, and 3.79 dB, while the RMSE is 4.28, 3.25, 3.36, and 4.2 dB.
After calibration, all biases are less than 0.1 dB, and the RMSE is
2.42, 2.32, 1.88, and 1.83 dB. In contrast, the recalibration process
significantly improves the accuracy of GF3 NRCS.

The recalibration coefficients of the GF3 wave mode data at each
incidence angle bin were estimated using the same method, as shown
in Figure 2. Table 1 presents the estimated coefficients. Considering
the actual distribution of the incidence angles, 17 incidence
angle bins were chosen intermittently and not continuously. The
distribution of incidence angle bins can be found in the Table 1.
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TABLE 1 Recalibrated coefficients for GF3 wave mode data.

Incidence VV(dB) HH(dB) VH(dB) HV (dB)
28.4 2.3 1.5 1.9 2.9
30.5 2.3 1.5 1.9 2.9
34.7 2.7 1.6 3.2 4.0
38.1 3.9 2.7 2.9 34
38.9 2.2 1.4 2.4 3.4
39.7 4.0 2.7 3.3 42
40.5 4.0 2.7 3.3 42
42.4 53 3.9 4.1 5.1
43.3 4.0 1.8 2.2 34
44.0 4.1 1.7 2.5 3.5
44.6 4.0 1.5 3.1 3.4
45.5 4.0 1.5 3.1 34
46.1 3.4 1.1 1.8 2.7
46.8 8.0 3.8 4.2 5.3
47.5 8.0 3.8 4.2 5.3
48.0 8.0 1.3 2.1 3.5
48.6 8.0 3.4 3.4 4.8

3.2 Estimating NESZ trend with in-orbit
time

Based on the recalibrated GF3 NRCS, we estimated the NESZ
using the GF3 NRCS under calm sea conditions (winds <1 m/s).
Here we assume that sea surface wind speed is the main trigger
of NRCS changes, after averaging the NRCS modulation from
ocean waves. When the wind speed on the sea surface is very low,
the contribution from wind speed to NRCS will approach zero.
So the NRCS in the absence of noise should also approach zero.
In this case, the still existing NRCS under calm sea conditions
is considered as the NESZ for a certain incidence angle bin.
By plotting a large amount of data, the bottom envelope of the
measured NRCS, referred to as the NESZ, can be determined. This
study aims to analyze the effects of the NESZ on wind retrieval
accuracy. The estimated NESZ is expected to change according to the
measurement conditions. We considered that the noise of the SAR
system likely increased with the in-orbit time of the satellite, owing
to the aging of the equipment. However, the NESZ may also vary
with the incidence angle, owing to differences in the antenna beam
gain. For this purpose, the NESZ with in-orbit time and incidence
angle was estimated.
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The estimated NESZ trends with
January 2017 to October 2018) at the four polarizations are

in-orbit time (from

plotted in Figure 3. Owing to the discontinuity of the satellite
operating time, only the data at 40.5° can span a long time based
on the statistics of the collected data. The nearer date spanned
March 2017, whereas the longer date spanned April 2018. Thus, the
estimated NESZ at 40.5° for these two dates was used to analyze the
NESZ variation with in-orbit time.

The NESZ trends for the four polarizations show consistent
characteristics. First, all NESZ are approximately —40 dB. More
importantly, all NESZ remain unchanged for approximately 1 year.
The NESZ shows no significant change over the in-orbit time, which
may indicate that the quality of the GF3 data is relatively stable. It
should be noted that the unchanged NESZ trend with in-orbit time
is not sufficient for analyzing its effects on wind retrievals.

3.3 Estimating NESZ trend with incidence
angle

Figure 4 shows the estimated NESZ trends with the incidence
angles for the four polarizations. The incidence angles used are
from 28° to 49° and intermittent rather than continuous, owing
to the observation configuration. For each polarization, the NESZ
varies with the incidence angle and exhibited a shape close to a sine
function. The troughs are located at 28°, 40°, and 48°.

Figure 5 compares the differences observed in NESZ trends for
four polarizations. The comparisons reveal that the NESZ for the co-
polarized NRCS is clearly higher than that for the cross-polarized
NRCS for most incidence angles, whereas it is comparable at around
40° incidence angle. In addition, both the co-polarized (VV and
HH) NESZ and the two cross-polarized (VH and HV) NESZ exhibit
similar trends. Considering the NESZ variation, its trend with the
incidence angle is suitable for analyzing the NESZ effects on wind
retrievals.

4 Wind retrieval
4.1 GMFs

As mentioned previously, GMFs relate the NRCS measurements
to the wind vector. Based on this relationship, GMFs were used
to simulate the NRCS from a given GFS wind vector during the
recalibration process and, in reverse, to retrieve the wind vector from
the measured NRCS. The GMFs used for different polarizations are
briefly described below.

For VV-polarized data, the GMF is commonly expressed as
nonlinear second-order cosine function in Equation 5 (Stoffelen
and Anderson, 1997; Quilfen et al., 1998; Hersbach et al., 2007;
Hersbach, 2008):

0"(uy0) = ag(1 +a, cos @ + a, cos2¢)P (5)

where ¢ is the NRCS, u,, is the wind speed at 10 m above the
sea surface, ¢ is the wind direction relative to the radar line of
sight, the variables a,, a;, a,, and p are the coefficients of the
model. For GF3 SAR data, preliminary studies have shown that
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NESZ Comparisons for Four Polarizations
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CMOD5.N can accurately describe quad-polarization mode VV-
polarized data (Ren et al., 2017). Therefore, CMODS5.N was also used
as the GMF for the GF3 wave mode VV-polarized data.

Some features of the HH-polarized data are very similar to those
of the VV-polarized data. Thus, VV data can be converted into
HH data using a polarization ratio (PR) model. The HH GMF is
usually described as a combination of a PR model and a VV GMF
(Thompson et al., 1998; Vachon and Dobson, 2000; Horstmann et al.,
2000; Mouche et al., 2005; Zhang et al., 2011; Jagdish et al., 2018).
In a previous study, a PR model was developed using GF3 quad-
polarization mode data, as described by Equation 6 (Ren et al.,
2017). Therefore, a combination of the PR model in Equation 6
and CMODA5.N was used as the GMF of the GF3 wave mode HH-
polarized data.

oy (1+2tan’)?

o

PR —_—
w (1+1.3tan?6)

(6)
where PR is the polarization ratio, 6 is the incidence angle, 0%, and
o, are the NRCS at VV and HH polarization, respectively.

For cross-polarized data, the NRCS is linearly related to the
wind speed. It is different from the relation from co-polarized NRCS
data, which presents a nonlinear cosine function. Moreover, the VH-
polarized data have characteristics that are very similar to those
of the HV-polarized data. This makes the cross-polarized GMF
a simple and single linear function (the VH and HV data adopt
the same function) (Vachon and Wolfe, 2011; Zhang et al., 2014;
Hwang et al., 2015; Jagdish et al., 2020). In a previous study, a cross-
polarized GMF was developed using the GF3 quad-polarization data
(Equation 7) (Ren et al., 2017), which was also used as the GMF for
the GF3 wave mode cross-polarized data in this study.

0%, (110) = 0.592110-35.6 (7)

HV

where ¢° is the NRCS at VH or HV polarization.

VH/HV

4.2 Retrieval algorithm and accuracy
assessment

For co-polarized data, two algorithms are typically used to
retrieve SAR wind: classical and optimal algorithms. The former
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directly institutes the model wind direction into the GME and the
wind speed is estimated by solving the GME The latter institutes
the model wind vector and NRCS measurements into a cost-
function-related GMF, and the wind vector can then be estimated
by minimizing the cost function. In this study, an optimization
algorithm was used to retrieve the GF3 wind vector. The cost
function J (u, v) is expressed in Equation 8:

O3 ~ Our(th V) ’ U—Uy \2  [(V=V,,\2
](u’v):< A >+( Au )+( Av ) ®

where O%B is the measured GF3 NRCS, aDG AF 1S the NRCS estimated
by substituting wind vector (u, v) into the GME (u,,, v,,) is
the GFS wind vector, A ¢, = 0.5dB, Au = V3 m/s, and Av =
V3 m/s (Mouche et al., 2012).

For cross-polarized data, only the wind speed can be retrieved

from the measured NRCS. The retrieval process is simple; wind
speed can be directly estimated by solving a linear GME.

In the retrieval process, a look-up table (LUT) technique is
employed to address the above equations. The LUT includes wind
speed values ranging from 0 to 30 m/s, with increments of 0.1 m/s.
Wind direction, relative to the observation direction, spans from 0°
to 360° with a 0.1° resolution. The incidence angle is set between
20° and 50°, also with a 0.1° increment. These gridded parameters
(wind speed, wind direction, and incidence angle) are then input
into the GMF to calculate the corresponding normalized radar
cross-section (NRCS). For co-polarized data, initial ambiguous
wind vector solutions are generated based on the observed NRCS
and incidence angle. The LUT is used to compute cost function
values for these ambiguous wind vectors. The wind vector that
minimizes the cost function is selected as the final retrieved wind
vector. In contrast, for cross-polarized data, the wind speed can
be estimated directly from the observed NRCS using the relevant
cross-polarized GME

After retrieving the winds, the collocated ASCAT winds were
used to assess retrieval accuracy. From reference (Monaldo et al.,
2004), we think the GMF becomes uncertain at very low wind
speeds. In this case, the wind retrievals with low speeds from GF3
and ASCAT data are probably invalid. For that, we masked the
wind speeds lower than 2 m/s in the assessment. Figure 6 shows
the wind speed retrieval accuracy for the four polarizations. The
data were obtained from an incidence angle bin of 40.5°. Data
with errors greater than three times the standard deviation were
excluded. The RMSE for the two co-polarized datasets (VV and
HH) is approximately 1.9 m/s, whereas the RMSE for the two cross-
polarized datasets (VH and HV) is approximately 2.6 m/s. Moreover,
the correlation coefficient for the co-polarized data is higher than
that for the cross-polarized data.

As mentioned previously, the wind direction cannot be retrieved
from the cross-polarized NRCS; therefore, Figure 7 only shows the
wind direction retrieval accuracy for the co-polarized data. The
RMSE for the retrieved wind direction from the two co-polarized
datasets are all approximately 14.5°. And their correlation coefficient
is clearly higher (up to 0.97) than that for wind speed retrieval
(around 0.7).

Figures 6, 7 show retrieval accuracy data for an incidence angle
bin of 40.5°. Using the same method, assessments at all incidence
angle bins were performed. These RMSE in assessments are listed in
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Table 2 and can also be found in Figures 10, 11 for the NESZ effect
analysis. From the table, the medium incidence angle range (around
43°) has the best wind direction RMSE, while there is no clear trend
with incidence angle for wind speed RMSE.

As a supplement, the NDBC data were also used to assess
wind retrieval accuracy. Figure 8 shows the accuracy assessment for
wind speed, while Figure 9 is for the wind direction. From these
figures, the wind speed RMSE from buoy winds is better than the
one from ASCAT winds at four polarizations, while it is close for
wind direction RMSE. Moreover, similar to wind speed RMSE from
ASCAT winds, the wind speed retrieval accuracy for co-polarized
data is significantly better than the one for cross-polarized data.
Although buoy wind accuracy is better than the one from ASCAT
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winds, collocated buoy data volume in this study is less. So, the
next NESZ Effect analysis is only based on the estimated retrieval
accuracy from ASCAT winds.

5 NESZ effects on wind retrieval
accuracy

The effects of the NESZ on the wind retrieval accuracy
were analyzed based on the estimated NESZ and wind retrieval
accuracy. Figure 10 shows the wind speed analysis. As shown in
the figure, the wind speed retrieval RMSE error increases with
NESZ for each polarization. The higher the NESZ, the lower the
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TABLE 2 RMSE of wind retrieval accuracy at different polarizations and incidence angle bins.

Incidence HH VH HV
Angle (°)
Wind speed Wind Wind speed Wind Wind speed Wind speed
(m/s) direction (°) (m/s) direction (°) (m/s) (m/s)
28.4 1.41 7.97 1.41 11.14 3.26 2.98
30.5 1.76 12.39 1.65 12.46 2.53 2.52
34.7 2.51 20.85 2.90 21.18 3.37 3.28
38.1 1.66 16.64 2.00 17.30 2.16 2.34
38.9 1.95 13.35 221 13.18 3.05 2.99
39.7 1.35 16.30 1.49 16.62 1.88 1.79
40.5 1.85 14.63 1.92 14.60 2.60 2.58
42.4 1.54 13.74 1.94 14.79 2.52 2.61
433 2.10 12.14 2.29 12.26 2.60 2.32
44.0 1.38 12.41 1.63 12.48 1.62 1.73
44.6 1.91 12.14 2.40 13.49 3.17 3.07
455 2.20 13.80 2.22 14.44 2.25 2.17
46.1 1.98 13.75 1.81 14.18 1.99 1.92
46.8 2.93 14.10 2.62 14.55 272 271
475 2.68 18.38 2.14 16.06 3.04 3.07
48.0 1.68 14.14 1.97 13.88 2.70 2.69
48.6 2.44 17.05 2.21 18.29 2.27 2.40
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retrieval accuracy. For VV-polarized data, when the NESZ is 41 dB,
the RMSE for wind speed are about 1.4 m/s. When the NESZ
increases to —29 dB, the RMSE are about 2.9 m/s. There is a RMSE
degradation of 1.5 m/s for 12 dB NESZ increment. Similarly, the
RMSE degradation are 1.2 m/s, 0.7 m/s and 0.5 m/s for 12 dB NESZ
difference for HH-, VH-, and HV-polarized data respectively. This
indicates that the NESZ degrades the wind speed retrieval accuracy.
Moreover, the NESZ effects for the co-polarized data are more
evident than those for the cross-polarized data.

Figure 11 shows a similar analysis to Figure 10 but for the
retrieved wind direction from the co-polarized data. We also
observed degradation of the RMSE due to the NESZ. The
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degradation for the two co-polarized datasets is closed. When
the NESZ is —41 dB, the RMSE is around 13°. When the NESZ
increases to —29 dB, the wind direction RMSE is around 18°. There
is an RMSE degradation of 5° for a 12 dB NESZ increment. This
also means that NESZ degrades the accuracy of wind direction
retrieval.

6 Discussion

This study complements existing recalibration research on
GF3 SAR wave mode data. The recalibration coefficients were
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estimated for different incidence angle bins and four polarizations
using the NWP method. The NESZ was then estimated, and
the wind vector was retrieved from the recalibrated NRCS. The
effects of the NESZ on wind retrieval were analyzed based
on the estimated NESZ and wind retrieval accuracy. From the
analysis, we found that the RMSE errors of wind speed and
direction retrieval increased with NESZ. In particular, for the
wind speed retrieval accuracy for co-polarized data, a 12 dB NESZ
difference can induce an RMSE difference of 1.5 m/s. This implies
that the presence of noise significantly degrades the accuracy
of wind retrieval. From another perspective, the performance of
the hardware system should be improved to obtain better noise
conditions. This method improves the accuracy of SAR wind
retrievals in addition to existing methods such as calibration, GME
and algorithms.

According to the results presented, the accuracies of the
wind speed retrievals at the four polarizations vary with the
incident angles. The wind speed accuracies are relatively low
in certain specific incidence angle ranges, and these differences
are probably attributable to the influence of the NESZ. In this
case, an NESZ with a relatively low value can help determine
which incidence angle range is more suitable for wind retrieval.
However, an NESZ with a relatively high value can also
prompt us to check for possible problems in terms of satellite
hardware.

In addition, noise or NESZ patterns were observed in each
antenna beam at the four polarizations in our analysis. Smooth
filtering is an effective method for reducing noise. During the
retrieval process in this study, the spatial resolution of the wind
speed product was set to 1 km to filter noise by averaging data
in a box of 1 km x 1km. This scale was selected on the basis
of our previous research but may not be optimal for yielding the
best NESZ for the wave mode data. Thus, it is recommended that
future studies aim to determine the best scale for obtaining the
minimum NESZ.

The NESZ analysis in our study is limited to the wave mode
data of the GF3 SAR, which involves 12 modes associated with
different observation conditions and spatial resolutions. In this
case, the influence of the estimated NESZ on wind retrieval
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likely differs from that of the other modes. Therefore, it is
necessary to explore the NESZ features using data from other
modes. It should be noted that the recalibration coefficients
must be revised according to the radiometric characteristics of
the data of each mode using the NWP method adopted in
this study.

Moreover, gaps in both the incidence angle and in-orbit time
can affect the integrity of the NESZ analysis. In this study, the
incidence angle range used is 28°-49°, and the in-orbit time
range is from January 2017 to October 2018. Although abundant
data were collected, some discontinuities remain. There are two
possible reasons for these discontinuities: satellite operational
control and the limited incidence angle range owing to the narrow
swath of the wave mode data. In this case, the conclusions of
this study are only applicable to specific incidence angle ranges
from the GF3 SAR wave mode data used. In this case, we
propose an interpolation method for estimating the NESZ of the
gap position.

7 Conclusion

Based on the developed GMFs and collocated GFS wind data,
the recalibration coefficients of the GF3 wave mode data at four
polarizations and different incidence angles were estimated using
the NWP method. This recalibration makes the biases of the
GF3 NRCS less than 0.1 dB, in comparison with the simulated
NRCS. Using the recalibrated NRCS, the NESZ trends with the
in-orbit time and incidence angles were estimated. We found that
the NESZ trends show no obvious change with in-orbit time,
whereas it exhibits significant fluctuations with the incidence angle.
Moreover, wind vectors were retrieved and further validated using
the collocated ASCAT and NDBC wind data. In this case, the wind
retrieval accuracy with the NESZ for different incidence angle bins
was analyzed. The analysis shows that the wind retrieval RMSE
error increases with NESZ for each polarization. This means that
the NESZ degrades the accuracy of the wind vector retrieval. In
addition, for the NESZ effects, the co-polarized data are more
evident than the cross-polarized data for wind speed retrieval, while
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the two co-polarized data are close for wind direction retrieval.
When the NESZ increases from —41 dB to —29 dB, there is a wind
speed RMSE degradation of 1.5 m/s, 1.2 m/s, 0.7 m/s and 0.5 m/s
for VV-, HH-, VH-, and HV-polarized data respectively, while there
is a wind direction RMSE degradation of 5° for co-polarized data.
In next work, we will continue to improve the GF3 wind retrieval
accuracy in terms of NESZ source analysis and correction.
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