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Abstract : Subsurface Internal Waves ([Ws) can be detected in satellite images as periodic alternating
brighter/darker stripes. It is known that there are two types of IWs - depression type and elevation type -
depending on the water depth in stratified oceans. In this study, we have quantitatively verified the process
of converting polarity from depression waves to elevation waves using ERS-2 SAR image acquired over the
northern South China Sea. We simulated the evolution of IWs near a tuming point with a numerical model
for internal wave propagation. The simulation results near the tuming point clearly showed us not only a
conversion process of [Ws from depression to elevation waves, but also a similar wave pattern with the
observed SAR image. We also simulated SAR intensity variation near the turning point. The upper layer
currents were computed at regular intervals using the numerical model, as the IWs were passing through the
turning point. Then, an integrated hydrodynamic-electromagnetic model was used for simulating SAR
intensity profiles from the upper layer currents. The simulated SAR intensity profiles were compared with

the observed SAR intensities.
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1. Introduction

Oceanic internal waves (IWs) can be detected in
satellite images as periodic alternating brighter/darker
stripes because the local currents induced by the IWs
modulate the sea surface capillary and short gravity
waves into rougher and smoother zones (Alpers,
1985). It is known that there are two types (or
polarities) of IWs - depression type and elevation type -

depending on the water depth and the thermocline
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depth. When IWs propagate from deep water into
shallow water, the interface displacement of the IWs
can be changed from downward (depression) to
upward (elevation). This polarity conversion process
happens in shallow water after they pass through a
turning point where the upper and lower layer depths
are approximately equal. If the upper layer (mixed
layer) depth is thinner than the lower layer (bottom
layer), only depression IWs can be evolved, whereas, if

the upper layer depth is thicker than the lower layer,
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the elevation IWs can be evolved. Both polarities of
IWs have been observed in synthetic aperture radar
(SAR) images (Liu ef al., 1998), and the conversion of
an IW from one polarity (depression type) to the other
(elevation type) has also been observed using visible
(SPOT) imagery (Zhao et al., 2003). Furthermore trials
for estimating stratification parameters of two-layered
ocean, such as mixed layer depth, from the polarity
conversion of IWs were carried out by assuming that
the upper layer depth is half of the local total depth at
the location of converting polarity (Zhao ef al., 2004).
However, the conversion process of IWs occurs
continuously in the vicinity of the turning point where
upper and lower layer depths are approximately equal
(i.e., it spreads out over a relatively wide range). Thus
it is difficult to pinpoint the location where the upper
and lower layer depths are exactly equal. In addition, a
quantitative validation of the polarity conversion
process using satellite images has not yet been done. In
order to solidify the conversion process of IWs through
satellite images, the satellite intensity variations should

be directly compared with the simulated intensity

variations induced by the transformation of waveform
during the conversion process.

In this paper, we present a new SAR observation
of this process and a more detailed quantitative
analysis of the process of converting polarity from
depression waves to elevation waves using ERS-2
SAR imagery acquired over the northern South China
Sea. We use a nonlinear internal wave model to
predict the surface currents, coupled with a wave
action equation to the short surface wave interactions
with the internal wave currents and a two-scale radar

backscatter model to predict the SAR signatures.

2. Study area and SAR observation

The study area is the northern South China Sea
(SCS). It is well known that many IWs are observed
in this area and most of them are propagating
westward or north-westward. We have focused on the
continental shelf area around DongSha Island (Figure
1). One interesting ERS-2 SAR image was taken at

v
ey
-3

E1168

E120°

Figure 1. Study area. The ERS-2 SAR coverage area is indicated by the box.
Bathymetry map was superimposed on this image. The depth contours
were depicted with 1000 m interval.
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Figure 2. ERS-2 SAR image acquired at 0245 UTC on August 22, 2005.

0245 (UTC) on August 22, 2005, as part of the ONR
Non-Linear Internal Waves Initiative (NLIWT)
project. The SAR image clearly shows IWs
propagating west-northwestward. One can also
observe that the signature of the first leading TW
varies from the lower part to the upper part of the
image (Figure 2). While the IW in the lower part of
the image shows a narrow bright stripe followed
immediately by a broader dark stripe, the IW in the
upper part of the image shows that the brighter stripe
becomes broader and fades out, and the dark stripe
behind it becomes narrower and stronger and is
followed immediately by multiple bright and dark
stripes. We believe that these variations of IW
signature reflect a change in shape and polarity of the
IW as it propagates into shallower water.

In general, the polarity of IW (depression or
elevation) depends on the water depth relative to the
thermocline or mixed layer depth. In the case of
depression type of IWs, due to the concave shape of
the waveform, the front face slope of the waves is
accompanied by downward currents resulting in a
convergence zone at the sea surface, while on the rear
face there are upward currents resulting in a

divergence zone. The interaction of surface waves

with these currents cause an increased roughness in
the convergence zone and create a brighter stripe in
the SAR image, while the smoother surface in the
divergent zone creates a darker stripe in the SAR
image. In the case of elevation types of IWs, this
pattern is reversed, with a darker stripe on the front
face and brighter returns on the rear face (Liu et al.,
1998). However, these patterns may not always
occur, for example in areas where surface slicks or
films are abundant such as coastal zones (da Silva et
al., 1998). We believe that the IW in the lower part of
the image (labeled as A) represents the depression-
type IW, and the IW in the upper part of the image
(labeled as B) shows evidence of the wave’s
conversion process from depression to elevation,
because the brighter stripe is starting to fade out and a
darker stripe followed immediately by a new brighter
stripe is starting to appear. The variation of
bathymetry in this area also supports this
interpretation (Figure 2).

Since the water depth at B is shallower than at A,
the IW is expected to change polarity earlier at
location A than at location B. Therefore, we can
transform the spatial variations of the IW from A to B

into the temporal evolution of the IW as it propagates
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into shallower water. In this study, we have attempted
to verify this interpretation by combining numerical
models for IW propagation with wave-current

interaction and radar backscatter models.

3. Simulation of conversion process

1) Numerical simulation of IW propagation

In order to simulate the propagation and the
evolution of IWs over variable bathymetry, we
employed a two-layer fluid system with the upper
layer depth being constant and the lower layer depth
being variable (Figure 3). To make the simulation
results applicable to real oceanographic situations, the
varying bathymetry corresponding to the study area
was taken from the global seafloor topography of
Smith and Sandwell (Smith and Sandwell, 1997), and
the water densities of the upper and lower layers (0
and p) were taken from representative values in the
summer season. The initial amplitude of the IW (179 at
x=86100m) was calculated from the upper and lower
layer depths (51 and /), the density difference (Ap),
and the characteristic half width (A) by assuming it is
in deep water and follows the KdV equation, i.e.,
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Figure 3. Two-layer fluid system for numerical model simutation.
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where, ¢ is the linear phase speed, @ and f3 are
coefficients of quadratic nonlinearity and dispersion,
respectively. The characteristic half width was
estimated from the SAR image through the peak-to-
peak method as proposed by Zheng et al. (2001). For
the numerical simulation of IW propagation, we used
the Lynett and Liu model (Lynett and Liu, 2002).
This model was checked with known analytical
solutions and, qualitatively, with satellite images
taken over the Strait of Gibraltar and near DongSha
Island. Figure 4 shows how the IW waveforms
evolve as they are passing trough a turning point
(which corresponds to the light blue area in Figure 3).

One can clearly observe a conversion of the IW from
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Figure 4. Numerical simulation for IW propagation.
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depression to elevation wave. As it propagates
westward, the front face slope becomes gentler and
broader, and the rear face slope becomes steeper.
Elevation waves then start to appear behind the
original IW with the rear face of the original
depression wave becoming the front face of the
newly formed elevation wave. We have extracted the
upper layer velocities corresponding to the A and B
positions based on the water depth.

2) SAR intensity predictions and
comparisons

Having calculated the internal wave currents, we
then predicted the SAR intensities using a combined
wave-current interaction model and radar
backscattering model. The wave-current interaction
model is based on the action balance equation
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where N is the action spectral density, C, is the group
velocity, U is the surface current, and k is the
wavenumber of the ocean surface waves. The
quantity S on the right-hand side of the equation is the
net source function which accounts for wind input
and wave energy dissipation. The radar backscatter is
calculated using the two-scale (tilted Bragg) model.
There are several well-known and well-validated
models for these purposes. In this study, we adopted
the model described in Lyzenga and Bennett (1988)
for numerical simulation of SAR imaging.

The wave-current interaction model requires the
sea surface wind speed, wind direction and spatially
varying surface currents as inputs. The wind speed
was estimated from background SAR intensity using
a CMOD4 wind retrieval model (Stoffelen and
Anderson, 1997), and the wind direction was taken
from QuikScat data measured at the nearest time of
SAR data acquisition (Remote Sensing Systems).
The SAR background intensity (approximately -

10dB) corresponds to an estimated wind speed from
2 to 3 m/s depending on the angle of incidence (the
incidence angles of A and B positions are 24.3° and
22.8°, respectively). We have chosen 2.5 m/s as the
average wind speed and 45°T as the wind direction.
For the spatially varying surface current, we used the
depth-averaged horizontal velocities in the upper
layer obtained from the numerical model as described
in Section 3-1. We also defined a coordinate system
for the numerical model prediction, with the x-axis in
the direction opposite to the IW propagation
direction. The input parameters such as the wind
direction and radar look direction were computed
relative to this coordinate system. The resulting
predicted SAR intensities (Normalized Radar Cross
Section; NRCS) from the numerical simulation
model are shown in Figure 5 (dotted line). The

calculations were performed for C-band VV-
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Figure 5. Predicted NRCS at A (upper) and B (lower) positions.
Solid lines were predicted with a recent ocean wave
spectrum (Lyzenga, 2004).
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polarization (as has the ERS-2 SAR). Improved SAR
intensity predictions with a recent ocean wave
spectrum (Lyzenga, 2004) derived from CMOD4
model function were also shown in Figure 5 (solid
line). This model prediction shows a good agreement
with observed background SAR intensity.

For comparison, the observed SAR intensity
profiles at A and B positions were shown in Figure 6.
Although the magnitades of predicted modulation are
smaller than the observed values from SAR image,
the shapes of the predicted modulations agree fairly

well with the observations. Therefore, we can
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Figure 6. Observed SAR intensities at A (upper) and B (lower)
positions.

confirm that the variation of IWs observed in the
ERS-2 SAR image is showing the conversion process
from depression to elevation wave, and we could
locate the exact position where the upper and lower
layer depths are equal (this can be used for estimating
the thermocline depth) by transforming the spatial
variations of the IW into the temporal evolution of the
w.

4. Discussions and Conclusion

As shown in Figure 5 and 6, the magnitudes of
NRCS modulations predicted from the numerical
simulation model are underpredicted. We think the
determination of the TW amplitude from the width of
SAR intensity variation may not work in this case,
because most measurements in the South Chian Sea
indicated higher TW amplitudes than we estimated.
We also think this is due to the failure to include
important terms in the source function of the action
balance equation, such as nonlinear wave-wave
interactions which transfer energy from longer waves
to shorter wavelengths that influence radar
backscatter. Inclusion of wave-wave interactions in
action balance equation will be considered in future
work. '

Although the degree of modulation predicted from
the numerical models are smaller than the observed
values from SAR image, the shapes of the predicted
modulations agree fairly well with the observations. It
verifies that the variation of IWs observed in the
ERS-2 SAR image is showing the conversion process
from depression to elevation wave. The numerical
simulation results also make it possible to pinpoint
the location where the upper and lower layer depths
are equal, from the conversion process of IWs in the

vicinity of the turning point.
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