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Abstract

Within the framework of the two-scale scattering model, the Doppler shift of C-band radar return signals from the
nonlinear sea surface are numerically evaluated. As an analytical approximation method, the Bragg resonance
scattering method cannot accurately describe the backscattering field from sea surface. Therefore, in the two-
scale scattering model, more accurate scattering coefficient (the normalized radar cross section, NRCS) evaluated
by the C-band dual-polarized (HH/VV) empirical geophysical model function (CSAR model) is employed to
replace the traditional Bragg NRCS to weight the Doppler shift. The numerical results indicate that there are
obvious differences between the Doppler shift weighted by the CSAR NRCS and that weighted by the traditional
Bragg NRCS. The hydrodynamic modulation of the large-scale waves is one of the important factors that affect the
difference between the Doppler shift predicted in upwind and downwind directions. If the relaxation rate in the
hydrodynamic modulation is set to be the angular frequency of the dominant water waves, the Doppler shift
predicted by the numerical method can fit the results of the empirical model (C-band empirical geophysical
model function, CDOP) well at moderate wind speed. Under low wind condition, the comparison shows that the
empirical CDOP model appears to overestimate the Doppler shift. In order to facilitate the application, at the end
of this paper a semi-empirical CSAR-DOP model, which is a polynomial fitting formula, is developed for
evaluating the Doppler shift of C-band signals from time varying sea surface.
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1 Introduction

As the scattering elements on sea surface are moving under
the actions of wind, waves and current, the frequency of a radar
signal backscattered from oceanic surface thus experiences a
Doppler shift, which is proportional to the line-of-sight velocity
of the scattering facets and weighted by their backscattered
power (Keller et al., 1986). Consequently, the Doppler features
could provide information on the ocean dynamic conditions, in
complement to the normalized radar cross section (NRCS) which
is related to the surface roughness. Thus, the studies on Doppler
features are of practical importance in a number of research
areas such as sea surface wind retrieving, sea waves monitoring
and oceanic surface current measuring (Chapron et al., 2005; Jo-
hannessen et al., 2005; Kudryavtsev et al., 2005; Karaev et al.,
2008; Johnson et al., 2009). In recent years, the properties of Dop-
pler spectrum from sea surface have been the subject of extens-
ive investigations, both theoretically and experimentally (Crom-
bie, 1955; Bass et al., 1968; Wright and Keller, 1971; Barrick, 1977;
Lipa, 1978; Mouche et al., 2008).

On the theoretical side, Crombie (1955) first investigated the

properties of Doppler spectrum based on Bragg theory in the
early stage. In Barrick (1977), Barrick built a perturbative model
based on a representation of sea waves up to second order, which
has been widely used for HF and VHF radars. For microwaves,
besides the Bragg theory, the Kirchhoff approximation (KA) and
the small slope approximation (SSA) can also be used to predict
the Doppler shift of the signals from sea surface (Mouche et al.,
2008). However, it should be pointed out that the Doppler shift
predicted by the Kirchhoff approximation method (KA), the
Bragg theory, and the first-order small slope approximation
(SSA-1) in co-polarized configuration are insensitive to the polar-
ization state. And experiment results show that the Doppler shift
of horizontally polarized signals are generally larger than those
vertically polarized case. Bass et al. (1968) and Wright and Keller
(1971) established a two-scale surface scattering model (TSM)
which includes modulation by the large scale waves, and makes
the results closer to the real sea surface situation. What’s more,
the polarization dependence of the Doppler shift can also be well
explained by using the two scale surface scattering model. In
Wang and Zhang (2011) and Wang et al. (2012, 2013), the differ-
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ences between co-polarized have been explained by the TSM,
and the effects of tilt and hydrodynamic modulation have also
been analyzed, which gives a quantitative interpretation of Dop-
pler shift of sea surface echo. Up to now, the two-scale surface
model is still as the most practical model to theoretically de-
scribe the Doppler spectrum of microwave scattering from sea
surface (Zavorotny and Voronovich, 1998; Fuks and Voronovich,
2002). In several researches (Zavorotny and Voronovich, 1998;
Fuks and Voronovich, 2002; Wang and Zhang, 2011 ; Wang et al.,
2012, 2013), however, it should be pointed out that the local
NRCS is calculated by the Bragg scattering theory. As we all
know, the scattering coefficient calculated by the Bragg scatter-
ing theory generally has an obvious discrepancy with the actual
signal backscattered from sea surface in real condition. Com-
pared with the Bragg scattering theory, for a specific radar fre-
quency band, the empirical geophysical model function (GMF)
can be used to estimate the NRCS backscattered from sea surface
more accurately (Verspeek et al., 2012; Li and Lehner, 2014;
Mouche and Chapron, 2015; Shao et al., 2016).

In recent years, the numerical methods were also employed
to investigate the Doppler spectra of backscattering from one-di-
mensional sea surfaces (Toporkov and Brown, 2000; Johnson et
al., 2001; Hayslip et al., 2003). At low grazing angles (LGA), To-
porkov et al. found that the results of numerical simulations
showed an obvious broadening of the bandwidth for nonlinear
surfaces and a separation of the vertical and horizontal polariza-
tion spectra (Toporkov and Brown, 2000). But for the linear sea
surface, this spectral separation cannot be observed. Further, the
influences of the hydrodynamic models on the Doppler spectra
of L-band backscattered fields have been discussed by Johnson
and Hayslip et al. (Johnson et al., 2001; Hayslip et al., 2003). In
spite of the advantages of the numerical methods, several ques-
tions should be mentioned as following: on the one hand, in or-
der to obtain exact numerical results, Doppler simulations turn
out to be quite computationally expensive; on the other hand, the
influences of different factors, such as hydrodynamic modula-
tion, tilt modulation of large scale waves and so on cannot be as-
sessed individually.

In addition to the theoretical and the numerical methods, a
serious of the empirical Geophysical Model Functions (GMF)
based on the Doppler shift observations combined with wind and
sea state information have been developed in recent studies. For
instance, a C-band empirical geophysical model function
(CDOP) has been built for estimating wave-induced Doppler
shift (Mouche et al., 2012). On the basis of the observed Doppler
shift by Sentine-1 SAR, another empirical geophysical model,
called CDOP-3S which combined wave information into the
model, was established by Moiseev et al. (2020). However, the
CDOP-3S model performs an overfit of the empirical GMF dur-
ing training. A new GMF called CDOP-3SiX has been trained
based on the coastal data set in Moiseev et al. (2022). Due to ad-
dition of the sea wind and swell information, the CDOP-3SiX im-
proves the accuracy of sea state contribution estimates com-
pared to CDOP model. Although the development of the empiric-
al geophysical model function can significantly facilitate the ap-
plication of the Doppler information in ocean remote sensing.
However, the accurate of the empirical geophysical model de-
pends on the sensor’s performance and optimal instrumental
configurations. In addition, the empirical models are not easily
used to analyze the physical mechanisms that affect the Doppler
properties.

To progress in such investigations, our purpose in this paper
is to numerically evaluate the wind induced Doppler shift of the

echoes backscattered from sea surface by combining the TSM
model and nonlinear sea wave model. Predictions will help to
better understand the influence mechanism of incidence angle,
polarization sensitivities, and modulation effects of large scale
waves. What's more, in this study, the scattering coefficient in the
TSM is calculated by the empirical CSAR model (Mouche and
Chapron, 2015) rather than Bragg model to get more accurate
results. Numerical results show that the Doppler shift of the C-
band sea echoes at moderate incidence angles can be well pre-
dicted by the method in this work. In order to facilitate the ap-
plication, a semi-empirical CSAR-DOP model is also developed
based on the predicted Doppler shift in this work. In the follow-
ing section, the numerical theory for Doppler shift is presented in
Section II. The results of the numerical models are analyzed in
Section III. Using the predicted Doppler shift, a polynomial fit-
ting formula (CSAR-DOP model) is developed in Section IV. The
concluding remarks and perspectives are provided in Section V.

2 The Doppler shift predicted by TSM

2.1 The two-scale scattering model

As the most practical model for theoretical description of mi-
crowave Doppler spectrum from sea surface, the two- scale mod-
el can be used to give a qualitative and quantitative interpreta-
tion of the Doppler shift. In TSM model, sea surface is artificially
partitioned into small- and large-scale waves, such that

Z(xy%t):Zl(X,%t) +Zs(x7)/7t)’ (1)

where X,y and t are spatial (horizontal and vertical) and time co-
ordinates, respectively. Zi(x,y, t) represents the large-scale por-
tion of the surface elevation. Z(x, y, t), which has been modu-
lated by large-scale waves, denotes small-scale roughness with
2kecos 0,Z4(x,y,t) < 1.0. ke is the wave number of microwave
and 0; denotes the incidence angle. If we assume that Z(x, y, t)
and Zs(x, y, t) are statistically independent, the total wave-height
spectrum, i.e., W(K), can be written as

W(K) = Wps (K) + W (K) ’ (2)

where W,,s(K) and W;(K) denote the wave-height spectra corres-
ponding to small- and large-scale surface roughness. In this
work, the two-dimensional spectrum proposed by Elfouhaily et
al. (1997) is selected for the large-scale sea waves.

According to the linear theory, the sea surface can be de-
scribed as a sum of large number of harmonics with different
amplitudes, frequencies, and random phases. However, if we aim
at studying radar Doppler character, the nonlinearities of actual
sea surface cannot be neglected, especially, the skewness proper-
ties would induce obvious effect on the Doppler shift. In general,
the nonlinear sea surface can be expanded in perturbation series.
The first order perturbation term corresponds to the linear sur-
face and the higher order corrections come from the expansion
of the hydrodynamic formulas in terms of wave interactions. For
large-scale waves, the narrow-band assumption is acceptable.
On the basis of this narrow band assumption, Tayfun (1986) pro-
posed a nonlinear sea surface model, which results in a random
sea surface whose crests are narrow and peaked, and whose
troughs are long and flat. Such asymmetry of the vertical direc-
tion is referred to as vertical-skewness. At the same time, the ho-
rizontal-skewness, which directly affects the surface slope distri-
bution, also occurs in sea waves. In Fung (1994), Fung found that,
compared to vertical-skewness, the horizontal-skewness induces
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more remarkable influence on backscattered signal. The Lag-
range Model with linked components (hereinafter referred to as
LMLC) is an optional hydrodynamic model for the nonlinear wa-
ter waves (Lindgren, 2009; Lindgren and Aberg, 2009). The LMLC
model can produce the realistic vertical- and horizontal-skew-
ness. For two-dimensional deep water waves, the LMLC can be
written as

M/2-1  Nj2-1
1 (%3, 1) Z > F(Kon, Kpn) x
—_M/2 n=—N/2
exp[ (KanXo + Kynyo) — iwmnt] , 3)
with
M/2-1  Nj2-1

F(Kym, Kyn)expli(KemXo+

R N -

m=—M/2 n=—N/2 Konn

M/2—1 N/2—1

Kynyo) lwmnt] + Z Z amn me K n)><
m=—M/2 n=—N/2 mn

GXP[ ( xmXo0 + Kyny()) lwmnt]7 (4)

M/2-1 N/2-1

Y =Yo— Z Z

me 5 Kyn) exp|1 [ (mexo +

m=—M/2 n=—N/2 Konn
M/2-1 NJj2—1 K,
Kynyo) —iomntl + > Y a’””Kmn F(Km, Kyn) %
m=—M/2 n=—N/2
exp[i(mexO + Kynyo) - lwmnt]; (5)

where Xo and )y are the abscissa and ordinate of the water
particle’s equilibrium position. And F (me,Kyn) denotes the
Fourier coefficients of sea surface profile, the wavenumber and

the angular frequency are Ky, = /K%, + K3, < Keur and Omn =
/8Kon With Ky = 21 (m — M/2) /Ly, Ky, = Zn(n — N/2)/L,. Keut
denotes the cut-off wavenumber. Ly and L, are the lengths of sea
surface along X and y directions, m = 1,2,--- ,M;n=1,2,--- N,
The linking parameter am, = y/®2,, and y can be defined by the
relation between the horizontal acceleration of the water
particles and the vertical displacement (Lindgren, 2009; Lind-
gren and Aberg, 2009).For narrow-band waves, y = 0 and
7 = w?,, correspond to the nonlinear sea surface models pro-
posed in Tayfun (1986) and Chen et al.(1993), respectively. In
Lindgren and Aberg (2009) and Lindgren (2009), Lindgren set
y = 0.4 or 0.8 for horizontal-skewness water waves. However,
strong correlation between the biphase f,,, = arctan (y/w?,,)
and wind forcing was found by Leykin et al. (1995) through the
experiment in a laboratory wave tank under varied wind condi-
tions. But, so far, few data measured from actual situation can be
directly compared with the results obtained by Leykin and
Donelan et al. (Leykin et al., 1995). In this work, we set y = 0.4.
Because the difference of the orbital velocity for linear and non-
linear large scale waves only has negligible influence on the Dop-
pler properties, for simplicity, the orbital velocity components in
different directions are still simulated based on the linear wave
model, i.e.,

M/2-1 N/2—1

Z Z iwmnF meyKyn)eXp[( mx+Kyny)_1(Umnt]
m=—M/2 n=—N/2
(6)

M/2-1
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m=—M/2 n=—N/2

N/21

K
> om ;(mF(me,Kyn)exp[l( KmX+Kyny) —i0mnt],

0

M/21 Nj21
V= > > wmn%F(me,Kyn)exp[i(mex+Kyny)—icum,,t].
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The small-scale roughness of sea waves would be modulated
by the large-scale underlying waves, and the spatial variation of
Wins(K) induced by the hydrodynamic modulation of large-scale
waves can be written as

M/2 N/2

=Wi(K)S 1+ > D MigacF(Kan, Kyn)
m=—M/2+1 n=—N/2+1

Wins(K)

expli(Kymx + Kyny) — ico,,mt]}7 9)

where W;(K) denotes the roughness spectrum which is not mod-
ulated by large-scale waves. And the hydrodynamic modulation
transfer function Mpyq, takes the form as Alpers et al. (1981),

w —ip
Mhuyar = 4.5 K| wmcos (K, Ks) (10)

where K; and K; denote the wavenumbers of large- and small-
scale waves, respectively. ¢ is the relaxation rate and has to be
determined by experiment. For # = 0, the maximum of the short
wave energy occurs at the crests of the large-scale waves.
However, the fact is that a nonvanishing phase shift between the
maximum of the short wave spectral energy and the large-scale
waves’ crest exists, which yields a different scattering coefficient
when radar looks along the upwind and downwind directions. As
discussed in Wang et al. (2016), the hydrodynamic modulation of
large-scale waves is more significant with wind speed. Thus a
reasonable Doppler shift could be obtained by relating the wind
speed to the relaxation rate 4, characterized by setting the non-
vanishing phase shift to be about n/4 (i.e., /£ = wp), representing
the angle frequency of the spectral peak wave. Thus, based on the
two-scale model, the scattering coefficient from each facet on the
large scale waves can be expressed as

M/2 N/2

opp(07) ~opp(67) { 1+ Z Z MiyarF (Kn, Kyn) %

m=—M/2+1 n=—N/2+1

exp |1 [ ( xmX + Kyny) la)mnt] } (1 ])

In the traditional two-scale model, the scattering coefficient
opp(0]) in Eq. (11) is evaluated by the Bragg theory. However, as

an analytical approximation method, the Bragg resonance scat-
tering method cannot accurately describe the backscattering
field from sea surface. Therefore, in the present work, the dual-
polarized C-band empirical geophysical model function (CSAR
model) (Mouche and Chapron, 2015) is employed to evaluate the
scattering coefficient opp(9;). The subscript PP represents HH or
Sy, 0; is the
incidence angle, the slope of the large scale waves along radar

VV polarization. The local incidence angle ¢; ~ 6; —



Cui Jianbo et al. Acta Oceanol. Sin.

look direction is

07,
—— cos

n 07,
ox ®;

S = Sxcosg; + Sysing; = 87)/

sin g,

(12)

where ¢; denotes the azimuth angle of the radar beam (i.e., the
angle between radar beam direction and x-axis direction).

2.2 The Doppler centroid frequency shift

Doppler centroid frequency shift (fp) can be generally con-
sidered as the first-order moment of Doppler spectrum and
weighted by scattering power. First of all, at moderate incidence
angles, the microwave scattering field from sea surface is domin-
ated by resonant Bragg scattering, thus the phase speed of the
short Bragg resonant water waves would yield a partial Doppler
shift. Accordingly, the corresponding Doppler spectrum would
consist of two spectral peaks resulting from the phase speed of
the Bragg wave components traveling toward and away from
radar. However, under actual sea conditions, these spectral peaks
are not only broadened but also shifted due to the modulation ef-
fect of the large-scale waves. Considering the effect of the tilt and
the hydrodynamic modulation of the large-scale waves, the addi-
tional Doppler centroid frequency shift (fir) can be evaluated by

M/2 N/2
Z Z UPP(e/i) 'mn
_ m=—M/2+1 n=—N/2+1
Ju = M/2 N/2 (13)
Z Z app(03)

m=—M/2+1 n=—N/2+1

with

k
fonn = ;e(VZm,, 08 0; + Vipy sinbicos g, + V,, - sin6;sing;), (14)

where the velocities Vi, Vymn and V., can be evaluated by Eqs
(6)-(8). Based on the Bragg scattering and the modulation of
Bragg waves by longer waves, the Doppler centroid frequency
shift of the microwave echoes backscattering from sea surface
can be written as

2.5
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Jo =+ fo + faites (15)
with
= L U - K (16)
fdrlfl = o drift B
1
Jo = o 8|Ks(0:)| [F(Kp, #8) + F(Kp, g5 + )],  (17)

where the wind drift Uarite = 0.03U10 and U1o denotes the wind
speed at a height of 10 m above sea surface. K is the wave num-
ber of Bragg wave, ¢p denotes the azimuth angle of the Bragg
wave. F(K, ¢) denotes the angle spread function (Apel, 1994).
From Eqgs (13) and (14) we can find that the predicted Dop-
pler centroid frequency shift would be affected by the locally-
modulated radar cross section and the orbital motions of the
large-scale waves. Figure 1 illustrates the simulated profiles of the
nonlinear surface and the linear surface. Here, the wind speed is
Ui¢=12 m/s. From Fig. 1, it can be seen that the main differences
between nonlinear and linear profiles are in the crests and
troughs. The nonlinear sea surface profile has flattened troughs
and narrower peaks. In addition, for the nonlinear sea surface
profile, the crests tilt in the downwind direction. Meanwhile, the
tilt and the hydrodynamic modulations of the scattering coeffi-
cient and the radar line-of-sight velocity of the scattering facets
are also presented in Fig. 1. If the large-scale waves propagate to-
wards the radar, the scattering facets with positive slope gener-
ally generate higher scattering intensity and move closely to the
radar. On the contrary, the scattering facets with negative slope
generate lower scattering intensity and move away from the
radar. Further, because the small-scale roughness is modulated
by the hydrodynamic modulation of the large-scale waves, as
shown in Fig. 1, the scattering intensity would also be modulated
by the hydrodynamic modulation. When the effect of the hydro-
dynamic modulation with a relaxation rate 4=0 is considered, the
scattering coefficient becomes larger at the crests of the large-
scale waves. If the value of the relaxation rate is set to be o, as
shown in Fig. 1, the modulated scattering coefficient becomes
larger at the front of the wave crests. The asymmetries of the scat-
tering intensity induced by the tilt and the hydrodynamic modu-
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Fig. 1. The profile and the line-of-sight velocity of the large-scale sea waves, as well as the modulated scattering coefficient. For

comparison, the value of the scattering coefficient has been enlarged

10 times.
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lations in Fig. 1 would induce an additional Doppler shift.

3 Numerical results and discussion

In the two-scale model, how to set the cut-off wavenumber
Kyt should be noted. In Fig. 2, the predicted Doppler shifts with
different cut-off wavenumbers are presented. Here, the incid-
ence angle 0;=40° and the wind speed U10=10 m/s, and the scat-
tering coefficient is evaluated by the empirical CSAR model. The
curves in Fig. 2 show that the absolute values of the Doppler
shifts increases with the cut-off wavenumbers until its value up to
Kg/20. When the cut-off wavenumber is higher than Kg/20, the
predicted Doppler shift for both polarizations tend to be con-
stant. Therefore, in our work, we perform the simulation of the
large-scale waves with the cut-off wavenumber Kcy = Kz/20.

In upwind and downwind directions, the influences of the in-
cidence angle on the Doppler shifts predicted by the TSM are
presented in Fig. 3. When the wind speed is 10 m/s, the absolute
value of the Doppler shift in upwind direction is always larger
than that in downwind direction within the range of medium in-
cidence angle. The numerical results in Wang et al. (2012)
showed that the horizontal-skewness of the large-scale waves
would induce this difference. As shown in Fig. 1, the scattering
coefficient from the local water surface would be modulated by
the tilt and the hydrodynamic modulations of the large-scale
waves. Because Doppler shifts are weighted by the power of the
scattering field, thus the tilt and the hydrodynamic modulations
would induce effects on the difference between the absolute val-
ues of the Doppler shifts in upwind and downwind directions.

The curves in Wang et al. (2016) (Fig. 4 in Wang et al. (2016))
demonstrate that the value of the Doppler shift difference
between upwind and downwind directions varies regularly with
the relaxation rate for various wind speeds. With the increase of
the relaxation rate, this difference gradually increases firstly until
reaching the max maximum value, and then decreases with a rel-
ative smaller rate. Up to now, however, the relaxation rate is
poorly known experimentally. Moreover, the values estimated by
various investigators differ by almost one order of magnitude
(Caponi et al., 1988). In Caponi et al. (1988), for moderate wind
speeds, the value of the relaxation rate is 0.1 s~! for L-band radar
wave, and 1.7 s~! for X-band radar wave. For C-band radar wave,
the relaxation rate obtained by interpolating the values corres-
ponding to L-band and X-band microwaves is 0.92 s-1, which is
close to the angular frequency w, of the dominate wave. There-
fore, in this work, the value of the relaxation rate is set to be o,
For comparisons, the predicted Doppler shifts when the
CSAR model is replaced by the traditional Bragg scattering coeffi-
cient are also shown in Fig. 3. In the incidence angle range of 25°
to 45°, the absolute values of the Doppler shifts for upwind and
downwind directions decrease with the incidence angle.
Moreover, the Doppler shifts based on the CSAR model are usu-
ally larger than those obtained based on the traditional Bragg
theory, except at smaller or larger incidence angles for HH-polar-
ization case. In order to further explain the reason for the differ-
ence between the Doppler shifts corresponding to the experi-
mental CSAR model and the traditional Bragg theory, the tilt
modulation-transfer functions (MTFs) evaluated by CSAR model

40 40
a = = = Kl =IK e =K/200 b = = = K=K el =K/200
30 K cul 1K sl =K/ 100 ' K cul 1K sl =Ko/ 100
20 [ e |K K el =K/ 50 x 20 EOW e K ol 1K el =K /50
= K el =K o =K/20 = K 7K =K/ 20
S 10 t+ S 10
= =
5 5
= 0f = 0
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Fig. 2. The influence of the cut-off wavenumber on the predicted Doppler shift.
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Fig. 3. The absolute values of the Doppler shift predicted by the two-scale surface scattering model with respect to incidence angle for
upwind and downwind directions by using different scattering coefficient: Bragg model and CSAR model.
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Fig. 4. Theoretical tilt modulation-transfer functions (MTFs) and experimental tilt MTFs with respect to incidence angle at 6 m/s

wind speed.

and by Bragg theory are shown in Fig. 4. Here, the experimental
tilt MTFs for the CSAR model are calculated by

1 0ot
My (U, 6;, 6:) = ik 0 7 a
tite ( ) "ot (U, 61, 01) 00 0=0;, p=¢: .
and
MY o (U.000) = ks S "
e (Y5 U1, i "oty (U, 0, 6) 00 0=0;, =

where opp represents empirical scattering coefficient.

The theoretical tilt MTFs derived based on the Bragg reson-
ance theory for HH and VV polarizations are written as (Lyzenga,
1986; Hasselmann and Hasselmann, 1991)

M = 8ik)(sin 26) 7!, (20)

and

MY = 4ikjcot (1 + sin®0) 7" (21)

In order to make the theoretical tilt MTFs and the experi-
mental tilt MTFs comparable, in Fig. 4, the values of the tilt MTFs
have been normalized with ik;. First of all, the tilt modulations for
both the Bragg theory and the CSAR model decrease with incid-
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Fig. 5.

ence angle. This phenomenon means that the weight effect of the
scattering coefficient due to sea surface slope becomes weaker
with the increase of the incident angle. And then, the absolute
values of the Doppler shift in Fig. 3 would also decrease with the
incidence angle. From the comparisons between the theoretical
tilt MTFs with the experimental tilt MTFs, we also find that the
values of the experimental tilt MTFs are usually larger than those
of the theoretical tilt MTFs. Therefore, the Doppler shift corres-
ponding to the CSAR model are usually larger than those corres-
ponding to the traditional Bragg theory. In addition, from Eqs
(20) and (21) we can find that the theoretical tilt MTFs for both
HH and VV polarizations have nothing to do with wind speed
and wind direction. However, the curves in Fig. 4 show that the
experimental tilt MTFs becomes the largest when radar looks
along crosswind direction, while it has the smallest value when
radar looks along upwind direction. These properties of the ex-
perimental tilt MTFs would induce somewhat effect on the pre-
dicted Doppler shift. The difference between the theoretical and
the experimental tilt MTFs mentioned above means that it is ne-
cessary to apply the CSAR model rather than the Bragg scattering
model.

The effects of different factors on the predicted Doppler shift
are presented in Fig. 5. From the results we can find that the Dop-
pler shifts due to the phase velocity of the Bragg of resonant
wave, surface drift current, as well as the hydrodynamic modula-
tion of large-scale waves have nothing to do with radar polariza-
tion. However, the Doppler shifts caused by the tilt modulations
are significantly influenced by radar polarization. And the abso-
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The effects of different factors on Doppler shift at different wind speeds. a. U;,=7 m/s; b. U;,=10 m/s.
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lute value of Doppler shift for HH polarization is obvious larger
than that corresponding to VV polarization. These differences
can be attributed to the fact that the radar signals in HH polariza-
tion are more sensitive to the slope of large scale waves than in
VV polarization. The comparison between the curves in Figs 5a
and b demonstrate that the absolute values of the predicted Dop-
pler shift corresponding to each factor increases with wind
speed. On the other hand, the predicted Doppler shifts are all
sensitive to the azimuth angle. As anticipated, when the azimuth
angle of the radar beam is 90° or 270° (the cross-wind direction),
the Doppler shifts due to different factors are all equal to zero,
when the radar beam is directed toward the wind direction (up-
wind), the Doppler shifts are positive whereas they change sign
under downwind conditions. Meanwhile, the Doppler shifts cor-
responding to the tilt and the hydrodynamic modulations show
the asymmetries between upwind and downwind observations.
In order to verify Doppler shift predicted by the TSM model
with, the Doppler centroid frequency shift predicted by the
CDOP (Mouche et al., 2012), which is an empirical model for C-
band echoes backscattered from sea surface, are also given out
for comparison in Figs 6 and 7. In Fig. 6, the wind speed is
10 m/s. At different incidence angles, from the comparisons we
can find that the predicted Doppler shifts by the TSM are gener-
ally in good agreement with the CDOP predictions. What's more,
the TSM model with opagg underestimates the frequency shift
results slightly compared to TSM model with ocsar and CDOP
results. In Fig. 8, the comparisons between the TSM and the
CDOP are shown for different wind speeds. The absolute values
of the Doppler shifts predicted by the TSM model at a low wind
speed are somewhat smaller than those predicted by the CDOP
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model. Meanwhile, from the results in Figs 6 and 7 we can find
that the Doppler shifts for HH polarization predicted by the
CDOP model are suddenly reduced in the windward direction
around the upwind direction (azimuth angle is 0° or 360°). This
phenomenon is difficult to explain physically. Moreover, when
wind speed is higher, the CDOP model perhaps underestimates
the Doppler shift of the VV polarized echoes at downwind direc-
tion (as shown in Fig. 7d). In order to further analyze the differ-
ence of the Doppler shifts predicted by the TSM and the CDOP
models, the predicted Doppler shifts at upwind and downwind
directions as functions of wind speed are shown in Fig. 8. With
the decrease of wind speed, the values of the predicted Doppler
shifts by the TSM model for both polarizations tend to be consist-
ent with each other, however, this phenomenon is not clearly
shown in the results of the CDOP model. Meanwhile, the Dop-
pler shifts predicted by the TSM model at lower (higher) wind
speed are smaller (larger) than those predicted by the CDOP
model.

Figure 9 shows the comparison of Doppler shift results
between our model (TSM model), CDOP and an updated GMF
CDOP-3SiX (Moiseev et al., 2022) for different wind speeds and
wind directions between 0° (upwind) and 180° (downwind) at
two incidence angle 36° (top row) and 44° (bottom row). By com-
paring the results between three models for 3 m/s wind speed
(left column) at both 36° and 44° incidence angles, the values of
our model are closer to the CDOP-3SiX model, comparatively,
the CDOP model significantly overestimate the Doppler shifts
results at such a low wind speed. When the wind speed is 6 m/s
(middle column), the results of three models are similar. When
the wind speed reaches 12 m/s (right column), the values of the
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Doppler shift evaluated by our model near upwind and down-
wind directions are larger than the results of other two models,
possibly because the modulations in the TSM model are some-
what larger than actual values at high wind speeds.

4 A fitting model for the predicted Doppler shift

In order to facilitate the application, a fitting model can be
applied to give the function relation between the values of the
Doppler shift and the incidence angle, wind speed and wind dir-
ection. The fitting formulas based on the Doppler shift predicted
by numerical TSM model for HH and VV polarizations can be de-
composed as a harmonic expressions (hereinafter referred to as

CSAR-DOP), ie.,

l)DP (07 ¢a UIO) = Cll)P (07 UIO) Cos (¢) + CZPP (65 UIO) (1 + cos (24(5%)27)

where, the coefficients C;* are related to the Doppler shift fp
in two main directions (upwind ¢=0 rad and downwind ¢=n
rad) by

%P (‘97 0) — gP (9,75)
2 b}

ar (9 = (23)
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(2022).

Cgp o) = fgp (6,0) ::fgp (6, m) . (24) formed over all wind speeds between 2 m/s and 15 m/s, and all

incidence angles between 20° and 45°. The values of the Doppler

The polynomial fitting formulas of the coefficients C2¥ for VvV shift for HH and VV polarizations evaluated by the CSAR-DOP for
and HH polarizations are given out in Appendix when per- different wind speeds are shown in Figs 10 and 11. The left pat-
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terns of the figures show the values of the Doppler shift and the
right patterns show the error between the Doppler shift pre-
dicted by TSM and that predicted by the CSAR-DOP. The small
error in Figs 10 and 11 means that the CSAR-DOP model can be
used to predict the Doppler shift.

5 Conclusions

In this work, we have presented a numerical method based
on the TSM and nonlinear sea wave model for predicting the
Doppler shift of C-band echoes backscattered from ocean sur-
face at moderate incident angle. Based on the numerical method,
the factors and the mechanisms affecting the Doppler frequency
shift of sea surface echoes are analyzed in detail. From the pre-
dicted Doppler shifts, we can firstly find that the Doppler shifts
would be obviously affected by the tilt modulation of the large
scale waves. And the Doppler shift for HH polarization is always
larger than that for VV polarization just due to the tilt modula-
tion. Secondly, at moderate incidence angles, the difference
between the Doppler shift predicted in upwind and downwind
direction is mainly affected by the hydrodynamic modulation of
the large-scale waves. Compared with the Doppler shift evalu-
ated by the CDOP model, more reasonable Doppler shift at up-
wind and downwind directions can be predicted by the TSM
model at lower wind speeds. Moreover, the Doppler shift results
of TSM model under low wind speeds are also found to agree
with the CDOP-3SiX. At the end of this work, to facilitate the ap-
plication, the semi-empirical Doppler shift model (CSAR-DOP)
for HH and VV polarization cases have been developed on the
basis of the polynomial fitting method. The comparison between
the Doppler shifts predicted by TSM and by CSAR-DOP illustrate
that CSAR-DOP model can be used to predict the Doppler shift.
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Appendix: the CSAR-DOP model

The formula of the fitting model to calculate the Doppler shift for HH and VV polarizations is given as

[P)P (97 ¢7 Ul()) = Cll)P ((9, UIO) COS¢ + CZPP (0, U]()) (1 -+ cos (2(]5)) s

(A1)

8 8
ar=> {Z G (i.) U?o"} 6.

j=1 Li=1

The values of the coefficient (37 (i, ) are summarized in Tables A1 and A2.
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