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Abstract. This paper presents the results of a study of the internal wave isolation
of the Northern coast of Morocco using synthetic aperture radar (SAR) images.
A filter is applied to the remote sensing data to reduce the image grain, after
which the direction of propagation of the wave is determined and its length is
calculated. In most cases, internal waves appear on satellite images as quasi-pe-
riodic linear structures whose brightness is lower or higher than the background,
which is well registered in the visible range and by synthetic aperture radar. When
analyzing images off the coast of Morocco, internal waves were detected, the
wave packet propagates in the direction from West to East. When comparing the
obtained images with the bottom relief map, it can be assumed that the generation
of internal waves is caused by the roughness of the bottom near the Northern
coast of Morocco. The maximum wave length in the wave packet is almost 0.7
km, consists of at least 5 solitons, the prints of these solitons in the sea roughness
area are visible in the images mainly in the Central part of a wave packet, the
distance between a wave packet solitons is different. The wavelength decreases
when moving to the back of a wave packet, which can be traced by changing the
contrast on the site. As a result, internal waves were detected off the Northern
coast of Morocco in rads images with a synthesized aperture, and the main char-
acteristics of these waves were determined.

Keywords: Internal Waves, Remote Sensing of the Earth, Synthetic Aperture
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1 Introduction

Internal waves are a fairly common phenomenon found in stably stratified density
waters. Internal waves are translational vibrations of a surface of constant density in a
stratified fluid. Morocco is located in the subtropical zone [7], where due to the large
amount of solar radiation and heating of the upper layers of the ocean, a stable thermo-
cline is formed along which internal waves propagate [1, 6].

Internal waves arise as possible vibrations in a stratified fluid. The returning force
for internal waves is the Archimedes force, which is determined by the vertical stratifi-
cation of density, and for surface waves, the returning force is determined by the density
gradient at the water-air interface [2, 3].

Density gradients in the ocean are quite small, therefore, to move particles vertically
does not require large expenditures of energy and the amplitudes of internal waves can
increase to large sizes (can reach tens of meters, but at the same time a slight increase
in the level surface of the order of several centimeters) [4, 13]. The cellular flows that
accompany these oscillations are of the order of the phase velocities of the internal
waves. These flows are created at the surface in the areas of convergence and diver-
gence, in which short gravitational and capillary waves are transformed, which are an
indicator of internal waves. Using these indicator waves, you can determine the pres-
ence of internal waves in remote sensing images [5].

2 Materials and research methods

Internal waves can most often be found at the borders of the continental slope, since
these waves are excited by the tides, but can also be generated by the flow around the
bottom inhomogeneities, by anemobaric forces, surges, and other reasons [11]. In the
ocean, high-frequency and low-frequency internal waves are distinguished. A charac-
teristic feature of the propagation of internal waves is their propagation by groups
(wave packet), which have a complex structure. Each wave packet includes up to sev-
eral tens of waves. Internal waves create a flow field on the surface, divergent and con-
vergent components of which simulate gravitational-capillary waves and create a pic-
ture on the water surface in the form of quasi-parallel alternating light (rough surface -
rips) and dark (smoothed surface - slicks) bands that are visible on satellite image.

Of the means of remote sensing [14], space-based side-scan radars with a real an-
tenna and synthetic aperture radars are considered the most effective for detecting in-
ternal waves. Thanks to the radar survey [9], the spatial characteristics of the internal
waves and the mechanisms of their generation have become the most studied.

To detect and study the characteristics of internal waves [10] off the northern coast
of Morocco, we used images of a radar with a synthesized aperture of the ERS-2 satel-
lite. Images along with metadata can be obtained by users and can be selected according
to any criteria (time range, geographic coordinates, etc.) After studying the images, a
snapshot of the area where the internal waves were highlighted was selected (see Fig.
1). The resulting image was processed using the Bilko software package, where a filter
was first applied to reduce the graininess of the image. After that, a detailed analysis
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[12] of the image became possible, and histograms were constructed from several sec-
tions of a wave packet. According to the diagram using the formula (1) wavelengths
and height of the waves were calculated:

A= \/(dx spw)? + (dy - pw)?, 1)

where pw=75, dx= (x, — x,) - distance along the x-axis, dy= (y, — y,) - distance
along the y-axis.

Fig. 1. Study area

3 Research results and discussion

A wave packet corresponding to internal waves in the area was found in the image. The
place of generation of the presented internal waves is indicated in the image (see Fig.
2), according to the topographic map of the ocean floor (see Fig. 3), it is noted that the
formation of internal waves in this region occurs due to uneven topography of the sea-
bed, which is the reason for the generation of internal waves in coast of Morocco. The
waves propagate from west to east, which can be judged by a wave packet [15], where
in the rear there are smaller waves.
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Fig. 3. Map of the bottom topography off the northern coast of Morocco

The calculation of wavelengths was carried out in three sections of the wave packet
(see Fig. 4-7). Across all sections, the wavelength reaches almost 0.7 km. The crest of
the leading wave of the packet of internal waves reaches almost 170 km, consists of at
least 5 solitons, which are most marked in the central part of a wave packet, the distance
between a wave packet solitons is different. The wavelength when moving to the rear
of a wave packet decreases, which can be traced to the change in contrast in the section.
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Fig. 4. PCA Cross-section satellite image
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Fig. 6. Section of a wave packet at dx=42, dy=5
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A combined image graph with and without a filter (see Fig. 8) showed that the smoothed
curve best describes the ongoing process. Using a filter [8] allows you to best identify
the highs and lows in the diagram, identify individual waves.
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Fig. 8. Combined section graph using a filter (green line) without applying a filter (red line)

4

Conclusion

In the waters off the northern coast of Morocco, manifestations of internal waves on
the ocean surface were detected by radars with a synthesized aperture in areas of uneven
bottom topography. The observation was carried out on a detected packet of waves, the
number of solitons is at least 5. The length of the leading wave crest reaches almost 170
km. The propagation of a wave packet occurs mainly in a direction from west to east.
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