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Sea surface current has a significant influence on electromagnetic (EM) backscattering signals and may constitute a
dominant synthetic aperture radar (SAR) imaging mechanism. An effective EM backscattering model for a one-dimensional
drifting fractal sea surface is presented in this paper. This model is used to simulate EM backscattering signals from the
drifting sea surface. Numerical results show that ocean currents have a significant influence on EM backscattering signals
from the sea surface. The normalized radar cross section (NRCS) discrepancies between the model for a coupled wave-
current fractal sea surface and the model for an uncoupled fractal sea surface increase with the increase of incidence angle,
as well as with increasing ocean currents. Ocean currents that are parallel to the direction of the wave can weaken the EM
backscattering signal intensity, while the EM backscattering signal is intensified by ocean currents propagating oppositely
to the wave direction. The model presented in this paper can be used to study the SAR imaging mechanism for a drifting

sea surface.
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1. Introduction

Currents have significant effects on the environment,
whether in nearshore areas or in the deep sea ocean, because
currents can diffuse pollutants such as crude oil spills, drifting
marine debris, red tide outbreaks, and related variables. Mili-
tary applications and knowledge of ocean currents are key fac-
tors in successful naval operations, especially for amphibious
programs, countermeasures for mines or terrorism, deepwater
submarine voyages, and other special operations. !/

Currents can be directly measured by the acoustic
Doppler current profiler (ADCP) and moorings. How-
ever, these direct measurement methods cannot meet the re-
quirements for large-scale, quasi real-time and synchronous
measurements.Z] To meet these needs, attention has been fo-
cused on indirect measurements of currents, i.e., remote sens-
ing technology.

High-frequency (HF) radar is the most prevalent ground-
based remote sensing system for measuring currents. HF radar
data are used to model oil spills, for maritime search and res-
cue operations, assimilation in numerical circulation models
and relevant activities.!*! Because the HF radar wavelength
is relatively large (10-100 m), its antenna scale determines
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the extent to which HF radar can measure the currents of the
coastal waters (100-300 km from land area).

To reduce the limitations of HF radar, satellite or air-
borne visible and infrared imaging sensors have been devel-
oped to measure ocean wave velocity and surface currents.
Satellite and airborne sensors have the advantages of good
maneuverability, wide measuring range, and short revisit pe-
riods. By exploiting the temporal lag between the panchro-
matic and multispectral scenes, the phase velocity fields of
ocean waves can be derived from space-borne optical images
from the SPOT-5.1'" Surface currents can also be retrieved
from airborne visible image time series. Temporal sequences
of optical and infrared images can be used to retrieve current
velocities by tracking modulations in the radiance from the
surface.!!">!11121 The dominant mechanism is based on the full
three-dimensional (3D) frequency—wavenumber spectrum of
the luminance modulations, which exhibits the dispersion re-
lation for surface gravity waves.

Using temporal sequences of optical and infrared images
obtained from airborne and satellite imaging, current retriev-
ing methods can overcome some of the defects of HF radar
capacity to measure currents. However, a limitation that op-
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tical and infrared sensors cannot capture ocean surface mea-
surements in cloudy weather still exists because optical and
infrared sensors cannot penetrate through clouds. It is there-
fore necessary to use microwave remote sensing technology
to detect surface currents. Synthetic aperture radar (SAR) is
potentially a promising remote sensor of currents. The feasi-
bility of measuring ocean currents using SAR data was first
presented in 1979.113] This method exploits the Doppler cen-
troid anomalies of conventional SAR raw data to retrieve the
currents.[*-1¢1 Another SAR technology for current retrievals
was presented and known as along track interferometry (ATI)
technology.l'’~1°1 The ATI is based on the interferometric
combination of two complex SAR images of the same scene.
There is a short lag, of the order of milliseconds, between these
two images. The Doppler shift of the backscattered signal is
linked to the phase discrepancy between the two images. The-
oretically, the ATI can retrieve currents in every SAR pixel,
while the Doppler centroid anomaly analysis can reduce the
SAR resolution. Thus, there is no significant difference in the
actual result between the two techniques. The key defect of
these two techniques is that a stationary reference point, such
as land, is required to appear in the SAR image. Therefore,
microwave remote sensing of surface current has been still in
the exploration stage so far.

Our purpose is to study the modulation characteristics of
surface currents on electromagnetic (EM) backscattering sig-
nals. A one-dimensional (1D) fractal sea surface wave—current
model has been derived based on the mechanism of wave-
current interaction in Part 112°! of this work. In the present
study, based on the coupled wave—current model presented
in Part 1, an electromagnetic backscattering model of wave—
current interactions at the sea surface is derived in Section 2.
The numerical results of electromagnetic backscattering are
given in Section 3. Conclusions are drawn from the present
study in Section 4.

2. Electromagnetic backscattering model of
wave—current coupled sea surface

Based on a 1D fractal sea surface ocean wave—current
model presented in Part 1,9 the electromagnetic backscat-
tering model of wave—current coupled sea surface is derived
as follows.

According to Part 1,?°! the 1D wave—current linear frac-
tal sea surface is

N—1 L k()bn
Y = f(¥,0) =Y ocpln <1— co)
n=0

Wy

x sin (kob"x' — wnt+@y) , (1)
where

Wp =/ gkn 2

is the dispersion relationship of this model; ko = 27/ Ay is the
dominant ocean wave number, with Ay being the dominant
wavelength; b (b > 1) is the scale factor for amplitude and
frequency; o is the standard deviation of f (x,#) which relates

2[1-p2-2)]
1 71’)2N(572) ’

with s (1 < s < 2) being the roughness coefficient of the frac-

to significant wave height ks by 0 = hs/4; C =

tal sea surface. Here, k,, = kob", @,, ¢, are wave number, the
radian frequency, and the phase of the n-th wave components,
respectively. The dispersion relation for the wave—current cou-
pled dynamics in deep water can be written as ((D*kCO)z =kg,
where g= 9.8 m-s~! is the acceleration due to gravity.

A schematic of electromagnetic backscattering from the
sea surface is shown in Fig. 1. Suppose that the surface current
velocity is Cy m-s~!. Here, Co>>0 when the wave propagates
in the x positive direction; Co<0 when the wave propagates
in the opposite direction to the x positive direction. The elec-
tromagnetic wave interacts with the sea surface with an inci-
dence angle 6;. k; is the wave number of the incident wave.
ks is the backscattering wave number. The scattering angle is
05 (6 = 0; = 0). The relationship between the incident wave
number and the backscattering wave number is

ks= —kij= —kemsin Oxo+kemcos 0y, 3)

where ke, is the electromagnetic wavenumber, o and yq are
_ ks
ey
%’302’0 is the unit normal vector of the incident facet.
-+tan
The far-field scattering problem is considered in this pa-

unit vectors in x and y directions, respectively, and n

per. To evaluate the backscattering of the wave—current cou-
pled sea surface with finite conductivity, some initial condi-
tions are simplified. Firstly, the incident wave is assumed to
be a plane wave. Secondly, the shadowing effect and multiple
scattering are disregarded. Finally, the field of any point of the
sea surface can be considered as the sum of the incident field
and the scattering fields.

Fig. 1. Schematic of electromagnetic backscattering from sea surface.

The coordinate of the radar observation point in Fig. 1 is
r = (x,y), where |r| = \/x2+y2. The EM scattering point is
' = (z',y'), where |r'| = \/x2+y"2. Let the complex dielec-
tric constant of ocean water be €;, and the dielectric constant
of air be &, then & = € /&y will be relative dielectric constant
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and generally &> 1. Thus, the Fresnel reflection coefficient
VE—
R=
1+f
the incident wave in a backscattering facet can be written as

Ei ()

where Eo is the magnitude of an electric field vector, and

can be approximated to be 1. The electric field of
= Epe’* g, “

@ = Ton] k o ‘ Then the backscattering electric field of the wave
in the facet is

= E,Re* ™ g;. 5)

Eq (r')

The corresponding magnetic fields of the incident wave and
the backscattering wave, respectively, are

H; (') = (kixEoe™ ™ i) /n, ©6)
H, (F) = —(kyxERel™ ™ q;)/n, 7

=+/Ho/€o.

According to Huygen’s principle,

where 1
211 one can obtain an
expression for the scattering electric field at r (x,y) as fol-

lows:
)= [ {iouG (rr')-[nx B ()]
+VXG (rr') - [nx E(F)] }al, (8)
where
an(r’) :(1—&—R)Eoejk’i'rl(nxqi)7 9)
nxH(r') = %nx [(kixq;) +R(ksxq;)] ik (10)
= [ VY] elkenlr]
G(ryn')= [I—i—kgm] rT—

with L denoting the fractal sea surface over which the sur-
face integration is to be carried out and x € [-L/2,L/2]. Be-
cause the observation point is in the far-field region, the dyadic
Green’s function can be simplified into

ejkemr

G (rr') = —

— ¢ ~kem?’ [?—ksks} . 11)

Inserting Eq. (11) into Eq. (8), we have

JkemEo e’ kemr

Es(r) = dnr

[Tk / {kox [nx B()]

+n[nx H() ye " ar. (12)

Substituting Eqgs. (4)—(7), (9), and (10) into Eq. (12), the EM
backscattering electric fields can be solved as

jkem eJkemr
4rr

L . . ,
x/ <2Rcos9eﬂkc’"[(sme)_(cose)y]dx’). (13)
L

Ei(r) =

Let y be the scattering coefficient of the sea surface. 7y is
defined as the ratio between the electric scattering fields E
and the far-electric field E in the specular direction from a
smooth surface with infinite conductibility, i.e.,

E
=— 14)
4 EsO
By solving the integral equation (13) for Eyy, one can obtain
2kemL jk
E = j—= glfem”, 15
s0=J Anr € ( )

By inserting Egs. (13) and (15) into Eq. (14), the scattering
coefficient becomes

L
j2kem|[(sin@)—(cos6)y’] dx. 16
Lcos6 J— © * (16)

Substituting Eq. (1) into Eq. (16), we have
/L o i2kem|(5n8) — (cos8)y'] 4/

’}/:

v= Lcos6

L
— / ¢ j2kemsin9d / 17
LCOSG[LT<X’ )e * 17

where
T(x,1)

N—1
—2kemcosf0C Y, b2
n=0 . (18)

= expq ]
kob"
(1 -2 co) sin (kob"x' — @yt -+ @y )

W

Here, we use cylindrical wave expansion for a planar wave

elusing — Z 3, () e3P, (19)

oo
Here, ¢ € R, J,, (u) is the Bessel function, and p = (po, p1, p2,
s Prs o DN—1) Ty pn = —00,..., =2,—1,0,1,2,...,+oco. The

function 7 (x',1) can be expressed as

7(x',1)
~+oo

P0P15-sPnse-sPN—1=72°

N-1
I17%. {—wkemcw”)" <1 —
n=0
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} . (20)
One can finally obtain

y s—2)n
}/(t LCOS26 Z H Jpn |:_ 2(ykem(:b( )

p=—0 n=
X (1 — kz: C0> cos@}
i i R n irT¢)
X sinc [(kemsme + 3 n;)pnkob ) ‘| e , (21
where § (1) = [Co (#),81(2),86(@),---,Cny (t)]T and §, (1) =

@n(t)—w,t. Equation (21) is the electromagnetic backscatter-

ing coefficient of the wave—current coupled fractal sea surface.
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3. Numerical results

Based on the scattering coefficient in Eq. (18), one can
calculate the normalized radar cross section (NRCS) of the
fractal sea surface with the following expression:

op=2log;(7; (22)

assuming that RADARSAT-2 SAR is an appropriate remote
sensor. The frequencies of its transmitter and receiver are
both f=5.4 GHz, and the electromagnetic wavenumber is
k=2mf/v, where v=3x108m-s~!. Let N=25,5=1.3,b =
2¢/3, and dominant wavelength Ap= 200 m, then the domi-
nant wavenumber kg = 27/A,,. To simulate the sea state with
a significant height of 2 m, ¢ is adopted to be 0.5. The illu-
mination area is L =104 . Figure 2 shows the time evolutions
of sea surface elevations with different ocean currents. Taking
the following case for example: seven ocean current veloci-
ties are selected to simulate the fractal sea surface which are
shown in Fig. 2.

In Fig. 2, the same waves start with the same phase, and
different ocean currents encountered are given in Figs. 2(a)-
2(g), where the waves interact with currents. After 337 s, the
phases of waves are quite different from each other. Therefore,
ocean currents can change ocean wave phases.

of . . . . . . —
-2 -
2 )
g 2 X X A , , , ]
2.
g0 (@]
s 2 . . . ) . . . i
1 ' ' ' ' ' 5
0 d
< oplpaln gty
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e
5 @]
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g 4 (f)
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g
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Fig. 2. Time evolutions of sea surface elevation for different ocean
current velocities. (a) Co=—1.5 m-s~'; (b) Co=—1.0 m-s~';
(¢) Co=—0.5 m-s~'; (d) Co=0 m-s~'; (e) Co=0.5 m-s~'; (f)
Co=1.0m-s7';(9) Co=1.5m-s7L.

According to Part 1 of this work,?%! the ocean wave spec-
trum distribution is changed by ocean surface current and
this phenomenon must be reflected in the electromagnetic
backscattering signals. To find the effect of ocean current on
the electromagnetic backscattering of the fractal sea surface,
the above parameters in this section are applied to our elec-
tromagnetic backscattering model to simulate the electromag-
netic backscattering signals from the 1D drifting fractal sea
surface. As an example, the ocean current velocities range

1

from —1.5m-s"! to 1.5 m-s~! in steps of 0.5 m-s~! in our

simulations. The NRCS’s of these wave—current effects in
the coupled sea surface model, with incidence angles ranging

from 0° to 70°, are shown in Fig. 3.

1.5 m-s—!
1.0 m-s—1!
————— -0.5 m-s~!
—— 0 m-s!
------ —0.5 m-s~!
s —1.0 m-s!

s —1.5ms!

0 10 20 30 40 50 60 70

—10

—20

g

—-30

Normalized radar cross sectipn/dB

Incidence angle/(°)

Fig. 3. NRCS’s due to wave—current interactions in the coupled sea sur-
face model with incidence angles ranging from 0° to 70°, where current
velocities are Cop= —1.5 m-s~!, —1.0m-s7!, —0.5m-s"!, 0m-s~!
0.5m-s !, 1.0m-s!, and 1.5 m-s~!, respectively.

B

Figure 3 shows that the NRCS decreases with increasing
incidence angle for backscattering from the fractal sea surface
with different ocean current velocities. This result is consistent
with the previous conclusion based on both theoretical results
and observations. The effects of ocean current on electromag-
netic backscattering of the fractal sea surface can also be found
in Fig. 3. The solid line shows the NRCS of uncoupled fractal
sea surface varying with incidence angle. The NRCS of the
coupled wave—current fractal sea surface is larger than that of
the uncoupled fractal sea surface when the current velocity is
given by Cp<0 m- s~ !, and vice versa. Therefore, ocean cur-
rents can enhance the NRCS of the fractal sea surface when the
wave propagates in the opposing direction to the current prop-
agation direction, whereas the NRCS of the fractal sea surface
is weakened by the currents travelling in the same direction as
the wave propagation direction.

Discrepancy of NRCS/dB

—2 —1 0 1 2
Current velocities/m-s~!

Fig. 4. Discrepancies of NRCS, caused by ocean currents at incidence
angles of 5°, 15°, 30°, 45°, 60°, and 70°.

To show the details of the effects of ocean currents on
electromagnetic backscattering of the fractal sea surface, dis-

074102-4



Chin. Phys. B Vol. 25, No. 7 (2016) 074102

crepancies of the NRCS (Acy) between the coupled wave—
current fractal sea surface model and the uncoupled fractal sea
surface model are shown in Fig. 4. Note that it is easier to
find the effects of ocean currents on electromagnetic backscat-
tering of the fractal sea surface in Fig. 4 than the analogous
results in Fig. 3. From Fig. 4, one can obtain several results.
Firstly, the discrepancies of NRCS (JAcy|) increase with
increasing current velocity (|Cy|) when waves propagate in the
direction opposite to or the same as the current propagation
direction. This result can also be found in Table 1. For ex-
ample, Aco= 0 when Cp= 0 and incidence angle is 5°. |AGy|
changes gradually from O to 0.15 dB when Cj increases from 0
to 2.0 m-s~!. On the other hand, Ao changes gradually from
0 to 0.05 dB when Cy changes from 0 to —2.0m-s~ !, i.e., | Cy|

increases from 0 to 2.0 m-s~!.

Table 1. Discrepancies of NRCS (Acy) between the coupled wave—
current fractal sea surface model and the uncoupled fractal sea surface
model.

0 AGo/dB
2 -15 -1 05 0 05 1 15 20
52005 004 003 002 0 -003 -007 -0.11 -0.15
15° 011 009 008 005 0 -006 -0.17 -029 -047
300 021 019 015 011 0 -015 -035 -0.65 -I.21
45° 033 031 025 016 0 -027 -063 -1.17 -2.05
60° 045 044 039 025 0 -041 -10 -187 -3.29
70° 055 054 047 031 0 -053 -125 -237 -5.19

4Cp in units of m-s~ .

Secondly, the effect of ocean current on electromagnetic
backscattering from the fractal sea surface when Co<O m-s~!
is less than that of ocean current with Cp>0 m-s~!. The
case of incidence angle 70° in Table 1 can be used to provide
quantitative analysis of this result. We select |Co|=2 m-s~!
here. The result in Table 1 shows that |Acy|= 0.55 dB when
Co= —2 m-s~! while |[Aco|= 419 dB when Cy= —2 m-s~!.
The latter |Acy| is 7.6 times the former |[AG|. Similar results
can be obtained when comparing the values of |AGp| in the
cases of Cy and —Cy.

Thirdly, the discrepancy in NRCS (|[Acy|) between the
coupled wave—current fractal sea surface model and the un-
coupled fractal sea surface model increases with increasing
incidence angle. This point is also shown in Table 1. As an
example, for the selected ocean current —1.5m-s™ !, |Aoy|
increases from 0.04 dB to 0.54 dB when the incidence angle

increases from 5° to 70° .

4. Conclusions

Ocean current patterns are typically found in SAR im-
ages, especially those covering strong currents, such as the
Gulf Stream. Thus far, there have been no established meth-

ods to retrieve ocean currents by remote sensing technology.

In order to solve this problem, the EM backscattering mecha-
nism of coupled wave—current interactions on the sea surface
should be studied in depth.

Our work concentrates on establishing an EM scattering
model for the 1D drifting fractal sea surface, and then studying
the modulation characteristics of surface currents on the EM
backscattering signals. The coupled wave—current fractal sea
surface model is derived based on the wave—current interac-
tion mechanism investigated in Part 1 of our work.?’! Based
on the wave—current coupled model presented in Part 1, the
1D electromagnetic backscattering model of the wave—current
fractal sea surface is derived in this paper.

Applying our electromagnetic backscattering model, nu-
merical results show that both the magnitude and the direction
of ocean current have influences on the EM backscattering sig-
nals from the 1D coupled wave—current fractal sea surface.
Therefore, ocean currents which are parallel to the propaga-
tion direction of the wave can weaken the EM backscatter sig-
nal intensity. By comparison, the EM backscattering signal
intensity can be strengthened by ocean current propagating in
the opposing direction to the wave propagation direction. Fur-
thermore, the effect of ocean current on the 1D fractal sea sur-
face grows as the ocean current velocity increases. Finally, the
discrepancy in the NRCS (Acy) between the coupled wave—
current fractal sea surface model and the uncoupled fractal sea
surface model increases with increasing incidence angle.

In future, our electromagnetic backscattering model for
the 1D drifting fractal sea surface can be applied to study the
SAR imaging mechanism of the drifting sea surface. This
methodology may be one of the effective methods to explore
new methods to retrieve ocean currents from SAR images.
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