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Key Points:

e The differences and quantitative relationships between internal solitary wave surface
features in optical and SAR images were explored

e The laboratory experiments revealed a consistent quantitative relationship with the
remote sensing results

e The free surface displacement induced by internal solitary waves was the cause of the

difference
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Abstract

Internal solitary waves (ISWs) induce convergence and divergence of sea surface currents,
manifesting as alternating bright-dark stripes in optical and synthetic aperture radar (SAR)
images. Although the relationship between ISWs surface features in SAR images and sea surface
currents has been extensively explored, it hasn’t been clearly quantified in optical images. This
study contrasts surface features of the same ISWs using optical and SAR images with short time
intervals, and statistically analyzes the 450 ISW stripe widths determined by the distance
between the brightest and darkest points in the image. The results demonstrate that ISW surface
features in optical and SAR images differ, with the stripe widths of SAR images being 0.83 times
those of optical images. Laboratory experiments simulating surface features in optical and SAR
images exhibit a consistent quantitative relationship with remote sensing results, and this

difference is primarily attributed to the free surface displacement induced by ISWs.

Plain Language Summary

Internal solitary waves (ISWs) are common mesoscale oceanic phenomena that are widely
distributed across the world’s oceans. ISWs induce changes in sea surface currents, modulating
surface waves and creating rough and smooth regions on the sea surface, which present
alternating bright-dark stripes in optical and synthetic aperture radar (SAR) images. The ISW
surface features in satellite images are related to the changes in sea surface currents induced by
ISWs. This relationship has been extensively explored in SAR images, but it hasn’t been clearly
quantified in optical images. This study utilizes the bright-dark stripe widths of images to
represent the ISW surface features. By comparing the stripe widths of the same ISWs in optical
and SAR images, differences in the surface features are revealed, with the stripe widths of SAR
images being 0.83 times those of optical images. Laboratory experiments simulating the surface
features observed in optical and SAR images demonstrate a consistent quantitative relationship
with the remote sensing results. Further experiments reveal that the free surface displacement
induced by ISWs is the cause of the differences in the ISW surface features between optical and
SAR images. This research provides support for broader quantitative applications of optical

remote sensing images.
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1 Introduction

Internal solitary waves (ISWs) are nonlinear internal waves that are present throughout
many marginal seas and are usually generated due to the nonlinear steepening of internal tides
(Ramp et al., 2010). These waves are characterized by large amplitudes (Huang et al., 2016),
short periods, and high velocities. ISWs have an important impact on material transport (Dong et
al., 2015; Schafstall et al., 2010), vertical mixing (Shroyer et al., 2010; Xu et al., 2012),
underwater acoustic transmission (Badiey et al., 2013; Duda et al., 2019) and the safety of
underwater vehicles (Gong et al., 2022; Wang et al., 2022) in the ocean.

As ISWs propagate through the ocean, they modulate the redistribution of microscale
waves on the sea surface, thereby changing the distribution of sea surface roughness, and thus
can be observed by satellite remote sensing. With the rapid development of satellite and sensor
technology, a large amount of satellite remote sensing data has been generated that can be used
to study the ISW spatiotemporal distribution (Sun et al., 2019; Wang et al., 2011), sources of
generation (Liang et al., 2022; Raju et al., 2019), and propagation evolution (Gao et al., 2018;
Sun et al., 2021) and reveal their interactions with the surrounding topography (Li et al., 2013;
Zhao et al., 2008). Compared with SAR remote sensing, optical remote sensing comes with the
advantages of high temporal resolution (Vanhellemont et al., 2014) and extensive spatial
coverage (Jackson, 2007), allowing for real-time observations of ISWs across global ocean
regions. Consequently, the widespread application of optical remote sensing images can provide
more data support for propagation evolution, in-situ data matching and prediction research on
ISWs.

The mechanism of remote sensing imaging is the basis of ISW remote sensing research,
and the imaging mechanisms vary among different remote sensing images. ISWs become visible
on SAR images because the convergence and divergence of sea surface currents induced by
ISWs modulate the surface wave spectrum and thus the normalized radar cross section (Alpers,
1985). The relationships between the ISW surface features in SAR images and sea surface
currents have been widely applied (Chen et al., 2011; Jia et al., 2019; Zheng et al., 2001). For
optical images, the imaging of ISWs is mainly due to the fact that ISWs modulate the surface
roughness which in turn modulates the sun glitter (the specular reflection of sunlight by suitably
tilted facets of the water surface into the sensor) pattern of the sea surface (Melsheimer & Keong,

2001). If the imaging geometry (i.e., the sun’s position in the sky, the sensor’s viewing direction)
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is suitable, ISWs can be observed in optical images (Jackson & Alpers, 2010). The signals
received by optical sensors are affected by wind speed (Cox & Munk, 1954), imaging geometry
(Jackson & Alpers, 2010), and cloud cover or aerosols. Consequently, it is difficult for the ISW
surface features in optical images to clearly and quantitatively represent the changes in sea
surface currents induced by ISWs.

The short revisit period of optical remote sensing makes it possible to find the same ISW
observed simultaneously by optical and SAR remote sensing images, allowing for exploration of
the differences in ISW surface features between optical and SAR images. Moreover, laboratory
experiments can simulate optical remote sensing imaging (Mei et al., 2019; Zhang et al., 2022)
and measure the surface velocity divergence corresponding to SAR remote sensing surface
features (Xu et al., 2023) to further investigate discrepancies in the ISW surface features.
Therefore, this study uses satellite remote sensing and laboratory experiments to explore the
differences and reasons for the ISW surface features in optical and SAR images and to determine
the quantitative relationship of the differences between the two. It is helpful to explore the
relationship between the ISW surface features in optical images and sea surface currents and can
better explain the optical remote sensing imaging mechanism of ISWs, which is crucial for the
more quantitative application of optical images.

The structure of the article is as follows: Section 2 introduces the methods used to extract
the ISW surface features in remote sensing images and the setup along with the technical
methods used for laboratory experiments. Section 3 presents the results of remote sensing images
and laboratory experiments. Section 4 discusses the reasons for the differences in the ISW

surface features, and Section 5 summarizes the full text.

2 Methodology
2.1 Satellite Remote Sensing

This study uses satellite remote sensing technology to collect optical and SAR remote
sensing images containing the same ISWs at similar times (see Figure S1 in the Supporting
Information S1). The optical remote sensing images include MODIS images with a spatial
resolution of 250 m and a swath width of 2330 km, and the SAR images include ASAR images
(in wide swath mode) with a spatial resolution of 150 m and a swath width of 400 km. MODIS
and SAR images were collected from 2003 to 2011 in the northern South China Sea and the
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Andaman Sea, and 14 pairs of MODIS and SAR images containing the same ISW features were
screened out; see Table S1 in the Supporting Information S1 for a detailed data list. Grayscale
profiles perpendicular to the ISW crest are extracted from satellite remote sensing images, and
the bright or dark stripes on satellite images manifest as positive or negative peaks on the profile.
The distance between the positive and negative peaks, i.e., the peak-to-peak (PP) distance, can be
extracted from the grayscale profile. In satellite images, the PP distance of ISWs is less affected
by winds in most cases than the signal intensity (Xue et al., 2013) and is related to the
characteristic half width of ISWs (Zheng et al., 2001). Therefore, the grayscale profile and PP
distance are chosen to represent the ISW surface features in remote sensing images.

All the remote sensing images were preprocessed for geometric correction and image
enhancement using the environment for visualizing images software (Meng et al., 2022). Due to
the large amount of coherent speckle noise in SAR images, the images are further processed by
Lee filtering (Lee, 1980). Depression-type ISWs manifest as bright and dark stripes, where bright
stripes are usually easier to recognize in SAR images. By analyzing the image intensity of the
ISW crest line and its surroundings, we can identify the brightest points of the image intensity
(the red points in Figure 1a), determine the bright stripe and propagation direction of ISWs (the
black arrow in Figure 1a), and then extract the grayscale profile of ISWs in reverse (Figure 1c).

After overlaying the MODIS images with the SAR images (Figure 1a), the corresponding
positions of the ISWs in the MODIS image are determined along the propagation direction of the
ISWs in the SAR image. By applying the same method as for the SAR images, the dark stripe of
ISWs in the MODIS image (the blue points in Figure 1a) is identified, thereby extracting the
grayscale profile of the ISWs in the MODIS image (Figure 1b). The difference in the distance
between the brightest and darkest points on the grayscale profile is the PP distance, which can be

expressed as

~ = max¢ )= minc (1)
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Figure 1. (a) Overlay image of SAR and MODIS; the SAR image was acquired at 02:16:23 UTC
on July 14, 2003, and the MODIS image was acquired at 03:00:00 UTC on July 14, 2003. The
insert is a magnified view within the black dashed box. The blue points are the darkest points of
the MODIS image, the red points are the brightest points of the SAR image, and the black arrow
is the propagation direction of the ISWs. (b) The average of all blue point grayscale profiles in
the MODIS image; the gray and blue lines represent the original and low-pass filtered results,
respectively. (¢) The average of all the red point grayscale profiles in the SAR image; the gray
and red lines represent the original and low-pass filtered results, respectively. The black dashed
lines in (b) and (c) indicate the horizontal positions corresponding to the maximum and

minimum values, respectively.

2.2 Laboratory Experiments

To investigate the differences in the ISW surface features between optical and SAR
images and their causes, we established an experimental system for simultaneously observing
ISWs using optical and particle image velocimetry (PIV) in the laboratory (a schematic diagram
is shown in Figure 2a). The tank is 6 m long, 0.25 m wide, and 0.5 m tall, where two layers of
fluid with thicknesses of 1 (upper layer) and , (lower layer) and densities of 1020 kg/m? and

1060 kg/m? are injected, respectively. The depth ratio of the lower and upper layers o/ varies
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from 3 to 9. The non-dimensional amplitudes (amplitudes/upper layer) ranged from 0.24 to 2.42,
see Table S2 in the Supporting Information S1 for detailed conditions.

The ISWs are generated by the gravity collapse method (Kao et al., 1985) using a
movable gate of the same width as the tank. A plane light source is positioned at the upper right
side of the tank instead of the sun as the radiation source. On the left side, a charge coupled
device (CCD) camera serves as an optical imaging sensor to record optical images of the surface.
The fluid is seeded with 40-pm-diameter tracer particles made of polystyrene and illuminated by
a laser (532 nm). The wave-induced velocity is measured by the particle image velocity (PIV)
(Thielicke & Stamhuis, 2014) (see Figure S2 in the Supporting Information S1). Another CCD
camera is placed in front of the tank to record the PIV images. Both CCDs record at a frequency
of 40 Hz. Considering the geometric angle of ISWs in MODIS images and the observation
limitations in the laboratory, the zenith angles of the sensor and the light source are set to 13.54°
and 17.62°, respectively, and the relative azimuth angle is 180°.

Figure 2b is the surface grayscale image recorded by CCD1, showing the dark and bright
stripes on the surface caused by ISWs. The grayscale profile (Figure 2c¢) is obtained from the
grayscale image, and then the ISW PP distance of the optical image in the laboratory is
calculated. Combining the weak hydrodynamic interaction theory and Bragg scattering theory,
the relationship between the normalized radar cross section (NRCS) in SAR images and surface

currents can be written as (Alpers, 1985; Jackson et al., 2013)
—=— — @

where A = — ( denotes the deviation of the NRCS intensity from its background value. A is
a constant that depends on the radar wavelength, incidence angle, and relaxation rate. ~ denotes
the velocities of surface currents (Figure 2d). This means that the PP distance of ISWs in SAR
images can be calculated from the divergence of surface velocities (Figure 2¢e) in the laboratory.

The PP distance of the SAR image in the experiment is expressed as

T )T )] )

where C denotes the propagation speed of ISWs.
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Figure 2. (a) Schematic diagram of the laboratory platform. (b) Optical surface grayscale image
recorded by CCD1. (¢) Optical grayscale profile curve; the gray and blue lines represent the
original and low-pass filtered results, respectively. (d) Surface horizontal velocity curve; the gray
and red lines represent the original and low-pass filtered results, respectively. (e) Surface
horizontal velocity divergence curve. The black dashed lines in (c) and (e) indicate the times

corresponding to the maximum and minimum values, respectively.

3 Results

This study analyzes 14 pairs of MODIS and SAR images with the same ISW features in
the northern South China Sea and the Andaman Sea. The undulating topography and the obvious
vertical stratification structure of seawater produce frequent ISW activity in these regions.

Depths vary widely, ranging from several hundred to several thousand meters, and different
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depths exhibit distinct stratification conditions, leading to variations in ISW characteristics.
Within the depth range of 110 to 1800 m, we extracted grayscale profiles and PP distances of
450 segment ISWs (see Figure S3 in the Supporting Information S1) to explore the differences in
surface features of the same ISWs on optical and SAR remote sensing images and the
quantitative relationship.

The grayscale profiles of the same ISWs on the MODIS and SAR images are normalized.
Taking the middle point between the brightest and darkest points of the grayscale profiles as the
corresponding point, the grayscale profiles of ISWs on different images are contrasted and
analyzed, as shown in Figures 3a, 3c, and 3e. A comparison of the other grayscale profiles is
shown in Figure S4 in Supporting Information S1. The figures show that the fluctuation trends of
the grayscale values for the same ISWs are generally consistent between the optical and SAR
remote sensing images, but there are differences in the positions corresponding to the brightest
and darkest points. This discrepancy arises from the differing optical and SAR remote sensing
imaging mechanisms. In the optical images, the grayscale values represent the intensity of the
sun glitter radiation received by the sensor (Melsheimer & Keong, 2001; Jackson & Alpers,
2010), which is determined by the surface roughness and the viewing geometry of the image
(Cox & Munk, 1954). In SAR images, the grayscale values represent the radar backscatter
intensity from the sea surface (Alpers, 1985), which is influenced by the interaction between
radar waves and microscale waves on the sea surface. Microscale waves are formed by surface
waves modulated through the convergence and divergence of sea surface currents induced by
ISWs. The differences in the ISW surface features between optical and SAR remote sensing
images indicate that the surface roughness influencing the grayscale values of optical images is
affected not only by the convergence and divergence of sea surface currents but also by other
phenomena.

In Figures 3a, 3c, and 3e, the symmetries of the bright and dark stripes in the optical
images are superior to those in the SAR images. This is because the wind over the sea surface
significantly affects the imaging of ISWs in SAR images (Brandt et al., 1999; Quyang et al.,
2011). When the wind speed is high, the symmetry of bright and dark stripes in SAR images is
poorer than that in optical images. The bright and dark stripes are crucial elements in retrieving
dynamic characteristics in the ocean interior from the ISW surface features in remote sensing

images (Pan et al., 2007; Romeiser & Graber, 2015). Therefore, when remote sensing images are
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used to retrieve ISW wave parameters, optical images with better symmetry of bright and dark
stripes are more accurate for inversion than are SAR images.

The PP distance can be extracted from the grayscale profile of ISWs. Figure 4a shows the
distribution of PP distances extracted from 450 segments of ISWs in MODIS and SAR remote
sensing images, along with their fitted curves. The distribution of PP distances indicates that the
PP distances of the same ISWs on the MODIS images are greater than those on the SAR images,
and this difference shows a positive correlation. Fitting the PP distances revealed that the PP
distances on the SAR images were 0.83 times those on the MODIS images.

Laboratory experiments were conducted to investigate the differences in the ISW surface
features in optical and SAR images. We conduct 35 sets of experiments to simulate [ISW
propagation across depth ratios ranging from 3 to 9 and non-dimensional amplitudes ranging
from 0.24 to 2.42. Optical grayscale profiles of the ISW surface, surface horizontal velocity
divergence, along with their corresponding PP distances were extracted. Figures 3b, 3d, and 3f
show the contrastive analysis of the normalized experimental optical surface grayscale profile
and surface horizontal velocity divergence curve under different stratifications and similar non-
dimensional amplitudes. The comparison results under the other stratifications are shown in
Figure S5 in Supporting Information S1. It can be seen from the results that the surface grayscale
profiles and surface horizontal velocity divergence curves are basically consistent for different
stratifications, but the positions of their positive and negative peaks are different. This difference
is similar to the difference observed in the grayscale profiles obtained from optical and SAR
remote sensing images.

Figure 4b displays the distribution of PP distances and the fitting curves for optical
surface grayscale profiles and surface horizontal velocity divergence under different
stratifications and amplitudes in laboratory experiments. The distribution of the PP distances
reveals that the PP distances of the ISWs in the optical grayscale profiles are consistently greater
than those of the surface horizontal velocity divergence, regardless of the variations in
stratification and amplitude. The fitted curve of the PP distances indicates that the PP distances
of the surface horizontal velocity divergence are 0.86 times those of the optical surface, which is
similar to the fitting results of the PP distances previously observed in MODIS and SAR remote

sensing images.
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Figure 3. Panels (a), (c), and (e) are grayscale profile comparisons analysis of the same ISW on
MODIS and SAR remote sensing images at different PP distances. The blue curve is the
grayscale profile of the MODIS image, and the red curve is the grayscale profile of the SAR
image. In (a), (c) and (e), the PP distances of ISWs for the MODIS images are 704, 920 and 1493
m, respectively, and the PP distances of ISWs in the SAR images are 579, 810 and 1351 m,
respectively. Panels (b), (d), and (f) show a comparison analysis of the experimental optical
surface grayscale profile and surface horizontal velocity divergence at different depth ratios and
similar non-dimensional amplitudes. The blue curve is the grayscale profile of the experimental

optical surface, and the red curve is the surface horizontal velocity divergence.
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254
255  Figure 4. (a) The distribution and fitting curves of the PP distance for the same ISWs on the

256  MODIS and SAR remote sensing images; the red dots are the PP distance data of the South
257  China Sea, with a total of 363 segments of ISW data, and the blue dots are the PP distance data
258  of the Andaman Sea, with a total of 87 segments of ISW data. (b) The distribution and fitting
259  curves of the PP distances for surface optical grayscale profiles and surface horizontal velocity
260  divergence under different depth ratios and amplitudes in the laboratory; different colors

261  represent different depth ratios.

262 4 Discussion

263 Previous satellite remote sensing observations have revealed differences in the ISW

264  surface features between optical and SAR images, with the PP distances of SAR images being
265  0.83 times those of MODIS images. To investigate the reasons for the differences in the ISW
266  surface features between optical and SAR images, we conducted 7 sets of experiments in the

267  laboratory to study the free surface displacement and surface horizontal velocity. The densities of
268  the upper and lower fluids are 1020 kg/m? and 1060 kg/m?, the depth ratios are 5 and 7, and the
269  non-dimensional amplitudes range from 1.06 to 1.77.

270 Figure 5a illustrates the free surface displacement induced by ISWs, while Figure 5b

271  shows the variation in the pycnocline. As shown in Figure Sa, the leading edge of the ISW wave
272 exhibits significant roughness, whereas the trailing edge appears smoother, which is attributed to
273 the phenomena of convergence and divergence induced by ISWs. The free surface displacement

274  gradient and the surface horizontal velocity divergence are normalized and compared in Figure
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5c. The figure shows that the positions of the positive and negative peaks positions of the free
surface displacement gradient differ from those of the surface horizontal velocity divergence.
Figure 5d presents a comparison between the optical surface grayscale profile and surface
horizontal velocity divergence under the same depth ratio and similar non-dimensional amplitude
as presented in Figure 5c in the Section 3 experiments. A comparison between Figure Sc and 5d
indicates that the differences in the free surface displacement gradient and surface horizontal
velocity divergence are similar to the differences observed in the optical surface grayscale profile
and surface horizontal velocity divergence. The other comparison results are shown in Figure S6
in Supporting Information S1.

Figure 5e shows the PP distance distribution and data curve fit of the free surface
displacement gradient and surface horizontal velocity divergence. The PP distances of the free
surface displacement gradient are consistently larger than the surface horizontal velocity
divergence. Additionally, the PP distances of the surface horizontal velocity divergence are 0.86
times those of the free surface displacement gradient, which is consistent with the fitting
relationship between the optical grayscale profile and surface horizontal velocity divergence in
the Section 3 experiment. Therefore, the free surface displacement induced by ISWs affects
optical remote sensing imaging, leading to differences in ISW surface features between optical

and SAR remote sensing.
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294  Figure 5. (a) Free surface displacement induced by ISWs. (b) The variation in the pycnocline. (¢)
295  Comparison of the free surface displacement gradient and surface horizontal velocity dispersion
296  for a depth ratio of 5 and a dimensionless amplitude of 1.64; the black curve is the free surface
297  displacement gradient, and the red curve is the surface horizontal velocity divergence. (d)

298  Comparison of the optical surface grayscale profile and surface horizontal velocity divergence

299  for a depth ratio of 5; the dimensionless amplitude is 1.62, the blue curve is the grayscale profile
300  of the optical surface, and the red curve is the surface horizontal velocity divergence. (e) The PP
301  distance distribution and curve fit of the free surface displacement gradient and surface

302  horizontal velocity divergence for depth ratios of 5 and 7.

303 5 Conclusions

304 In this study, we explore the differences in the ISW surface features between optical and
305 SAR images and their causes using satellite remote sensing and laboratory experiments. The
306  remote sensing results show that the corresponding positions of the brightest and darkest points
307  inthe ISW grayscale profile between optical and SAR images are different, and the PP distances
308  of SAR images are 0.83 times greater than those of optical images. Laboratory experiments

309 reveal differences in the positions of the positive and negative peaks between the optical

310  grayscale profile and surface horizontal velocity divergence of ISWs, with the PP distances of
311  surface horizontal velocity divergence being 0.86 times those of the optical grayscale profile.
312 The experimental and remote sensing results are similar. Additional experiments further

313 demonstrate that the PP distances for horizontal velocity divergence on the surface of ISWs are
314  also 0.86 times those of the free surface displacement gradient. This finding suggests that the
315  free surface displacement induced by ISWs affects optical remote sensing imaging, leading to
316  differences in the ISW surface features between optical and SAR remote sensing images.

317 The surface features extracted from remote sensing images can be used to retrieve the
318  internal structure of ISWs in the ocean (Chen et al., 2011; Jia et al., 2019; Pan et al., 2007;

319  Romeiser & Graber, 2015; Zheng et al., 2001). This work provides statistical support for the
320  quantitative inversion of optical remote sensing images. The inversion of ISW wave parameters
321  using optical images with high spatial and temporal resolution enables a comprehensive

322 understanding of the internal characteristics of ISWs across the whole region and estimates the

323 energy of ISWs. This is crucial for the energy transfer, three-dimensional observation, and
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forecasting of ISWs. Further research will include wide-scale inversion of ISW wave parameters

using optical remote sensing images in a specific area.
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