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Abstract

The parameter inversion of internal solitary waves (ISWs) based on optical remote sensing images is a key work. A
new approach is proposed and demonstrated for simulating the optical remote sensing images of ISWs with a
smooth surface in the laboratory. An optical remote sensing simulation system used to detect ISWs is constructed
by a two-dimensional ISW flume, a LED (light emitting diode) light source and two CCD (charge coupled device)
cameras. The optical remote sensing images of the horizontal surface and ISWs propagation images of a vertical
side are detected simultaneously, which aims to explore the response of optical remote sensing corresponding to
ISWs with the smooth surface. The results show that during the propagation of ISWs, dark pattern images are
obtained by CCD 1 camera. The characteristics of the dark patterns vary along with the incident angle of the light
source. The characteristic parameters of the optical remote sensing images correspond to the wave factors of
vertical profiles. The experiment also shows a positive correlation between the dark pattern width and the half
wave width under different amplitudes of ISWs. The system has the advantages of clear phenomenon and high
repeatability, which provides the scientific basis for quantitative investigation on imaging mechanism of ISW by
optical remote sensing.
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1  Introduction
The internal solitary wave (ISW), occurring in the density

stratified sea water, will lead to the roughness and the slope of
the sea surface during the propagation process. Convergence
zones and divergence zones of a sea surface wave will be formed
under the influence of the capillary wave from the sea surface
wind field. Hence the ISW will display as light-dark patterns on
optical remote sensing images. In recent years, China has
launched a series of optical remote sensing satellites such as GF-
1, GF-2 and GF-4, providing abundant observational data with
high spatio-temporal resolution and multi-spectral source to de-
velop new approaches for the detection of ISWs. Currently, the
optical remote sensing images are mainly used to detect and es-
timate the spatial and temporal distributions of ISWs (Cho et al.,
2016; Cai et al., 2014). In contrast, the parameters inversion of
ISWs based on optical remote sensing are relatively rare. Never-
theless, the parameters extraction from the optical remote sens-
ing images, including the amplitude, half wave width, and
propagation velocity of ISWs, are of great significance in oceano-
graphy. In this work, a series of experiments were performed in a
two-dimensional flume to investigate on the optical remote sens-
ing images of ISWs with the smooth surface, which provide an
elementary reference on imaging mechanism of ISW by optical
remote sensing.

At an early stage, Cox and Munk (1954) collected the aerial
photographs of sun glitter, quantitatively measured a sea surface

roughness. The obtained statistics of a radiance and slope prob-
ability distribution laid a theoretical foundation for the optical re-
mote sensing imaging mechanism. On the basis of the Cox-Munk
model, Melsheimer and Keong (2001) studied the change of a sea
surface convergence and divergence under different zenith
angles and sensor receiving angles, further discussed the optical
remote sensing imaging mechanism of ISW. Jackson and Alpers
(2010) introduced the concept of the sensor critical angle in op-
tical remote sensing. When the geometric imaging changes
through the critical angle, surface features experience brightness
inversion. According to a large number of optical remote sensing
images (Alford et al., 2015; Cai et al., 2011; Yang et al., 2017; Wang
et al., 2013) and field experiment results (Alford et al., 2010;
Huang et al., 2014), combined with numerical simulation model-
ing (Bourgault et al., 2016; Hsieh et al., 2016), wave parameters
such as the amplitude of ISWs in the South China Sea had been
calculated (Song et al., 2010; Wang et al., 2012), but deviations
still exist. Because optical remote sensing is affected by clouds,
sea conditions, relative position between the sun and the sensor,
it is difficult to match images and field experiments, which brings
numerous obstacles to research work. Therefore, a new ap-
proach was brought out to simulate the optical remote sensing
images of ISWs with the smooth surface in the laboratory.

In recent years, research methods on the generation and
propagation of ISWs in the laboratory have also been mature.
The main focus for scholars is on exploring the generation mech-  
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anism, propagation and dissipation of ISWs by using the particle
image velocity (PIV) method (Dossmann et al., 2016). Chen
(2012) surveyed the terrain, the incident angle and sensitive
parameters of ISWs, with the combination of field data and kin-
ematics theory. To further understand the generation, propaga-
tion and dissipation of ISWs, a real marine environment was sim-
ulated in a flume system. Kodaira et al. (2016) studied applicabil-
ity of different models for ISWs in a two-layer free surface fluid
system with silicone oil and water. The strong nonlinear MCC-FS
model was better than the weakly nonlinear KdV model to de-
scribe the large amplitude ISW. The resonance mechanism
between a short surface wave and the ISW propagated at the two-
layer fluid interface was also presented. These experiments ex-
plored the generation and propagation of ISWs in the flume,
which laid a good foundation for our work. Therefore, experi-
mental investigation on the optical remote sensing images of
ISWs with a smooth surface is conducted. The dark pattern im-
ages in the horizontal view and wave factors in the vertical view
are simultaneously measured. The characteristics of the optical
remote sensing images of ISWs were investigated.

The optical remote sensing images are influenced by the
cloud, the sea condition and the relative position of the sensor
and the sun. The experimental investigation on the detection of
ISWs by optical remote sensing in the laboratory aims at explor-
ing the relationship between the optical remote sensing paramet-
ers and ISW factors. The main contents of this paper are organ-
ized as follows: Section 2 presented the details of an experiment
system. A LED (light emitting diode) surface light source was
used to simulate the parallel beams of the sun. A gravity collapse
method was used to generate ISWs in a two-layer water. Two
CCD (charge coupled device) cameras were designed to record
the horizontal and vertical information during the propagation of
ISWs. Section 3 presented collected image data. The relationship
between the dark pattern width and the half wave width was ex-
plored. The change of the dark patterns with different incident
angles was also analyzed. The conclusions were presented in
Section 4.

2  Experimental setup
The process of detection of ISWs by optical remote sensing

can be assigned as two steps. First, the tilt of the sea surface is in-
duced by the propagation of ISWs in the pycnocline. Then the
convergence and divergence of surface capillary waves are mod-
ulated, bright and dark stripes are recorded on the optical re-
mote sensing images. In this work, an experimental setup is de-
signed to investigate the mechanism of the optical remote sens-
ing response of ISWs with the smooth surface, corresponding to
the first step mentioned above, which indicates that there is no
capillary wave effect resulting from the surface wind field. The
experimental system is designed and shown in Fig. 1. The white
LED surface light source was severally placed at the right end of
the flume. The quasi-parallel beams emitted by the LED source
can be seen as sunlight incident on the sea surface. Two CCD
cameras are arranged on the top and side of flume center, re-
spectively. The images of free surface changes caused by ISWs
are taken by the CCD 1, equivalent to the role of the real optical
remote sensing cameras. The propagation process of ISWs was
captured by the CCD 2. When two fields of view are arranged
overlap exactly, the relation between surface and vertical fea-
tures induced by the propagation of ISWs can be found.

The size of flume in this experiment is 3 m×0.15 m×0.3 m. In a
vertical two-cylinder tank, 0.998 g/cm3 pure water and fixed
density of 1.082 g/cm3 saline water were prepared, respectively.

The water was put into the narrow two-dimensional flume slowly
with a peristaltic pump. Stable upper and lower layers are formed
to simulate a two-layer fluid ocean structure. The thickness of the
upper layer is h1=5 cm, the thickness of the lower layer is h2=
17 cm. In the generation area of ISWs, a collapse baffle was
placed at 20 cm away from the left side of the flume. The bottom
of the flume was connected. The upper layer water was injected
on the surface until the collapse height reached a set value. ISWs
with different amplitudes are generated by different collapse
heights. Meanwhile, the sponge was applied to removing the
noise signal of the surface wave generated by movement of the
baffle, which was placed on the right side of the baffle and the
flume. When the collapse baffle was lifted rapidly and vertically,
two layers water with different gravitational potential energies
mixed quickly. An eddy was generated at the boundary between
the upper and lower layers of water, transformed into ISWs and
moved forward. Four groups of experiments with different wave
collapse heights δ=8, 10, 12 and 14 cm, were performed. The raw
photographs of the setup and the ISW in the two-layer water are
shown in Fig. 2. The ruler was used to visually observe the vertic-
al displacement of ISWs when they pass through the field of view.

The resolution of the CCD camera is 1 920×1 080 pixels. The
field of view is 57 cm which indicates that each pixel represents
0.03 cm. The sampling frequency of these two CCD cameras is 50 Hz.
The incident angles (θi) of light source are 60°, 45° and 30°. The
receiving angle (θr) of the top CCD camera is 30°.

3  Results and discussion

3.1  Dark patterns on optical remote sensing image
CCD images were obtained as the simulated optical remote

sensing images to reveal the variation of the water surface. The
water in the flume, whose initial state is regarded as a smooth
surface, will tilt its surface because of the ISW, which finally be-
come the dark patterns on the simulated optical remote sensing
images. A linear time series sampling method is adopted to data
processing, as shown in Fig. 3, where Lines ab and cd represent
the vertical and surface sampling lines of two CCD images dur-
ing the propagation of the ISW, respectively.

In the case that δ=8 cm and θi=60°, the first 3 000 images of
these two CCD cameras are recorded during the ISW propaga-
tion process. Figure 4 shows the sampling line within 1 min after
a linear time series sampling operation. Figures 4a and b show
the linear time series images of ISWs propagation and optical re-
mote sensing, respectively.

CCD 1

LED

CCD 2

baffle

 

Fig. 1.   The schematic diagram of simulation platform for the de-
tection on the optical remote sensing images of ISWs with the
smooth surface.
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The propagation of the ISW has been obviously observed on
the images derived from both CCD cameras. It must be pointed
out that the four ISWs in Fig. 4a are with two propagation direc-
tions owing to that the ISW turns back when hitting the silica wall

of the flume. Namely, No. 1 and No. 3 are the ISWs propagating
from left to right in the flume, and No. 2 and No. 4 are the ISWs
propagating in the opposite direction. x axis represents time
series (t). y axis represents the height (h) of ISWs vertical dis-
placement recorded by the CCD 2 camera, the unit is centimeter.
It can be seen from Fig. 4b, the dark patterns were obtained by
the CCD 1 camera during the propagation of ISWs. y axis repres-
ents the width (w) of the dark patterns. Figure 4 also shows the
coincidence between vertical displacements and patterns, which
demonstrates the availability of this experimental simulation.

The dark patterns are mainly caused by the propagation of
the ISW on the interface leading to a strong downward vertical
displacement and accompanied with a convex surface, as illus-
trated in Fig. 5. The quasi-parallel beams are emitted by the LED
surface light source on the top right of the flume. The angle
between the ray and the vertical normal line is defined as the in-
cident angle θi. The light is reflected by the free surface of the
two-layer structure water and received by the CCD 1 camera. If
the ISW propagates on the interface, a bulge is formed on the free
surface. The direction of the specular reflected light changes, res-
ulting in a reduction in the light power received by the CCD 1
camera and forming the dark patterns. Therefore, the dark pat-
terns are formed on the optical remote sensing images when the

 

Fig. 2.   The raw photograph of the experimental setup and the ISW in the two-layer water obtained by CCD 2 camera.
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Fig. 3.     The schematic diagram of linear time series sampling
line.
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Fig. 4.   The linear time series image of the ISW propagation (a) and the linear time series images of optical remote sensing (b).
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ISW propagates through the field of view, which correspond to
the vertical displacement.

3.2  Extraction of the dark pattern characteristic parameters and
ISW factors
The experimental parameters, including the amplitude,

wavelength, and half wave width of ISWs were extracted by the
enlarged linear time series images taken by the CCD 2 camera, as
show in Fig. 6. Lines ef, fg, hi, and jk in Fig. 6 represent the thick-
ness of the upper layer (h1) in the flume, the amplitude (A) of
ISW, the wavelength (λ), and the wave width (two times as long as
the half wave width L).

In this step, a gray profile curve was obtained by calculating
the mean value difference between the middle part and the edge
part of the patterns to minimize the background interference.
The dark pattern width can be obtained. The results mentioned

above and the corresponding linear time series images of the
CCD 1 and the CCD 2 are shown in Fig. 7.

The dark pattern width (D) is defined as the width of the pro-
file where the gray value decreases into half of the maximum, as
Line mn shown in Fig. 7c. y axis represents the relative gray value
difference of the dark patterns. Then the amplitude, the half wave
width and the dark pattern width during the propagation of the
ISW were calculated, as listed in Table 1. The experimental data
in Table 1, shows that the amplitude decreases, the half wave
width becomes larger and the corresponding dark pattern width
becomes wider with the propagation of the ISW, which indicat-
ing the dramatic energy dissipation of the ISW.

3.3  The relationship between dark pattern width and half wave
width
In order to further investigate the relationship between the

dark pattern characteristic parameters and the wave factors on
the simulated remote sensing images, the other four groups of
experimental data with different collapse heights were extracted
by the similar process with Section 3.2. The contents below
mainly focus on the relationship between the dark pattern width
of ISWs and the corresponding half wave width.

First of all, the synchronous linear time series of two CCD
cameras are selected to calculate the calculative dark pattern
width and the corresponding half wave width of them. The res-
ults, a series of scatters, are exhibited in Fig. 8 and sorted by the
collapse heights.

Then the linear fitting for the scatters in Fig. 8 is carried out to
get the quantitative results. It is noticed that the scattered points
are relatively concentrated around the fitting line. The half wave
width of ISWs and the dark pattern width are approximately pos-
itive correlated. When δ=8, 10, 12 and 14 cm, the corresponding
absolute value of slope (KD-L) are 1.83, 2.01, 1.40 and 1.13. The
linear correlation coefficients are 0.64, 0.63, 0.75 and 0.70, re-
spectively.

In order to describe the more accurate relationship among
the parameters, reduce influence of the boundary layer thickness
and interaction between the wave and the inner wall of the
flume, the parameters of ISWs were investigated in terms of dif-
ferent collapse heights. So the experiment in this paper explored
the relationship between the half wave width and the dark pat-
tern width under all collapse height conditions, as shown in Fig. 9.

Figure 9 presents the connection between the half wave width

CCD LED light source

θi θi

CCD
LED light source

internal solitary wave

 

Fig. 5.   The schematic diagram of the received signal intensity of the CCD.
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Fig. 6.   Parameters extraction on the image of ISW propagation.
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of ISWs and the dark pattern width. x axis of the fitting curve rep-
resents the half wave width L of ISWs. y axis represents the dark
pattern width D. It can be seen that scattered points of the dark
pattern width and the half wave width are concentrated a straight
line with a positive slope, the fitting result is

D = 1:34L :

The linear correlation coefficient is 0.72. Therefore, the propor-
tional relationship between the dark pattern width and the half
wave width is positive. The equation laid a foundation for the
parameters inversion of ISWs by optical remote sensing.

3.4  Influence of incident angle of light source on dark patterns
The structure of two-layer water and receiving angle θr of the

CCD 1 camera remains unchanged. When the wave collapse

height is δ=8 cm, the incident angle of the light source is changed
to θi, 1=60°, θi, 2=45° and θi, 3=30°. The first 3 000 images of the CCD
1 were recorded. The sampling line corresponding to 1 min time
series images is shown in Fig. 10.

Comparing the three illustrations in Fig. 10, it can be visually
found that as the incident angle of the light source decreases
gradually, the dark patterns become more clearly and easily dis-
tinguishable. The absolute values of gray scale based on the dark
patterns of the optical remote sensing images were calculated, as
listed in Table 2. With the decreasing of the incident angle, the
contrast ratio of the dark patterns to background on the optical
remote sensing images increases. When the absolute value of the
gray difference continues to increase, the signal is more promin-
ent. The dark patterns are most clear when θi, 3=30°.

4  Conclusions
In conclusion, this paper represents a new approach to simu-

late the optical remote sensing images of ISWs with the smooth
surface in the laboratory.

In the novel experimental simulation system, ISWs are gener-
ated in a narrow two-layer fluid flume by a gravitational collapse
method. Two CCD cameras, fixed on the side and top of the
flume, respectively, can simultaneously observe and record the

Table 1.   Characteristic parameters of ISW
No. 1 ISW No. 2 ISW No. 3 ISW No. 4 ISW

A/mm 37.65 32.35 27.35 21.76

L/cm 22.78 27.71 29.56 29.97

D/cm 53.78 54.19 62.81 66.50
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Fig. 7.   Linear time series images of CCD 1 (a) and CCD 2 (b), and the relative gray level profile curve on the optical remote sensing
image (c).
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vertical and horizontal signal response of ISWs. Then the recor-
ded optical images were processed in a linear time series way. In
addition, the amplitude, the half wave width, and the dark pat-
tern width are extracted and calculated.

Experimental research in this work can be summarized as fol-
lows: (1) During the propagation of ISWs, the dark patterns are
obtained by the top CCD camera. The mutual responses between
the characteristics of the optical remote sensing images and im-
ages of the ISWs propagation prove the validity of the simulated
detection on ISWs signal using optical remote sensing; (2) On the
basis of experimental data of the smooth surface, the relation-
ship between the dark pattern width and the half wave width is
D=1.34L. The results show that the dark pattern width on the op-
tical remote sensing images is positively correlated with the half
wave width; (3) With the decreasing of incident angle of the light
source, the relative gray value difference of the signal received by
the CCD 1 camera is increasing, which indicates that when the

contrast of the dark patterns to background increases, the amp-
litude inversion of ISWs is more accurate. When the incident
angle of the light source is equal to the reflection angle, the dark
patterns on the simulated optical remote sensing images are
most clear. This work may provide a quantitative reference on
parameter inversion of ISWs with the smooth surface by optical
remote sensing. But the problem of the optical remote sensing
simulation is not completely solved. After the wind field is added,
the convergence and divergence of the surface capillary waves
are generated, the more complex optical remote sensing imaging
relationship between the pattern distance and the half wave
width of ISWs may be obtained by experiment. Then the para-
meter inversion equation in the laboratory can be used in real
ocean ISWs and remote sensing images based on the Reynolds
criterion. The light-dark patterns are induced by ISWs in a sur-
face wind field, which is more similar to the real ocean, will be
the next step of our research.
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Fig. 8.   The relationship between dark pattern width and half wave width of ISW.
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Fig. 9.   The relationship between the dark pattern width and the half wave width of ISWs under different collapse heights.
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