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Abstract

The study of the characteristics of internal solitary waves happened in the Malacca Strait is an urgent problem for
submarine, ship navigation and marine engineering. Based on SAR remote sensing data obtained from the high
spatial resolution Sentinel-1 and GF-3, the internal solitary wave characteristics of the Malacca Strait are
investigated. By use of 20 Sentinel-1 SAR images from June 2015 to December 2016 and 24 GF-3 images from April
2018 to March 2019, the spatial distribution characteristics of internal solitary wave s are statistically analyzed. It is
found that the internal solitary waves are usually in the form of wave packets and single solitary waves, and the
maximum crest length of the leading wave can reach 39 km. The amplitude and group velocity of internal solitary
wave s can be calculated by the inversion model of high-order nonlinear Schrodinger (NLS) equation, and the
calculated amplitude of the internal solitary wave s and the propagation group velocity of the wave packets range
from 4.7 m to 23.9 m and 0.12 m/s to 0.40 m/s, respectively. The range of phase velocity of single internal solitary
waves obtained by KdV equation is 0.26 m/s to 0.60 m/s. In general, the amplitude and the velocity of internal

solitary wave s in Malacca strait are related to the topography.
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1 Introduction

The Malacca Strait with 1 080 km long is the most important
energy transport route. Due that the internal solitary waves
(ISWs) have great influence on the navigation of ships and sub-
marines, especially, Malacca Strait is the area where the ISWs oc-
cur frequently, it is necessary to study the characteristics of the
ISWs in Malacca Strait.

It is well known that ISWs phenomenon shows strong ran-
domness, and its amplitude, propagation velocity and wave-
length are greatly affected by hydrology and other external envir-
onment (Fang and Du, 2005; Li et al., 2013; Alford et al., 2010; Cai
and Xie, 2010; Huang et al., 2007; Hyder et al., 2005; Lai et al.,
2010). The research of ISWs based on SAR image usually in-
cludes the following two aspects. One is to study the temporal
and spatial distribution of ISWs. For example, in 2000, Hsu et al.
(2000) studied the distribution of ISWs in the South China Sea
based on 5-year satellite remote sensing images. Using satellite
SAR data from July to October 2007, Kozlov et al. (2015) studied
the characteristics of short-period ISWs in the Kara Sea. Filonov
et al. (2014) studied the spatial distribution of ISWs of Todos San-
tos by means of the combination of real measurement and re-
mote sensing. Another one is the imaging mechanism of ISWs on
SAR image and the inversion of ISWs parameters. For example, in
2013, Liu et al. (2013) calculated the nonlinear phase velocity of
the ISWs in the South China Sea using multi-source remote sens-
ing data, and found that the velocity of the ISWs was greatly af-
fected by the depth of water. In 2016, combined with nonlinear

Schrodinger (NLS) equation, our team obtained the inversion
model of SAR ISWs parameters, and the inversion results are
close to the measured data (Zhang et al., 2016). With the increas-
ing number of satellites in orbit, the understanding of ISWs by
multi-source remote sensing becomes to be more and more
comprehensive (Jackson, 2007; Schuler et al., 2003).

In a word, there is no research on the ISWs in Malacca Strait
up to date. In this paper, ISWs in Malacca Strait are investigated
from the spatial distribution of the waves, the velocity and amp-
litude of the ISWs, and so on, which will provide valuable sci-
entific references for maritime navigation and marine engineer-
ing.

2 Spatial distribution characteristic of ISWs

The Malacca Strait is located in the region of 0°-6°N and
97°-104°E. In order to observe and analyze the characteristics of
ISWs in the Malacca Strait, Sentinel-1 SAR data from June 2015 to
December 2016 and GF-3 data from April 2018 to March 2019 are
collected. Because of the limitation of SAR orbital period, we ob-
tain 20 Sentinel-1 images and 24 GF-3 images in total, and 344
ISW packets and ISWs are collected.

It can be seen from Fig. 1 that the ISWs in the Malacca Strait
mainly appear in the form of wave packets and single solitary
waves. Though the direction of ISWs propagation seems to be
very complex, however, it always tends to propagate towards the
shore.

Furtherly, according to the position and the crest length of the
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Fig. 1. Typical SAR ISW Images obtained from Sentinel-1 (a-c) and GF-3 (d-f).

leading wave in the ISW packets in 45 SAR images, the spatial dis-
tribution of the wave and the length distribution of the leading
wave crest in the Malacca Strait are obtained, which are shown in
Fig. 2 and Fig. 3, respectively. As shown in Fig. 2, in region A, the
depth of water in this area is about 50-100 m, and the largest
wave packets is observed, accompany with a relatively long crest
length of the leading wave. In the middle of the Malacca Strait
(region B), the water depth is about 20-50 m, the ISW propagates
in the form of wave packets and single solitary waves, and the
crest length of the leading wave becomes shorter. In the south-
east of the Malacca Strait (region C), the water depth is relatively
shallow, with the shallowest part of only 4 m, and the ISW is
mostly in the form of wave packets and single solitary waves, with
the shortest crest length of the leading wave, but it is noticing that
the ISWs is broken seriously, and the direction of the ISWs is also
relatively messy.

By observed from satellite images, it can be found that there
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Fig. 2. The spatial distribution of ISWs in the Malacca Strait.
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Fig. 3. The statistics on the crest length of the leading wave in
the Malacca Strait.

are three to seven ISWs on average in the Malacca Strait, with a
maximum of 12 ISWs. The maximum (minimum) crest length of
the wave packet is about 39 km (1.5 km) in the Fig. 2, and the
crest length of the leading wave becomes to be shorter and short-
er towards the southeast. Totally, 344 crest length of the leading
wave are observed, in which 35 lines are more than 20 km in
length, and most of them are located in the northwest region. In
addition, most crest length of the leading wave less than 20 km
are located in the regions B and C, and the number of crest length
of the leading wave from 4 km to 14 km is about 273 crest lines,
which accounts for the vast majority of total lines.

In addition, the occurrence of ISWs has a great relationship
with seasons. Figure 4 shows the distribution of ISWs in different
seasons. The largest number of ISWs observed from remote sens-
ing images occurred from January to march, and the smallest
from October to December. Most of the ISWs observed in SAR
images from April to September occurred in region C.
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Fig. 4. The seasonal distribution of ISWs. January to March (a), April to June (b), July to September (c), and October to December (d).

3 Inversion of ISWs parameters

3.1 Stratification

The inversion of the ISWs parameters greatly depends on the
two layer stratification. Temperature, salt and density data of the
studied area are selected from the annual average data of World
Ocean Atlas (2013), and hierarchical information is obtained by
calculating the vertical distribution. The calculated temperature,
salinity, density and buoyancy frequency curve are showed in
Fig. 5. The water depth corresponding to the inflection point of
buoyancy frequency in Fig. 5d is the upper water depth, about 25 m.
The density corresponding to the upper water depth is found in
the density curve, and the upper and lower average densities are
calculated as 1 019.9 kg/m3 and 1 020.9 kg/m?3 respectively.

3.2 Amplitude of ISWs
Because of the balance between nonlinear effect and disper-
sion effect, the ISWs can be stable and spread over long distance.
The ISWs propagation equation adopts NLS equation. Com-
bined with the SAR imaging mechanism of the ISWs, the amp-
litude inversion model of the ISWs based on the SAR image is es-
tablished (NLS equation) (Zhang et al., 2016).
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where A, is the amplitude of the ISWs, [ is the half-wave width of
the ISWs. D is the distance between the brightest spot and the
darkest spot in SAR images, and the D of the ISWs can be ob-
tained directly from the remote sensing image. < is the disper-
sion coefficient, 3 is the nonlinear coefficient, which are related
to depth of water, stratification, and density difference. The strat-
ification condition mentioned in Section 3.1 are used. Combined
with SAR images and local hydrological data, the amplitude of
ISWs can be calculated.

Then we apply the NLS amplitude inversion model to the pre-
vious 45 SAR images, and extract the distance D between the
brightest spot and the darkest spot and hydrological parameters
from each SAR image. The amplitude A, of ISWs can be obtained
from Eq. (2). We calculate the amplitude of ISWs happened in the
Malacca Strait with water depth greater than 30 m.

By extracting the characteristic parameters of ISWs in the
Malacca Strait, the amplitude distribution is obtained, as shown
in Fig. 6. In region A, the maximum amplitude obtained by NLS
amplitude inversion model is 23.9 m, which is located at the wa-
ter depth of 78 m, and the average amplitude of ISWs in this area
is about 18.4 m. The maximum amplitude in region B calculated
by NLS amplitude inversion model is 17.9 m, the minimum amp-
litude is 4.7 m, and the average amplitude of ISWs is about 10.9 m.
The water depth in region C is shallow. The maximum and min-
imum amplitude calculated by NLS amplitude inversion model
are 14.1 m and 4.7 m respectively, and the average amplitude is
9.6 m. In addition, we also analyze the amplitude of the one ISW.
Figure 7 is a SAR image from March 14, 2016, we extracted the
parameter and calculated the amplitude of ISWs. Each red dot in
Fig. 7 is the extraction position of the ISWs parameter, combined
with the local depth of water, the relationship between amp-
litude and depth of water is shown in Fig. 8. From Fig. 8, it can be
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Fig. 5. Vertical distribution of hydrological parameters. a. Temperature, b. salinity, c. density, and d. buoyancy frequency.

found that even in the same ISW, the amplitude of ISWs is differ-
ent, and the amplitude distribution is linearly related to the wa-
ter depth. Figures 4 and 8 show that in Malacca Strait, with the
decrease of water depth, the amplitude decreases. This may be
due to the increase of the nonlinear effect of ISWs with the shal-
low water depth, which leads to the breakage of ISWs.

3.3 Velocity of ISWs

ISWs in the Malacca Strait can be divided into two types:
single solitary waves and solitary wave packets. Therefore, we use
NLS equation to derive the group velocity of solitary wave pack-
ets and KdV equation to obtain the phase velocity of single solit-
ary waves.

The group velocity formula derived from the NLS equation
(Zhang et al., 2015) is

3

Cg =

dw_wl
dk 2k

n 2kchy
Sh(zkhg) ’

where k is the wave number, h, is the depth of the lower layer,
and w is the frequency.

The phase velocity formula obtained by KdV equation (Zheng
etal., 2001) is
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where b, and h, are the thickness of the upper and lower layers,
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Fig. 6. Amplitude distributions of IWSs in the Malacca Strait.

respectively, and their water densities are p1 and p2, which are
uniform within the layer. The stratification condition mentioned
in Section 3.1 are used. Combined with SAR images and local hy-
drological data, the velocity of ISWs can be calculated.

The propagation velocity of ISWs is affected by many factors,
such as water depth, stratification. The two-dimensional water
depth distribution map of Malacca Strait has been given in Fig. 2.
It can be seen that the depth of the water in the south is the shal-
lower, and the deeper is to the northwest. The distribution char-
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acteristics of the group velocity and the phase velocity in Malacca
Strait are analyzed. Figure 9 shows the group velocity distribu-
tion of ISWs in Malacca Strait calculated by using the group velo-
city formula derived from the NLS equation. Figure 10 shows the
distribution of phase velocity calculated by KdV equation.

As can be seen from Fig. 9, the group velocity of the wave
packets reduced from 0.4 m/s to 0.12 m/s and the phase velocity
of ISWs in Fig. 10 decreases from 0.6 m/s to 0.26 m/s. In general,
the group velocity and phase velocity of ISWs in Malacca Strait
are related to the topography.

4 Conclusions
Based on the Sentinel-1 and GF-3 SAR data, totally 45 SAR
images in Malacca Strait are obtained, and the characteristic
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Fig. 7. A SAR image from March 14, 2016, with red dots as the
position of extracting the amplitude of ISWs.
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Fig. 9. The group velocity distribution of ISWs.
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Fig. 10. The phase velocity distribution of ISWs.

parameters of the ISWs in Malacca Strait are studied. The distri-
bution of ISWs and crest length of the leading waves in Malacca
Strait are statistically analyzed. It is found that ISWs are present
in most of Malacca Strait, and the ISWs appear in the form of
wave packets and single solitary waves. Furthermore, the direc-
tion of ISWs propagation is more complex, but the ISWs always
tends to propagate towards the shore. The crest length of the
leading wave is the longest in the northwest.

In addition, the group velocity and amplitude distributions of
the area are calculated based on the high-order completely NLS
equation inversion model. The phase velocity is obtained by KdV
equation. The group velocity and phase velocity of ISWs are
closely related to water depth and stratification. From northwest
to southeast, with the water depth becoming shallow, the group
velocity and phase velocity of ISWs becomes smaller. The group
velocity distribution is between 0.12 m/s and 0.40 m/s, the phase
velocity distribution is between 0.26 m/s and 0.6 m/s, and the
amplitude of the ISWs is in the range of 4.7-23.9 m. The general
trend of the amplitude and velocity is decreasing, which indic-
ates that with the depth of water decreases, the nonlinearity in-
creases, leading to the breakup of ISWs.
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