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Validation of RADARSAT‐2 fully polarimetric
SAR measurements of ocean surface waves
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[1] C band RADARSAT‐2 fully polarimetric (fine quad‐polarization mode, HH+VV+HV
+VH) synthetic aperture radar (SAR) images are used to validate ocean surface waves
measurements using the polarimetric SAR wave retrieval algorithm, without estimating the
complex hydrodynamic modulation transfer function, even under large radar incidence
angles. The linearly polarized radar backscatter cross sections (RBCS) are first calculated
with the copolarization (HH, VV) and cross‐polarization (HV, VH) RBCS and the
polarization orientation angle. Subsequently, in the azimuth direction, the vertically and
linearly polarized RBCS are used to measure the wave slopes. In the range direction, we
combine horizontally and vertically polarized RBCS to estimate wave slopes. Taken
together, wave slope spectra can be derived using estimated wave slopes in azimuth and
range directions. Wave parameters extracted from the resultant wave slope spectra are
validated with colocated National Data Buoy Center (NDBC) buoy measurements (wave
periods, wavelengths, wave directions, and significant wave heights) and are shown to be
in good agreement.

Citation: Zhang, B., W. Perrie, and Y. He (2010), Validation of RADARSAT‐2 fully polarimetric SAR measurements of ocean
surface waves, J. Geophys. Res., 115, C06031, doi:10.1029/2009JC005887.

1. Introduction

[2] Forecasts of ocean waves are crucial for ocean engi-
neering and offshore structural design and navigation and for
understanding and predicting severe marine weather. The
satellite‐borne synthetic aperture radar (SAR) is a powerful
instrument to measure ocean waves at high resolution, with
coverage over large areas, in almost any weather conditions.
Measuring ocean waves from SAR can improve our under-
standing of upper ocean dynamics and help mitigate natural
hazards. Presently, operational wave forecast models are
driven by forecast winds and validated with in situ and remote
sensing wave measurements. SAR wave measurements can
improve wave forecasts.
[3] In recent years, considerable effort has gone into

retrieving quantitative surface wave information from SAR
images [Engen et al., 1994; Plant and Zurk, 1997]. Data from
several satellite missions, such as ERS‐1, ERS‐2, ENVISAT,
and RADARSAT‐1 have been used to estimate surface
wave spectra from SAR images. Several different linear
and nonlinear techniques [Lyzenga, 1988; Hasselmann and
Hasselmann, 1991] have been developed for retrieving
wave spectra from conventional single‐polarization SAR

image spectra. However, the retrieval of a wave spectrum
from an observed SAR spectrum with the nonlinear method
requires a first guess wave spectrum from a numerical wave
model. In order to avoid the dependence of the retrieved wave
spectrum on the first guess wave spectrum, a semiparametric
method was developed to retrieve a wave spectrum from an
observed SAR image [Mastenbroek and de Valk, 2000]. The
approach does not require a priori knowledge of sea state.
Instead, each SAR image spectrum can be associated with a
scatterometer wind vector; for ERS satellites, this is feasible
since the scatterometer is operated simultaneously with the
SAR. Unfortunately, this semiparametric method cannot
retrieve wave spectra from ENVISAT, RADARSAT‐1, or
RADARSAT‐2 images, because these satellites do not carry
scatterometers. To solve the 180° ambiguity that exists
inherently in ocean wave propagation, some ocean‐SAR
wave inversion methods using image cross spectra were
proposed [Engen and Johnsen, 1995; Bao and Alpers, 1998;
Dowd et al., 2001]. Moreover, empirical and parametric
inversion methods were developed for determination of time
series of sea surface elevation maps from nautical radar image
sequences [Dankert and Rosenthal, 2004] and for retrieval
of integral ocean wave parameters from SAR image data
[Schulz‐Stellenfleth et al., 2005, 2007], as well as extraction
of ocean wave parameters from along‐track interferometric
SAR measurements [Zhang et al., 2009].
[4] Conventional single‐polarization backscatter cross‐

section measurements require two orthogonal passes and a
complex SAR modulation transfer function (MTF) to deter-
mine vector slopes and directional wave spectra [Alpers et al.,

1Fisheries and Oceans Canada, Bedford Institute of Oceanography,
Dartmouth, Nova Scotia, Canada.

2Institute of Oceanology, Chinese Academy of Sciences, Qingdao,
China.

3Key Laboratory of Ocean Circulation and Waves, Chinese Academy
of Sciences, Qingdao, China.

Published in 2010 by the American Geophysical Union.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, C06031, doi:10.1029/2009JC005887, 2010

C06031 1 of 11

https://domicile.ifremer.fr/10.1029/,DanaInfo=dx.doi.org+2009JC005887


1981; Hasselmann and Hasselmann, 1991]. With the devel-
opment of the fully polarimetric SAR technique, an algorithm
was investigated to study the feasibility of using airborne
L and P band fully polarimetric SAR image data to measure
ocean wave slopes and wave spectra [Schuler et al., 2004].
The advantage of this method is that it effectively achieves
direct measurements of the wave slopes. The method was
validated with Pacific swell observations under low‐wind
conditions. However, this method is only suitable for L or
P band fully polarimetric SAR data, because it needs to
estimate the polarization orientation angle, whereas C band
data produce a very noisy polarization orientation angle
image. Assuming the Bragg scattering model and Phillips
wave spectrum, He et al. [2004] derived the tilt and polari-
zation orientation modulation transfer functions of linear
polarimetric SAR. Moreover, He et al. [2006] developed
an approach to measure wave slope spectra using air-
borne C band fully polarimetric SAR data. However, cross‐
polarization information was not directly used, and this
method was also only validated by using airborne SAR
images.
[5] In this paper, we use C band RADARSAT‐2 fully

polarimetric SAR images to validate the polarimetric SAR
wave retrieval algorithm proposed by He et al. [2006].
Copolarization and cross‐polarization measurements are
directly used when we retrieve wave slopes, and wave
spectra and new validation results are presented. Retrieved
wave parameters from the method are validated with colo-
cated National Data Buoy Center (NDBC) buoy observa-
tions. Section 2 describes the data sets used, section 3 presents
the wave retrieval methodology, and section 4 shows retrieved
wave slopes and wave slope spectra. Conclusions are given
in section 5.

2. Data Sets

[6] RADARSAT‐2 is a relatively new Canadian C band
spaceborne synthetic aperture radar, which was launched
on 14 December, 2007. It supports all RADARSAT‐1 beam
modes, namely single‐polarization standard, fine resolution,
wide swath, ScanSAR, and extend coverage beams. More-
over, new modes include quad‐polarization (HH+VV+HV
+VH) imaging capabilities and multilook fine (which has the
same resolution as fine resolution but uses four looks) and

ultrafine 3 m resolution models. All modes are available in
both left‐ and right‐looking orientations.
[7] In this study, we validate wave slopes and wave slope

spectrum retrieval methods using six RADARSAT‐2 fully
polarimetric (quad‐polarization mode) SAR images of various
sea states and colocated National Data Buoy Center (NDBC)
buoy data provided by the National Oceanic andAtmospheric
Administration (NOAA). The quad‐polarization modes pro-
vide fully polarimetric data, which means that complex
images with each of four combinations of H and V on both
transmit and receive are provided (HH, HV, VH, and VV).
RADARSAT‐2 quad‐polarization products can be acquired
in two different beam modes, namely fine quad‐polarization
and standard quad‐polarization. Here, we use fine quad‐
polarization images to retrieve wave slopes and wave slope
spectra. As an example, details regarding one of the six
RADARSAT‐2 fully polarimetric SAR images acquisition
parameters are given in Table 1. The radar resolution cell has
dimensions of 4.73 m (range direction) and 4.79 m (azimuth
direction).
[8] NDBC data include observations from 6 m nondirec-

tional buoys and 3 m discus wave directional buoys. A con-
tinuous set of hourly wind and wave parameters such as wind
speeds, wind directions, significant wave heights (Hs), and
dominant wave periods (Tp) are available from 6 m nondi-
rectional buoys; the 3 m discus directional wave buoys pro-
vide mean wave directions. Studies show that the errors in the
derived wave parameters from 3 m buoys are less than 3%
in the significant wave heights and usually less than 4° in
the peak wave direction [Wang and Freise, 1997]. We used
measurements from three 3‐mNDBC discus directional wave
buoys (46028, 46029, and 46089) and two 6m nondirectional
NDBC wave buoys (46005 and 46071) for validations of the
wave parameters estimated from SAR‐retrieved wave slope
spectra with in situ observations. These buoys are colocated
with the six C band RADARSAT‐2 fully polarimetric
images. Information regarding the six SAR images and
corresponding buoys are given in Table 2. Direction wave
spectra, derived from the directional wave buoys, S( f, �) are
represented, in the usual manner, as the products of the
nondirectional wave height spectrum C11( f ) and the direc-
tional spreading functions D( f, �) as

Sðf ; �Þ ¼ C11ðf ÞDðf ; �Þ; ð1Þ

Dðf ; �Þ ¼ ½1=2þ r1 cosð�� �1Þ þ r2 cos½2ð�� �2Þ�=�; ð2Þ

where f is the wave frequency, � is the direction from which
the wave arrives, measured clockwise relative to true north,
according to the NDBC sign convention [Steele et al., 1992],
r1 and r2 are the first and second normalized (nondirectional)
polar coordinates of the Fourier coefficients, and �1 and �2 are
mean and principal wave directions, respectively.
[9] In some cases, it is necessary to transform the direc-

tional frequency spectrum S( f, �) to wave number spectrum
S(kx, ky). This transformation is done in two steps. First,
the intermediate expression S(k, �) is expressed in terms of
S( f, �) by

Sðk; �Þ ¼ Sðf ; �Þ df
dk

¼ Sðf ; �Þg
8�2f

tanhðkhÞ þ kh

cosh2ðkhÞ

� �
ð3Þ

Table 1. RADARSAT‐2 Fully Polarimetric Data Parameters for
SAR Image Acquired on 25 February 2009

Radar Band C Band

Radar center frequency (GHz) 5.40
Pulse repetition frequency (Hz) 2769.3
Satellite height (km) 795.8
Platform velocity (km/s) 7.46
Track angle (deg) 10.91
Slant range to velocity ratio (s) 137.6
Acquisition type fine quad‐polarization
Polarizations HH VV HV VH
Raw data start time 2009‐02‐25T02:09:26.821106Z
Product format GeoTIFF
Scene center 35°44′43″N 121°55′42″W
Incidence angle near range (°) 39.27
Incidence angle far range (°) 40.72
Sampled pixel spacing (m) 4.73
Sampled line spacing (m) 4.79
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and S(k, �) can be expressed in terms of S(kx, ky) by using the
Jacobian of (k, �) with respect to (kx, ky)

Sðkx; kyÞ ¼ Sðk; �Þ @ðk; �Þ
@ðkx; kyÞ ¼

Sðk; �Þ
k

ð4Þ

where k is wave number, h is the finite water depth, and g =
9.81 m/s2 is the gravitational acceleration.

3. Methodology

3.1. Linearly Polarized Backscatter Cross Section

[10] For a SAR system that coherently transmits and
receives both horizontal and vertical polarizations, the back-
scatter cross section s(c, y) is determined for any arbitrary
polarization state by calculating the Stokes matrix [Mij] and
the transmit and receive Stokes vectors according to

�ð�;  Þ ¼ 4�

k2r

1

cosð2�Þ cosð2 Þ
cosð2�Þ sinð2 Þ

sinð2�Þ

2
6664

3
7775
T

½Mij�

1

cosð2�Þ cosð2 Þ
cosð2�Þ sinð2 Þ

sinð2�Þ

2
6664

3
7775
ð5Þ

where kr is the transmitted radar wave number, T indicates a
matrix transpose, and c and y are the ellipticity and polari-
zation orientation angle, respectively. Equation (5) reduces
to the horizontally polarized backscatter cross section when
c = 0° and y = 0° and to the vertically polarized backscatter
cross section when c = 0°and y = 90°.
[11] To obtain an expression for linearly polarized ocean

backscatter cross sections, we utilize the scattering matrix
[Sij] for ocean polarization signatures, which is given as

S ¼ Shh Shv
Svh Svv

� �
: ð6Þ

Expressions for the terms [Mij]of the Stokes matrix in terms
of [Sij] are well known [Van Zyl, 1985; Van Zyl et al., 1987].
For the scattering matrix of equation (6), the Stokes matrix
[Mij] reduces to the form

½Mij� ¼
M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44

2
664

3
775; ð7Þ

where

M11 ¼ 1

4
Shh � S*hh þ Svv � S*vv þ 2Shv � S*hv
h i

M12 ¼ 1

4
Shh � S*hh � Svv � S*vv
h i

M13 ¼ 1

2
< Shh � S*hv
h i

þ 1

2
< Shv � S*vv
h i

M14 ¼ � 1

2
= Shh � S*hv
h i

� 1

2
= Shv � S*vv
h i

M22 ¼ 1

4
Shh � S*hh þ Svv � S*vv � 2Shv � S*hv
h i

M23 ¼ 1

2
< Shh � S*hv
h i

� 1

2
< Shv � S*vv
h i

M24 ¼ � 1

2
= Shh � S*hv
h i

þ 1

2
= Shv � S*vv
h i

M33 ¼ 1

2
Shv � S*hv þ

1

2
< Shh � S*vv
h i

M34 ¼ � 1

2
= Shh � S*vv
h i

M44 ¼ 1

2
Shv � S*hv �

1

2
< Shh � S*vv
h i

and where <[] and =[] represent the real and imaginary parts
of the indicated quantities, respectively. The remaining ele-
ments in the scattering matrix are determined by assuming
that the matrix is symmetric.
[12] Because maximum sensitivities to wave slopes are

obtained using only linear polarizations, the ellipticity (c)
is set to zero [Schuler and Lee, 1995]. We substitute
equation (7) into equation (5), which yields a value for the
linearly polarized backscatter cross section s(0, y)

�ð0;  Þ ¼ 1

4
ð�hh þ �vvÞ � 1þ cos2ð2 Þ� �þ 1

2
ð�hh � �vvÞ cosð2 Þ

þ �hv þ 1

2
<ð�hhvvÞ sin2ð2 Þ; ð8Þ

where shh, svv, shv, and shhvv are the radar backscatter cross
sections for horizontal, vertical, cross polarizations, and the
correlation between horizontal and vertical polarizations,
respectively. Note that the equation (8) differs from the
corresponding expressions derived by Schuler and Lee
[1995] or He et al. [2006] by the additional term, shv. Since
RADARSAT‐2 fully polarimetric (fine quad‐polarization
mode) SAR images provide copolarization (HH, VV) and

Table 2. RADARSAT‐2 Fully Polarimetric SAR Image Data and NDBC Buoy Information

Image ID 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′06″N 46°03′00″N 9.0 240
11 Jan 2009 11 Jan 2009 131°02′22″W 131°01′12″W

2 14:30:58 14:50:00 45°57′43″N 45°54′28″N 3.7 97
18 Jan 2009 18 Jan 2009 125°39′18″W 125°45′37″W

3 02:09:26 01:50:00 35°44′43″N 35°44′29″N 5.3 321
25 Feb 2009 19 Feb 2009 121°55′42″W 121°53′03″W

4 05:47:58 05:50:00 51°07′18″N 51°09′17″N 4.0 270
28 Feb 2009 28 Feb 2009 178°53′10″W 179°00′02″W

5 14:39:15 14:50:00 46°07′05″N 46°08′37″N 7.7 246
17 Mar 2009 17 Mar 2009 124°33′25″W 124°30′37″W

6 14:31:05 14:50:00 46°08′35″N 46°08′37″N 3.0 20
22 Aug 2009 22 Aug 2009 124°30′15″W 124°30′37″W
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cross‐polarization (HV, VH) measurements, we can use
equation (8) and the polarization orientation angle (y) to
directly calculate the linearly polarized backscatter cross
sections.

3.2. Wave Slopes in the Azimuth and Range Directions

[13] In the framework of linear modulation theory, the
ocean surface elevation x and variations of the local back-
scatter cross section s(r, t) are remotely sensed by a real
aperture radar. These may be represented as a superposition
of propagating wave components, whose wave number is k
and frequency w are

�ðr; tÞ ¼
X
k

�k exp iðk � r� !tÞ þ c:c; ð9Þ

�ppðr; tÞ ¼ �pp 1þ
X
k

TR
kpp�k exp iðk � r� !tÞ þ c:c

" #( )
; ð10Þ

where r = (x, y), x and y are component vectors in the radar
look direction and platform flight direction, respectively.
Here, � denotes the spatially averaged specific cross section,
and c.c is the complex conjugate of the series. Tkpp

R is the real
aperture radar (RAR) modulation transfer function, including
tilt modulation Tkpp

t , hydrodynamic modulation Tk
h, polari-

zation orientation angle modulation Tkpp
p [Lee et al., 2000,

2002], and the range bunching modulation Tk
rb. Subscript

“pp” indicates the radar transmission and receiving polar-
izations, where p = h, v, y denote the horizontal, vertical, and
linear polarizations, respectively, and the polarization orien-
tation angle is given by y. For SAR, a velocity bunching
modulation Tk

vmust be included. Among all the modulations,
only the tilt and polarization orientation angle modulation
transfer functions depend on the radar polarizations. For
conventional single polarization SAR (HH or VV), the
velocity bunching modulation Tk

v must be included, whereas
the polarization orientation angle modulation Tkpp

p produced
by sea surface tilt [He et al., 2004] vanishes when p represents
horizontal or vertical polarizations. Therefore, equation (10)
can be rewritten as

D�hhðr; tÞ
�hh

¼
X
k

T t
khh�k exp½iðk � r� !tÞ� þ c1 þ R; ð11aÞ

D�vvðr; tÞ
�vv

¼
X
k

T t
kvv�k exp½iðk � r� !tÞ� þ c2 þ R: ð11bÞ

For linearly polarized SAR with polarization orientation
angle y, tilt and polarization orientation angle modulations
exist at same time. Thus, equation (10) can be rewritten as

D�  ðr; tÞ
�  

¼
X
k

ðTt
k  þ Tp

k  Þ exp½iðk � r� !tÞ� þ c3 þ R;

ð11cÞ

where R is given by

R ¼
X
k

ðTh
k þ Trb

k þ Tv
k Þ�k exp½iðk � r� !tÞ� þ c4; ð12Þ

where c1, c2, c3, c4 are the complex conjugates of the series,
Tkhh
t and Tkvv

t are the tilt modulations for horizontal and ver-
tical polarizations, respectively. Here, Tkyy

t and Tkyy
p are the

tilt and polarization orientation angle modulations for the
linear polarization with polarization orientation angle y,
which are derived assuming a Bragg scattering model and
Phillips wave spectrum [He et al., 2006]. The polarization
orientation angle modulation Tkyy

p is strictly a tilt effect and
may be incorporated within the theory for tilt modulation.
Here the rationale for separating it from the tilt modulation is
the fact that existing ocean scattering theories generally do
not develop the fully polarimetric scattering matrix ampli-
tudes and phases [Schuler and Lee, 1995]. For equation (12),
R includes hydrodynamic, range bunching, and velocity
bunching modulations. There are no polarization‐sensitive
terms. Therefore we can obtain,

D�vvðr; tÞ
�vv

�D�hhðr; tÞ
�hh

¼
X
k

ðTt
kvv � Tt

khhÞ�k exp iðk � r� !tÞ þ c5;

ð13aÞ

D�  ðr; tÞ
�  

�D�vvðr; tÞ
�vv

¼
X
k

ðTt
k  þ Tp

k  � Tt
kvvÞ�k

� exp iðk � r� !tÞ þ c6; ð13bÞ

where c5 and c6 are the complex conjugate of the series,
respectively; Tkyy

t and Tkyy
p are given by equations (15a) and

(15b) [see also He et al., 2004] and

Tt
kvv ¼ ikx

4� 0:5ð1� sin2 �Þ
tan �ð1� sin2 �Þ ; ð14aÞ

Tt
khh ¼ ikx

4� 0:5ð1þ sin2 �Þ
tan �ð1þ sin2 �Þ : ð14bÞ

Here � is the radar incidence angle, and kx is the component of
the incident wave number vector in the radar look direction.
[14] Inserting equations (14a) and (14b) and He et al.

[2004, equations (15a) and (15b)] into equation (13), we
perform straightforward algebraic calculations and obtain

D�vv
�vv

�D�hh
�hh

¼ � 8 tan �

1þ tan2 �

@�

@x
; ð15aÞ

D�  
�  

�D�vv
�vv

¼ A
@�

@x
þ B

@�

@y
; ð15bÞ

where ∂x/∂x, ∂x/∂y are wave slopes in the range and azimuth
directions, respectively. Coefficients A and B in equation (15b)
are also derived by He et al. [2006, equation (80)]. It is evi-
dent that wave slopes ∂x/∂x and ∂x/∂y can be obtained from
equations (15a) and (15b) only when the polarization orien-
tation angle (y) is appropriately chosen. In He et al. [2006],
cross‐polarization information was not directly used when
calculating the linearly polarized backscatter cross sections.
Here copolarization (HH, VV) and cross‐polarization (HV,
VH) measurements are directly used to estimate linearly
polarized backscatter cross sections and to retrieve wave
slopes and wave spectra. The overall procedure for wave
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parameters extraction fromRADARSAT‐2 fully polarimetric
SAR images can be summarized as follows:
[15] 1. Select 512 × 512 pixel size HH‐, VV‐, and HV‐

polarized images, respectively, and transfer these slant range
images into ground range images using linear interpolation in
the range direction.
[16] 2. Estimate linearly polarized images using equation (8),

which is the linear polarization p, when the polarization
orientation angle y = 45°.
[17] 3. Estimate the sea surface wave slope using

equations (15a) and (15b) and smooth the slopes with a 3 × 3
Gaussian filter.
[18] 4. Estimate wave slope spectrum, wavelength, wave

direction, and wave height using wave slope images.

4. Results and Analysis

[19] In this paper, six C band RADARSAT‐2 fully polar-
imetric (fine quad‐polarization mode) SAR images are used
to retrieve ocean wave slopes and wave slope spectrum.
These SAR images and colocated NDBC buoys are described
in Table 2. All buoys are approximately located at the centers
of the SAR images; the time intervals between RADARSAT‐2
observations and buoy measurements are always less
than 30 min. These are important factors in quantitative
comparisons between retrieved wave parameters and buoy
measurements. Figures 1 and 2 show C band RADARSAT‐2
vertically (VV) polarized SAR images of an area northwest of
Morro Bay, CA and an area northwest of Tillamook Bay, OR,
respectively. Corresponding 512 × 512 pixel size horizontally
(HH) and vertically (VV) polarized images selected from these
SAR images are presented in Figures 3a–3b and 4a–4b,

respectively. Figures 3c and 4c show the corresponding 512 ×
512 pixel size linearly polarized images, which are estimated
from the HH, VV and cross‐polarized (HV) images, and the
polarization orientation angle (y = 45°). The wave slopes in
azimuth and range directions calculated with these images are
shown in Figures 3d, 3e, 4d, and 4e. We have applied a 3 × 3
Gaussian filter to the wave slopes in order to eliminate noise.
The retrieved wave slope spectra are shown in Figures 5 and 6,
which can be directly used to extract estimates of the dominant
wave lengths and wave directions.
[20] There is a 180° directional ambiguity in the SAR‐

retrieved wave slope spectra, since we did not use external
information, such as first guess wave spectra from a wave
model or wind observations from a scatterometer. We remove
the directional ambiguity by using buoy‐measured wave
directions and wind directions. The dominant wavelengths
are 242.9 and 245.2 m, with dominant propagation directions
311.5° and 251.0°, respectively, for the two cases shown in
Figures 5 and 6. Figures 7 and 8 show the measured direc-
tional wave spectrum from NDBC buoys 46028 and 46089.
The dominant wavelengths and propagation directions from
the two buoys are 229.2 and 259.7 m and 310.0° and 268.0°,
respectively.
[21] Figure 9 is a C band vertically (VV) polarized SAR

image of an area west of Columbia River Mouth acquired
under low‐wind conditions; the dark areas correspond to
the regions of very weak winds (3 m/s). A wave system
is propagating with an estimated dominant wavelength of
193.9 m and a dominant wave direction of 299° (Figure 10).

Figure 1. A C band, vertically (VV) polarized, image of
area northwest of Morro Bay, CA acquired by RADAR-
SAT‐2 at 02:09 UTC on 25 February 2009. Further details
are given in Tables 1 and 2. RADARSAT‐2 Data and Pro-
ducts© MacDonald, Dettwiler and Associates Ltd. (2008–
2009) – All Rights Reserved.

Figure 2. As in Figure 1, a C band, vertically (VV) polar-
ized, image of area northwest of Tillamook Bay, OR acquired
by RADARSAT‐2 at 14:30 UTC on 18 January 2009.
RADARSAT‐2 Data and Products© MacDonald, Dettwiler
and Associates Ltd. (2008–2009) – All Rights Reserved.
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The colocated measured wave spectrum from directional
buoy 46029 is shown in Figure 11, with an estimated domi-
nant wavelength of 188.8 m and wave direction of 307°.
[22] An additional interesting SAR image is shown in

Figure 12, with retrieved wave spectrum in Figure 13. Here,

we can see a long period (15.57 s) swell, whose dominant
wavelength and wave direction are 378.3 m and 261.1°
(estimated from wave slope spectra in Figure 13). The colo-
cated NDBC (46005) buoy‐measured dominant wavelength
and period are 399.5 m and 16 s, respectively.

Figure 3. Corresponding 512 × 512 pixel size images of area northwest of Morro Bay, CA selected from
SAR image in Figure 1, at 02:09 UTC on 25 February 2009, showing (a) horizontal (HH) polarization,
(b) vertical polarization, (c) linear polarization, (d) wave slope image in the azimuth direction, and (e) wave
slope image in the range direction. NDBC directional wave buoy (46028) is colocated to these images.
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[23] We estimated the average wave heights of the domi-
nant waves using the peak to trough root mean square (rms)
slopes in the propagation directions Srms and the dominant
wavelengthsld. The estimated average dominant wave heights

(Hd) are then determined from tan(Srms) = Hd/(ld/2). The rms
slopes are calculated using the following relationship

Srms ¼ ½ðhSaz sinFiÞ2 þ ðhSr cosFiÞ2�1=2; ð16Þ

Figure 4. Corresponding 512 × 512 pixel size SAR images of area northwest of Tillamook Bay, OR
selected from SAR image in Figure 2, at 14:30 UTC on 18 January 2009, showing (a) horizontal (HH)
polarization, (b) vertical (VV) polarization, (c) linear polarization, (d) wave slope image in the azimuth
direction, and (e) wave slope image in the range direction. NDBC directional wave buoy (46089) is
colocated to these images.
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where Sr = ∂x/∂x and Saz = ∂x/∂y are the wave slopes in the
range and azimuth directions, respectively, and F is the wave
propagation direction. The rms slope Srms is estimated over an
ensemble of processed image pixels. Table 3 gives a com-
parison of SAR retrievals with buoy measurements for the
estimated rms slopes, as well as the wave periods, wave-
lengths, wave directions, and significant wave heights. These
results show good consistency between SAR‐retrieved wave
parameters and buoy data. Because the retrieved wave slope
spectrum is a combination of wave slope spectrum in azimuth

and range directions, it is not a complete wave slope spectrum
and thus cannot be converted into a wave spectrum for
comparisons with the buoy‐derived spectrum.

5. Conclusions

[24] C band RADARSAT‐2 fully polarimetric SAR images
have been used to validate the polarimetric SAR wave
retrieval algorithm proposed byHe et al. [2006]. Ocean wave
slopes in the azimuth and range directions can be directly

Figure 5. Wave slope spectrum from C band fully polari-
metric SAR image of area northwest of Morro Bay, CA
(Figure 1) acquired at 02:09 UTC on 25 February 2009.

Figure 6. Wave slope spectrum from C band fully polari-
metric SAR image of area northwest of Tillamook Bay, OR
(Figure 2) acquired at 14:30 UTC on 18 January 2009.

Figure 7. Directional wave spectrum measured by NDBC
buoy (46028) colocating with the SAR image in Figure 1,
at 01:50 UTC on 25 February 2009.

Figure 8. Directional wave spectrum measured by NDBC
buoy (46089) colocating with the SAR image in Figure 2,
at 14:50 UTC on 18 January 2009.
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obtained using horizontally, vertically, linearly polarized
backscatter cross sections, along with polarization orientation
angle. Themethod does not require estimation of the complex
hydrodynamic modulation function even under the large
radar incidence angles. Wave parameters extracted from six
RADARSAT‐2 images are compared with in situ observa-
tions from NDBC buoys. The wavelengths, wave directions,
significant wave heights, and wave periods are in good

agreement with those measured by buoys. Motion‐related
problems typical of SAR data, such as “velocity bunching” in
the azimuth direction, must still be dealt with using iterative
algorithms similar to those previously developed.
[25] There is a 180° directional ambiguity in the retrieved

wave slope spectrum, since we do not use external informa-

Figure 9. ACband, vertically (VV) polarized, image of area
west of Columbia River Mouth acquired by RADARSAT‐2
at 14:31 UTC on 22 August 2009. RADARSAT‐2 Data
and Products © MacDonald, Dettwiler and Associates Ltd.
(2008–2009) ‐ All Rights Reserved.

Figure 10 . Wave s lope spec t r um f rom C band
RADARSAT‐2 fully polarimetric SAR image shown in
Figure 9.

Figure 11. Directional wave spectrum measured by NDBC
buoy (46029) at 14:50 UTC on 22 August 2009, colocating
with SAR image in Figure 9.

Figure 12. A C band, vertically (VV) polarized, image of
area west of Aberdeen, WA acquired by RADARSAT‐2 at
02:25 UTC on 11 January 2009. RADARSAT‐2 Data and
Products © MacDonald, Dettwiler and Associates Ltd.
(2008–2009) ‐ All Rights Reserved.
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tion, such as first guess wave spectra from a numerical wave
model or scatterometer wind data. We removed the direc-
tional ambiguity using the buoy‐measured wave directions
and wind directions. He et al. [2004] developed a simple
method to eliminate the 180° directional ambiguity based
on the fact that the polarimetric SAR image spectrum peaks
are asymmetrical. However, this method is valid only at
large incidence angles (>50°), which is not the case for
RADARSAT‐2 fully polarimetric SAR images because the
associated incidence angles are between 20° and 41°. Alter-
nately, the cross‐spectrum method [Engen and Johnsen,
1995] can be used to remove the directional ambiguity for
medium incidence angle cases.
[26] Additional research is needed to determine the extent

to which the polarimetric SAR wave retrieval algorithm [He
et al., 2006] is capable of measuring a more general wind‐
driven wave spectrum or a complex intersecting bimodal
wave system. The polarimetric SARwave retrieval algorithm
is admittedly a linear retrieval technique and may thus
produce errors under high sea state conditions, as it is well
known that SAR image modulations are nonlinear under
certain ocean surface conditions. As the sea state increases,
the degree of nonlinear behavior will generally increase.
Under these conditions, linear methods do not provide
accurate quantitative estimates of the wave spectra [Lyzenga,
1988]. Thus, the method has limited utility to derive wave
slopes and wave spectra under some conditions. The advan-
tage of the method is that the RADARSAT‐2 fully polari-
metric SAR images can be directly used to extract wave
parameters without estimating the complex hydrodynamic
modulation transfer function. Moreover, other image inten-
sity approaches, for example, the nonlinear inversion method
[Hasselmann and Hasselmann, 1991], the cross‐spectrum
method [Engen and Johnsen, 1995], the semiparametric
method [Mastenbroek and de Valk, 2000], or the parametric
method [Zhang et al., 2009] need a hydrodynamic modula-

tion transfer function. However, the modulation transfer
function is not well known. Moreover, when the radar inci-
dence angle is about 20° for SARwavemode data [i.e., for the
ERS and ENVISAT], the hydrodynamic modulation transfer
function is weak compared to the tilt modulation function and
can be neglected. In this study, the incidence angles of the six
RADARSAT‐2 fully polarimetric images are larger than 20°.
Therefore, the hydrodynamic modulation transfer function
has to be estimated if one extracts wave parameters with these
images using the other image intensity methodologies men-
tioned above. Here, the wave retrieval algorithm does not
require estimation of the hydrodynamic modulation transfer
function even though the radar incidence angle is larger than
20°, because it does not depend on the modulation function.

[27] Acknowledgments. The authors greatly appreciate the Canadian
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