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WITH MICROWAVE SCATTERING MODELS
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Key words: bottom topography, ocean surface current, microwave
scattering model, method of moments, SAR.

ABSTRACT

The effect of the interaction between surface currents and
bottom topography to the radar cross section (RCS) is inves-
tigated using theoretical and numerical scattering models and
synthetic aperture radar (SAR) data. First, the ocean waveheight
spectrum perturbed by a varying surface current is computed
under the wind condition at the time of SAR data acquisition.
The surface current data are extracted from the tidal current
models. The RCS modulations are then computed using the
small perturbation method (SPM) and the numerical scattering
model based on the method of moments (MoM) with undu-
lated surface height profiles simulated from the perturbed wave
spectrum using the Monte-Carlo method. The RCS modulation
relative to the RCS from the surrounding ambient sea surface
is used to evaluate the two scattering models, and comparison
of the results with X- and C-band data shows that the SPM
underestimates the SAR data and that the MoM yields better
agreement with the error of 11% in the relative RCS peak
value and the peak displacement of 750 m with respect to the
observed position. Although there still exist some discrepancy
in the RCS modulation, the present results show the potential
of the numerical approach based on the MoM and Monte-
Carlo simulation for analysing the interaction between ocean
current and bottom topography.
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I. INTRODUCTION

Synthetic Aperture Radar (SAR) is a powerful sensor for
ocean remote sensing, and a substantial number of studies have
been reported on the measurements of oceanic phenomena
(e.g., Kerbaol and Collard, 2005; Ouchi, 2013), including un-
derwater objects such as bottom topography (BT) (Alpers and
Hennings, 1984; Hennings, 1998; Calkoen et al., 2001; Kim, 2006;
Kimetal., 2009; Fan et al., 2011), internal waves (Alpers, 1985;
Jackson and Apel, 2004; Jackson et al., 2013; Hong et al., 2015),
and man-made marine cultivation fields (Sugimoto et al., 2013;
Won et al., 2013).

The imaging mechanism of sea BT by radar was first pro-
posed by Alpers and Hennings (1984). In shallow waters, the
surface current varies depending on water depth, and to the first
order, the current velocity is governed by the continuity equation.
The varying surface current then perturbs the small-scale ocean
waves, and SAR detects the microwave backscattered from the
perturbed ocean waves of varying surface roughness. Thus, the
SAR images of BT are indirectly related to BT through these
processes, and therefore, the models of microwave backscatter,
current-wave interaction, and current velocity and BT are re-
quired to interpret the SAR image modulation by BT.

Over the last few decades, theoretical and numerical micro-
wave scattering models have been developed to describe the
radar backscatter from rough surface (Valenzuela, 1978; Ro-
meiser et al., 1997a; Tsang et al., 2001). Among these models,
several models were used to reproduce the variation of the radar
cross section (RCS) from the sea surface of varying surface cur-
rents (Shuchman et al., 1985; Holliday et al., 1986; Romeiser
etal., 1997b; Vogelzang, 2001; Li et al., 2009, Kim et al., 2014).
In some papers, the comparison results with the multi fre-
quency SAR data show good agreement at L-band, but tend to
underestimate the observed RCS at C- and X-band (Holliday
et al., 1986; Romeiser et al., 1997b; Vogelzang, 2001). Thus,
further studies are required for the understanding of C- and X-
band radar backscatter from the sea surface over varying BT.

In this paper, preliminary results are presented using the me-
thod of moment (MoM) and small perturbation method (SPM)
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Fig. 1. Coverage map of satellite images and study area. (a) The red and blue boxes represent the coverage of ENVISAT-ASAR and TerraSAR-X

respectively. (b) The color map represents water depth from 0 to 40 m. The A-F lines indicate slope of BT at each site and the red triangular
mark just below right of TS is the location of AWS. The rectangular marks represent observation site of tidal current.

for modelling radar backscatter and the Monte-Carlo method
to simulate the ocean surface perturbed by the varying surface
current. Note that the SPM has generally been used by many
researchers, but the MoM has not been used previously for
analysing the SAR images of BT, and the present study is the
first attempt based on this approach. The wind and tidal current
data used in the scattering models were extracted from the Auto-
matic Weather System (AWS) and tidal current models respec-
tively. The RCS modulations computed by both the MoM and
SPM were then compared with the C- and X-band SAR data
over the shallow waters in the west coast of Korean peninsula.

The paper is organized as follows. In section 2, the charac-
teristics of the study area and SAR imaging mechanism by BT
are described, and in section 3, the SAR data used in this study
are presented, followed by the brief description of the MoM and
SPM in section 4. In section 5, the comparison results between
computed and SAR data are described, and conclusions are given
in section 6.

II. STUDY AREA AND IMAGING PROCESS

The area under study is the Gyeonggi-bay on the mid-west
coast of Korea as shown in Fig. 1(a), where the surface current
is dominated by strong tidal current in a northeast-southwest
direction produced by high tidal changes. The water depth in
this area is 20 m on average and becomes deeper gently toward
the southwest direction (Fig. 1(b)). This area has complex geo-
logical characteristics with many islands and a tidal channel over
a depth of 30 m (Lee et al., 2009). These conditions generate
the strong interaction between the surface current velocity and
BT, and the convergence or divergence front frequently appear
in the SAR images (Kim, 2006; Kim et al., 2009).

The interaction of surface current with BT is very complex.
The previous researches proposed several mechanisms for the
convergence or divergence of surface water, such as, the tidal
current interaction with BT, the effect of horizontal and ver-
tical density gradients (Hennings, 1998; Valle-Levinson et al.,
2000). Alpers and Hennings (1984) described a simplified
imaging process using the 1-D continuity equation. They
assumed that the variation of surface current speed above the
BT is only affected by the horizontal current gradient, and the
orthogonal current component normal to the direction of the
ridge axis obeys the continuity equation. Kim et al. (2009)
showed that the convergence of surface current flow in the
Gyeonggi-bay is weakly dependent on the density variation.
Hence, we assumed that the SAR imaging mechanism for
surface roughness modulation in the Gyeonggi-bay is domi-
nated by the 1-D continuity equation. However, we have to
note that this algorithm includes the assumption of a constant
parallel velocity component, which may induce some error.
As illustrated in Fig. 2, when a steady current comes to a hill of
sea bottom, the current speed increases, and the surface be-
comes smooth yielding little radar backscatter. At an edge of
the sea valley, water mass drops toward the seabed, and the
surface current slows down, creating a current converging
zone where the surface becomes rough. The radar backscatter
and hence the SAR image modulation is large in this con-
verging zone.

I11. DATA DESCRIPTION

1. Water Depth

The depth profiles over BT were extracted by General Bathy-
metric Chart of the Ocean (GEBCO, http://www.gebco.net/)
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Table 1. Parameters of SAR and wind data at the AWS station closest to the bright fronts.
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Satellite/Frequency ENVISAT-ASAR/5.3 GHz (C-band) TerraSAR-X/9.65 GHz (X-band)
Acquisition time (UTC) 2007.12.11 01:40 2007.12.20 09:28
Mode/Polarization Wide Swath/VV ScanSAR/VV
Center incidence angle [deg] 30.89 36.56
Nominal resolution [m] (range/azimuth) 150/150 18.5/18.5
Wind speed [m/s] 2.68 2.61
Wind direction [deg] 321.7 523
SAR Image Intensity 38

Surface Roughness il

VAVAY

il
CHfnY (L
— — — — W} S — — — — " =

Surface Current Speed

Bottom Topography

Fig. 2. Schematic of the imaging mechanism of BT (Alpers and Hen-
nings, 1984).

and interpolated bathymetric grid data (Seo, 2008) (Fig. 1(b)).
The spatial resolutions of GEBCO and re-analysis model are
0.0084 and 0.0028 deg, respectively. To increase the spatial
resolution, we interpolated the water depth using both models
data. From interpolated water depth, we can see clearly the two
main channels of bottom topography in Fig. 1(b). In describing
the interaction between BT and current, we consider only the
orthogonal component, i.e., cross direction of the underwater
ridge or crest axis, of the current obeys the continuity equation
as by Alpers and Hennings (1984). For defining the orthogonal
current component, we selected six front lines of same topog-
raphy gradient as indicated by black lines A-F in Fig. 1(b).

2. Satellite and Wind Data

Figs. 3(a) and 3(b) show ENVISATR-ASAR (December 11,
2007. 01:40 (UTC)) and TerraSAR-X (December 20, 2007. 09:28
(UTC)) VV-polarization amplitude images of region of interest
respectively. These SAR data were used to compare the simu-
lation results. The geometric correction was performed using the
Next ESA SAR Toolbox (https://earth.esa.int/web/nest/home/).
Table 1 shows the radar frequency, data acquisition time, sensor
mode, polarization, incidence angle and spatial resolution. The
wind direction and speed averaged over 10 minutes at the AWS
station closest to the bright fronts were used for RCS simulation.

The averaged wind data acquired by the AWS (Fig. 1(b))
were provided by the Korea Meteorological Administration
(KMA). The observed wind speed and direction were 2.68 m/s
and 321.7° at the time of ENVISAT-ASAR data acquisition,
and 2.61 m/s and 52.3° at the time of TerraSAR-X data acqui-
sition (Table 1).

37.8
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36.8 kgl

1254 125.6 125.8 126 126.2 126.4 126.6 126.8 127
(@)

37.3

37.2
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36
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Fig. 3. SAR amplitude images. (a) ENVISAT-ASAR (VV-pol.) at 01:30
(UTC) on December 11, 2007. (b) TerraSAR-X (VV-pol.) at 09:28
(UTC) on December 20, 2007. White boxes represent the areas
used to extract the SAR intensity, water depth and current speed.

3. Current Data
In order to get the surface tidal current data at the time of each
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Tidal Current Speed from EFDC model -
T1 (07GGO5) e Tidal Current Speed from KHOA L T4 (07GG11)
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Fig. 4. Comparison of (a) speed and (b) direction from EFDC model and KHOA tidal current data. The solid lines and dots represent the EFDC
model and KHOA data, respectively.

SAR data, we used two types of tidal model. The Environmental =~ The model was implemented with the Yamada level 2.5 turbu-
Fluid Dynamics Code (EFDC) model was used to generate the  lence closure scheme, and applied to the tidal flow, salinity,
surface current in Gyeonggi-bay at the time of ENVISAT-ASRA  temperature and wind-driven flow (Yang et al., 2009). The tidal
image acquisition on December 11 2007 (Kim et al., 2014).  current data at TerraSAR-X data is acquisition time extracted
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Fig. 5. Comparison of (a) speed and (b) direction from harmonic constants data base and KHOA tidal current data. The solid lines and dots repre-
sent the harmonic constants data base and KHOA data, respectively.

by harmonic constants dataset derived from the unstructured-
mesh-based (FDM) and square-mesh-based (FEM) tidal models
(Min et al., 2011). Note that the latter is a barotropic tidal cur-
rent. The tidal current velocity and direction extracted from

EFDC and harmonic constants data base were compared with
time series from the current data, which were provided by the
Korea Hydrographic and Oceanographic Administration (KHOA).
The observation site of KHOA tidal data is shown in Fig. 1(b)
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Fig. 6. Comparison of water depth (black), orthogonal current speed (red), orthogonal current gradient (magenta) and relative SAR intensity (blue).
The graphs (a) and (b) show the results at strips A* and D* in the ENVISAT-ASAR data respectively, and (c¢) at E* in the TerraSAR-X data.

as black rectangular marks, and the Figs. 4 and 5 represent the
comparison results between tidal models and KHOA data. Al-
though there are some discrepancies, fairly good agreements can
be seen in both at the tidal current speed and direction at all ob-
servation positions.

4. Comparison of Depth, SAR and Current

The data of selected areas enclosed by white strips A*, D*
and E* in representing ENVISAT-ASAR data and at strip E*
in the TerraSAR-X data, respectively in Fig. 3 are used here to

depict the analysis. The strips had a same width and slope gra-
dient (Fig. 1(b), A-F) with 20 km length in the direction per-
pendicular to each gradient line.

Fig. 6 shows the results of water depth, orthogonal current
speed, orthogonal current gradient and relative SAR intensity
at the selected locations as represented by strips A*, D* and E*.
The relative RCS means the ratio of RCS perturbed by varying
current to that of ambient sea surface. Note that all profiles in
Fig. 6 are averaged and smoothed from all lines in each strip.
According to the continuity equation, the position of minimum
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current speed should correspond to the position of maximum
water depth, and therefore, the water depth modulation peak
should be, in principle, at the same position as that of minimum
current (Alpers and Hennings, 1984). However, in this study
the modulation peaks are found to be shifted to some extents
from the location of the maximum water depth for all cases.
This phenomenon moderately matches for Figs. 6(b) and 6(c)
where the locations of orthogonal current speed were measured
their minimum at 8.5 km and 10.5 km, respectively, which are
very close to the distance for peaks in water depth at 7 km for
both locations. However, in case of Fig. 6(a) the difference in
distance between the locations of minimum orthogonal current
speed and maximum depth is much (around 5.5 km). These off-
sets may be caused by the rapid variation of water depth. Never-
theless, the results show overall reasonable agreement between
the locations of highest relative intensity and the minimum value
of orthogonal current. Similarly, the case of Fig. 6(a) shows larger
positional difference (4.5) between the locations of maximum
SAR data (7.2 km) and minimum current (11.7 km) than the other
two cases, and this might have resulted in the positional discre-
pancy of model result. In contrast to the orthogonal current speed,
the orthogonal current gradient (m”/s) can be described well in
comparison to relative SAR intensity as they have shown matches
at their peaks for corresponding locations in cases of Fig. 6(b)
and 6(c) except for that of Fig. 6(a). The extracted current speeds
were used as input data to the radar backscattering model.

IV.NUMERICAL RADAR
BACKSCATTERING MODEL

1. Random Roughness Surface

Random rough surfaces are generated in accordance with a per-
turbed waveheight spectrum. A simulated surface has a length
L, divided into independent segments of N points separated by
adistance Ax. The surface height profile at each segment can be
generated as follows (Tsang et al., 2001):

N/2-1

_ 1 i
Sf(x,)= L,,,:Z;‘/ZF(K’ r)e )

x,=nAx(n=1,2,3,...,N)
where
F(K,r)=[27L¥(K,r)]"r, (2)

In the above equations, x, is the location of each segment in
the orthogonal direction to the ridge axis. In the scattering mo-
dels, the random surface is generally described by Gaussian,
exponential and fractal geometry functions (Tsang et al., 2001;
Franceschetti et al., 2000). In this paper, we assumed a
Gaussian random rough surface using a random variable r,,
having a zero-mean and unit-variance Gaussian distribution.
As mentioned before, we assumed that the variation of surface
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roughness obeys the current velocity changing over normal to
the direction of the ridge axis. This interaction can be described
by a perturbed waveheight spectrum, HK, r), at a position r =
(x, ). Eq. (1) was computed using a fast Fourier transform
(FFT) technique.

2.0cean Waveheight Spectrum

The Pierson-Moskowitz spectrum used in this study applies
to the fully developed sea, and can be expressed as (Broschat,
1999),

a Bg’
wo(k,) = exp{— } 3
’ alk [ k, Usos*

m

where k,, = 27zzm/L is the wavenumber, U5 is the wind speed
at a height of 19.5 m, g is the gravitational acceleration, and
other constants ¢, £ are 0.0081 and 0.74 respectively. The
waveheight spectrum perturbed by the interaction of currents
with BT can be obtained from Eq. (3) and the action balance
equation as follows (Hughes, 1978; Ouchi, 1994)

_ k[ 2pg ek | 1 aUm
W(k,r)—Wo(k)[l+km {kn13U19_54 e k) }ﬂ(k)k ™ }

m

“

where (k) = l:u//0 (k,), k is the unit vector of surface wave.

Co(ky) = Oan(k,)/Ok, is the wave group velocity, Cy(k,) =
an(ky,)/k, is the wave phase velocity, and u(k) = 0.04
k1~ EX0)/ k) is the spectral relaxation rate. U and u« are
the current vector and the friction velocity respectively.

3. Computation of Radar Cross Section

1) Numerical Simulation Based on MoM

Based on the electromagnetic scattering theory, the scattered
electric and magnetic fields can be calculated by the combined
field integral equation (CFIE). The CFIE can be derived as the
function of the equivalent electric and magnetic surface current
(Jo, My), which are induced by incidence electric and magnetic
fields, with a boundary condition between air and water layers,
Co. It can be solved by Egs. (5a) and (5b) for a horizontally
polarized incident field (Franceschetti et al., 2000).

~ikyZy [ Jo(B)Gy (. B)dl'+ [ My(BViy -Gy (5. ')l

o o

M) =-E ()
(50)

~ikZ, [ Jy(B)G,(B. )l + [ My (5 -V'G,(B. B)dl

Cy
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~ikZ, [ (3G, (5. p)dl' + [ M,(B)i, -V'G, (5, )l

1 _
-—M =0
5 o(P)
(5b)
where Z,, are the air- and sea-space wave impedances.

SR R
G,(p, P = " (K,

Hankel function of the first-kind; p and p’ are the position

Hy” is the zeroth-order

-7 -

vectors for observation and source points, respectively. /s the
surface profile. Note that the apostrophe mark (') represents
operation for source point terms only. Egs. (5a) and (5b) de-
fined the relationship between the incident and scattered wave
for outside and inside of the scatterer. Eq. (5a) describes the
evaluation of the electric field in the air layer. Eq. (5b)
represents the integral equation that computes the electric field
in the ocean layer with the boundary conditions at Cy. The
equivalent electric and magnetic surface currents on the
boundaries can be determined by using the following numerical
simulation procedure.

Egs. (5a) and (5b) can be expressed as the following matrix
equation using pulse basis function, and the point matching tech-
nique with n™ observation and m™ source points (Franceschetti
et al., 2000):

Each elements of the impedance matrix [Z] can be computed
by using Egs. (2.3)-(2.7) in Franceschetti et al. (2000). The un-
known surface current component [I] can be calculated by the
matrix equation with the excitation vector [V]. After the com-
putation with the unknown variable at the current component
in Eq. (6), the scattered field can be computed by using the
equivalent electric and magnetic surface currents as follows

E’ =-ik,Z, j Jy ()G, (P, P)dl'+ j M (P)i,-V'G,(p, pHdl" (T)

o o

Finally, the RCS from perturbed ocean surface is calculated
using the scattered filed from independent segments using the
Monte-Carlo method (Franceschetti et al., 2000).

ESW |2 > - KESW>

where pp = VV or HH, and D is the length of each segment.
For a vertically polarized incident wave, the RCS can be easily
calculated by the duality theorem.

PP pP—>0 D

o’ =lim 2ﬂ{< 2} ®)
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2) Small Perturbation Method

The SPM has been developed to calculate the microwave
scattering from a slightly rough surface (Ulaby et al., 1982).
In case of scattering from sea surface, the basis of radar
backscattering from ocean surface by the SPM is the Bragg
scattering theory, and substantial evidences exists for the va-
lidity of Bragg scattering from ocean waves (Plant and Keller,
1990). In this study, we used the SPM to calculate the RCS
from perturbed ocean wave for comparison with the MoM and
SAR data.

V. RESULTS AND DISCUSSION

The numerical simulation for perturbed sea surface was per-
formed using the MoM and Monte-Carlo method as noted pre-
viously. Note that the numerical model computed the modulated
RCSs along the orthogonal direction of the ridge axis with 250
m resolution. Simulated RCS variations at C- and X-band are
shown in Fig. 7 together with SPM results and SAR intensity.

The RCS obtained by the MoM is comparable with the SAR
data in all cases, but the SPM underestimates the RCS modula-
tion in SAR data at both bands. Note the different scales of
y-axis for the MoM and SPM results. In case of Fig. 7(a) at
C-band, the difference of the relative RCS between SAR and
MoM is only about 6%, but the position of the peak value is
shifted by approximately 2.3 km from the SAR intensity peak.
In Fig. 7(b) of the strip D* in the ENVISAT-ASAR, peak RCS
positions of both the MoM and SPM results are located at very
similar positions to the position of the C-band SAR image
within few hundred meters, but the relative RCS value differs
by 20% from the SAR data. The simulated RCS by the MoM
at X-band (Fig. 7(c)) shows a similar modulation and peak
RCS positions with those of the SAR data. Especially, it repro-
duces the double peak in the relative RCS of values within 6%,
and the peak positions within few hundred meters. The average
discrepancies are approximately 11% in the relative RCS and
750 m (3 times of the resolution of scattering model) in the
peak position. The tidal current speeds of EFDC at T3 point
(Fig. 1(b)) which located the near valleys show the strong cur-
rents than KHOA data (Fig. 4(a)). This may cause the over-
estimate of relative RCS from MoM.

In this study, only the orthogonal current component is as-
sumed to contribute the changes in the waveheight spectrum.
However, the parallel current component may also affect the
hydrodynamic modulation. Kim et al. (2009) showed good agree-
ment between the bathymetric features and the front lines of SAR
intensity modulation by taking into account both the orthogonal
and parallel current component. Romeiser and Alpers (1997)
and Vogelzang (2001) suggested the importance of the source
term in deriving Eq. (4), which describes all relevant physical
processes of the hydrodynamic modulation. Especially, Vogel-
zang (2001) showed the difference of simulated RCS in terms
of radar frequency and source term. In this study, we used the
linear source term only. Thus, the effect of parallel current com-
ponent as well as sensitivity analysis for the linear, quadratic
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Fig. 7. Comparison of relative SAR image intensity (black), RCS from SPM (red) and MoM (blue). (a) and (b) show the results at strips A* and D* in
the ENVISAT-ASAR (C-band) data respectively, and (c) at E* in the TerraSAR-X (X-band) data.

and cubic source term in the wave-current interaction theory
are required for the detailed analyses in the future study. As a
final remark, it is also desirable to make comparison of our re-
sults with ground-truth RCS data such as those acquired by scat-
terometers on observation towers but there is no such system
in Gyeonggi Bay.

VI. CONCLUSION

In this paper, preliminary results are presented on the RCS

computed by the numerical radar backscattering model based
on MoM and SPM for perturbed sea surface by varying surface
current induced by BT at C- and X-bands, and the results are
compared with SAR data. It should be noted again that the use
of the MoM and Monte-Carlo method was the first of its kind
for the study of SAR images of BT. While the SPM model un-
derestimates the RCS than SAR data at X- and C-bands by a
substantial amount, the average error of the relative RCS peak
value between MoM and SAR data was about 11%, and the
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error of peak position was about 750 m. Although there are some
discrepancies, reasonable agreement was obtained between the
simulated and real SAR image modulation. Further study is be-
ing carried out for resolving the observed discrepancy.
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