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Abstract 

Evidence of internal solitary waves (ISWs) formation through the Lee wave mechanism in the Lombok Strait 
was revealed from the echosounder measurements conducted in November 2017. This study is aimed to 
characterize the property of ISW packet formed around ~30 km away from the generation site, in the southern 
part of the strait above the Nusa Penida Sill (NPS), by employing Korteweg-de Vries (KdV) solution. The packet 
can be categorized as the early stage of ISW formation, consisting of two waves of depression, with typical 
amplitude of 30 m and 10 m, for the first and second wave, respectively. The waves propagated northward 
with a typical phase speed of ~1.2 m∙s-1. The waves drive a maximum horizontal velocity anomaly of ~0.8 m∙s-

1 and a vertical velocity anomaly of ~10 cm∙s-1. The amplitude of the ISW packet will be potentially amplified 
during their propagation away from the strait. This study provides an observational based understanding on 
the early stage of internal tides evolution in the Lombok Strait, particularly highlights the energy transfer of 
internal tides through the propagation of internal solitary waves. 
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1. Backgrounds 

The Indonesian seas are featured by complex 

topography and strong barotropic tidal currents 

where their interaction drives strong internal tide 

generation, which can later evolve into internal 

solitary waves (ISWs) [1–5]. Formed due to internal 

tide evolution, the ISW is the only mechanism to 

transport internal tide energy away from their 

generation site. 

There are two main mechanisms of ISW 

formation. Firstly it can be formed through 

nonlinear steepening processes [6], and secondly, 

due to the slackening of lee waves under supercritical 

conditions [7]. Practically, these mechanisms can be 

evaluated by inspecting the ratio between the 

maximum barotropic velocity and the mode-1 

velocity, the Froude number (Fr). The flow gets 

supercritical if Fr close to unity; hence the ISW 

formation will be categorized due to lee wave 

mechanisms [8]. ISW can also be formed due to the 

collision of two water masses with a strong density 

gradient, occurring mainly in estuarine waters [9]. 

Characterization of ISW in the Indonesian seas has 

been performed since last decade, taking benefit of 

their frequent appearance in satellite imagery [10–

14]. Note that ISW is manifested as a rough-slicky 

pattern on the sea surface as the region of 

convergence and divergence due to surface 

horizontal currents associated with these waves 

can modify the surface roughness. Previous studies 

successfully characterized the waves horizontally, 

including their propagation/phase speed. The 

concern about the wave characteristics vertically 

increased after the tragedy of the sunken 

Indonesian Naval Submarine, the Nanggala 402, on 

21 April 2021, which was possibly triggered by ISW 

activity in the northern Bali waters. Recent studies 

have characterized the ISW vertically using satellite 

imagery [15,16] and numerical modeling [1,17].  

The ability  of  the  waves to  transport  remotely 
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the internal tide energy benefits local ecosystems 

once the waves break on the shore. Despite giving 

important mechanisms which support productivity 

due to nutrient enrichment for the pelagic system 

[18,19], the wave breaking may potentially harm 

the coastal environment due to pollutant 

resuspension in the sediments  [20]. 

This study aims to tackle the knowledge gap 

related to ISW characteristics in the Lombok Strait, 

particularly in the location close to the generation 

site, by quantifying the intrinsic parameters of the 

ISW packet, including its energetic aspects, in its 

early stage of formation. 

 

 

 

 
Figure 1 (a) The appearance of two packets of internal solitary waves (ISWs, white arrows) propagating 
northward and southward in the Synthetic Aperture Radar (SAR) images on 5 November 2017 
(https://search.asf.alaska.edu) at 09.41 GMT+7 or around a day after the field observation. (b) Map of 
Lombok Strait waters with topography inferred from ETOPO. The location of observation on 4 November 
2017 is presented in a red star. The datasets consisted of direct Simrad echosounder EK80 from 03.00 – 
07.00 GMT+7 and single CTD measurements at 02.10 GMT+7, and from HYCOM product at 00.00 GMT+7. 
The red curve represents the sketch of the horizontal extent of the solitary wave (30.3 km) used to 
estimate the tidal energy flux. 
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2. Methodology 

Four hours length of the Simrad single beam 

echosounder EK80 datasets was screened and 

analyzed in this study. Using the anchored boat 

method, the echosounder recorded the echo 

scattering layer at 200 kHz at ~8 km offshore the 

Mataram City of Lombok Island (116.02º E, 8.56º S). 

The measurement was conducted on 4 November 

2017 during the early stage of the spring tide 

period. The maximum topography depth of the 

location is 250 m. Vertically, the echosounder 

covered up to 150 m yet can still capture the 

appearance of the ISW event since the interface 

between the surface mixed layer and the 

thermocline layer was located at ~50 m depth. Note 

that the maximum amplitude of the mode-1 ISW 

occurred in the upper thermocline layer. Figure 1a  

shows the location of observation.  

The CTD (conductivity-temperature-depth) probe 

was also deployed to supply the water masses 

properties needed for the ISW analysis, casted 

around 1 hour before the passage of the ISWs (4 

November 2017 at 02.12 GMT+7). Since the CTD 

cast was only lowered down to 200 m depth and the  

 

 

Figure 2 (a – e) the vertical profiles of potential temperature, salinity, density anomaly, stratification 
(represented by squared buoyancy frequency), and velocity components, respectively. The HYCOM 
profile is plotted in gray lines and the profile which considered both HYCOM and CTD observation (used 
in this study) is plotted in black lines. (f) The existence of internal waves in 4 hours length echosounder 
image on 4 November 2017 since 03.00 GMT+7. Two typical waves are also indicated: ISW packet and 
highly nonlinear ISWs. 
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current measurements by a portable Acoustic 

Doppler Current Profiler (ADCP) covered the depth 

range of 50 – 100 m only; we negotiated the 

temperature, salinity, and velocity profiles obtained 

from the hybrid coordinate ocean model (HYCOM) 

[21] to supply the full depth (250 m) of the 

temperature and salinity. The HYCOM datasets 

were acquired on 4 November 2017 at 00.00 

GMT+7, 3 hours before the passage of the ISW 

packet; located at 116.00◦  E, 8.56◦  S. The salinity 

product from HYCOM overestimates the salinity 

from CTD observation in the thermocline layer, 

where the HYCOM strongly identified the maximum 

salinity of the North Pacific water mass yet the CTD 

observation detected almost less saline water mass. 

Therefore, we used the  CTD   from the  observation 

for the upper 200 m and filled the remaining depth  

(200-250 m) with the HYCOM profile. The HYCOM 

and CTD observation discrepancy is mainly caused 

by local variabilities, such as the influence of fresher 

water mass from river discharge, that the hybrid 

datasets cannot resolve. Figure 2(a – d) shows the 

water mass properties, including the stratification 

profile. 

 The dataset of the echosounder contained the 

signatures of internal wave events (Figure 2.e). The 

analysis was focused on the packet of ISWs 

observed from around 30 – 80 minutes, the minutes 

since 4 November 2017 at 03.00 GMT+7. This 

packet consisted of two waves of depression, 

identified here as the leading (first) wave and the 

tailing (second) wave. The higher frequency waves 

observed after have been neglected in this study 

since they performed as highly nonlinear waves, 

Table 1 The characteristics of the internal solitary waves (ISWs) in the Lombok Strait. 

η0 (m) α (s-1) β (m3 s-1) Cp (m s-1) Δ (m) 
Max U 

(m s-1) 

Max w 

(cm s-1) 

Energy (MJ m-1) 

APE KE 

30 -1.44×10-2 2.73×103 1.22 275 0.78 10.27 4.97 5.72 

10 -1.44×10-2 2.73×103 1.13 476 0.24 1.82 1.18 0.90  

 
Figure 3 The time-basis plot of a packet of ISW with two ISWs. The fitting of the KdV (white dashed lines) 
at layer 20, 40, 60, 80, 100 and 120 m is overlaid on the echosounder image. The properties of the KdV fits 
refer to Table 1. 
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possibly due to the interaction with the side wall of 

the Lombok Strait, which may affect the 

nonlinearity of the waves [22]. Therefore, they 

cannot be considered the initial ISW packet stage 

emanating directly from the NPS. 

A Korteweg-de Vries (KdV) solution is used to 

fit the sinusoid pattern of the wave that appeared in 

the echosounder. This method was also used 

recently to characterize ISW in the Indonesian seas 

[16,17]. The KdV is initially expressed as a balance 

between the nonlinearity (α) and dispersion (β) 

effects which stabilize the propagation (with a 

certain mode-1 velocity c1) of the perturbed 

elevation η(x,t) [16,23]: 

 
𝜕𝜂

𝜕𝑡
+ 𝑐1

𝜕𝜂

𝜕𝑥
+ 𝛼𝜂

𝜕𝜂

𝜕𝑥
+ 𝛽

𝜕3𝜂

𝜕3𝑥
= 0  (1) 

The solution of this equation follows a classical 

sech2 form: 

 𝜂 = 𝜂0𝑠𝑒𝑐ℎ2 [
(𝑐1 +

𝛼𝜂0

3
) (𝑡0 − 𝑡)

Δ
]  (2) 

η0 is the wave amplitude, the phase speed (Cp) term 

is expressed by (c1+αη0/3), and the width of the 

wave can be estimated as Δ2 = 12β/(αη0). The 

coefficients α and β are estimated as: 

 𝛼 = (
3

2
) 

∫ (𝑐1 − 𝑈𝑏)2(𝑑Φ/𝑑𝑧)3𝑑𝑧
0

−𝐻

∫ (𝑐1 − 𝑈𝑏) (𝑑Φ/𝑑𝑧)2𝑑𝑧
0

−𝐻

𝑑𝑧 (3) 

 𝛽 = (
1

2
) 

∫ (𝑐1 − 𝑈𝑏)2Φ2𝑑𝑧
0

−𝐻

∫ (𝑐1 − 𝑈𝑏) (𝑑Φ/𝑑𝑧)2𝑑𝑧
0

−𝐻

𝑑𝑧 (4) 

Practically, η0 is set initially by considering the 

wave height roughly estimated from the 

echosounder image pattern as the input for the KdV 

solution. Φ(z) is the vertical mode-1 structure of 

vertical displacement amplitude Φ(z), defined from 

the stratification profile N2(z). Φ(z) and the linear 

phase speed c1 are solved using as [24]: 

 
𝑑

𝑑𝑧
{[𝑐1 − 𝑈𝑏(𝑧)]2

𝑑Φ

𝑑𝑧
} + 𝑁2(𝑧)Φ = 0  (5) 

with the boundary conditions Φ(-H) = Φ(0) = 0. 

Here, we considered only the meridional current 

component (v) of the HYCOM current profile as the 

background current profile Ub(z) since the Lombok 

Strait has meridional relative mainstream. The 

result of this fitting method is shown in Error! 

Reference source not found.. 

To characterize the velocity profiles (w is the 

vertical current and U is the horizontal current) 

triggered by the wave, we calculate the ‘pseudo’ 

currents as [25]: 

 𝑤 =
𝑑𝜂

𝑑𝑡
Φ (6) 

 𝑈 = 𝐶𝑝

𝑑Φ

𝑑𝑧
𝑠𝑒𝑐ℎ2 [

(𝑐1 +
𝛼𝜂0

3
) (𝑡0 − 𝑡)

Δ
] (7) 

The energetic aspects of the wave are inspected by 

estimating the available potential energy (APE) and 

the kinetic energy (KE) as:  

 𝐴𝑃𝐸 = ∫ ∫ ∫ 𝜌(𝑧)𝑁2(𝑧′)𝑧′𝑑𝑧′𝑑𝑧𝑑𝑥
ℎ(𝑧)

0

0

−𝐻

𝐿

−𝐿

 (8) 

 𝐾𝐸 =
1

2
∫ ∫ 𝜌(𝑈2 + 𝑤2) 𝑑𝑥𝑑𝑧

𝐿

−𝐿

0

𝐻

 (9) 

with ρ(z) is the potential density.  

3. Results and Discussions 

As shown in Figure 2 (a – e), the hydrography 

of the Lombok Strait from the direct observation 

(CTD) is featured by fresher (< 34 psu) and warmer 

(~29ºC) water mass compared to those from hybrid 

product (HYCOM) in the surface mixed layer; 

stratified current profile with strong southward 

current in the upper 100 m layer associated to the 

Indonesian throughflow (ITF), and reversed 

southward current below. The discrepancy 

between the HYCOM and CTD observation profiles, 

particularly on the appearance of maximum salinity 

in the thermocline layer related to the North Pacific 

thermocline water mass in the HYCOM profile, was 

not observed in the direct CTD measurements. The 

observation presented in this study was conducted 

during the late period of the Southeast Monsoon 

season. In the Lombok Strait, southward ITF is the 

major part controlling the current systems in the 

upper ~200 m layer (~ thermocline layer) and 

intrusion of northward flow below (see Hautala et 

al., 2001). The observation site was relatively close 

to the western coastal waters of Lombok Island. The 

discrepancy found between HYCOM and direct CTD 

observation, mainly in the upper layer, may occur 

because the HYCOM does not accommodate local 

variability, such as the presence of fresher water 

from the surrounding mainland, while the CTD 

observation does. 

https://creativecommons.org/licenses/by/4.0/
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The ISW packet analyzed in this study 

consisted of two waves of depression, and they 

were successfully characterized using the KdV 

solution, which considered the background current. 

As shown in Figure 3, the best fit of the KdV results 

in a typical wave amplitude of 30 m and 10 m for 

the leading and trailing waves, respectively. The 

first wave was characterized by narrow width of 

~275 m, and wider for the second wave of ~476 m. 

The waves propagated with a typical phase speed of 

1.22 m s-1 and 1.13 m s-1 for the first and the second 

wave, respectively (see Table 1). 

The waves triggered horizontal velocity (U) 

anomaly with a maximum value of ~0.8 m s-1 and 

maximum vertical velocity (w) anomaly of ~10 cm 

s-1, which vertically extended to 190 m for isopleth 

4 cm s-1. Consisting of two waves only in the packet 

with a relatively moderate amplitude indicates that 

the packet was still in its early stage of propagation. 

As the waves propagate away from the generation 

site, the amplitude can grow, leading to splitting 

processes between the waves. This mechanism has 

also been indicated in modeling studies [5,17]. 

Horizontal and vertical current anomalies triggered 

by the waves are nearly half of the extreme solitary 

waves event (amplitude ~185 m, horizontal 

current ~2 m s-1) observed during the East 

Indonesian Expedition of the Indonesian Institute 

of Sciences (LIPI). 

The energetics aspect of the wave is evaluated 

based on the solitary waveform solution of the KdV 

equation. The APE and KE of the waves are 

presented in Table 1. The energy density of the first 

wave is APE = 4.97 MJ m-1 and KE = 5.72 MJ m-1, 

where the total is two orders lower compared to the 

wave in the Maluku Sea [16] observed during the 

propagation stage. The vertical profile of the total 

energy density is shown in Figure 4.d. 

The waves observed in this study contained 

less energy than the propagation stage of solitary 

waves observed in other regions, such as the South 

China Sea [27]. It is likely because the waves 

 

 
 
Figure 4 (a) Density perturbation during the passage of an ISW packet, (b) horizontal velocity (U – positive 
leftward), (c) vertical velocity (w – negative downward), and (d) total energy density (KE+APE). Gray lines 
represent the KdV fits at 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220 m depth. The isopleth of 0.5 m s-1 
and 4 cm s-1 is shown in (b) and (c), respectively. The properties of the KdV fits are shown in Table 1. 
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observed in this study were still in their early stage 

of formation. This less energy is also related to 

strong southward background current in the upper 

100 m depth. To address this issue, a sensitivity test 

of the KdV solution to the background current was 

done for the leading wave of the packet. By omitting 

the background influence, the phase speed 

decreased by 11.4%; the width of the wave 

decreased by 13.4%; the APE and KE decreased by 

16.4% and 23.1%, respectively; the horizontal and 

vertical velocity increased by 40.7% and 1.7%, 

respectively; and the internal tide energy flux 

decreased by ~20%. This test highlights the 

importance of including the background condition 

to characterize the ISW events. An assessment of 

the energetic aspect related to the mean energy flux 

per tidal cycle (12.41 h) with the arc front of ~30.3 

km (red curve in Figure 1b) resulted in the mean 

energy flux per tidal cycle (12.41 h) of 10.1 MW was 

carried by the ISW packet northward. Further 

analysis cannot be done since the number of ISW 

packed released per tidal cycle; local internal tide 

energy dissipation was unclear due to limited 

datasets, and the location of the study is fairly close 

to the generation site. 

The ISW packet was observed fairly close to 

their generation site in the NPS (~30 km), 

suggesting it was formed through the Lee wave 

mechanism. The waves analyzed in this study have 

a typical wave of depression; the mode-1 wave 

occurred in the waters where the ratio between the 

wave amplitude and depth of the water column is 

less than unity. Considering that the observation 

was conducted during the spring tide period over 

the NPS area [2], therefore the ISW packet 

presented here was produced due to the evolution 

of internal tide generated above the NPS. 

4. Conclusions 

This research provides the first observation-

based study of an early-stage ISW packet formed in 

the Lombok Strait, located close to its generation 

site. This finding complements numerous satellite 

imagery which confirmed the northward 

propagating ISW packets inside the strait and can 

be used to validate future numerical modeling of 

ISW in the Lombok Strait. The sensitivity test 

related to the background currents presented in 

this study significantly reduce the phase speed, 

width of the wave, and total energy density, 

decreasing per tidal energy flux. The interaction 

between ISWs with the sloping topography of the 

Lombok and Bali shelves may increase the 

nonlinearity of the waves and induce strong mixing. 

Further comprehensive investigation and 

monitoring of ISW events, mainly in the Lombok 

Strait, is still needed to understand its behavior and 

extremity moments better since this passage is an 

international sea traffic lane and one of Indonesia's 

most crowded business centers of tourism. The 

presence of regular formation of ISW events should 

be well-informed to various parties. 
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