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Abstract

Internal waves are one of the important phenomena
in oceans and are usually generated by tidal currents
and are propagated in the water column. Remote
sensing and field measurements are two methods for
measuring internal waves. This study investigates
the internal waves in the Strait of Hormuz using C-
band images from the Sentinel-1 satellite Synthetic
Aperture Radar (SAR). The extracted parameters
from these images for the years 2021 and 2022
include: wavelength, propagation speed, direction
of propagation, and wave amplitude. For validation,
a moored array with three fast-response temperature
sensors was deployed in the area from early March
2022 to the end of June 2022, recording data every
30 seconds. Ultimately, after extracting the
mentioned parameters from satellite images and
field measurements, the results indicate that the
difference in the magnitude of wave amplitude and
speed between the measured parameters and field
data is approximately 28% and 7.1%, respectively.
This difference may be due to errors in detecting
dark and bright pixels in edge detection patterns. It
is suggested that using images from other sensors
and employing other edge detection patterns can
reduce the error in the measured parameters.
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Extended Abstract

Statement of the Problem:

Internal Waves are one of the vital phenomena
in the oceans and are usually generated by tidal
currents. The high importance of these waves in
the fields of acoustics, coastal engineering, and
other oceanographic domains has led
researchers to pay significant attention to them
(2,3,4,5,6,7,8,9).

Internal waves appear as parallel fronts on the
sea surface. Changes in the sea surface
roughness cause variations in the relative
intensity of the satellite image pixels, which can
be detected by SAR( Synthetic Aperture Radar)
and optical satellite sensors

Purpose: The aim of this study is to measure the
characteristics of internal waves using SAR
imagery in the Strait of Hormuz, from March 1,
2022, to June 1, 2022 and to calibrate the results
obtained from satellite images with field
measurements. By reviewing the research
background in this area, it was found that no
study has been conducted on this, which itself
is a reason for the novelty of this research.

Methodology: The study area in this research is
the Strait of Hormuz. The significant depth
difference in this region makes it suitable for
the formation of internal waves. Based on
GEBCO (General Bathymetric Chart of the
Oceans) data, to record temperature data from
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March 1, 2022, to June 1, 2022, a moored array
was installed at the coordinates "26°30" East
and "56°42' North at a depth of 60 meters. This
moored array consisted of three sensors at
depths of 20, 30, and 40 meters, and the data
sampling interval of this moored array was 30
seconds. The temperature variations of the
moored array data over time indicate that
internal waves were formed and propagated in
this region.

In this study, Copernicus database C-band SAR
images from Sentinel 1 were used to observe
internal waves and also extract some

characteristics of these waves (35).

From the received images for 2021 and 2022
and their examination, only two images that
matched the field measurement date and the

study area were selected for more detailed
analysis

Results and Discussion:

The data extracted from satellite images in this study
include

Wavelength and Crest Length
The distance between the bright and dark spots

in the images reveals the crest and trough of the
waves, respectively (39).

Propagation Direction
First and last points of the largest arc are

connected with a line, and the angle of the line
perpendicular to this line relative to north
indicates the angle and direction of wave
propagation (40).

Propagation Speed
Given that one of the factors in the formation of

internal waves is tidal currents, it is possible to
extract the horizontal speed of the waves from
the images by considering two successive wave
fronts (40).

57

Wave Amplitude
In this study, the method used in the study by

Wang et al. (41) was employed to estimate and
extract the characteristics of internal waves
from satellite images.

Results

Field Data

After examining the calibrated array data, it was
found that sensor 3 did not record any data.
Therefore, the time series of the two remaining
sensors was plotted, and upon applying a
Fourier transform to the data, it was determined
that the main frequencies in the environment
are due to the daily and semi-daily tides.

Internal Waves Detection
On 2022-04-06 at 14:17:15 UTC, the internal

wave front occurred at a distance of 7.12
kilometers from the location of the calibrated
array.

Wavelength and Crest Length
Two profiles perpendicular to the propagation

direction were plotted, and the pixel intensity
values of the first profile were 808 (m), and the
second profile were 1263 (m). Based on the
distances between the dark and light peaks, the
average wave length was found to be
approximately 265 (m). According to the study
by Andy et al. (36) in the vicinity of the Hormuz
Strait, the average wave length was estimated to
be around 300 (m), which is very close to the
values obtained in this study.

Propagation Direction
By connecting the two ends of the arc and the

perpendicular line, the propagation direction of
the wave packet is towards the northeast at an
approximate angle of 46 degrees. Examination
of other images in this area also indicates that
the predominant direction of internal wave front

propagation is towards the northeast.
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Wave Amplitude Estimation

By calculating the standard deviation of the
data recorded by the sensors, the height of the
internal waves can be estimated (2).
Accordingly, the data from the calibrated array
for a time period of one month and one day on
2022-04-04 were plotted, and the information
related to the standard deviation of this data was
extracted.

Additionally, Azirpour et al. (43), by measuring
temperature and salinity data in the Persian
Gulf and the Strait of Hormuz, estimated the
depth of the mixed layer or the first layer to be
approximately 20 (m), and the second layer to
be around 80 (m). Now, with the values of hl
equal to 20 (m), h2 equal to 80(m), and D equal
to 270(m), and using formula 2, the wave height
is approximately 1.36 (m).

Propagation Speed

The wave speed calculation in this study was
performed using two methods. In the first
method, based on observations of wave packets
on different dates in the region, the distance
between each pair of wave packets was
L1=11420 (m), L2=12110 (m), L3=13280 (m),
and L4=14730 (m), respectively. In the second
method, by examining the images and the
measurement data taken at a distance of 12.7
(m) apart with a 12.5-hour period, the internal
wave speed was estimated to be 0.28 (m) per
second, which is very close to the value of 0.31
(m) per second obtained by Andy et al,
2021(36).

Conclusion:

In this study, SAR sensor images were collected
in the Strait of Hormuz during the period of
2020 to 2021. After applying the necessary
corrections, the internal waves were identified,
and a calibrated array with three sensors was
placed in the study area to measure the field

data. By examining the images, the occurrence
of internal waves was observed in one of the
images, and since the image was within the
measurement range of the calibrated array, the
parameters of height, speed, and direction of
propagation of the internal waves were
extracted from the image and compared with
the measurement data. The wave speed
calculation in this study was performed using
two methods. In the first method, the distance
between each pair of wave packets was
calculated based on the observed wave packets,
and the wave speed was obtained considering
the period (T) (second) of these waves.

In the second method, the speed value was
estimated by examining the images and the
measurement data. The results of this study
indicate that the measurement errors for the
internal wave height are about %28 and for the
propagation speed are about %1.7. In the study
by Ruddick and Gargett (44), 6% error for
wavelength was obtained, in the research by Li
et al. (45), +%16 error for speed, in the research
by van et al. (46), +%7 error for phase speed
and density gradient layer (pycnocline) depth,
in the research by Zhao et al. (47), %23 error
for phase speed, and in the research by Dugan
et al. (48), +%20 error for wavelength.

These errors can be due to the identification of
bright and dark pixels to determine the edges of
the internal waves, and by improving this
method, higher accuracies can be achieved.
Considering the comparison of the methods
used in similar studies, we conclude that the
obtained results have acceptable accuracy.
These studies are applicable for modeling
acoustic waves and investigating sea waves.
Additionally, due to the high costs of field
studies and the difficulty of accessing remote
areas, remote sensing methods, despite
computational errors, can still be a suitable
option for researchers to discover internal
waves, especially over a longer period in a
specific region.

One of the limitations of this study was the use
of a single sensor, which may not have access
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to all images from past periods and may
sometimes be unusable due to weather
conditions. However, it is recommended that
interested parties in this field study other optical
and thermal sensors using different image
processing methods with the use of artificial

intelligence and machine learning, and compare
the results with those obtained in this field.
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