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Abstract: We investigated the use of C-band RADARSAT Constellation Mission (RCM) synthetic
aperture radar (SAR) for retrieval of ocean surface wind speeds by using four new channels (right
circular transmit, vertical receive (RV); right circular transmit, horizontal receive (RH); right circular
transmit, left circular transmit (RL); and right circular transmit, right circular receive (RR)) in compact
polarimetry (CP) mode. Using 256 buoy measurements collocated with RADARSAT-2 fine beam
quad-polarized scenes, RCM CP data was simulated using a “CP simulator”. Provided that the
relative wind direction is known, our results demonstrate that wind speed can be retrieved from
RV, RH and RL polarization channels using existing C-band model (CMOD) geophysical model
function (GMF) and polarization ratio (PR) models. Simulated RR-polarized radar returns have a
strong linear relationship with speed and are less sensitive to relative wind direction and incidence
angle. Therefore, a model is proposed for the RR-polarized synthetic aperture radar (SAR) data. Our
results show that the proposed model can provide an efficient methodology for wind speed retrieval.

Keywords: wind speed; synthetic aperture radar (SAR); quad-polarized SAR; compact polarimetry

1. Introduction

Ocean surface winds are an important parameter for studies related to sea surface variables
and processes in the lower atmospheric boundary layer, e.g., the water mass circulation and the
coupling of atmospheric and oceanic systems. Therefore, to get a better understanding of air-sea
interactions and to study processes that are relevant to ocean dynamics, we need to have large-scale,
high-resolution, accurate ocean surface wind field data [1]. In recent decades, ocean surface wind
data have been acquired by both passive and active satellites carrying altimeters, scatterometers,
synthetic aperture radar (SAR), and radiometers. Among these techniques, SAR has become a popular
technical means of monitoring sea surface parameters because of its capacity to operate in almost
all-weather conditions, day or night, with high spatial resolution below a scale of 1 km. And more
importantly, given a sufficient quantity of images, the SAR technique has the potential to precisely
assess coastal wind fields [2].
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Ocean surface wind speed has been routinely retrieved by various SARs since the first SAR
scenes became available in 1978. Many wind speed retrieval methods have been developed. The most
commonly used wind speed retrieval model from SAR uses C-band normalized radar cross section
(NRCS) in the form of a geophysical model function (GMF), called the C-band model (CMOD), which is
related to the NRCS as a function of parameters such as relative wind direction, wind-relative radar
azimuth, local incidence angle, and of course, wind speed, at 10-height above ocean level. In order to
improve the accuracy of wind speed from vertical transmit, vertical receive (VV)-polarized images,
a series of CMOD functions were developed, such as CMOD4, CMOD-IFR2, CMOD5, CMOD5.N,
CMOD5.H, C-SARMOD?2 and CMODS6 [3-9]. Recently, the latest CMOD function, named CMOD?,
was proposed for application to inter-calibrate ERA(ASCAT)and ESCAT scatterometers [10].

However, no similar wind field retrieval models exist for horizontal transmit, horizontal receive
(HH)-polarized SAR data. To remedy this difficulty, the polarization ratio (PR) was proposed to map
the expected NRCS at VV-polarized mode to HH-polarized values for the same wind direction and
speed. Thus, when these CMOD GMFs are applied to HH-polarized SAR images, various PR models
are used to convert HH-NRCS to VV-NRCS before application for wind retrieval [11]. The modelled
VV-polarized NRCS corresponding to the measured HH-polarized NRCS can be computed and then
used in the CMOD GMFs in the normal manner.

In severe weather, SAR-measured wind speed increases with increasing co-polarized (VV-and
HH-polarized) NRCS values, eventually reaching a maximum and then beginning to decrease for higher
values of wind speed (probably for winds greater than 20 m/s). Saturation of the co-polarized NRCS can
be a disadvantage for high wind speed retrieval from SAR images [12]. Thus, the co-polarized NRCS
experiences saturation under high wind conditions, which may lead to ambiguous or double-valued
wind speed values for SAR-retrieved winds. By comparison, recent study has shown that C-band
cross-polarized (horizontal transmit, vertical receive (HV)- and vertical transmit, horizontal receive
(VH)-polarized) ocean backscatter data are quite linear with respect to the wind speed, although
they do in fact exhibit some dependence on relative wind direction and radar incidence angle [13,14].
More critically, wind speed retrieved data from cross-polarized SAR images do not appear to saturate
for wind speeds greater than 25 m/s, as in co-polarized data. This phenomenon indicates that
cross-polarized data can potentially be used to estimate high wind speed events, especially for
hurricane-generated winds [15-17].

Wind speed retrieval via the quad-polarized channel are a mature technical achievement that
has been widely validated in different SAR systems, such as Envisat ASAR [18], RADARSAT-1 [19],
RADARSAT-2 [20] and Sentinal-1 [21]. However, there are also some shortcomings in the traditional
polarimetric SAR system that still need to be further improved. On top of which, the limitation of
conventional quad-polarized SAR systems is mainly the acquisition of SAR images with both wide
swath coverage and high spatial resolution, and therefore insufficient wind data for operational use in
terms of covering the vast global ocean. On account of these drawbacks, there is intense ongoing study
of compact polarimetry (CP) for the remote sensing of Earth observations including oceanography
because of its large spatial coverage and its diverse information content [22].

The C-band RADARSAT Constellation Mission (RCM) is the successor of RADARSAT-2 (RS-2)
and the latest step in the evolution of the RADARSAT program. RCM was launched on 12 June 2019.
The CP mode, which consists of a right-hand circular transmit and circular/linear receive signal, is a
new RCM product [23]. RCM CP mode will provide four polarizations: right circular transmit, vertical
receive (RV), right circular transmit, horizontal receive (RH), right circular transmit, left circular receive
(RL), and right circular transmit, right circular receive (RR). Theoretically, the aforementioned four CP
polarizations is cross- or co-polarized in the conventional sense, since the received and transmitted
polarization bases are different; therefore, these CP channels can be considered as containing a mixture
of co- and cross-polarized linear NRCS [24]. Therefore, the launch of RCM is desirable, and the
collected CP data in a variety of wide-swath imaging modes is well suited for use in ocean surface
wind monitoring.
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In this study, 256 RCM CP SAR images are simulated from the fine-beam RADARSAT-2 (RS-2)
quad-polarized SAR data by a “CP simulator”. These SAR images are collocated to buoy observations.
Section 2 describes the simulated RCM CP radar signals and collocated buoy-measured wind speeds.
Section 3 gives the wind speed retrieval from simulated RV-, RH-, and RL-polarized data using existing
CMOD GMFs and PR models, based on the relationship between CP and linear quad-polarization
SAR data. Thus, a new wind speed retrieval model is proposed in Section 4, to estimated wind
speed from RR-polarized SAR image data. Conclusions are given in Section 5. Next, based on the
generated CP parameters, the potential ability of wind speed retrievals from RCM will be considered
in ongoing studies.

2. Materials

2.1. Buoy Data

We obtained in situ observations from 9 buoys off the east and west coasts of Canada, which were
paired with the accompanying collocated RADARSAT-2 fine-beam quad-polarized SAR images. All
of the buoy observations were from Environment and Climate Change Canada (ECCC) between
January 2009 and April 2011.The ECCC moored buoys provide the wind field data over an 8-min
acquisition period each hour, wave parameters (significant wave height, dominant wave direction,
and period), and sea surface meteorological parameters (air temperature, dew point temperature, sea
surface pressure, and sea surface temperature). A summary of the buoys used in this paper, and their
locations, is shown in Table 1.

Table 1. Detailed information on Environment and Climate Change Canada (ECCC) buoys.

Area Buoy Code Latitude (deg) Longitude (deg)
46025 33.761N 119. 049W
Canada 46145 54.37N 132.44W
West 46184 53.91IN 138.85W
Sea 46208 52.52N 132.69W
46204 51.38N 128.77W
46004 50.93N 136.1W
Canada 44139 44.24N 57.1W
East 44141 42 99N 57.96W
Sea 44140 42 87N 51.47W

In addition, because the anemometers heights are approximately 5 m above sea surface level,
the wind speeds measured by the buoys are considered to be the real wind speeds at 5 m height above
the ocean surface. It is necessary to convert these buoy-measured wind speeds to values at 10 m height
as neutral winds, using a wind profile algorithm [25]. The temporal separation between the buoy data
and the SAR data is restricted to less than 30 min. Because the SAR system is an active microwave
sensor, the effects of the seasons and weather, day or nighttime conditions, are negligible.

2.2. Simulating CP Data Using Quad-polarized SAR Images

RCM was launched on 12 June 2019. Actual CP data is expected by October 2019, after validation
and calibration tests are completed. Therefore, the present availability of CP RCM SAR data is
limited to simulated CP mode data as generated by a “RCM CP simulator” used in previous studies.
This simulator was developed by Frangois Charbonneau of the Canada Centre for Remote Sensing,
using quad-polarized SAR observation data as input data, such as the RS-2 fine-beam quad-polarized
mode data [26,27]. The simulator generates corresponding SAR images at the planned noise equivalent
sigma zero (NESZ) and spatial resolution of the desired RCM imaging modes. Thus, simulated RCM
data will include three product modes: low noise mode, low resolution mode, and medium resolution
mode. Table 2 gives an overview of the simulated RCM imaging modes in comparison to RS-2 modes.
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In this paper, we have 256 RS-2 fine-beam quad-polarized SAR images, which are processed by
the CP simulator to create RCM low-noise mode data. The results of the generated CP configurations
are used as “ground truth” in our study. Figure 1 shows an example of RS-2 fine-beam quad-polarized
SAR images acquired on 8 November 2009 at 02:47:39 Coordinate Universal Time (UTC). These SAR
images collocate with an ECCC buoy (#46004, 50°55’48” N 136°6’W) off the Canadian West Coast.
The buoy-measured 10 m wind speed and direction are 9.74 m/s and 283° at 02:30 UTC. The NRCS
of the VV-, HH-, VH-, and HV-polarized images at buoy location are —10.65 dB, —12.47 dB, —29.48
dB, and -29.17 dB, respectively. Figure 2 presents the corresponding RCM CP mode SAR images
generated from the CP simulator. The NRCS of the RV-, RH-, RL-, and RR-polarized images at buoy
location are —13.84 dB, —12.72 dB, —8.73 dB and —20.64 dB, respectively.
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Figure 1. (a) VV-, (b) HH-, (c) VH- and (d) HV-polarized synthetic aperture radar (SAR) images off
Canada’s West Coast from RS-2 fine-beam quad-polarization mode data acquired on 8 November 2009,
at 02:47:39 UTC, and the location of the ECCC buoy (#46004, 50°55'48” N 136°6"W) collocated to the
SAR images. RADARSAT-2 Data and Products from MacDonald, Dettwiler, and Associates Ltd. All

Rights Reserved.
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Figure 2. (a) RV-, (b) RH-, (c) RL- and (d) RR-polarized compact polarimetry SAR images generated
from Figure 1 using the CP simulator.

Table 2. An overview of simulated RADARSAT Constellation Mission (RCM) image data from the
compact polarimetry (CP) simulator and RADARSAT-2 (RS-2) data.

Imaging Mode Resolution (m) Swath Width (km) NESZ (dB)
RCM medium-resolution 50 350 -22
RCM low-noise 100 350 -25
RCM low-resolution 100 500 -22
5 25 -3

RS-2 quad-polarization

3. Methods

Through analysis of the texture relationship between RS-2 linear fine-beam quad-polarization data
and RCM CP SAR data, Geldsetzer et al. [27] demonstrated that the simulated NRCS of RV-polarized
(or RH-polarized) images approximately equals half of that of the co-polarized (VV- or HH-polarized)
images. Therefore, the co-polarized wind speed retrieval model can be employed for the compact

polarized wind speed inversion.
The RV- and RH-polarized wind speed retrieval functions are supposed to be related to the

co-polarized model as:
0%y ~ 0.5x MOD(0, @, Uy) 1)

0%, ~ 0.5 CMOD(0, , Uo) /PR(6) 2)
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Moreover, the RL-polarized NRCS can be derived from the RH and RV channels with some
assumptions. Therefore, the relationship between RL- and co-polarized wind speed retrieval models
as given by Geldsetzer et al. [27]:

0%, ~0.25x CMOD(8, &, Uyg) /PR(6) + 0.5 \/CMOD(G, @,Uyg)?/PR(6) 3)

where O%V, O'%H and O%L are the RV-, RH-, and RH-polarized NRCS, respectively; 6 is the radar
incidence angle; @ is the relative wind direction; and Uy is the wind speed at 10-m reference height.

In recent decades, a series of CMOD functions were originally developed for global coverage
scatterometer wind field retrievals in C-band. Later, the CMOD models have been successfully applied
to wind field retrievals from C-band SAR data. Among these CMOD functions, CMOD4, CMOD-IFR?2,
CMODS5 and CMODSA.N are widely used for wind speed retrieval from SAR images. The latest CMOD
function, CMOD?7, has been proposed in several steps as a successor of CMODb5.N [10]. However,
the usage of CMODY is limited to scatterometer data till now. Therefore, the applicability of CMOD?7
for C-band SAR data remains to be further verified. Zhang et al [21,28] retrieved wind speed based
on CMOD4, CMOD-IFR2, CMOD5, and CMODS5.N off the U.S. coasts, and the results suggested that
CMODS5 GMEF is the optimal function of these formulations. In this paper, we selected CMODS5 GMF
as the RV-polarized wind speed retrieval model, and the general form is described as follows:

G(\)/V = Bo(@, ulo) [1 + 31(6, Um) cos I + By (9, ulo) cos 2@]1'6. (4)

Here, a(‘),v is the VV-polarized NRCS; 0 is the radar incidence angle; & is the relative wind
direction, and U is the wind speed at 10-m reference height; By, By, and B; are functions of Ujp and 6.
However, as noted in the introduction, no similar well-developed models exist for HH-polarized
wind speed retrieval, and the commonly used method has been to convert the HH-polarized NRCS to
VV-polarized NRCS using a PR model, and then to compute the wind speeds using the CMOD GMFs.

The PR model can be written as follows:
o0
PR = % (5)
Ohn

where O'OHH and O'%V are the NRCSs of HH and VV polarizations, respectively. In this paper, six PR
models, denoted by E1996 [29], T1998 [30], H2000 [31], V2000 [13], M2005 [32], and Z2011 [33], were
used to retrieve wind speed for RH- and RL-polarized SAR data. Figure 3 shows that the PR values

from the above models increase rapidly with increasing incidence angles.

9 T T T T T T T T T

—T1998

8 =—H2000 i
V2000

7 22011 i
- M2005
6 E1996

Polarization ratio value [dB]

0 L 1 ! ! 1 1 I | I I 1 I ! ! L
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Incidence angel [°]

Figure 3. Polarization ratio formulations from the literature as a function of radar incidence angle.
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4. Results

4.1. NRCS versus Buoy Measuremens

To investigate the potential capacity of wind speed retrieval from simulated RCM CP data,
we first make an analysis of NRCS quality in each polarization using buoy-measured wind speeds.
In Figure 4, we show that the NRCS values in each polarization increase with increasing buoy wind
speed measurements. This characteristic is the foundation of the wind speed retrieval methodology
for simulated RCM CP data. Moreover, the behavior of NRCSs in RR polarization data is quite
different from those of the RV, RH and RL polarizations. Similar to the RS-2 cross-polarized (VH-
and HV-polarized) SAR data, the simulated NRCSs of RCM RR-polarized data exhibit a strong linear
relationship with the buoy wind speed observations.
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Figure 4. Simulated RCM CP radar returns vs buoy-measured wind speeds: (a) RV-polarization, (b)
RH-polarization, (c) RL-polarization and (d) RR-polarization.

4.2. Wind Speed Retrieval

Through the above discussion, we use CMOD5 GMF to retrieve wind speeds from simulated
RV-polarized SAR images. Based on the results between retrieved wind speeds and buoy-measured
wind speeds, we first test the suitability of the CMODS5 function for RV-polarized wind speed retrieval.

Then, the simulated RH- and RL-polarized NRCSs are converted into RV-polarized NRCS using
various PR models. The CMODS5 function with different PR models is then used to retrieve the RH-
and RL-polarized wind speeds by the converted corresponding NRCS.

Figure 5 shows the relation between SAR-retrieved wind speeds and buoy-measured wind speeds
from 256 simulated RV-polarized SAR images. The root mean square errors (RMSEs) of SAR-retrieved
wind speed is 2.42 m/s, and the correlation coefficient is 0.82, which are statistically significant at the
99.9% significance level. The results demonstrate that CMOD?5 has better applicability for simulated
C-band RV-polarized SAR data.
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Figure 5. SAR-retrieved wind speeds from simulated RV-polarized SAR data by C-band model (CMOD)
5 function versus the buoy-measured wind speeds. The dashed line represents nonlinear least-square
fit between SAR-retrieved wind speeds and buoy measurements. The same below.

For simulated RH-polarized SAR data, we select CMODS5 function with E1996, T1998, H2000,
V2000, M2005, and Z2011 PR models to estimate wind speed based on Equation (2). Figure 6
shows the relation between SAR-retrieved wind speeds and buoy-measured wind speeds from 256
simulated RH-polarized SAR images. The RMSEs of these SAR-retrieved wind speeds are 3.14 m/s
(CMOD5+E1996), 3.21 m/s (CMOD5+T1998), 4.08 m/s (CMOD5+H2000), 3.3 m/s (CMOD5+V2000),
5.49 m/s (CMOD5+M2005), and 2.48 m/s (CMODb5+22011), respectively. These results demonstrate that
the Z2011 PR model has the smallest RMSE, which means that the optimal PR model for wind speed
retrieval from RH-polarized data is Z2011. Moreover, the results also show that the accuracy of the
retrieved wind speeds from the Z2011 PR model can significantly outperform the others. The potential
reason of this phenomenon is that the Z2011 model is based on RS-2 fine-beam quad-polarization
images, which are the same as those used in this study.

Similarly, we use CMODS5 function with E1996, T1998, H2000, V2000, M2005, and Z2011 PR
functions to estimate RL-polarized wind speed from Equation (3). Figure 7 shows the scatter plot
between SAR-retrieved wind speeds from simulated RL-polarized SAR images and buoy measurements.
The RMSEs of SAR-retrieved wind speeds are 2.72 m/s (CMOD5+E1996), 2.58 m/s (CMOD5+T1998),
2.95 m/s (CMOD5+H2000), 2.63 m/s (CMOD5+V2000), 3.39 m/s (CMOD5+M2005), and 2.31 m/s
(CMOD5+22011). These results show that the CMOD5+Z72011 has the smallest RMSE. Therefore,
the optimal PR function for wind speed retrieval from RL-polarized data is Z2011.
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Figure 6. SAR-retrieved wind speeds from simulated RH-polarized SAR data by CMODS5 function
with (a) E1996, (b) T1998, (c) H2000, (d) V2000, (e) M2005, and (f) Z2011 versus the buoy-measured
wind speeds.
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Figure 7. SAR-retrieved wind speeds from simulated RL-polarized SAR data by CMODS5 function
with (a) E1996, (b) T1998, (c) H2000, (d) V2000, (e) M2005, and (f) Z2011 versus the buoy-measured
wind speeds.

5. Discussion

According to CP theory, RR-polarized SAR data can be derived from the RV and RH channels
with some assumptions. However, the fact is that there is no good texture relationship between
RR- polarization and linear quad-polarization. In order to investigate the potential capacity for
observations of wind speed from simulated RR-polarized SAR images, we first present an analysis
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of the relationship between RR-polarized NRCS and relative wind direction. In Figure 8a, we show
a scatter plot of simulated NRCSs to relative wind direction, in RV, RH, RL and RR polarizations.
In order to see the variations clearly, we divide wind directions into four groups (0 ~ 90°,90 ~
180°,180 ~ 270° and 270 ~ 360°) and calculate average values in each group. In particular, we also
compute the corresponding average values for NRCSs for each group. Figure 8b shows the variations
of simulated NRCSs and wind directions for each group in RV, RH, RL and RR polarization. Clearly,
the NRCSs of RR polarization are less sensitive to the wind directions, which is different from the other
three polarizations.
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Figure 8. (a) Scatted plot of simulated RCM normalized radar cross sections (NRCSs) in RV, RH, RL
and RR polarizations versus relative wind directions. (b) Variations of the average of NRCSs in RV,
RH, RL and RR polarizations for four groups (0 ~ 90°, 90 ~ 180°,180 ~ 270°and 270 ~ 360°) versus
relative wind directions.

Moreover, as shown in Figure 9, we also quantitatively investigate the variations of simulated
NRCS values with radar incidence angles in RV, RH, RL and RR polarizations. The RV-, RH-,
and RL-polarized NRCSs tend to decrease with increasing incidence angles. However, the behaviors
of RR-polarized NRCSs are less sensitive to the incidence angle, which is significantly different from
the characteristics of the other three polarizations. Similar to the RS-2 cross-polarization, the simulated
RCM NRCSs in RR polarizations are essentially independent of incidence angle and wind direction
(see Figure 8b) but reveal a strong linear relationship with the wind speeds (see Figure 4d). A C-band
RCM RR-polarized (RCM-RR) wind speed retrieval model relating RR-polarized NRCS to the wind
speed at 10-m height is proposed using simulated RCM CP mode SAR images and buoy-measured
wind speed, via a nonlinear least-square method. The RCM-RR model is

opr = 0.2732 X Uy — 25.087 (6)

where G%R is the VV-polarized NRCS and Uy is the wind speed at 10-m reference height.
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Figure 9. Simulated NRCSs versus radar incidence angle in RV, RH, RL and RR polarizations.
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In the next test, we use the RCM-RR model to retrieve wind speeds based on 256 simulated
RR-polarized SAR images. In Figure 10, the RCM-RR retrieved wind speeds are found to be in good
agreement with buoy-measured wind speed, with a RMSE of 2.16 m/s and a correlation coefficient

of 0.91.

30

N
[&]

N
o

-
o

RCM-RR model retrieved wind speed [m/s]
o >

o

T T T T T /
b/
p/
v/
L - -
[ BN ] d Py 7
o °® &
L ° f p _
Y ° ", /.
- o
L ° ’!' e |
° .o o ,'o .'
2 ¢
i .:’J ? N=256 Rmse=2.161
y, ‘o Y=1.012X+0.307
I e e * Corr=0.908 y
O Bias=-0.402
0 5 10 15 20 25 30

Buoy wind speed [m/s]

Figure 10. SAR-retrieved wind speeds from simulated RR-polarized SAR data by RCM-RR function
versus the buoy-measured wind speeds.

6. Conclusions

The Canadian RADARSAT Constellation Mission (RCM) is the next step in the evolution of
the RADARSAT program and the successor of RADARSAT-2. Although RCM was launched on 12
June 2019, validation and calibration tests will require about four months before observed compact
polarimetry (CP) data are available for studies about marine winds. CP data is different from the
conventional polarimetry SAR data; the potential capability for wind speed retrieval from the new CP

data is an important question.

In this paper, 256 CP SAR images are generated by a “CP simulator”, which uses the fine-beam
RS-2 quad-polarized SAR data as input data. Based on the texture relationship between RS-2 linear
polarizations and CP, RV-, RH-, and RL-polarized, wind speed can be estimated by using CMOD
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GMF and PR models. The retrieved wind speed from RV-polarized data using the CMOD?5 function
are found to be in good agreement with buoy-measured wind speeds, with a RMSE of 2.42 m/s.
For RH-and RL-polarized wind speed retrieval, the CMOD?5 function with Z2011 PR model are
recommended as the optimal combination, with an RMSE of 2.48 m/s (RH-polarized) and 2.31 m/s
(RL-polarized), respectively.

For RR-polarized SAR data, we found that the relationship for NRCS in RR polarization is strongly
linear with respect to wind speed and less sensitive to dependence on relative wind direction and
angle incidence angle. Therefore, a RR-polarized wind speed retrieval model, denoted RCM-RR,
is developed in this paper. The RCM-RR retrieved wind speeds are found to be in good agreement
with buoy-measured wind speeds, with an RMSE of 2.16 m/s.

In general, the relationship between ocean surface wind speeds and RCM CP mode radar signals
has important implications for meteorological and oceanographic studies. Although the current
availability of compact polarimetric SAR images is limited, once calibration and validation tests are
completed by late 2019, application of CP observations for wind speed retrieval should become a viable
new alternative.
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