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Abstract

We aim to directly invert wave parameters by using the data of a compact polarimetric synthetic aperture radar
(CP SAR) and validate the effectiveness of ocean wave parameter retrieval from the circular transmit/linear
receive mode and /4 compact polarimetric mode. Relevant data from the RADARSAT-2 fully polarimetric SAR on
the C-band were used to obtain the compact polarimetric SAR images, and a polarimetric SAR wave retrieval
algorithm was used to verify the sea surface wave measurements. Using the data and algorithm, there is no need
to estimate complex hydrodynamic modulation transfer functions, even at large radar incidence angles. First, the
radar backscattering cross-sections and backscattering cross-section of the radar linearly polarized with any
polarization orientation angle were calculated in the two compact polarimetric SAR modes. Then, the wave slopes
along the azimuth direction and the range direction were calculated directly using CP SAR data. Finally, we
obtained the slope spectrum of the wave from the estimated wave slopes along azimuth and range directions. The
wave parameters extracted from the synthetic wave slope spectrum were compared with those obtained from

buoy observations of the National Data Buoy Center, verifying a suitable agreement.
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1 Introduction

Although fully polarimetric radar systems are being widely
used, they present challenges regarding design, antenna techno-
logy, data transfer rate, power consumption, and other aspects.
Moreover, the fully polarimetric synthetic aperture radar (SAR)
mapping width only 1/4 of single polarimetric SAR image with
the same other conditions (Souyris et al., 2005; Nord et al., 2009;
Collins et al., 2013). To overcome the challenges and disadvant-
ages of fully polarimetric SAR, the compact polarimetric (CP)
SAR has attracted research attention in recent years.

The Canadian RADARSAT Constellation Mission launched on
June 12, 2019 with three satellites aboard a SpaceX Falcon-9
rocket is jointly conducted by the Canadian Space Agency and
the MDA company, which developed a new generation of com-
mercial SAR satellites to replace the RADARSAT-2 satellite from
2007 (Collins et al., 2013; Denbina and Collins, 2012). The new
satellite can perform all-weather repeated observations with 90%
of the vast area of Canada and 50 m high resolution. As one of the
most advanced satellite systems currently available, the SAR
satellite of the RADARSAT Constellation Mission provides a
multi-polarization mode that includes single linear polarization,
bilinear polarization, compact polarization, and four polariza-
tion, with the CP mode being its most innovative feature.

Three compact polarization modes have been successively
proposed. Souyris et al. (2005) introduced the n/4 CP mode in
which the transmitted polarization is linear (Souyris and Mingot,

2002). They also proposed a reconstruction algorithm that may
be suitable to reconstruct fully polarimetric data. Stacy and Pre-
iss (2006) proposed a dual circular polarization mode in which
the radar system transmits circular polarization waves while re-
ceiving left and right circular polarization waves. Although this
mode fully leverages the applicability of radar remote sensing in
astronomy, it is rarely used in earth observation. Likewise, Raney
(2006, 2007) proposed a mixed polarization mode and the corres-
ponding processing method. The system transmits circular polar-
ization waves and receives a set of horizontal and vertical echo
signals, establishing a circular transmit/linear receive (CTLR)
mode. This mode is simpler and more stable than the dual circu-
lar polarization mode, with reduced sensitivity to noise and self-
correcting capability. Besides polarization modes, various stud-
ies on the mechanism and application of CP SAR have been con-
ducted in topics such as polarization decomposition (Guo et al.,
2012; Cloude et al., 2012; Charbonneau et al., 2010), ground ob-
ject classification (Charbonneau et al., 2010; Chen et al., 2009;
Ainsworth et al., 2009), oil spill detection (Shirvany et al., 2012),
and glacier detection (Denbina and Collins, 2012). Experimental
results have shown that CP SAR data can achieve the applicabil-
ity of fully polarimetric SAR data.

Along with advance of SAR satellites, the wave inversion al-
gorithm using its data is also continuously improving. Hassel-
mann and Hasselmann (1991) proposed the method of first guess
spectrum, whose calculation result is usually affected by the dif-
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ference between the initial guess and actual spectrum. Then, they
improved the method by dividing the spectrum into a finite inde-
pendent wave system and adjusting it separately in an iterative
process to determine a suitable cost function (Hasselmann et al.,
1996). To the solve 180° ambiguity, some wave methods using
image cross spectra (Engen and Johnsen, 1995).

Subsequently, He (1999) proposed a parameterized method
for wave spectrum inversion mainly based on the SAR image
spectrum. In this method, the SAR spectrum of two subimages
for inversion should be the same. Mastembroek and Valk (2000)
then proposed a semiparametric inversion method without re-
quiring a first guess spectrum to obtain wind wave information
through the corresponding scatterometer wind speed and SAR
image spectrum. The remaining information of the SAR image
spectrum is obtained using a linear relation. Schuler et al. (2002,
2003, 2004) investigated the feasibility of using airborne L- and P-
band fully polarimetric SAR data to measure the wave slope and
wave spectrum. This method allows direct and effective wave
slope measurement. The method was validated using observa-
tions of Pacific Ocean surges under low wind. However, this
method is only applicable to L- or P-band fully polarimetric SAR
data because it should estimate the polarization orientation
angle, and the angle generated by C-band data is very noisy.

He et al. (2004) determined the modulation transfer func-
tions of the tilt and polarization orientation angle for linearly po-
larimetric SAR. Then, He et al. (2006) proposed a method for
measuring the wave spectrum using airborne C-band fully polar-
imetric SAR data. However, this method was only verified by air-
borne SAR images. Subsequently, Zhang et al. (2010) and He et
al. (2009) verified the RADARSAT-2 full-polarization images by
using the wave inversion algorithm proposed by He et al. (2006).
In 2018, Wang et al. (2018) used Souyris (2005) and Nord (2009)
algorithms to reconstruct the pseudo fully polarimetric SAR data
from compact polarimetric SAR data, then ocean wave paramet-
ers were retrieved from pseudo fully polarimetric SAR data.

In this study, we used C-band RADARSAT-2 data to generate
CTLR and n/4 CP SAR images and verify the applicability of a
wave information inversion method that extends the proposal by
He et al. (2006) to CP SAR images. The wave parameters ob-
tained by the inversion algorithm are verified by the US National
Data Buoy Center (NDBC) buoy observations. Section 2 intro-
duces the data collection, in Section 3 introduces the CTLR and
n/4 compact polarimetric SAR modes and their wave inversion
algorithms. Section 4 analyzes the experimental data and com-
pares the results. Finally, we draw conclusions in Section 5.

2 Data sets

We used the four images acquired by the RADARSAT-2 fully
polarimetric SAR to verify the direct inversion of wave paramet-
ers using CP SAR data. The parameters of a RADARSAT-2 fully
polarimetric SAR image are listed in Table 1. The minimum in-
cidence angle is 22.23° and the maximum incidence angle is 24.14°.
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The NDBC buoy data for comparison with the inversion wave
parameters were obtained from the US National Oceanic and At-
mospheric Administration. The data from four buoys were selec-
ted. The buoys were approximately located at the center of the
SAR image, and their data characteristics are listed in Table 2.

3 Theory and methods

3.1 CPSAR

Wave remote sensing based on CP SAR data is a research hot-
spot. Problems including whether wave information can be ob-
tained by reconstructing CP SAR data or whether an empirical
model can be directly used to build wave information remain to
be addressed. Denbina and Collins (2012) used construction po-
larization data to conduct a glacier target test by constructing
pseudo-fully polarimetric SAR data, achieving promising results.
Yin et al. (2011) obtained the covariance matrix by using a modi-
fied reconstruction model to suitably describe the characteristics
of maritime objects such as ships. Wang et al. (2018) used the
Souyris et al. (2005) and Nord et al. (2009) algorithms to recon-
struct fully polarimetric SAR data from CP SAR data. They evalu-
ated both the reconstruction ability of the two algorithms and
wave parameter inversion using the CP SAR data.

CP SAR transmits a single polarization (e.g., linear horizontal
or right circular) and performs reception along two orthogonal
polarizations, thus reducing the system complexity regarding
design and maintenance and expanding the imaging range.
There are three main CP modes: /4, dual circular polarization,
and CTLR. We focused on the CTLR and /4 modes in this study.

3.1.1 CTLR mode

In the CTLR mode, the right circular polarization electromag-
netic waves are emitted, and the horizontal and vertical electro-
magnetic waves are received to obtain the compact polarimetric
SAR data.

When the system transmits the right circular polarization
electromagnetic wave, the received backscatter vector can be ex-
pressed as:

Table 1. RADARSAT-2 fully polarimetric data parameters for
SAR image acquired on February 25, 2009

Parameter Value
Radar center frequency/GHz 5.40
Processing facility GSS
Raw data start time 2009-01-11T02:25:04.232940Z
Satellite height/km 798.0
Track angle/(°) 17.54
Sampled pixel spacing/m 4.7
Sampled line spacing/m 4.9
Minimum incidence angle/(°) 22.23
Maximum incidence angle/(°) 24.14

Table 2. RADARSAT-2 fully polarimetric synthetic aperture radar image data and National Data Buoy Center buoy information

ImageID  Acquired time (UTC) Buoy time Image central site Buoy site Wind speed/(m-s*!)  Wind direction/(°)
1 02:25:04 02:50:00 46°04'00"N, 46°03'00"N, 9.0 240
Jan. 11, 2009 Jan. 11, 2009 131°0222"W 131°01'12"W
2 02:09:26 01:50:00 35°44'43"N, 35°44"29"N, 5.3 321
Feb. 25, 2009 Feb. 19, 2009 121°55'42"W 121°53'03"W
3 14:30:58 14:50:00 45°57'43"N, 45°5428"N, 3.7 97
Jan. 18, 2009 Jan. 18, 2009 125°39'18""W 125°45'37"W
4 05:47:58 05:50:00 51°07'18"N, 51°09'17"N, 4.0 270
Feb. 28, 2009 Feb. 28, 2009 178°53'10""W 179°00'02"'W
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where S represents the scattering matrix of the fully polarimetric
SAR; J represents the Jones vector of the polarized electromag-
netic wave; Sy, represents the complex scattering coefficient in
the four-polarization SAR, p represents the polarization mode of
the electromagnetic wave emitted by the radar, and g represents
the polarization mode of the electromagnetic wave received by
the radar; Sy, Syy and Sy, represents the scattering matrix ele-
ments of horizonal, vertical and cross channels, respectively; i is
the imaginary unit.

The vertical and horizontal echo signals received by the radar
are respectively expressed as

Sun — iSnv _
Suv — iSvy

Sru =JyAp_crir = %[ 0 1] [

\%[ Suv —iSwv |, 2

Sun —iSuv | _
Suv — iSvy

1
Srv =Ji A cTir = ﬁ[ 1 0] {
1
ﬁ[ Sun — iSuv |, (3)

where J; represents the Jones vector of vertically polarized elec-
tromagnetic waves per unit time; T represents the Jones vector
of horizontally polarized electromagnetic waves per unit time;
Spy and Sgy, represent the complex scattering coefficient of RH
polarization in CTLR mode, and the complex scattering coeffi-
cient of RV polarization in CTLR mode, respectively.

The backward scattering coefficient of electromagnetic wave
is given by

B L S | L S — i8Sk @)
AR AR T
The covariance matrix of the CTLR mode is given by
Cerir = <ECTLR K CTLR>
[ (swl)  SmSw)

2| isw s (Iswl)
T () (i)
¢ o) ()
1 —2R((Sun-Siv))  (Sum - Siy) + (Sav - Siv)
2 [(Suv - i) + (Sw - Siry) 2R ((Sw - Spv)) )

where R represents the real part of the complex scattering coeffi-
cient, (-) means average the matrix, * denotes matrix conjugate.
Considering the reflection symmetry, the CTLR covariance mat-
rix can be simplified as follows:

CCTLR = <kCTLR : k*CTLR>

[ (sl)

(i (Sun - Syv))
(onf)

[ st (i)

2| Gisw) (om)

2| (~i(Sw - Sim))

(6)
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3.1.2 /4 mode
In the /4 mode transmits 45° linearly polarized electromag-
netic waves and receives both horizontal and vertical electro-
magnetic waves. The received backscatter vector can be ex-
pressed as
I | Sun + Suv
Ay xjs = 75 [ oy e ] : (7)

The vertical and horizontal echo signals received by the radar
can be expressed as

1 Sun + Suv 1
Sw=JA =—[0 1 = —[Sw+ Suv],
W = JvAB n/4 ﬁ[ ]{va-i-SHv} ﬁ[w v |
®)
1 Sun + Suv 1
Sun =Judp s =—2=[1 0 =—=$ Suv]-
HH ]f{B_/4 \/Q[ ]{va-i-SHv} 2[HH+ v |
&)
The backward scattering coefficient of electromagnetic wave
is given by
7 I | Sun + Suv }
ks = —= 10
& V2 [ Svv + Suv (10)

The covariance matrix of the /4 mode is given by

1 [ (s (Isinf)
)% (Isivl”) {Isuvl”)
(ISiml*) (St~ Siv)
(Svv - Sim) <\va|2>
1 { 298 ((Sum - Siv))

2 [ (Sw+ Siw) + (Sius - Siv)

taxt

Crja = <k~*n/4 :

N[ =

(Sun - Sfrv) + (Syv - Suv) }

2R ((Sw - Siw))
an

Similarly, according to the reflection symmetry, the n/4 cov-
ariance matrix can be simplified as

)] (Isinl?)  (Isin)

2 o) ()]

[ (s o
2 tswesim) (Iswl®) |

In this paper, based on the relationship between the compact
polarization and the full polarization scattering matrix, the inver-
sion of the wave parameters by the CTLR and n/4 compact polar-
ization models are mainly verified.

3.2 Wave spectrum retrieval algorithm

As linear polarization contributes the most to the wave slope,
we assume that the ellipticity is zero. Thus, the backscattering
cross-section at any polarization orientation can be derived as
follows (Schuler et al., 2004; He et al., 2006):
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o(0,v) :% (oun + ow) [H—cos2 (Zw)] +

1 1
= (oun — o) cos2y+opy + 59{ (ounw) sin® (24) ,

2
(13)

where oun, ovv and onv represent the horizontal, vertical and
cross polarization of the line-polarized backscattering cross sec-
tion respectively. onnvv can be derived directly from the covari-
ance matrix of the CTLR model to represent the correlation rela-
tionship between horizontal and vertical polarization.

Under the background of linear modulation, real aperture
radar is used to detect the change between sea surface height and
local backscattering cross section. They can represent superposi-
tions of wave numbers of k and frequency of . The correspond-
ing relation is given by

E(rt) = Zkfkexp i(k-r—owt)]+cc, (14)

opp (r,t)=0pp <1+{Zkg“kT§pKexp li(k-r—ot)+ c.c}) ,  (15)

where ¢ is sea level, k is the wave number, r is the wave space
vector, o is the angular frequency of the wave, and c.c is the con-
jugate complex of the series. & for Fourier coefficient &(r, £). Sub-
script pp said radar emission polarization and receive, in which p =
H, V, ¢ are horizontal polarization, vertical polarization and lin-
ear polarization with polarization orientation angle given by .
T« represents the real synthetic aperture radar (RAR) modula-
tion transfer function, which includes tilt modulation (Fung and
Chen, 1969), hydrodynamic modulation (Valenzuela, 1978), po-
larization orientation angle modulation (Lee et al., 2000; Lee et
al., 2002), and shift modulation along the range and azimuth dir-
ections.

For a SAR, a velocity bunching modulation must be included.
In all the modulation terms, only the modulation transfer func-
tions of the tilt and polarization orientation angle depend on the
radar polarization. Moreover, the wave slope generated by the
polarization orientation angle can be ignored for the horizontal
and vertical polarizations (He et al., 2004). There are no polariza-
tion-sensitive terms for hydrodynamic modulation, velocity
bunching, and range and azimuthal directional shift modulation.
Therefore, Eq. (15) can be simplified as follows:

AO’V\/(T, t) 7A0'HH(r= t) —

> Gl T~ Th)exp [i (k- r—ot)] +

ovy OHH (16 )
a

Aoyy(r,t)  Aoyy(r,t) E : T T T
UZw - ow kfk( b+ Ty = Tir) (16b)

expli(k-r— of)] + ¢,

where ¢; and ¢; are the complex conjugate of the series, respect-
ively, T}, and T}, are given by He et al. (2004), and for VV po-
larization (¢ = n/8) and HH polarization (¢ = /8), we can ob-
tain

. 4—0.5(1 — sin®9)

Thyy = , 17
vy = 1 tanf(1 — sin®f) (172)

. 4—0.5(1 + sin®9)

Ty = ik 17b
= 1 tanf(1 + sin®f) (175)

By substituting Eqs (17a) and (17b) (Egs (15a) and (15b) in He
et al. (2004)) into Eq. (16), we can obtain

Aoyy  Aopn 8tanf 0¢&
_————= = — 5o A (18a)
Aovww  Aoun 1+ sinf 0x
Aoyy A 4
Tyy _ A9W :A% _;,_B% (18b)

Ty Doy Ox oy’

where %{, %{ represent the wave slopes in the direction of range
and azimuth?/respectively. Parameters A and B are given by Eq. (8)
of He et al. (2006).

According to the linearly polarized wave inversion detailed
above, we use the relation between the CTLR mode and scatter-
ing matrix to establish a new formulation and the CTLR mode to
further verify the wave inversion algorithm. The new formulation
of the linearly polarized backscattering cross-section at any po-
larization angle is given by

| -

(CTLR11 + CTLR22) [1+cos® (2¢)] +
CTLR11 — CTLR22) cos2¢+

UCTLR(Ov 1/1) =

[ )

[R (CTLR21 — CTLRI2) + o] sin® (2¢), (19)

[\ )

where CTLR11, CTLR22, CTLR12, and CTLR21 represent the
scattering matrix elements of CTLR mode, and replace oun, ovv
and onv of full-polarization mode.

To improve the experimental results, after a feasibility analys-
is of the equation, we set ¥=1/8 for verification. Similarly, a new
polarization relationship can be derived from Eqs (18a) and
(18b):

ACTLR22  ACTLRI1 8tand ¢
- = - 2, A0 (203—)
CTLR22  CTLRII 1+ sin’) 0x
Aoy,  ACTLR22 3 :
Oy ACTLRZ2 0 p0c (20b)

G4y  CILR22 ~ 0x 0y
where o denotes the radar backscattering cross sections at po-
larization orientation angle %, the subscript v = n/8. The other
parameters, A and B are consistent with Eqs (18a) and (18b). In
this approach, cross-polarization information is not directly used
in calculating the backscattering cross section of linear polariza-
tion. Here, co-polarization and cross-polarization measure-
ments are directly used to estimate the backscattering cross sec-
tion of linear polarization and to invert the wave slope and spec-
trum. The specific steps of wave information extraction are as fol-
lows:

(1) Select 512x512 pixel size CTLR (RH, RV) polarization im-
ages.

(2) Calculate linearly polarized image by using Eq. (19) for po-
larization angle ¥ = m/8.

(3) Use Egs (20a) and (20b) to calculate the slope of the sea
surface and a 3 x 3 Gaussian filter to smooth the slope images.

(4) The wave slope spectrum is obtained to calculate the
wavelength, significant wave height, wave period and corres-
ponding wave spectrum.

As the /4 mode adopts the same method as the CTLR mode
and similar equations and experimental verification, we omit its
details for brevity.
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4 Results and analysis
In this paper, four RADARSAT-2 C-band full polarimetric SAR
images are used to simulate the two modes: CTLR mode and /4
mode, and the wave parameters, the wave slope and wave spec-
trum are both retrieved from CTLR and /4 images. The informa-
tion of CP SAR images and buoy data acquisition are described in
Table 2. A total of four buoy data are used in this experiment. Due
to the need for quantitative comparison of inversion parameters
and buoy data, the buoys were all located at the center of SAR im-
age, and the RADARSAT-2 observation time and buoy measure-
ments time interval are all less than 30 min.
Figures 1 and 2 show the vertical polarization CP SAR image
131°15’ 131°10’ 131°05' 131°00’

130°55"  130°50'W

seer |

46°08'

46°04'

46°00’

45°56'

Fig. 1. A Cband vertically polarized, image of area west of Aber-
deen, WA acquired by RADARSAT-2 at 02:25 UTC on January 11,
2009. RADARSAT-2 Data and Products© MacDonald, Dettwiler
and Associates Ltd. (2008-2009)-ALL Rights Reserved.

178°42' 178°48’ 178°54’ 179°00'E 179°06'E

51°16'

51°12'

51°08'

51°04'

51°00

Fig. 2. A C band vertically polarized, image of area south of
Amchitkais, AK acquired by RADARSAT-2 at 05:47 UTC on Feb-
ruary 28, 2009. RADARSAT-2 Data and Products© MacDonald,
Dettwiler and Associates Ltd. (2008-2009)-ALL Rights Reserved.
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obtained by CTLR mode of an area west of Aberdeen, WA and an
area south of Amchitkais, AK, respectively. Corresponding 512 x
512 pixel size horizontally (RH) and vertically (RV) polarized im-
ages selected from these CP SAR images are presented in Figs 3a,
3b, 4a and 4b, respectively. Figures 3c and 4c represents the cor-
responding 512x512 pixel size line-polarized images, which are
derived from the RH and RV images, and the polarization orient-
ation angle (¢ = 1/8.). The obtained wave range and azimuth
directions images are respectively shown in Figs 3d, 3e, 4d and
4e. Then 3x3 Gaussian filter was used to smooth the slope im-
ages. Finally, Figs 5 and 6 represents the retrieved wave spec-
trum, from which we can extract the corresponding wavelengths,
significant wave heights and wave directions.

During retrieval of wave information, no external informa-
tion was obtained by guessing the wave spectrum using a wave
model or observing the wind provided by the scatterometer, res-
ulting in a 180° direction ambiguity. We used the direction of the
wave as measured by the buoy and the direction of the wind to
eliminate this ambiguity. In Figs 5 and 6, it can be concluded that
the dominant wavelengths are 405.4 m and 202.7 m, respectively,
and the dominant wave propagation directions are 271.4° and
273.6°, respectively. The collocated NDBC (46005, 46071) buoy-
measured the dominant wavelengths are 399.5 m and 188.8 m,
respectively, and dominant wave propagation directions are 240°
and 270°, respectively.

Similarly, four RADARSAT-2 fully polarimetric images on the
C-band were used to simulate the n/4 mode. Figures 7 and 8
show the vertical polarization CP SAR image with the /4 mode
of the west of Aberdeen, WA and south of Amchitkais, AK, re-
spectively. From the wave spectrum in Figs 7 and 8, the domin-
ant wavelengths are 418.9 m and 203.3 m, respectively, and the
dominant wave propagation directions are 271.2° and 274.0°, re-
spectively.

In our study, the results also show that the wave parameters
retrieved from the two modes are in a good agreement with those
from NDBC buoys (46028, 46089).

Waves traveling at arbitrary propagation angles can be
handled by considering measurement pairs along orthogonal
directions, as determined by the satellite flight path. To extract
wave parameters, we can refer to the following equations. First,
we can estimate the root-mean-square slope of the propagation
direction Sims and the wave propagation direction @ :

/2

Sems= [((S:c0s®))? + ({Sasin®))?]'"*, @1

where S, = %ﬁ and S, = %r are the wave slopes in the range and
x

azimuth directions; and % is the wave propagation direction
(north is 0°, clockwise rotation, east is 90°). Moreover, the domin-
ant wave height is obtained by using the relation between Sims
and dominant wavelength Aq:

tan (Sims) = Ha/(1a/2). (22)

Table 3 shows that wave parameters, which are wave period,
wavelength, wave direction, significant wave height and root-
mean-square slope, retrieved from CP SAR data are compared
with these measured by the buoys. The inverse wave parameters
obtained from the CP SAR data are consistent with those ob-
tained from the buoy measurements. Thus, the proposed calcula-
tion method can retrieve wave parameters from CP SAR images.
As the wave slope spectrum obtained by inversion is a combina-
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Fig. 3. Corresponding 512x512 pixel size images of area west of Aberdeen, WA acquired by RADARSAT-2 at 02:25 UTC on January 11,
2009, showing horizontal polarization (a), vertical polarization (b), linear polarization (c), wave slope image in the range direction (d),
and wave slope image in the azimuth direction (e). NDBC directional wave buoy (46005) is collocated to these images.

Fig. 4. Corresponding 512x512 pixel size images of area south of Amchitkais, AK acquired by RADARSAT-2 at 05:47 UTC on February
28, 2009, showing horizontal polarization (a), vertical polarization (b), linear polarization (c), wave slope image in the range direction
(d), and wave slope image in the azimuth direction (e). NDBC directional wave buoy (46071) is collocated to these images.
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Fig. 5. Wave slope spectrum image obtained by CTLR mode of
area west of Aberdeen, WA acquired by RADARSAT-2 at 02:25

UTC on January 11, 2009.
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Fig. 7. Wave slope spectrum image obtained by n/4 mode of
area west of Aberdeen, WA acquired by RADARSAT-2 at 02:25

UTC on January 11, 2009.
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Fig. 8. Wave slope spectrum image obtained by n/4 mode of

Fig. 6. Wave slope spectrum image obtained by CTLR mode of
area south of Amchitkais, AK acquired by RADARSAT-2 at 05:47
UTC on February 28, 2009.

area south of Amchitkais, AK acquired by RADARSAT-2 at 05:47
UTC on February 28, 2009.

Table 3. The wave parameters of the four images in Table 2 are estimated and compared with the corresponding wave parameters of

the NDBC buoys

Parameter Image Buoy ID Retrieval (CTLR) Retrieval (1/4) Buoy
Wave period/s 1 46005 16.11 16.37 16.00
2 46071 11.39 11.41 11.00

3 46028 12.44 12.44 12.12

4 46089 13.37 13.40 12.90

Wavelength/m 1 46005 405.4 418.9 399.5
2 46071 202.7 203.3 188.8

3 46028 241.7 241.7 229.2

4 46089 279.3 280.5 259.7

Wave direction/(°) 1 46005 271.4 271.2 240.0
2 46071 273.6 274.0 270.0

3 46028 270.8 270.8 310.0

4 46089 270.0 270.0 268.0

to be continued
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Continued from Table 3

Parameter Image Buoy ID Retrieval (CTLR) Retrieval (11/4) Buoy
Significant wave height/m 1 46005 3.44 3.31 3.10
2 46071 3.21 3.81 4.10

3 46028 3.02 3.02 2.88

4 46089 2.03 2.58 2.51

RMS slope/(°) 1 46005 0.97 0.91 0.89

2 46071 1.82 2.15 2.49

3 46028 1.43 1.43 1.44

4 46089 2.50 1.05 1.11

tion of the wave slope spectrum along the azimuth and range dir-
ections, it is not a complete wave slope spectrum. Hence, it can-
not be converted into a wave spectrum for comparison with the
spectrum derived from the buoy data.

5 Conclusions

In this paper, the effectiveness of the CTLR and /4 models in
retrieving the wave parameters is verified by directly using the c-
band full-polarization SAR data and the CP SAR images obtained
by using the compact polarization CTLR model and n/4 models,
and the algorithm of wave parameters retrieval by using the po-
larization orientation angle and tilt modulation transfer function
of the line-polarization SAR. The algorithm does not need com-
plex hydrodynamics modulation function, and its wavelengths,
wave heights, wave periods and wave propagation directions are
consistent with these measured by buoys.

Since this experiment only studies the wave parameter re-
trieval algorithm for a single SAR image, the universality of CP
SAR wave information inversion needs more experimental data
to support. In future work, we plan to collect more fully polari-
metric SAR data or directly use the CP SAR data provided by the
RADARSAT Constellation Mission. In addition, we will evaluate
other CP modes, such as dual circular polarization, for wave
parameter retrieval. In addition, we intend to fuse the corres-
ponding buoy data to improve the accuracy of retrieving wave
parameters from CP SAR data.
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