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Abstract This paper presents the authors’simulation model of the bathymetric features
on SAR image and their inversion model for detecting bathymetric features by SAR image. A
function G proportional to the radar backscatter cross section o, is defined to simulate the ra-
dar image gray tone level based on Yuan (1997). The inversion method is the minimum devia-
tion solution proposed by Jin and Yuan (1997b). Tests with actual data of the Seasat SAR
image and the sea chart of the southern North Sea showed that the models could simulate
and detect the basic bathymetric features.
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INTRODUCTION

Radar energy does not penetrate into water but is reflected and scattered by the wat-
er surface. It is known (De Loor and Brunsveld van Hultan, 1978; De Loor, 1981) that
under suitable conditions (ie. moderate wind and strong tidal current) the bottom topogra-
phy of shallow seas is visible by imaging radars. Since the Seasat launch in 1978, the ex-
perimental and theoretical aspects of bottom topography mapping by radar imaging has
aroused considerable interest.

Several theories proposed to generally describe the imaging mechanism (Vogelzang
1989) as involving: 1. variations in the surface current velocity give rise to modulations
in the wind —generated spectrum of water waves described by the action balance equation;
2. interaction between tidal flow and bottom topography produces variations in the cur-
rent velocity at the sea surface. This is usually described with the continuity equations
(mass conservation); 3. modulations in the wave spectrum cause variations in the radar
backscatter.

Models on the basis of such theory were proposed by Hughes (1978), Alpers and
Hennings (1984), Phillips (1984), Shuchman et al. (1985), Holliday et al. (1986), Van
Gastel (1987), and solved numerically by J. Vogelzang (1989). These models explained
some basic features of the radar imaging of underwater topography, applicable to one-
dimension situations only but not to extraction of numerical data on depth from the
images.

A theoretical radar imaging mechanism proposed by Yuan (1997) describes the modula-
tion of the wind —generated high-frequency spectrum of water wave by using the wave num-
ber spectrum balance equation, based on which applicable formulation for extracting wind

_field and large scale background current field data from the radar images is established.
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Jin and Yuan's analysis of sea bottom topography shown on SAR images (Jin and
Yuan, 1997a) yielded a solution to the mathematical and physical inverse problem of de-
tecting sea bottom topography by SAR image (Jin and Yuan, 1997b). This model
was tested with actual data of the Seasat SAR image and the sea chart of the southern
North Sea, especially for the determination of the shape, position and orientation of the
sandbanks found in the study area.

Compared with previous models, the main differences and advantages of our models
are: 1. the modulations of the surface current velocity on the wind —generated spectrum of
water wave are described by the wave number spectrum balance equation and cause varia-
tions in the radar backscatter cross section (Yuan 1997); 2. interaction between tidal flow
and bottom topography is described by using two —dimensional shallow water equations;
3. our simulation and inversion model involves the combination of the shallow water equa-
tions and the sea surface radar backscatter cross section expression.

Hence, our model can simulate the SAR image and derive the water depth from
SAR image data, a distinctive advantage over previous models.

SAR IMAGE GRAY TONE LEVEL RELATING TO LARGE SCALE CURRENTS

The streaks on SAR images, based on spatial scale and physical meaning, can be di-
vided into three parts: small scale (100m) water wave movement, large scale (1km— 10km)
current field movement, and movement pertaining to uneven wind field or large scale
mean wind field. The radar backscatter cross section o, is deduced from the wave number
spectrum balance equation of Yuan (1997):
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where 6 is radar incidence angle, F, (f) denotes a scattering coefficient which can be calcu-
lated from Bragg scattering theory and depends on incidence angle, dielectric constant, ra-
dar wavelength and polarization. m, is a constant pertaining to wave-wave nonlinear inte-
raction, m and v are constants, u« is wind friction velocity, C is the phase velocity of
wave, k is wave number, w is wave frequency, L is the wave direction tensor. The three
terms inside the brackets in(l) pertain respectively to the large scale wind field, wave ener-
gy dissipation and modulation of the current field on surface short wave.
: The part related to the larger scale current on the SAR image can be deduced from
(1) and is:
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where
M(O)= 7 cig'0F,Om;" o™ ®

U, denotes surface current. Generally (i.e. moderate homogeneous wind, but under ty-
phoon condition, it is different) the sea surface short wave direction [, is coherent with the
main wave direction L,. G can be written as:
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C, and C denote the group velocity and phase velocity of the short wave, respectively, C
and C denote the group velocity and phase velocity of the main wave respectively, ¢, is
the time when the SAR image is photoed. The main wave direction {L, L}|., =
{cosb,,sinf,}|.., can be determined by the third —moment wave numerical model.

SIMULATION MODEL

The simulation model includes the shallow water equations and expressions for the
mechanism of topography in SAR image.
1. Shallow water equations

The actual water depth visible on the radar image is almost lcss than 50 m of that
on the Seasat image of the southern North Sea. The horizontal scale of the topography

streak on the image is 1km in magnitude. The following shallow water equations are suffi-
cient for describing such an area:
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where ¢ denotes time, {x, y} denote local right angle coordinate with east and north direc-
tion positive respectively, { denotes water level, h denotes undisturbed water depth and H
total water depth (={+h); and {1, 7,} denote bottom friction stress. To make the
inversive question easy to solve, bottom friction stress is taken as proportional to U and
V instead of the square of U and V:

,.=CGU, 1,=CGV ®)

where C, is the bottom friction coefficient. When it is chosen to make the calculated re-
sults least different from those when bottom stress is proportional to the square of U and V,
the results show less than 2% differences in most places at a given time. Here C, is 0.04.

Boundary conditions are those along the closed boundary; the velocity perpendicular
to the boundary is 0; along the open boundary, the water level is given by:
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where i denotes the ith tide component. Four tide components are used in our models:
M, S, 0, K, f;o, denote intersect coefficient and angular velocity of the ith tide compo-
nent respectively; H; and G, are harmonic constants from the admiralty tide tables and tid-
al stream tables published by the hydrographer of the navy. V,,+V, is phase of the tide
component.

The initial condition is given as:
2. Simulation of SAR imagg_o’ V=0, {=0 (10)

When the current field at the SAR imaging time is given by the shallow water equa-
tions, G(U, LJi, a=1, 2) can be calculated with (4). Because o, is linearly proportional to
G, we use the gray tone level image of G to simulate the SAR image.

INVERSION MODEL

1. Determination of Gg,;

For one radar image, G is linearly proportional to o,. Although constant, the propor-
tional coefficients are associated with the parameters of the radar device, photo posture
and complicated data process, and are generally difficult to determine accurately. Here we
use the calculated G=G, in the simulation model to determine the proportional coefficient
and Gg,g:

SGc

Gsa= (Oa=Ooem) + G om (11)
where S; and S, are the standard deviations of G, and o, G,, and ¢,,, are the mean va-
lues of G,and o,.
2. Inversion method —minimum deviation solution
The inverse problem is described by equations (4)—(7). For an SAR image photoed
at time t=t,, if
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are known, Ul,_, V., H|., can be determined by using the equations (4)—(7), and the
undisturbed water depth can be given as:
h =HL=:,,"C|¢=:., (12)

The above inverse problem can be described by' the minimum of the following objective

functional:
CJU, VY, 4 H)=(p (B F £ £ )dxdy (13)

where D, denotes the studied area,
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The subscripts x, y, t denote partial differences. The gradients of J with regard to U, V, {
and H are (Jin and Yuan 1997b):
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{U, V, {, H} can be calculated using a fastest falling algorithm. The undisturbed wat-
er depth as calculated from (12) is

hl = (H_ C)lt:r,,

Solving the direct problem described by the shallow water equations to get updated U(,),
V(t), {(t,) yields

Ut= A |‘=V V1=W I'='o’ Ct= a_t |'=‘o (22)

Repeat solving the inverse and direct problem N+1 times until |hy,,—h,| is sufficiently
small.

CALCULATION STEPS

1. Water depths were read from a sea chart with 1’ latitude and longitude grids. The
data were interpolated linearly to 0.25' grid distance (more detailed sea charts were not
available, although at some sandbanks, data could be read at 0.25’ grid distance). The da-
ta were used in the following numerical models.

2. The current field was calculated (at time t=t, on the basis of the shallow water
equations with a 0.25' grid distance) in the range 1° 0'—3° 0’ E, 50 ° 50'—52° 0’ and
was larger than the area coverage of the SAR image. Averaged values of U, V, (,
were obtained. The gray level of the calculated value of G was used to form the
simulation of the SAR image.

3. After data processing, the gray scale value G,z at every grid point was obtained.

4. The water depth was calculated using the inversion model; the current field was cal-
culated then using the updated water depth. This step was repeated until the result
became stable.

5. The depth h in the model is under mean sea level and will be converted to under
sea chart level in the results and discussions, so the inversed depth can be compared with
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the sea chart depth.
RESULTS AND DISCUSSION

1. Simulation of the SAR image

Fig.1 is a digitally processed Seasat SAR image of the English Channel from orbit
726 (August 19, 1978, 0646UT) modified from Floyd (1987). Flight direction was 330 °N;
the original spatial resolution of the image was 25mx 25m (average of four consecutive
azimuthal scans). The image presented here had been rotated and converted to spatial grid
distance of 0.25'. The meteorological map showed that the wind was blowing at 4mj/s
from 135 ° N. Fig. 2 (ie. the gray level of the simulated value of G) is the simulation ima-
ge obtained with the simulation model when considering that the high-frequency wave direc-
tion equals the sea surface wind direction. Several closely located bright and dark streaks
can be easily seen from both images to have almost the same positions and directions.
These streaks are correlated to the combination of the flow field and underwater
sandbanks as shown in Fig. 3, a simplified sea chart with only 20 m bathymetric contour.
It is generally known that the interaction between tidal flow and bottom topography pro-
duces variations of the gray tone level of the SAR image. When water flows over a
sandbank, the upstream side of the image will be darker and the downstream side

\\\\\\\ \
.

Fig. 1 Digitally processed Seasat SAR image of the southern North Sea from orbit 726
(August 19, 1978, 0646UT)

Fig. 2 Simulation image (gray level of G) assuming the high—frequency wave direction
is the same as sea surface wind direction
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brighter, so there is one dark and one bright streak along each sandbank if the current
is not parallel to the sandbank. These characteristics as shown in the SAR image and the
simulated image, are very similar.

2. Water depth inversion from the SAR image

Fig. 4 shows the inversed water depth with only 20 m bathymetric contour. It is
simular to Fig. 3 in most places, especially the V—shaped feature of the South Falls and
Sandettie sandbanks, and the parallel sandbanks in the middle of the bottom part of the
images.
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Fig.3 Sea chart depth with only 20 m bathymetric contour  Fig. 4 Inversed depth with only 20 m bathymetric contour

Figs. 5, 6 and 7 are the gray tone level figures of the initially estimated water depth
(needed :for the fastest falling method), inversed water depth and sea chart water depth.
There are no obvious sandbanks in Fig. 5. Inversion of Fig. 6's sandbanks showed they
have many similarities with those in Fig.7. There are also some differences between Fig. 6
and Fig. 7. For example, compared to Fig. 7, Fig.6 has more small streaks between the
sandbanks of South Falls and Sandettic as shown by some small variations of gray level
in that area of the SAR image, which could probably also be caused by SAR image da-
ta noise.

Fig.5 Grey tone level of the initially estimated water depth









