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Abstract

The line-of-sight velocity of scattering facets is related to the Doppler signals of X-band coherent marine radar
from the oceanic surface. First, the sign Doppler Estimator is applied to estimate the Doppler shift of each radar
resolution cell. And then, in terms of the Doppler shift, a retrieval algorithm extracting the vertical displacement of
the sea surface has been proposed. The effects induced by radar look-direction and radar spatial resolution are
both taken into account in this retrieval algorithm. The comparison between the sea surface spectrum of buoy
data and the retrieved spectrum reveals that the function of the radar spatial resolution is equivalent to a low pass
filter, impacting especially the spectrum of short gravity waves. The experimental data collected by McMaster IPIX
radar are also used to validate the performance of the retrieval algorithm. The derived significant wave height and
wave period are compared with the in situ measurements, and the agreement indicates the practicality of the
retrieval technology.
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1 Introduction
Because of the practical importance in many areas, such as,
sea surface wind retrieving, sea waves monitoring, and oceanic
surface current measuring (Chapron et al., 2005; Johannessen et
al., 2005; Kudryavtsev et al., 2005; Mouche et al., 2008; Karaev et
al., 2008; Johnson et al., 2009), the Doppler spectral signals of microwave scattering from the sea surface have been widely studied over the past few decades (Zavorotny and Voronovich, 1998;
Lipa, 1978; Fuks and Voronovich, 2002; Toporkov and Brown,
2000; Johnson et al., 2001; Hayslip et al., 2003; Hisaki, 2003; Soriano et al., 2006; Wang and Zhang, 2011; Wang et al., 2012). It is
well known that the wave period and the wave direction can be
well extracted from a radar backscattering intensity. However,
the determination of the sea surface displacement or the wave
spectrum from the radar backscattering intensity is hindered by
the complex nature of the modulation transfer functions, as a hydrodynamic modulation transfer function (HMTF) is still less
well known up to now. One way to circumvent this thorny issue
of the MTF is to employ the coherent radar which is capable of
providing the Doppler information of the returned signal. In contrast to scattering intensity, the Doppler shifts of the microwave
echoes backscattered from time-varying waves reflect the line-ofsight velocity of scattering facets. Although the Doppler shift is affected by many factors, such as the phase velocity of Bragg scattering waves and currents of all sources, its oscillatory component is primarily contributed by the orbital velocity of large-scale
underlying waves. In reference (Plant, 1997), the orbit velocity of

long-gravity waves was obtained from the Doppler shift measured by a microwave scatterometer. Meanwhile, the orbit velocity spectrum and the sea surface spectrum were derived utilizing FT (Fourier transformation). Plant’s results show that the
Doppler shift measured by a scatterometer can be used to retrieve the sea surface spectrum. The spectral peak frequency and
the significant wave height retrieved at incidence angle are consistent with the measured data by a nearby buoy (Plant, 1997). In
Hwang et al. (2010), the sea surface spectrum has been retrieved
using the Doppler shifts of the microwave echoes measured by
an X-band coherent marine radar mounted at a tower about 60
km offshore in the Atlantic Ocean. In their investigations, the sea
surface spectrum, the spectral peak frequency and significant
wave height were derived without introducing any empirical
parameter as in the case of the spectrum retrieval from the radar
backscattering intensity. From the comparisons between their
derived spectra and the buoy measurements (Hwang et al., 2010),
we can find that the retrieved spectral peak frequency and the
spectral intensity for long wave are in good agreement with the
measured data by buoy. However, the retrieved spectral intensities for shorter waves are significantly smaller than in-situ measurements. And the discrepancy is resulted from the fact that the
spatial resolution of the marine radar is relatively large compared with the short wave wavelength and plays roles as low pass
filters. Though it would impose remarkable effect on the derived
sea surface slope, the influence of the radar spatial resolution was
not considered in the work of Hwang et al. In addition, it should
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be pointed out that none retrieval algorithm for sea surface profile was proposed in references (Plant, 1997; Hwang et al., 2010).
In reference (Johnson et al., 2009), based on the numerical method of electromagnetic scattering and the tomography technology,
a one-dimensional sea surface profile was retrieved utilizing the
simulated Doppler shift. From the comparisons with the retrieval
profiles from radar cross-section information and from interferometric information, Johnson et al. (2009) pointed out that the algorithm based on the Doppler shifts could yield a reasonably
good assessment of the sea surface profile. Although the results
presented in Johnson et al. (2009) are not completely descriptive
of practical sea surface applications, the conclusions are of significance in the improvement of retrieval algorithms. However, the
actual sea waves are two-dimensional, and the retrieval algorithm which is aim at the practical two-dimensional sea surface has not been established well.
In the present work, based on the Doppler shifts of the microwave echoes collected by the X-band coherent marine radar,
a retrieval algorithm is proposed to extract the sea surface profile
as well as the two-dimensional wave spectrum. A brief summary
of the extracting method for the Doppler shifts is given in Section
2. On the basis of the Lagrange sea wave model, the retrieval algorithm for the two-dimensional sea surface profile is proposed
in Section 3. In our algorithm, the effects of the radar incident
angle, the radar look-direction, as well as the radar spatial resolution are all taken into account. The derived results and the conclusions are shown in Sections 4 and 5 respectively.
2 Doppler velocity
The Doppler shift could be extracted from sea-clutter data acquired by the coherent radar. Generally, two methods can be selected to derive the Doppler shift. The first method is based on
the estimation of correlation coefficients of the echoes at different time. The second is by spectral processing, typically through
the short time Fourier transformation of the complex radar signal. Because the Doppler shift obtained by a frequency-domain
method (i.e., the second method) has been weighted by the signal’s intensity of each scattering point over one resolution cell,
the Doppler shift estimated by the spectral method cannot accurately reflect the radial velocity of a target. Thus, in this paper, the
sign Doppler estimator (i.e., the first method) is applied to estimating the Doppler shift of each resolution cell.
The fundamental idea of sign Doppler estimator (SDE) is to
exploit the arcsine law of Gaussian processes. Just as discussed
by Lee et al. (1994), the real and imaginary parts of radar backscattering signals from the sea surface satisfy the quasi-Gaussian
processes. Under the above prerequisite, the normalized correlation coefficient of two time series represented by A(t) and B(t) is
given by
< A (t + ¿)B (t) >

½A B (¿) = p

< A 2 (t + ¿) >< B 2 (t) >

:

(1)

The sign function of A(t) and B(t) can be defined as
Sx =

(

+1
¡1

for x(t) 0
x = A or B ;
for x(t) < 0

(2)

R S A S B (¿) =

2

arcsin[½A B (¿)];

½A B (¿) = sin[

2

R S A S B (¿)]:

(4)
(5)

If the complex radar signal from the sea surface can be expressed
by
E (t; x; y) = I (t; x; y) + jQ(t; x; y);

(6)

where I and Q are the real and imaginary parts of the radar signal,
then the complex correlation coefficient of the radar signal can
be obtained as
½E (¿; x; y) =

1
[½I I (¿; x; y) + ½QQ (¿; x; y)]+
2
1
j [½QI (¿; x; y) ¡ ½I Q (¿; x; y)];
2

(7)

where ½I I and ½QQ denote the autocorrelation coefficients of the
real and imaginary parts of the radar signal, and ½QI and ½I Q are
the cross-correlation coefficients. Using Eq. (5), the correlation
coefficients on the right hand side of Eq. (7) can be expressed by
the corresponding sign correlation function, i.e.,
¼
½A B (¿) = sin[ R S A S B (¿)];
2

A =I or Q; B =I or Q;

(8)

where, the sign correlation function R S A S B (¿) is calculated by Eq.
(3). The sign functions of I and Q can be determined by Eq. (2).
Using Eqs (7) and (8), the instantaneous Doppler shift can be
estimated as
f D(t; x; y) =

arg[½E (¿; x; y)]
:
2 ¿

(9)

Then the radial Doppler velocity is obtained as
VD(t; x; y) =

¸f D(t; x; y)
:
2

(10)

Assuming that the oscillatory component of VO (t; x; y) is only
contributed by the orbit velocity of underlying long-gravity
waves, we can obtain the following relation
VO (t; x; y) = VD(t; x; y) ¡ VD(t; x; y)
= Vz cos µi + (Vx cos Áa + Vy sin Áa) sin µi ;

(11)

where VD(t; x; y) denotes the spatial average current within the
test region; Vx, Vy and Vz denote the long wave’s orbit velocity
components along x^ , y^, and z^ directions respectively; and µi and
Áa denote the incidence and azimuth angles of a radar beam. Because the spatial scales of the current components induced by
upwelling, and large-scale circulation offshore and so on are generally much larger than sea waves, these current components can
be seen as an underlying current and denoted by VD(t; x; y) .
3 Retrieval algorithm
Using the Lagrange wave model, the sea surface profile can be
simulated by Donelan et al. (1992)

then the sign correlation function given by the arcsine law is
M=2¡1

R S A S B (¿) =< S A (t + ¿)S B (t) >;

(3)

z(x; y) =

X

N=2¡1

X

F(K x;m; K y;n)£

m=¡M=2 n=¡N=2

and

exp[j(K x;mx 0 + K y;ny 0) ¡ j!mnt];

(12)
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M=2¡1

x =x 0 ¡

N=2¡1

X

X

j

m=¡M=2 n=¡N=2

VO =

M=2¡1

N=2¡1

X

X

j

m=¡M=2 n=¡N=2

(13)

Ky;m
F(Kx;m; Ky;n)£
K

exp[j(Kx;mx 0 + Ky;ny 0) ¡ j !mnt];

(14)

where (x0, y0, z0) denotes the equilibrium position of each water
particle on sea surface; F(Kx,m, Ky,n) is the Fourier coefficient of
the sea profile; and the wavenumber and
the angular frequency
r
are K =

q

2
2
K x;m
+ K y;n

a n d !mn =

g

N=2¡1

X

cos Áa

m=¡M=2 n=¡N=2

exp[j(K x;mx 0 + Ky;ny 0) ¡ !mnt];
y = y0 ¡

X ½µ

M=2¡1

Kx;m
F(Kx;m; Ky;n)£
K

q

2
2
K x;m
+ K y;n

with

Kx;m = 2 (m ¡ M=2)=L x , Ky;n = 2 (n ¡ N=2)=L y in which L x and
Ly are the lengths of the sea surface along x^ and y^ directions,
m = 1; 2; ¢ ¢ ¢ ; M , n = 1; 2; ¢ ¢ ¢ ; N . To the first order approxima-

tion, the velocity components given in Eq. (11), i.e., Vx, Vy, and Vz,
can be expressed as
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Ky;n
+ sin Áa
K
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£
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X
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X
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N=2¡1

Vx =

X

!mn
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(15)

Kx;m
F(Kx;m; Ky;n)£
K

exp[j(Kx;mx 0 + Ky;ny 0) ¡ j!mnt];
X

Vy =

X

!mn

m=¡M=2 n=¡N=2

(16)

Ky;n
F(Kx;m; Ky;n)£
K

where rx and ry denote the spatial resolution of the marine radar
along x- and y-axes.
Generally, the scanning frequency of the X-band radar is
higher than 30 Hz/min. If the target region is 3 km far from the
radar and its area is 1 km×1 km, the radar scan time of this region is shorter than 0.1 s. On the other hand, the period of the
long-gravity wave is general longer than 2 s. Thus, we can assume that all resolution cells in the target region are illuminated
by radar beams simultaneously. Then, we can set the initial time
to be 0, and a matrix form for Eq. (21) is obtained as

(17)

Using Eqs (11), (15), (16) and (17), the orbit velocity of the underlying long-gravity waves can be rewritten as

VO =

X

X ·µ

N=2¡1

K x;m
K y;n
+ sin Áa
K
K

cos Áa

m=¡M=2 n=¡N=2

¶

¸

sin µi ¡j cos µi £

!mn F(K x;m; K y;n) £ exp[j(K x;mx 0 + K y;ny 0) ¡ j!mnt]:

(18)

It is noted that Eq. (18) does not involve the influence of the radar
spatial resolution. For a monochromatic wave, it can be expressed as
u(x; y) = A cos(Kx x + Ky y):

(19)

As stated, the function of the spatial resolution is the same to that
of a low pass filter. Thus, if the influence of the radar spatial resolution is considered, Eq. (19) should be rewritten as
X

u
¹(x; y) =

=

O;

(22)

1
£
½x ½x

+ ½2x

Z

½
Y+ 2y

Z

X ¡ ½2x Y¡ ½2y

½x K x ½x K y

£ A cos(Kx X + Ky Y):

(20)

The comparison between
shows that a
· Eq. (19) and Eq. (20)
¸Á

spectral damping coefficient 4A sin(

Ky ½y
Kx ½x
) sin(
)
2
2

½·
¸
Kx;m
Ky;n
S mn;I J = C (Kx;m; Ky;n) cos ÁI J
+ sin ÁI J
sin µi¡
K
K
¾
j cos µi £ exp [j (Kx;mx I + Ky;ny J )] ;

(23)
(24)

In Eq. (23), x I = I ½x ¡ L x =2 with I = 1; 2; ¢ ¢ ¢ ; M , y J = J ½y ¡ L y=2
with J = 1; 2; ¢ ¢ ¢ ; N ; and C(Kx;m; Ky;n) denotes the spectral
damping coefficient induced by the radar spatial resolution and
it can be expressed as
¯
¯
¯ 4 sin(Kx;m½x =2) sin(Ky;n½y =2) ¯
¯:
C(Kx;m; Ky;n) = ¯¯
¯
Kx;mKy;n½x ½y!mn

(25)

In Eq. (22), the vector VO can be written as
O

=

£

VO;11

¢¢¢

VO;12

VO;1N

¢ ¢ ¢ VO;MN

VO;M1 VO;M2

¢¢¢
¤T
;

(26)

where VO,ij(xi, yj) denotes the Doppler velocity of each resolution
cell.
Using Eq. (22), the Fourier coefficients of sea profile can be
evaluated by
=

¡1

¢

O

;

(27)

where S–1 denotes the inverse matrix of S. Then, the sea roughness spectrum is obtained as

A cos(Kx x + Ky y)dxdy

K½
4 sin( y2 y ) sin( Kx2½x )

where the dimension of the matrix S is (MN×MN); F and VO are
both one dimensional matrix, and their dimension is MN. The
elements of S and F can be expressed as

F mn = F(K x;m; K y;n):

exp[j(Kx;mx 0 + Ky;ny 0) ¡ j!mnt]:

M=2¡1

(21)

N=2¡1

X

M=2¡1

£ sin µi¡

j cos µig !mn

=
M=2¡1

¶

½x Kx ½x Ky

is introduced Eq. (20). So, taking the influence of the radar spatial resolution into account, Eq. (18) should be rewritten as

L xL y
jF(K x ; K y)j2
8 2
±
= W N(K x ; K y) C 2 (K x;m; K y;n) ;

W(K x ; K y) =

(28)

where WN(Kx, Ky) denotes the retrieval spectrum without taking
the effect of the radar spatial resolution into account.
Substituting F into Eq. (12), the sea surface profile z(x, y) is
then retrieved.
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4 Results and discussion
The spectral damping coefficient for different spatial
wavenumber of sea waves is shown in Fig. 1. Here, we set radar
resolutions rx=ry=7.5 m and rx=ry=30 m in Figs 1a and b, respectively. From Fig. 1, we can find that for very long gravity waves the
value of the damping coefficient is approximately equal to 1.
However, the value of the damping coefficient decreases with the
increasing wavenumber. And then the effect of the radar resolution on shorter waves cannot be neglected. Meanwhile, the comparison between Figs 1a and b also demonstrates that the damping influence increases with the value of the radar resolution.
In order to show the effect of the damping coefficient on the
retrieval results, the isotropic part of spectrum and the mean
square slope (MSS) are presented in Figs 2a and b respectively.
Here, WN(K) is the nondirectional spectrum derived by Hwang et
al. (2010) using the data collected by a dual-polarization X-band
coherent radar rested on a tower about 60 km off the Georgia

coast. The pulse width of the radar is approximately 50 ns, resulting in a range resolution of 7.5 m. W(K) denotes the nondirectional spectrum with the damping coefficient taken into account,
and it is related to the Hwang derived spectrum by Eq. (28). The
curves in Fig. 2 show that the spectral density and the MSS are
both insensitive to the spatial distribution for long waves.
However, when the spatial wave-number is larger than 0.2 rad/m
(l>31 m is about four times larger than the spatial resolution),
both spectral density and MSS are found to deviate from buoy
measurements. As shown in Figs 2a and b, the results retrieved
without considering the damping coefficient are obviously smaller than the measurements. Nevertheless, the spectral densities
of the nondirectional spectrum with the damping coefficient
taken into account are in agreement with the buoy measurements. The agreements again reveal that the damping coefficient
in Eq. (28) is a reasonable correction to reduce the influence of
the radar spatial resolution.

Fig. 1. The spectral damping coefficient as a function of spatial wavenumber of sea waves. a. rx=ry=7.5 m and b. rx=ry=30 m .

Fig. 2. The comparison between the retrieval results with (red and green solid lines) and without (dash and dash dot lines)
considering the effect of spatial resolution. a. The spectral density and b. the mean square slope.

The sea surface profiles and the nondirectional spectra with
and without considering the influences induced by the radar spatial resolution and the azimuth angle are also illustrated in Fig. 4.
The experimental data utilized in Fig. 3 were acquired by McMaster University IPIX radar, which is located at Osborne Head
Gunnery Range (OHGR), Dartmouth, Nova Scotia, Canada, on a
cliff facing the Atlantic Ocean. This radar was mounted in a fixed
position on land, about 30 m above the sea level. Here, we selected the retrieved results relative to the VV polarized data of the
data set No. 13 (19931106_183151_surv.cdf) to demonstrate our
algorithm. The scattering field and the retrieved orbit velocity are
shown in Figs 3a and b respectively. The black box in Fig. 3b de-

notes the test region in Fig. 4, where the azimuth angle between
the radar beam and the wind direction is about 30°. In the upper
figures, the significant wave height (Hs) and the peak wave period (T p ) of the retrieved sea surface are 4.81 m and
p
2 = K pg = 8:48 s respectively. And they are in agreement with
the situ buoy measurements (Hs=5 m, Tp=9.5 s). The comparisons between the upper and middle figures illustrate that the influence induced by the radar spatial resolution would damp the
wave height (upper: 4.81 m; middle: 4.11 m; and lower: 3.51 m)
and the spectral density. This is just as that has been discussed in
Figs 1 and 2. Comparing the lower figures with the middle, we
also find that the radar azimuth angle would also induce remarkable
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Fig. 3. The scattering field and the retrieved orbit velocity by IPIX radar data19931106_183151_surv.cdf. a. Scattering density and b.
orbit velocity.

Fig. 4. The surface profiles (left) and the nondirectional spectra (right) with and without considering the influences induced by the
radar spatial resolution and the azimuth angle. All influences are all considered (upper); the influence inducted by the radar spatial
resolution is neglected (middle); and all influences are all not considered (lower).
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Fig. 5. Sea spectrum density (a) and sea surface profile (b) retrieved by our proposed method.

influence on the sea surface profile and the spectral density. Because the radar radial velocity decreases with the radar azimuth
angle, the retrieved significant wave height and the spectral
density will be underestimate if the influence of the radar azimuth angle is not considered. From Fig. 4, it is also found that the
peak wave period is almost not affected by radar spatial resolution and the radar azimuth angle.
In order to verify our algorithm, the sea surface profile and
the two-dimensional spectrum of another test region denoted by
the white box in Fig. 3b are shown in Fig. 5. Here, the radar beam
pointed along an upwind direction. Figure 5b shows the sea surface profile retrieved by Eq. (12) based on the spectrum in Fig. 5a.
The significant wave height and peak wave period of the retrieved sea surface are 5.29 m and 8.97 s. And these two values
are also in agreement with the situ buoy measurements.
5 Conclusions
In this work, based on the Doppler signals, a retrieval algorithm is proposed for extracting the sea surface spectrum and
the vertical displacement of the sea surface. The experimental
results relative to the VV polarized data of the data set No. 13
(19931106_183151_surv.cdf) collected by the McMaster IPIX
Radar is used to validate the performance of the algorithm. The
retrieved significant wave height and wave period are both consistent with the measurements by the buoy. It is worth mentioning that in our retrieval algorithm the influence of the radar spatial resolution has been considered. We find that the spatial resolution plays a role just as a low pass filter, and would make a remarkable impact on the spectral density of short gravity waves.
However, it should be pointed out that our proposed algorithm is
set to be applicable to a relatively simple condition and preliminarily validated using limited amount of data sets. To refine this
method to more complicated cases, it requires further experiments covering various environmental conditions.
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