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Retrieving internal wave surface currents from SAR image
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Abstract: Based on ocean internal wave Synthetic Aperture Radar (SAR) imaging mechanism and the M4S model, which
was applied to simulate the oceanic features of ocean surface, one new method for retrieving internal wave surface currents from
SAR image is introduced. Firstly, according to the AH linear theory, the first guessed surface currents could be estimated from
the normalized radar crossing section (NRCS) of the internal wave profile in SAR image, and the signal induced by internal
wave surface currents can be simulated by M4S. Then the wind speed and internal wave surface currents gradients are modified
using the dichotomy method step by step, which causes the simulated signal close to the NRCS measured from SAR image. Fi-
nally, the wind speed and the surface currents could be retrieved until a satisfied match between the simulated signals and SAR
images. This method is tested on three ERS-2 SAR images in the South China Sea. The results show that the simulated internal
wave signal is consistent with the NRCS of internal wave SAR images. Their correlation coefficients are up to 90%, which
indicate that this method is convergent and applicable.
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1 INTRODUCTION

Ocean internal waves are meso-scale phenomenon that
travel within the interior ocean and change the ocean surface
roughness. As synthetic aperture radar (SAR) works in micro-
wave and resonates with surface Bragg waves, so SAR has the
ability of observing ocean internal waves and this has been
realized for some time. And the ocean internal waves appear as
elongated bright and dark features in SAR images, due to the
interaction between the surface Bragg waves and the surface
currents induced by the spatially varying ocean internal waves
(Alpers, 1985). Also since SAR can provide all-weather,
day-night images of the ocean surface with a wider swath and a
higher spatial resolution, therefore, intensively investigations
and efforts have been made to the ocean internal waves study
by SAR.

Ocean internal waves have the large amplitude waves exist-
ing in the pycnocline. During its propagation process, the in-
duced disturbance can bring about strong convergence of s¢a
water and sudden strong currents, which can cause severe threat
to the ocean engineering structures, such as oil drilling plat-
forms and pipelines (Cai et al., 2003). Also, the surface currents
knowledge is very crucial for retrieving valuable information
about internal wave amplitude, undisturbed upper layer thick-
ness, propagation direction, and relative density difference
(Brandt et al., 1999). Especially, the surface currents knowl-
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edge could provide the information for study internal wave
evolution as they propagation away from their generation re-
gions (David, 1999). Therefore it is adequate for quantitative
estimates of internal wave surface currents from SAR images,
and is also especially significant in SAR technique for internal
wave research.

Brandt (1999) has studied the feasibility of retrieving ocean
internal wave parameters from the normalized radar crossing
section (NRCS) of internal wave profile in SAR images. David
(1999) has extracted the ocean internal wave peak surface cur-
rents information through the simulated signals and the NRCS
from SAR images, and results indicate that the peak surface
currents estimates are within 15% of the observed in situ data.
Both above methods have the crucial request for the radar mi-
crowave scattering imaging model for ocean surface. However,
there is little focus on the study of the internal wave surface
currents information retrieval from SAR image in China. So the
study of the internal wave surface currents retrieval from SAR
image, combing with the radar microwave scattering imaging
model and the NRCS of internal waves profile in SAR image, is
still in the exploratory step.

In this paper, one new inversion method for retrieving inter-
nal wave surface currents from SAR image has been developed.
This method is based on iterative fitting of SAR image by the
forward radar microwave scattering imaging simulating, which
is combined by wave-current interaction, radar scattering and
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ocean internal wave SAR imaging theory. Its applications to
three ERS-2 SAR images in the South China Sea, and their
correlation coefficients of both the simulated internal wave
signals and the NRCS in SAR image show that the inversion
method is convergent and applicable.

2 INTERNAL WAVE SAR IMAGING MECHANISM

SAR cannot directly view ocean internal waves, and the ra-
dar waves can only penetrate seawater in a centimeters degree.
However, by convergence and divergence modulation effect,
internal waves will modulate ocean surface micro-scale waves,
which will in turn modulate the backscattered radar signals. In
this way, SAR captures rich information about internal waves
under favorable meteorological conditions (wind conditions
2—9m/s) (Alpers, 1985; Thomson & Gasparovic, 1986).

An extensive study of ocean internal waves SAR imaging
physical mechanisms was conducted, and it is generally ac-
cepted that the imaging mechanism of observing internal waves
by SAR is the hydrodynamics modulation theory, which con-
sists of three stages (Alpers & Hennings, 1984; Alpers, 1985;
Thomson & Gasparovic, 1986).

Firstly, the propagation of ocean internal waves results in
the modulation of surface flow velocity. Secondly, the modula-
tion by surface flow velocity causes variations of the surface
wave spectrum. Finally the variation of the surface spectrum
causes modulation in the level of radar backscatter. Based on
above three stages, ocean internal waves are imaged by SAR.

3 M4S MODEL FOR RADAR MICROWAVE IMA-
GING OCEAN SURFACE

Combining the Wentzel-Kramers-Brillouin weak hydrody-
namic interaction theory, which described by the equation of
wave action balance, and the radar microwave scattering model,
Dr. Romeiser from the University of Hamburg has been devel-
oped an advanced forward M4S model. This model can forward
simulate the oceanic features over the ocean surface likely spa-
tially varying surface currents of ocean internal waves via hy-
drodynamic modulation (Romeiser & Alpers, 1997).

M4S model is a software toolkit for numerical simulations
of ocean surface and it is divided into two components:
wave-current interaction and radar microwave scattering imag-
ing. For the wave-current interaction, the modulated surface
wave spectra are computed from the equation of wave action
balance by ray tracing, and the radar microwave backscatter im-
aging is computed from the improved composted surface model.

3.1 Equation of wave action balance

The equation of wave action balance describes the evolution
of the energy of a wave packet that travels trough a slowly
varying surface current field (Alpers, 1984; Romeiser & Alpers,
1997) and reads
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where A(r, k, ) is the action spectral density of the wave packet,

SXr, k, t) the apparent frequency in the moving medium, r = (x,
y) the parameters of the space, k=(k,, k,) the wave number vec-
tors of the wave packet and S(r, k, ) a source function.

In the M4S source code, the spatially varying wave spectra
were further computed by numerical integration the equation of
wave action balance through ray-tracing method.

3.2 Radar microwave scattering model

An improved composted surface model for calculation
NRCS calculation of the ocean surface is developed by Dr. R.
Romeiser and Prof. W. Alpers. Also, this can be called
“three-scale model”, because there are Bragg waves, all longer
waves, and usually a modulating feature such as internal wave
current gradients, which modulate all the ocean surface short
waves. The model yields comparable radar signatures in the
presence of the spatially varying surface currents, and is much
better in agreement with the experimental results. It was be-
lieved that the improved composted surface model has good
potential for incorporation into inversion models for the deter-
mination of the surface currents fields from SAR images
(Romeiser et al., 1994; Romeiser & Alpers, 1997).

In the M4S source code, radar signatures in the presence of
spatially varying surface currents would be calculated by comb-
ing with the wave spectra, which were computed from the equa-
tion of wave action balance, and the radar parameters inputted.

4 SAR INVERSION MODEL

Alpers and Hennings has concluded that the relative NRCS
of internal wave SAR images was linear proportional to the
surface currents gradients, and the AH linear theory can be read
(Hughes 1978; Alpers & Hennings, 1984; Alpers, 1985).
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where Ac® =0%-03, 6% is the NRCS of ocean surface,

0'8 is the NRCS of sea surface background, A is a coefficient

related to the wind speed and wind direction, ¢ is the relative
angle between the internal wave propagation direction and
radar direction, C=Acos’¢.

The inversion model starts with an initial guess set of pa-
rameters. According to Eq.(2), the relative NRCS of internal
wave profile in SAR images is linear proportional to the surface
currents gradients, so the first guessed surface currents could be
estimated from the NRCS of ocean internal wave profile. Here
the initial mean current speed is given by the current model.
Radar parameters and initial wind information obtained from
the national centers for environmental prediction (NCEP) re-
analysis wind data are also fixed inputs the M4S model, then the
signals induced by the oceanic internal wave can be simulated.

The wind speed and the internal wave surface currents gra-
dients are modified using the dichotomy method step by step,
which means refinement of the estimates is done at each itera-
tion until the best match achieved between SAR image signal
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observations and M4S model simulated results. Finally, the
wind speed and the surface currents can be retrieved, and also
the final parametric values are then the best-fit surface currents
and wind parameters. During this procedure, the right chosen
initial wind speed and the coefficient of velocity gradient will
speed up the convergence rate of iterative simulation.

Fig. 1 gives the flowchart of ocean internal wave surface
currents retrieved from SAR image based on M4S model.
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Fig. 1 Flowchart of internal wave surface currents retrieved from

SAR image based on M4S
5 SAR INVERSION RESULTS

5.1 Caseone

Fig.2 (a) shows the ERS-2 SAR image with ocean internal
wave features of elongated bright and dark features in the
north-west area of Pratas Island. It was acquired at 10:00 on
October 2, 2000 (BJT). The pixel size of the image is about
12.5 m and the radar wavelength is 5.66 cm. The data line A-B
taken from Fig.2 (a) represents the NRCS profile of the internal
wave SAR image, which is the solid line in Fig.2 (b).

The initial guess set of parameters such as local wind direc-
tion and speed in this area could be obtained from NCEP re-
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analysis wind data, also the wind speed could be retrieved from
SAR image. The initial values of the surface current gradients
and ocean internal wave surface currents could be estimated by
Eq.Q2).

In the line data A-B iterative inversion, the initial wind di-
rection at the imaging time is about 68.46° and based on daily
averaged NCEP reanalysis wind data the wind speed is about
2.77m/s. The coefficient of currents gradient C related to the
wind speed and wind direction estimated is about 0.0007.
Parameters related with the radar are known, e.g., the incidence
angle of radar is 20.15° and then fixed inputs the M4S model.

After 17 iteration steps, the final wind speed is 1.29m/s and
the coefficient of currents gradient C is 0.000282 respectively.
The retrieved internal wave surface currents is also seen in
Fig.2 (c). Here, both the simulated signal of internal wave,
which is the dashed line in Fig.2 (b), and the NRCS in SAR
image has the correlation coefficient 92.3%, indicating the
ocean internal wave simulated signals compared favorably with
the observed NRCS in SAR images and this inversion method
is convergent and applicable.

5.2 Casetwo

Fig.3 (a) also shows the ERS-2 SAR image with ocean in-
ternal wave features in the near area of Pratas Island. It was
acquired at 22:00 on June 23, 1998 (BJT). The pixel size of the
image is about 12.5 m, the radar wavelength is 5.66 cm and
incidence angle of radar is about 21.65°. Also, the data line
M-N taken from Fig.3 (a) represents the profile of the internal
wave SAR images, which is the solid line in Fig.3 (b).

In the line data M-N iterative inversion, the initial wind di-
rection at the imaging time is about 150.75° and the wind speed
is about 1.98m/s, but the coefficient of currents gradient C is
initially fixed as 0.0007.

After 10 iteration steps, the final wind speed is 2.15m/s and
the coefficient of currents gradient C become 0.000888. The
retrieved internal wave surface currents is seen in Fig.3 (c).
Here, the simulated signal of internal wave, which is the dashed
line in Fig.3 (b), and the NRCS in SAR images has the correla-
tion coefficient 93.8%. This result further validates that this
method of retrieving internal wave surface currents from SAR
image is convergent and applicable.

[ )

(©

o A A
0 500 1000 1500 2000 2500 3000 3500
A X/m B

et

(a) ERS-2 SAR images obtained at Oct. 2, 2000 and the NCEP wind field; (b) The profile of internal wave SAR image (solid line)

and simulated (dashed ling); (c) Internalwaye surface currents retrieved from SAR image
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Fig.3 (a) ERS-2 SAR images obtained at 23 Jun. 1998 and the NCEP wind field; (b) The profile of internal wave SAR image (real line)
and simulated (dashed line); (c) Internal wave surface currents retrieved from SAR image

5.3 Case three

Fig.4 (a) shows the ocean internal wave ERS-2 SAR image,
which was acquired at 22:00 on April 22, 1998 (BJT). The data
line P-Q taken from Fig.4 (a) represents the profile of the in-
ternal wave SAR images, which is the solid line in Fig.4 (b).

In the line data P-Q iterative inversion, the initial wind di-
rection is about 149.67° and the initial wind speed is about
2.36m/s based on daily averaged NCEP reanalysis wind data,
and the initial coefficient of currents gradient C is also fixed as
0.0007. The incidence angle of radar is 26.35° and other pa-
rameters related with the radar are fixed inputs the M4S model.

After 15 iteration steps, the final wind speed 1.92m/s and the
coefficient of currents gradient C 0.000356 were calculated.
The retrieved internal wave surface currents is also seen in
Fig.4 (c). Here, the simulated signal of internal wave, which is
the dashed line in Fig.4 (b), and the NRCS in SAR images has
the correlation coefficient 95.8%, which is much better than the
correlation coefficient of the two previous cases.

6 CONCLUSIONS

Method for retrieving internal wave surface currents from
SAR image is introduced based on the ocean internal wave
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SAR imaging mechanism and M4S model. The convergence
and applibility of this method are tested by correlation coeffi-
cient between both the simulated signals and internal waves
SAR images.

Its applications to three ERS-2 SAR images indicate that,
despite having some differences between the internal wave
SAR images and simulated signal at the last inversion iteration,
the simulated internal wave signal is consistent with the internal
wave SAR image. The correlation coefficients are up to 90%,
which mean that this method is convergent and applicable.
Therefore the accurate surface currents of internal waves can be
obtained from SAR images. This measure can be applied to any
internal wave case under any stratification and any water depth
without assuming the dynamical model of the ocean internal
waves.
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Fig. 4 (a) ERS-2 SAR images obtained at 22 Apr. 1998 and the NCEP wind field; (b) the profile of internal wave SAR image (real line)
and simulated (dashed line); (c) internal wave surface currents retrieved from SAR image
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