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Summary

Internal Solitary Waves (ISWs) are nonlinear internal wave phenomena that
propagate within the ocean interior and play a critical role in ocean mixing, nutrient
transport, and sediment redistribution. Although they exist primarily below the sea surface,
ISWs can significantly influence upper-ocean conditions by modulating surface roughness,
temperature, and optical properties. These surface expressions enable their detection using
satellite remote sensing. The Indonesian Seas, characterized by strong tidal forcing,
complex bathymetry, and pronounced monsoonal variability, represent one of the most
active regions globally for ISW generation. Despite their frequent occurrence and large
amplitudes, the long-term variability, spatial distribution, and connections between ISWs
and large-scale climate oscillations in this region remain insufficiently characterized. This
dissertation addresses these gaps through an integrated multi-satellite remote sensing
framework to detect, characterize, and quantify ISW properties, with the Lombok Strait as
a focal region of intense activity. The originality of this study is based on the integration of
optical, thermal, and radar satellite observations spanning nearly a decade to examine ISW
surface expressions, propagation characteristics, and seasonal to interannual variability.
This long-term, multi-sensor approach provides the first comprehensive assessment of [SW
dynamics in the Indonesian Seas and advances understanding of their behavior in a
complex tropical environment.

The study first investigates how ISWs manifest at the sea surface and become
observable in optical satellite imagery. Using data from the Global Change Observation
Mission—Climate (GCOM-C) Second-generation Global Imager (SGLI), ISWs are shown
to appear as quasi-linear, alternating bright and dark bands resulting from modulations of
surface roughness that affect sunlight reflection. Consistent ISW signatures are identified
across multiple spectral products, including top-of-atmosphere radiance, ocean color, and
sea surface temperature (SST). This consistency demonstrates that ISWs exert a
measurable influence on both optical and thermal satellite-derived parameters. These
findings challenge the traditional assumption that internal waves are purely subsurface
processes with negligible surface impact. Instead, they demonstrate that ISWs influence
upper-ocean thermodynamics and air—sea energy exchange. Consequently, this study
underscores the importance of accounting for ISW-related anomalies in ocean color and
SST datasets to prevent misinterpretation in large-scale climatological and biogeochemical
analyses, particularly in regions of strong internal wave activity.

Building on the characterization of ISW surface manifestations, the dissertation
quantifies their propagation characteristics and long-term variability using a nine-year
archive of Sentinel-1 synthetic aperture radar (SAR) imagery. The all-weather capability
and sensitivity of SAR to surface roughness enable consistent monitoring of [SWs across
seasons and years. By integrating SAR detections with tidal model outputs, ISW
propagation speeds and occurrence frequencies are estimated. Statistical analyses reveal a
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moderate positive correlation between ISW activity and the Indian Ocean Dipole (IOD) (r
= 0.365) and a moderate negative correlation with the El Nifio—Southern Oscillation
(ENSO) (r = —0.30). These relationships indicate that large-scale climate oscillations
modulate [ISW generation through variations in ocean stratification and thermocline depth.
Spectral analysis further identifies dominant variability at approximately 12- and 54-month
periods, corresponding to monsoonal and interannual climate variability, respectively. This
provides the first long-term observational evidence that ISW dynamics in the Lombok
Strait are influenced by both regional monsoon systems and global climate modes.

To further resolve seasonal contrasts, this study integrates radar and optical
observations from Sentinel-1, GCOM-C/SGLI, and Terra/MODIS satellites. Results show
that ISWs occur more frequently during the northwest monsoon, often forming multiple
solitons within a single wave packet, reflecting enhanced generation under stronger
stratification and intensified tidal forcing. During the southeast monsoon, ISWs exhibit
longer wavelengths, slower phase speeds, and a higher frequency of double-wave packets.
Phase speed estimates derived from satellite observations and theoretical calculations
based on the Korteweg—de Vries (KdV) equation consistently indicate faster propagation
during the northwest monsoon. This seasonal acceleration is associated with a shallower
thermocline and stronger density gradients. Concurrently, optical satellite observations
reveal higher chlorophyll-a concentrations and increased turbidity during this season,
suggesting that ISW-driven mixing and sediment resuspension significantly modulate
surface biogeochemical conditions.

Collectively, these results provide a comprehensive understanding of ISW
manifestation, propagation, and variability across multiple spatial and temporal scales. The
novelty of this dissertation lies not only in its methodological integration of multiple
satellite platforms but also in its conceptual contribution to viewing ISWs as dynamic
components of the coupled ocean—atmosphere system. The study provides empirical
evidence that ISWs influence satellite-derived environmental parameters, emphasizing the
need to consider internal wave effects in ocean color and SST climatology. In summary,
this dissertation advances understanding of ISW dynamics in the Indonesian Seas by
demonstrating their detectability, quantifiable characteristics, and responsiveness to
seasonal and climatic drivers. It highlights the Lombok Strait as a critical region for
investigating interactions between internal waves and large-scale ocean—climate processes.
The integration of multi-sensor satellite observations and long-term datasets also
establishes a foundation for future studies using artificial intelligence and data-driven
modeling to improve the detection, characterization, and prediction of ISWs. Through its
multidisciplinary approach, this research makes a substantial contribution to the field of
ocean remote sensing, particularly in the study of internal wave—climate interactions.
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CHAPTER 1

Introduction

1.1 Background

Internal waves are a type of wave motion that occurs within the ocean rather than on
its surface. Unlike surface waves that can be seen crashing along the shore, internal waves
travel beneath the ocean surface, moving along the boundaries between layers of water with
different densities. These density layers naturally arise in the ocean owing to variations in
temperature and salinity, creating what scientists refer to as stratified fluid. A helpful analogy
is a bottle containing two immiscible liquids (such as oil and water) with different densities.
When the bottle is tilted or disturbed, slow and gentle waves propagate along the interface
between the two layers (Apel, 2002a).

Internal waves are ubiquitous in the oceans and play a vital role in oceanic mixing,
nutrient transport, and energy redistribution (Garrett & Kunze, 2007; Munk & Wunsch,
1998). They are generated primarily by tidal flow over topographic features such as ridges,
sills, or continental slopes, or by the interaction of currents with abrupt bathymetric changes
(Farmer & Armi, 1999). When these internal waves evolve into large-amplitude nonlinear
forms, they are referred to as internal solitary waves (ISWs). ISWs can propagate for
hundreds of kilometers with remarkable stability, modulating the thermocline and
influencing both biological productivity and subsurface circulation patterns (Apel,
Holbrook, et al., 1985; Helfrich & Melville, 2006). To illustrate the fundamental structure of
internal waves, Figure 1.1 shows how these waves propagate along the interface between
two layers of water with different densities. The upper layer, which consists of low-density
water, overlies a denser layer. Internal waves form and travel along this boundary, whereas
surface waves continue to oscillate above them. Despite their often-invisible nature from the
surface, internal waves can induce observable surface manifestations, such as bands of rough

and smooth water, which can be detected using remote-sensing instruments.
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Figure 1.1. Schematic illustration showing surface and internal waves propagating along
the interface between layers of low- and high-density water. (Adapted from Pearson
Prentice Hall, 2004)

Internal waves have amplitudes that can reach tens to hundreds of meters, far larger
than typical surface waves, and wavelengths that can extend over several kilometers. The
internal restoring force is gravity acting on the density difference between the two water
layers, which means that their dynamics are slower and longer than those of surface waves
(Gill, 1982). These waves can be categorized into linear and nonlinear regimes; in strongly
stratified regions with large-amplitude oscillations, they exhibit nonlinear behaviors and
solitary wave characteristics (Apel, 1988; Shroyer et al., 2010). In tropical archipelagic
regions, such as the Indonesian Seas, the generation and propagation of internal solitary
waves are enhanced by complex bathymetry and strong tidal currents. The combination of
narrow straits, steep topography, and deep basins creates favorable conditions for ISW
generation, particularly where strong tidal flows pass through shallow sills or constricted
passages (Gordon, 2005; Susanto et al., 2012). These conditions make the Indonesian seas,
especially the Lombok, Ombai, and Halmahera Straits, ideal hotspots for studying the

dynamics and variability of internal solitary waves.

1.2 Observation and Estimation of Internal Solitary Waves
1.2.1 In-situ Measurements

Traditional approaches to observing internal waves rely on moored instruments,
conductivity—temperature—depth (CTD) casts, and Acoustic Doppler Current Profilers
(ADCPs). These methods provide detailed vertical profiles of the velocity and density,
allowing for the direct observation of the wave amplitude, speed, and structure (Ramp et al.,

2004). However, their spatial coverage is limited and sustained multi-year measurements are



expensive and logistically challenging, especially in narrow and deep straits, such as

Lombok.

1.2.2 Remote Sensing of Internal Waves

Remote sensing provides an essential means of observing ISWs and their associated
surface signatures over vast oceanic regions. Although ISWs propagate beneath the sea
surface along density interfaces (pycnoclines), their dynamic coupling with surface layers
modulates surface roughness, thermal gradients, and optical reflectance, making them
observable from space via satellite. These modulations arise primarily from the convergence
and divergence zones formed by internal wave-induced surface currents, which alternately
enhance or suppress short gravity-capillary waves (Apel et al., 1985; Klemas, 2012).
Consequently, internal waves manifest as quasi-parallel bright and dark bands in radar and
optical imagery, representing alternating zones of increased and decreased surface
roughness.

Synthetic Aperture Radar (SAR) is one of the most effective tools for internal wave
detection because of its ability to image independent of sunlight or cloud cover and its
sensitivity to centimeter-scale surface roughness variations (Jackson et al., 2013). The SAR
backscatter intensity is modulated by the Bragg scattering mechanism, in which surface
roughness elements interact with the radar signal. Regions of surface convergence appear as
bright lines owing to enhanced backscatter, whereas divergence zones appear dark because
of reduced roughness and wave damping by surface films or surfactants. Sentinel-1,
TerraSAR-X, and RADARSAT-2 SAR data have been widely applied to identify internal
wave packets, estimate crest length and spacing, and track propagation patterns in coastal
and marginal seas (Lund et al., 2013).

Optical and thermal sensors, such as MODIS, GCOM-C/SGLI, and Landsat 8, provide
complementary observations in cloud-free conditions. ISWs can modulate optical signals by
altering light reflectance and sea surface color due to the redistribution of suspended
particles, chlorophyll, and surfactants, or by modifying surface slopes that influence sun glint
intensity (Jackson & Alpers, 2010). In thermal infrared imagery, [ISWs appear as alternating
warm and cool streaks resulting from vertical advection and mixing. These signatures are
particularly useful for studying the biological and biogeochemical responses to ISW-induced
mixing in tropical seas.

Klemas (2012) emphasized that multi-sensor approaches, combining radar, optical,

and thermal imagery, greatly improve the detection and characterization of internal waves.

3



The integration of different datasets enables a more complete representation of ISW
behavior, allowing for the estimation of the wavelength, amplitude, propagation speed, and
crest orientation. Furthermore, when coupled with in-situ observations and numerical
models such as MITgem and CROCO, satellite-based methods provide insights into
generation mechanisms, energy fluxes, and the relationships between surface manifestations
and subsurface stratification (Muacho et al., 2015; Shroyer et al., 2010; S. Zhang et al.,
2023).

However, the remote sensing of internal waves is constrained by several factors,
including sensor geometry, sea surface wind speed, and environmental conditions. SAR
detectability decreases under very low wind conditions (<2 m/s), when Bragg scattering is
weak, or under high winds (>10 m/s), which obscure ISW signatures owing to wave breaking
and background clutter (Klemas, 2012). Optical visibility is similarly affected by cloud
cover, the solar zenith angle, and the degree of surface glint. Consequently, successful ISW
detection requires careful selection of satellite data based on the wind and illumination

conditions, sensor configuration, and local stratification patterns.
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Figure 1.2. Conceptual diagram showing the principles of remote sensing observations of
ISWs using SAR and optical sensors. SAR detects variations in surface roughness through
radar backscatter, whereas optical systems capture changes in reflectance and color
associated with ISW-induced surface modulations (modified from Klemas, 2012).



Figure 1.2 schematically illustrates the remote sensing principles of internal waves
using SAR and optical systems. Tidal flow interacting with topographic features generates
ISWs that propagate along the pycnocline and modulate sea surface roughness and
brightness. SAR sensors record diffuse backscatter from rough surfaces, whereas optical
sensors capture specular reflections and variations in brightness owing to surface slope and
particulate redistribution. Together, these techniques enable a comprehensive assessment of

the internal wave dynamics in the Indonesian Seas.

1.2.3 Parameter Estimation from Surface Signatures

Quantitative retrieval of ISW parameters from satellite imagery remains challenging
because surface manifestations indirectly respond to subsurface dynamics. Analytical
relationships derived from weakly nonlinear theory (e.g. the Korteweg—de Vries equation)
link wave speed and amplitude to stratification and layer depth (Helfrich & Melville, 2006).
The estimation of ISW parameters from satellite surface signatures provides crucial insights
into their geometric and dynamical characteristics of ISWs. SAR imagery captures the
surface roughness variations induced by internal wave-induced surface current modulations,
allowing for the quantitative derivation of key ISW properties. As illustrated in Figure 1.3,
the bright and dark alternating bands correspond to the convergence and divergence zones
at the sea surface, which serve as indicators of the internal wave crests and troughs.

In this analysis, several parameters were derived from the SAR image intensity profile
along a transect (8§—8") across the wave packets. The soliton number (a—g) represents the
number of distinct bright lines detected in a packet, which, in this example, corresponds to
seven solitons. The first crest length (D), measured along the leading bright line (4-B),
defines the extent of the first internal wavefront and is approximately 100 km. The
wavelength (k) is determined as the distance between adjacent crests within a single packet,
estimated to be approximately 3 km. The propagation direction (@) indicates the angle
between the crest orientation and the north direction, with an average of approximately 30°,
implying a predominant northward propagation pattern toward the Bali Sea.

The phase speed (v) of an ISW packet was estimated using the relation v = T/L, where
L denotes the distance between the leading solitons of two consecutive packets and T is the
semidiurnal tidal period (12.42 hours). This formulation assumes that consecutive packets
are generated by successive tidal cycles that interact with the Lombok Strait sill. The
estimated parameters collectively describe the ISW morphology and dynamics, linking

surface manifestations to subsurface processes such as stratification, tidal forcing, and



throughtlow modulation. Moreover, when integrated with in-situ or modelled water column
data, these parameters facilitate a comprehensive understanding of the energy flux and wave

evolution within the Lombok Strait.
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Figure 1.3. Estimation of [SW parameters derived from Sentinel-1 SAR imagery in Lombok
Strait. (a) The figure illustrates the crest length (D), wavelength (k), soliton number (a—g),
propagation direction (a), and phase speed (v). (b) The graph shows the pixel intensity
variation along transect S—S’, which is used to identify soliton structures and measure
characteristic parameters. The equation defines the group velocity of wave packets based on
the distance (L) between consecutive solitons and the semidiurnal tidal period (T = 12.42 h).

1.3 Internal Solitary Waves in the Indonesian Seas

The Indonesian Seas constitute a highly complex network of narrow straits and deep
basins that form a critical gateway between the Pacific and the Indian Oceans. Among the
most significant features of this region is the ITF, a major low-latitude water mass exchange
driven by pressure and density gradients between the Pacific and Indian Oceans (A. Gordon,
2005; Sprintall et al., 2014). As this vigorous flow interacts with steep bathymetric slopes,
sills, and constricted passages, combined with strong semidiurnal tides, it leads to the
generation of energetic internal tides and their subsequent transformation into nonlinear
ISWs (Susanto et al., 2005).

Previous observational and remote-sensing studies have documented frequent ISW
activity in several key passages of the Indonesian archipelago, including the Lombok,
Ombai, and Lifamatola Straits (Karang et al., 2019b; Purwandana et al., 2023). These
solitary waves are understood to play a major role in the vertical mixing and cross-strait
exchange of heat, salt, and biogeochemical constituents, thereby influencing the thermocline

structure and energy redistribution across the region (Purwandana et al., 2021). However,



despite their importance, comprehensive long-term studies that systematically quantify ISW
parameters (e.g. amplitude, phase speed, and occurrence frequency) using satellite remote-

sensing archives remain relatively scarce, a gap that this dissertation aims to address.

1.4 The Lombok Strait: A Key Region for ISWs
1.4.1 Geometry and Oceanography of the Lombok Strait

The Lombok Strait is one of the most important passages in the Indonesian Seas,
serving as a major pathway for the ITF, which transports warm Pacific Ocean water into the
Indian Ocean (Gordon et al., 2010; Sprintall et al., 2014). Located between the Bali and
Lombok Islands, the strait spans approximately 35 km in width, with a north—south
orientation that connects the deeper Flores Sea in the north to the Indian Ocean in the south.
Its complex bathymetry, steep slopes, and constricted topography make it a highly dynamic
region where strong tidal currents interact with the seabed, creating favorable conditions for
the generation of ISWs (Susanto et al., 2012; Nugroho et al., 2018). Figure 1.4 shows the
bathymetric map of the Lombok Strait, highlighting the presence of a pronounced sill located
near the southern entrance, where the depth rises abruptly to approximately 300 m before
descending into deeper waters. This sill plays a critical role in modulating the flow of the
ITF, acting as a generation site for internal tides and solitary waves when strong tidal currents
from the Indian Ocean and Flores Sea interact with steep topography (Gordon et al., 2010;
Kida & Wijffels, 2012). The inset map provides the regional context of the strait within the

Indonesian archipelago, illustrating its connectivity to the Pacific and Indian Oceans.

T T
115°30’E 116°30°E

) , ")
‘8 + A / + g_
o o
~ / ~

/
/
B '. II
= 7/ Flores Sea
/
/
/
/
/
5
/
J
/ Depth (m)
/ [}
/l -500
g BALI 7 d
_g‘ + / + 1500
@ Lombok/Stralt LOMBOK 2000
/ N |
/ Asia Pacific
..... e c
A Ther Sill > * 3 ;
/ RS Pty
/ ] indonesia” .
A 1 mt‘ i "': .
0 10 20 km N e ses '
- 115°30° | indianocean ' Australia

Figure 1.4. Bathymetric map of the Lombok Strait showing cross-section A—A' across the
sill region. The inset map indicates the location of the strait within the Indonesian Sea.



Figure 1.5 presents a vertical cross-section of the Lombok Strait along the A—A'
transect, corresponding to the dashed line in Figure 1.4. The sill near the southern entrance
(approximately 2040 km from the Indian Ocean) is a key topographic feature that
influences water mass exchange and internal wave dynamics. The elevation profile
illustrates how the pycnocline, representing the density interface, extends across the strait
and is often displaced by tidal forces. The interaction between the northward-propagating
ITF and southward-moving Kelvin waves from the Indian Ocean can generate strong
baroclinic tides that subsequently evolve into nonlinear internal solitary waves (Atmadipoera
et al., 2009). These waves often propagate northward into the Flores Sea, where they are

observed as surface manifestations in satellite imagery.
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Figure 1.5. Bathymetric cross-section along the A—A’ transect of the Lombok Strait
showing the sill, pycnocline, and schematic directions of ITF and Kelvin waves.

The combination of complex topography and energetic tidal forcing makes the
Lombok Strait a hotspot for internal wave activity. The sill acts as a natural generation site
where barotropic tidal energy is converted into baroclinic internal waves, contributing
significantly to local mixing processes and vertical transport in the region (Purwandana et
al., 2021). These physical interactions not only affect the regional thermohaline structure but
also play an essential role in the redistribution of oceanic energy within the Indonesian

Throughflow system.

1.4.2 ISWs Observed in the Lombok Strait

The generation of ISWs in the Lombok Strait is primarily governed by the interaction
between semidiurnal tidal currents and the complex bathymetric structure of the strait,
particularly in the sill region, under ITF modulation. When strong tidal flows traverse the

topographic features of sills, ridges, and steep slopes, barotropic tidal energy is efficiently
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converted into baroclinic internal tides that steepen nonlinearly into solitary wave packets
propagating northward and southward (Aiki et al., 2011; Lukman et al., 2024; Matthews et
al., 2011; Ningsih et al., 2010; Purwandana et al., 2021). These internal waves typically
originate near the sill and propagate into both the Bali and Flores Seas, with their amplitudes
and phase speeds modulated by background stratification and throughflow variability.

Early satellite-based investigations using SAR imagery revealed distinct packet-like
ISW signatures emerging from the sill region of the Lombok Strait (Matthews et al., 2011).
Subsequent in-situ measurements and numerical modelling further characterised the
generation and evolution processes, identifying strong baroclinic conversion zones and
enhanced turbulent mixing within the sill region (Purwandana et al., 2021; Syamsudin et al.,
2019). A recent field study by Lukman et al. (2024) demonstrated the initial stages of
nonlinear wave formation, showing that the energy transfer between internal tides and
solitary waves plays a critical role in shaping the wave amplitude and packet structure. These
findings align with other regional observations of nonlinear internal tides and solitary waves
in the Indonesian Seas, suggesting that similar mechanisms operate throughout the
archipelagic passage.

The seasonal variability of ISWs in the Lombok Strait is strongly influenced by the
monsoonal cycles. During the southeast monsoon (SEM), upper-layer stratification is
strengthened by solar heating and reduced precipitation, creating a shallower and more stable
thermocline that favors the generation of high-amplitude waves. Conversely, during the
northwest monsoon (NWM), weaker stratification and altered flow regimes tend to suppress
solitary wave activity or reduce their phase speeds (Chonnaniyah et al., 2025; Chonnaniyah
et al., 2023; Chonnaniyah et al., 2021; Karang et al., 2019; Ningsih et al., 2010). In addition
to the monsoon, large-scale climatic oscillations, such as the Indian Ocean Dipole (IOD) and
El Nifio—Southern Oscillation (ENSO), exert secondary but significant control on ISW
occurrence. These phenomena influence the depth and intensity of the thermocline, as well
as the strength of the ITF, thereby modulating the background conditions for ISW generation
(Feng et al., 2018).

Modern multi-satellite observations have advanced the detection and quantification of
ISW characteristics in the Lombok Strait, Indonesia. High-resolution sensors, such as
Sentinel-1 SAR, GCOM-C/SGLI, MODIS, Landsat-8, and Himawari-8, provide detailed
surface manifestations of ISWs that enable the estimation of wave crest length, number of
solitons, propagation direction, and phase speed (Karang et al., 2019; Chonnaniyah et al.,

2023). When integrated with numerical simulations using models such as CROCO,
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MITgcem, and CFD-FEM, these optical and radar datasets permit a robust assessment of ISW
dynamics and energy fluxes (Gong et al., 2022; Wang et al., 2025). For instance, Karang et
al. (2019) reported northward-propagating solitary waves with mean phase speeds of
approximately 2.05 m s™' based on Landsat-8 imagery, whereas Sentinel-1 SAR analyses
confirmed the repeated occurrence of multi-crest packets originating from the sill zone.

Numerical experiments have been particularly valuable in elucidating the mechanisms
controlling ISW generation and evolution in the Lombok Strait. Aiki et al. (2011) used
nonhydrostatic simulations to show that the interaction between semidiurnal tides and
background throughflow results in asymmetric wave amplitudes between northward and
southward-propagating solitons. Gong et al. (2022) further demonstrated that local
bathymetric variations cause spatial asymmetries in wave amplitude and phase speed, with
the northern branch exhibiting faster decay owing to shallower and rougher terrain. These
modelling results agree with observational findings from SAR imagery and moored
observations, confirming that bathymetry, stratification, and ITF intensity jointly determine
the strength and spatial pattern of the ISW activity (Kida & Wijffels, 2012; Matthews et al.,
2011).

1.5 Research Motivation

ISWs are powerful underwater waves that play a significant role in ocean mixing,
nutrient transport and coastal dynamics. Despite occurring beneath the ocean surface, ISWs
have visible surface manifestations that are detectable via satellite remote sensing. In regions
such as the Lombok Strait, one of the key conduits for the ITF, the presence of these eddies
is both persistent and dynamic. However, many questions remain regarding their long-term
behavior, seasonal variability, and the influence of climate oscillations on their dynamics.
There is a growing need to develop accurate and efficient methods for monitoring ISWs,
especially those that use freely available satellite data. Understanding how these waves
interact with the sea surface, affect satellite-derived oceanographic products, and responding
to broader climatic events is essential for understanding the ocean. These insights have

implications for marine ecosystem management, climate research and navigation safety.

1.6 Research Problem

Although numerous studies have documented the existence of internal solitary waves

in Indonesian waters, several key challenges remain.
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1. Surface manifestation uncertainty: The mechanisms behind the appearance of ISWs in
optical imagery (e.g. ocean color or temperature anomalies) are not yet fully
understood, particularly in complex tropical environments such as the Lombok Strait.

2. Temporal and spatial coverage gaps: Although radar data (SAR) can provide detailed
spatial resolution, it suffers from limited temporal resolution. Conversely, optical data
offers a higher revisit frequency but is often affected by clouds or sun glint.

3. Lack of integrated analysis: Most studies have examined SAR or optical data
independently, with limited multi-sensor integration to comprehensively analyze ISW
behavior across different timescales and seasons.

4. Climate influence: The relationship between ISW dynamics and large-scale climate
events, such as ENSO and [OD, has been observed but not thoroughly quantified in
the Lombok Strait.

To address these challenges, the present study developed a multi-satellite framework
for detecting, tracking, and characterizing ISWs over extended periods, focusing on the

Lombok Strait as a representative Indonesian passage.

1.7 Research Scope and Objectives

1.7.1 Scope

This study focused on the observation, analysis, and interpretation of ISWs in the
Lombok Strait using multi-satellite remote sensing data, including Sentinel-1 SAR, GCOM-
C/SGLI, Terra/MODIS, and other auxiliary datasets. It covers both short-term seasonal
variations and long-term trends, with an emphasis on the interactions between ISWs, climate

oscillations, and coastal processes.

1.7.2 Overall Objective
To estimate the key parameters of internal solitary waves and assess their seasonal and
long-term variations using satellite remote sensing in the Indonesian seas, with an emphasis

on the Lombok Strait.

1.7.3 Specific Objectives
1. To identify the surface manifestations of ISWs using GCOM-C/SGLI optical imagery
and describe their morphological characteristics.
2. To estimate the propagation speeds and occurrence frequency using long-term

Sentinel-1 SAR imagery through feature-tracking methods.
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3. To distinguish seasonal differences in ISW behavior in the Lombok Strait using multi-
satellite datasets.
4. To analyze potential long-term trends in ISW parameters and discuss their relationship

with background oceanographic conditions.

1.7.4 Research Questions
1. What are the spatial and temporal characteristics of the ISW surface signatures in the
Indonesian seas?
2. How do ISW propagation speeds and occurrence vary seasonally in the Lombok Strait?
3. What factors govern long-term variations in ISW activity, and can they be inferred

from satellite records?

1.8 Research Structure and Outline

This dissertation is structured into five main chapters to present a comprehensive
investigation of ISWs in the Lombok Strait and the surrounding Indonesian Seas. Chapter 1
introduces the research background, motivation, problem formulation, objectives, and
overall framework of the study. Chapter 2 examines the surface manifestation characteristics
of ISWs as observed from GCOM-C/SGLI optical imagery, emphasizing their influence on
ocean color and sea surface temperature (SST) variability. Chapter 3 focuses on the
estimation of ISW propagation speeds and occurrences derived from long-term Sentinel-1
SAR data, including methodological developments for wave detection and the assessment
of temporal trends concerning large-scale climate indices. Chapter 4 analyzes seasonal
variations in ISW characteristics using multi-satellite datasets, highlighting their connections
with thermocline dynamics and sediment transport processes in the Lombok Strait. Finally,
Chapter 5 presents the conclusions drawn from the study, synthesis the main findings, and
proposes directions for future research on satellite-based ISW monitoring, parameterization,
and numerical modelling. The organization of the dissertation is illustrated in Figure 1.6,
which summarizes the logical flow of the research from the introductory concepts to the

analytical and concluding stages.
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Figure 1.6. Outline of the dissertation

Scientific Significance and Contribution

This dissertation provides the following contributions:

This study presents a comprehensive, long-term satellite analysis of ISWs in the
Indonesian seas, which is one of the first of its kind in the region.

A methodological framework for integrating SAR and optical remote sensing in ISW
studies.

Insights into the seasonal and interannual variability of ISWs in a critical
oceanographic gateway improve the understanding of nonlinear internal wave
dynamics within the ITF system.

Contributions relevant to operational oceanography include forecasting internal wave

occurrence for marine navigation and offshore safety.
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CHAPTER 2

Surface manifestation characteristics of internal solitary waves observed
by GCOM-C/SGLI imagery

2.1 Introduction

Internal waves (IWs) are global phenomena generated by the interactions between
stratification, bathymetry, and tidal flow. They are characterized by fine mesoscale structures
and strong vertical shears. IWs play a crucial role in the exchange of energy between large-
scale tides and small-scale mixing (Jackson, 2007; Klemas 2012). IWs manifest in various
forms depending on stratification, generation mechanisms, and external forces. Internal
tides, the first form of IWs, occur at tidal frequencies. Internal solitary waves (ISWs) are
IWs characterized by non-sinusoidal, nonlinear, isolated, and large-amplitude waves. The
surface manifestation of ISWs is often observed as alternating bands of bright and dark strips
resulting from ocean surface roughness variations (Alpers, 1985; Osborne & Burch, 1980).
Ocean surface roughness induced by ISW activity can be detected by the naked eye and
remote sensing (Apel, 2002a; Klemas, 2012; Mitnik, Alpers, Chen, et al., 2000).

Remote sensing technologies have revolutionized the study of ISWs by enabling the
detection and analysis of these phenomena over vast oceanic areas. Remote sensing can
provide details of the two-dimensional spatial structures of ISWs that cannot be easily
observed in situ (Alpers, 2014; Helfrich & Melville, 2006; Robinson, 2010). Synthetic
aperture radar (SAR) has become an important tool for detecting ISW, as it can measure very
small changes in sea surface roughness in the centimeter to decimeter wavelength range
(Jackson et al., 2013). Although SAR has its own advantages, such as all-weather, day and
night imaging capabilities, optical sensors offer distinct advantages in terms of spatial and
spectral resolution, ocean color analysis, temperature detection, and ease of interpretation.
Optical sensors detect ISWs based on ocean surface roughness in the sun glint area (Apel et
al., 1975). The characteristics of ocean surface roughness inferred from optical sensors are
vital in calm waters at the point of specular reflection.

The Lombok Strait is a strait in the southern Indonesian seas where high-amplitude
ISWs occur (Susanto et al., 2005). This strait plays a crucial role as an exit pathway for trans-
oceanic water transport, known as the Indonesian Throughflow (ITF). The characteristics

and dynamics of ISWs in the Lombok Strait have been studied based on in-situ observations
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(Purwandana et al., 2021; Susanto et al., 2005; Syamsudin et al., 2019), numerical
simulations (Gong et al., 2022; Ningsih et al., 2010), and remote sensing data (Chonnaniyabh,
Osawa, et al., 2023; Karang et al., 2019b; Lindsey et al., 2018; Matthews et al., 2011; Mitnik
et al., 2000; Susanto et al., 2005). Several studies have used sun glint imagery to detect and
analyse ISW dynamics in the Lombok Strait. Lindsey et al. (2018) utilized data from
Himawari-8, a geostationary satellite, to measure the spatial and temporal attributes of ISWs
in the Indonesian seas, including the Lombok Strait. Karang et al. (2019) monitored and
analyzed various parameters of ISWs in the Lombok Strait using data from Landsat 8.

The surface manifestation of ISWs provides valuable insights into their behavior and
dynamics. The interaction between surface waves and [Ws has been widely studied using
numerical simulations (Craig et al., 2012; Hao & Shen, 2020). Craig et al. (2012) presents a
theoretical framework for understanding the influence of internal wave dynamics on surface
features, while Hao et al. (2020) emphasizes the significance of local wave geometry and
energy dynamics. Their work underscores the complexity of surface-internal wave
interactions and the importance of using different modelling approaches to capture these
phenomena. Numerical simulations capture the dynamics of ISWs at the surface and
subsurface, whereas remote sensing allows the observation of the evolving behavior of ISWs
as they move across difterent regions. ISW manifestations on the sea surface detected by
satellite sensors have not been studied in detail, and previous studies have employed these
patterns to reveal ISW dynamics (Chonnaniyah, Osawa, et al., 2023; da Silva et al., 2002;
Kim et al., 2018; C. Wang et al., 2019). Surface roughness heterogeneity can affect the
physical properties of the near-surface, such as the atmosphere (Ortiz-Suslow et al., 2019),
surface roughness heterogeneity can affect the physical properties of the near-surface (da
Silva et al., 2002; Farrar et al., 2007), and the bulk properties of ISW (Colosi et al., 2018;
Vrecica et al., 2022). These studies have provided valuable insights into IW dynamics;
however, they also revealed the limitations of relying solely on point measurements.

The Global Change Observation Mission - Climate (GCOM-C) satellite, equipped
with the Second-generation Global Imager (SGLI), offers a unique capability to observe
ISWs through its wide spectral range and high spatial resolution, which is up to four times
higher than that of previous optical sensors for ocean color. The SGLI sensor, which includes
visible, near infrared, and thermal infrared channels, allows for comprehensive monitoring
of sea surface conditions, capturing both optical and thermal manifestations of ISWs. This
study focused on the surface manifestation characteristics of ISWs in the Lombok Strait, as

observed by GCOM-C/SGLI imagery. By analyzing both Level-1B radiance and Level 2
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ocean color products, this study aims to clarify the interactions between ISWs and sea
surface properties in this dynamic region. The ISW manifestation patterns in SST data are
an important finding. This is particularly important because of the potential impact of SST
modulation on air-sea exchange and the atmospheric boundary layer. The findings contribute
to a better understanding of ISW dynamics in the Lombok Strait and offer broader

implications for the study of internal waves in other stratified oceanic environments.

2.2 Material and methods
2.2.1 Research location

This study focused on the analysis of ISW patterns detected by the SGLI sensor on 9
January 2019 at 10.35 GMT+8 in the Lombok Strait areas (Figure 2.1). The Lombok Strait
is a channel that separates the Bali and Lombok islands in Indonesia. This allows Pacific
Ocean water to flow into the Indian Ocean through an east-west running sill at a depth of
250 m (Susanto et al., 2005). The Lombok Strait experiences two distinct monsoonal wind
patterns. The southeast monsoon peaks in June-July-August, whereas the northwest
monsoon peaks in December-January-February (Susanto et al., 2007). ISWs in the Lombok
Strait are frequently observed during the northwest monsoon (Karang et al., 2019a;
Matthews et al., 2011). The peak of the northwest monsoon in January is characterized by
relatively low sea levels in the northern part of the Lombok Strait and relatively high sea

levels in the southern part, causing a net surface current moving towards the north.
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Figure 2.1. The map of the Lombok Strait areas with topography inferred from BATNAS
with the dashed red line representing the sill location and black curve lines representing
ISW pattern extraction detected by GCOM-C/SGLI on 9 January 2019 at 10.35 GMT+8
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2.2.2 Remote sensing data

The Japan Aerospace Exploration Agency (JAXA) launched an Earth-observing
satellite named the Global Change Observation Mission for Climate (GCOM-C), which
carries an optical sensor called the Second Generation Global Imager (SGLI), on 23
December 2017 (Murakami et al., 2022). The SGLI consists of two sensors: a visible and
near-infrared radiometer (SGLI-VNR) and an infrared scanner (SGLI-IRS). The SGLI-VNR
has 13 different observation channels from ultraviolet (UV) to near-infrared (NIR)
wavelengths, and two of them have polarimetric, multi-directional observation functions.
The SGLI-IRS has four shortwave infrared (SWIR) and two thermal infrared (TIR) channels.
The SGLI collects a complete picture of the Earth every 2—3 days with a spatial resolution
of 250 m (Hori et al., 2018). The nadir-looking channels of the VNR regions (VN1-VNI11)
and SWIR channel SW3 (1.63 um) have a spatial resolution of 250 m. In contrast, the other
SWIR (SWI1, 2, and 4) and slant-viewing polarization channels (P1-P2) have a ground
resolution of 1 km. The TIR channels (T1-T2) have a standard spatial resolution of 500 m,
but SGLI can acquire 250 m resolution data for T1-T2 channels if needed.

The SGLI Ocean Level 2 products are organized into three categories comprising
seven distinct products. The atmospheric correction category includes normalized water-
leaving radiance (NWLR), Atmospheric Correction Parameters (ACP: aerosol optical
thickness 670), and Photosynthetically Available Radiation (PAR). Atmospheric correction
for ocean color uses Level-1B top-of-atmosphere (TOA) radiance data from the visible (VN)
and shortwave infrared (SW) bands captured during the daytime. The NWLR and ACP are
estimated using an iterative algorithm that bypasses the black-pixel assumption. The SGLI
algorithm introduces advanced features, such as absorptive aerosol correction using the 380
nm band (VNI1) and high-turbidity water correction using three NIR bands (VN7, VNO,
VNI10) to accurately estimate the NWLR in turbid waters. PAR was calculated using an
algorithm similar to those utilized by SeaWiFS and MODIS. The in-water parameters
(IWPR) category includes chlorophyll-a concentration (CHLA), Suspended Solid
concentration (SS or TSM), and the absorption coefficient of colored dissolved organic
matter (CDOM). The IWPR category relies on the NWLR data as input. CHLA was
estimated using the Ocean Color Index (OCI) algorithm, which improves accuracy in areas
with low chlorophyll concentrations. TSM was estimated using three NIR bands, whereas
CDOM was derived from the detritus absorption coeftficient and the Inherent Optical
Property (IOP). The last category is the Sea Surface Temperature (SST), which was derived
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from Level-1B TOA radiance data collected during both daytime and nighttime using the T1
and T2 bands. Notably, this process operates independently of atmospheric correction (Ogata
etal., 2017).

The Level-1B TOA radiance products from GCOM-C/SGLI include data across 19
channels ranging from 380 nm to 12.0 um. Seven Level 2 Ocean products were obtained

from G-Portal JAXA (https://gportal.jaxa.ip/gpr/). These products, available in the GeoTIFF

format, were converted and geometrically corrected for accurate analysis. On 9 January 2019
at 10.35 GMT+8 (Figure 2.1), GCOM-C/SGLI detected two packets of internal solitary
waves (ISWs) moving northward in Lombok Strait. To validate the presence of these ISWs,
Sentinel-1B Synthetic Aperture Radar (SAR) data were used, which were captured earlier
on 9 January 2019 at 05.51 GMT+8, five hours and 16 minutes before the SGLI data were
recorded. Additionally, high-resolution multispectral data from the Sentinel-2 Multispectral
Instrument (MSI) provided information on sea surface conditions at the time the ISW
patterns were observed. The data was available on 8 January 2019 at 10.20 GMT+S8, one day
before the SGLI data were recorded. Moderate Resolution Imaging Spectroradiometer
(MODIS) data from the Terra and Aqua satellites, collected on 8 January 2019 at 11.05
GMT+8 and 13.55 GMTH+S8, respectively, further supplemented the analysis with cloud-free

imagery.

2.2.3 Analysis method

A total of 26 SGLI products (Figure 2.2) in GeoTIFF format were collected and
cropped into the area of interest in the Lombok Strait. The data were cropped and visualized
using the Sentinel Application Platform (SNAP). For a detailed analysis, transect lines were
placed over the observed ISW patterns in the images. The Collocation Tool in SNAP was
used to align spatially overlapping products for consistency. Level-1B products were
combined into a single file, and pixel values along the transect lines were extracted for
further analysis. Similarly, Level 2 products were combined with transect lines set at the
same locations as the Level-1B data. For the Level-1B data, two transect lines were set along
the two detected ISW packets, whereas for the Level 2 data, only one transect line was set

on the detected ISW packet in the northern part of the Lombok Strait.
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Figure 2.2. Flowchart of the comprehensive method used in this study. The gray-out files
are SGLI channels and products analyzed in this study, adapted from Ogata et al. (2017).
The blue box represents the TOA radiance for the spectral characteristics, and the green
boxes represent ocean color products.

7

The method integrates data from various sensors on the GCOM-C/SGLI satellite, as
well as other satellite platforms, such as Sentinel-1B SAR, Sentinel-2B MSI, Terra/MODIS,
and Aqua/MODIS. By integrating these datasets, researchers can validate their findings
across different sources, increase the resolution and accuracy of their observations, and
develop a more complete understanding of ISW behavior. In this context, a comprehensive
method refers to the use of all available data to achieve a thorough and detailed
understanding of ISWs, from their basic characteristics to their broader implications in
oceanographic research. This comprehensive method enables a detailed analysis of ISWs
using the full spectrum of data available from the GCOM-C/SGLI satellite, providing

insights into their dynamics, impacts, and potential applications in oceanography.

2.3 Results

ISWs detected in the Lombok Strait are believed to result from the interaction between
semidiurnal tides and the rough topography (sill) in the southern part of the Strait,

specifically between the Nusa Penida and Lombok Islands. Two ISW occurrences were
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observed in the vicinity of the Lombok Strait and the northern part near Kangean Island,
approximately 200 km from the generation site. This observation was captured by GCOM-
C/SGLI imagery on 9 January 2019 at 10:35 GMT+S8. The appearance of short-period ISWs
during the northwest monsoon in this area is an interesting subject for further research. The
first ISW occurrence (Packet 1) was detected in the Lombok Strait at a depth of
approximately 500-700 meters, whereas the second occurrence (Packet 2) was observed
further north in the Lombok Strait at a depth of approximately 1000 m (Figure 2.1). It is
assumed that Packet 1 was generated earlier than Packet 2, which was likely produced during
a later tidal event. The visible channel of the TOA radiance Level 1 product, VNR-01, with
a wavelength of 380 nm, clearly revealed the pattern of both ISW occurrences (Figure
2.3(a)).
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Figure 2.3. The observed ISWs surface manifestation by GCOM-C/SGLI Level-1B VNR
TOA radiance on 9 January 2019 at 10.35 GMT+8 for the channel (a) VNR-01 at
wavelength 380 nm with 250 m spatial resolution, (b) SW-1 at wavelength 1050 nm with
1000 m spatial resolution, and (c) T-1 at wavelength 10800 nm with 500 m spatial
resolution.

The manifestation of [SWs in optical images, particularly in the visible channel, occurs
because of the modulation of sea surface roughness caused by ISW activity beneath the
surface. This modulation affects the optical reflectivity and absorption of light, which is
captured by the sensor. ISW manifestation patterns were detected not only in non-
polarization channels (Figure 2.4) but also in polarization channels, specifically in Stokes I
and Q components (Figure 2.5). Light becomes polarized when interacting with each surface
in a system; however, significant effects will appear if there is absorption or scattering in the
medium (Clavano, 2008). The detection of ISW manifestation patterns in the polarization
channel in this study is attributed to the significant effect of absorption and scattering on

rough sea surfaces caused by ISWs.
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Figure 2.4. Manifestation of ISWs on the surface by GCOM-C/SGLI Level-1B VNR TOA
radiance for the non-polarization channel on 9 January 2019 at 10.35 GMT+8 from
channel VNR-01 to VNR-11.
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Figure 2.5. GCOM-C/SGLI Level-1B VNR TOA radiance for the polarization channel (1
km spatial resolution) on 9 January 2019 at 10.35 GMT+8 from channel POL1 to POL2
with the Stokes parameters (I, Q, and U).

The presence of ISW can be observed in the short-wave infrared (SWIR) channel of
the TOA radiance data. Figure 2.3(b) shows that the ISW patterns of the two features are
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visible in the SWIR images at a wavelength of 1050 nm, similar to what is seen in Figure
2.3(a) in the visible spectrum. The surrounding waters show different color contrasts on both
sides of the image, with dark colors indicating a relatively calm sea surface and light colors
representing areas close to the sun glint. The SWIR channel on the SGLI includes four bands
at different wavelengths; however, one of these, the SW-2 band at 1380 nm, does not capture
the ISW pattern. The SW-2 band was specifically designed for cloud detection with a spatial
resolution of 1000 km (Figure 2.6). The thermal infrared (TIR) channel can still detect
patterns consistent with those seen in the VNR and SWIR, although the ISW patterns are
less visible and only detect Packet 1 (see Figure 2.3(c)). The TIR channel on the SGLI has
two bands with different wavelengths (10.8—12.0 um), but these two channels (T-1 and T-2)
only detect the ISW pattern for Packet 1 (Figure 2.7). Further clarification is provided by the

cross-sectional profile along the ISW propagation direction.

infrared (SWI) channel on 9 January 2019 at 10.35 GMT+8 from channel SW-1 to SW-4.
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Figure 2.7. GCOM-C/SGLI Level-1B Infrared Scanner (IRS) TOA radiance for thermal
infrared (TIR) channel on 9 January 2019 at 10.35 GMT+8 from channel T-1 and T-2.
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Figure 2.8. (a) Level-1B VNR TOA radiance channel VNR-0I product on 9 January 2019
at 10.35 GMT+8. White lines represent a cross-section starting from label A-A' for the
northern part of the Lombok Strait and B-B' for the Lombok Strait, (b) TOA radiance profile
A-A'" of VNR-01 at wavelength 380 nm compared with thermal infrared radiance T-1 at
wavelength 10800 nm, and (c) TOA radiance profile B-B.'

Figure 2.8(a) shows the cross-sectional profiles of two different transects that represent
ISW manifestations in the TOA radiance channels Packet 1 and Packet 2. Transect A-A'
(Figure 2.8(b)) displays the profile of ISW Packet 1. The cross-sectional profile in the visible
and thermal channels showed that the radiance values varied by approximately 2.5 W.m™.
pm~'.sr7! at the crest of Packet 1 and decreased towards the rear. This variation reflects the
impact of smooth and rough stripes on the sea surface caused by ISW. Transect B-B' (Figure

2.8(c)) shows the profile of ISW Packet 2. In this profile, the radiance value at the first crest

was approximately 2.0 W.m™= pm™".sr™!, with a decrease observed at the rear of the wave.
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Packet 2 is not detected on the thermal channel. The data indicate that Packet 1 exhibited
greater variation in radiance values, which is related to sea surface roughness and causes
interference in the thermal data. This interference results in inconsistent patterns between
the thermal and visible channels of the spectrum. Specifically, the radiance in the visible
channel increased by 2.5 W.m™. pm™.sr™' corresponds to a decrease in the radiance value in

the thermal channel by approximately 0.04 W.m™2. pm™".sr™".

Figure 2.9. SGLI Level 2 Ocean products for atmospheric correction category on 9 January
2019 at 10.35 GMT+8, (a) normalized water-leaving radiance (NWLR), (b) atmospheric
correction parameter (ACP), and (c) photosynthetically available radiation (PAR)

The ISW manifestation pattern was detected in both the Level-1B product and Level
2 ocean data. The three categories of ocean color products at Level 2 Ocean consistently
detected ISW patterns similar to those found in the Level-1B products. According to the
atmospheric correction algorithm used to generate Level 2 ocean data, Level-1B TOA
radiance products from the VNR and SWIR channels were utilized as inputs to estimate the
NWLR, ACP, and PAR products (Ogata et al., 2017). Figure 2.9(a) shows the NWLR
product, which detects both ISW manitestation patterns (Packets 1 and 2), with the first crest
pixel values being lower than the surrounding background pixel values. The ACP product
(Figure 2.9(b)) reveals the ISW pattern in more detail, with the first crest of the ISW showing
higher values than that of the background. The striking differences on both sides of the ISW
propagation area are assumed to be due to the influence of the sun glint effect. The PAR
product (Figure 2.9(c)) also shows an ISW pattern, although it is slightly faint because the
value differences compared to the background are less pronounced. Nonetheless, the
detected pattern was consistent with that of the other products. Variations in PAR values
influenced by ISW manifestations were lower at the first crest of the ISW than at the

surrounding background values.
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The next Level 2 Ocean product is an in-water parameter (IWPR) product that uses
data input from the NWLR product. The IWPR category includes three products: CHLA,
TSM, and CDOM (Figure 2.10). Both ISW patterns (packets 1 and 2) were detected in all
three products. The CHLA product shows the ISW manifestation pattern at the first crest
with a lower value than the surrounding background (Figure 2.10(a)). Similarly, the TSM
product detected the ISW pattern with values lower than the surrounding background (Figure
2.10(b)). In contrast, the CDOM product detected the ISW manifestation pattern at the first

crest with a higher value than the surrounding background (Figure 2.10(c)).

¥, & ~ TR A s | TR T * £ VoA AP 1
e~ | o) | Coatarw L) | C o
: . = i {3
:

Figure 2.10. SGLI Level 2 Ocean products for in-water parameters category on 9 January
2019 at 10.35 GMT+S8 (a) chlorophyll-a concentration (CHLA), (b) suspended solid
concentration (TSM), and (c) colored dissolved organic matter (CDOM)
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Figure 2.11. Sea surface temperature (SST) products on 9 January 2019 at 10.35 GMT+8
(a) Version 2, (b) Version 3

The SST product was derived using data from the Level-1B TOA radiance on the TIR
channel. Figure 2.11 presents the SST product, which identifies ISW manifestation patterns
consistent with those observed in the TOA radiance data in the TIR channel (Figure 2.3(c)).
Two versions of the SST product were estimated using different atmospheric correction

processes. Figure 2.7(a) shows the result of Version 2, where the ISW manifestation pattern
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in Packet 1 is evident. In contrast, Figure 2.11(b) shows the results of Version 3, which
includes improvements in atmospheric correction. The enhancements in Version 3 involved
refining the cloud mask process and adding an L 1B filtering process to remove stripe noise
(Kurihara et al., 2021). Although the SST product in Version 3 appears smoother and free of
striped noise, the ISW manifestation pattern is less prominent. However, the cross-sectional
profile along the [SW manifestation pattern still reveals a consistent up-and-down pattern,

similar to that observed in the TOA radiance data.

2.4 Discussion

The mechanism for detecting ISW manifestation patterns in SGLI products is
discussed in detail by validating these findings using data from other sensors. SAR data are
particularly important for ISW detection. Fortunately, a SAR image from Sentinel-1B was
captured within a short time frame of the SGLI image. The Sentinel-1B/SAR image taken
on 9 January 2019 at 05:51 GMT+8 detected an ISW manifestation pattern consistent with
that observed in the SGLI product. There was a 4-hour and 44-minute time gap between the
two images, with the Sentinel-1B image captured in the morning before the SGLI image.
Figure 2.12(a) shows the Sentinel-1B/SAR image, which reveals three ISW packets
propagating in the northward direction. Despite the time gap of 4 h and 44 min, the SGLI
product continued to detect packets 1 and 2. Transect lines (Line C-C') were used to examine
the backscatter profile on the Sentinel-1B SAR image, and these profiles were subsequently
compared with the TOA radiance and ocean color product profiles from SGLI data.

Cross-sectional profile analysis along the direction of ISW propagation revealed that
the first crest (Packet 1) was detected by the Sentinel-1B SAR imagery at approximately 7.3
°S latitude. Later, the SGLI imagery located this crest at 7.05 °S, suggesting that the ISW
crest had moved approximately 30 km during this time. A comparative analysis of the cross-
sectional profiles of the SGLI TOA radiance and ocean color products (Figure 2.12(c)-(d))
showed a consistent pattern between the visible channel and ocean color products ACP and
CHLA: when the radiance value was high (smooth surfaces), the ACP and CHLA values also
increased. Conversely, the TIR channel and SST products showed a consistent pattern but
inversely proportional to the visible channel; when the radiance value in the visible channel
was high (smooth surface), the TIR radiance and SST values decreased. The in-situ data from
the Lombok Strait (Purwandana et al., 2021, 2023) strongly support the results of the present
study. Both studies by Purwandana et al. (2021, 2023) highlight the significant role of ISWs

in the region, their impact on sea surface conditions, and the underlying dynamics driving
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these phenomena. The consistency across these observations and models strengthens the
validity of the present study's findings, particularly in understanding the interaction between
internal tides and seabed topography in generating and propagating ISWs in the Lombok

Strait and surrounding areas.
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Figure 2.12. (a) The observed ISWs surface manifestation by Sentinel-1B/SAR images on
9 January 2019 at 05.51 GMT+S8, and the cross-section profile of ISWs manifestation for
the A-A' transect in Figure 2.8(a) for (b) SAR intensity, (c) comparison of VNR and TIR
radiance Level-1B products of SGLI, and (d) Level 2 Ocean of SGLI for the ACP, CHLA,

SST products

One possible explanation for this phenomenon is the modulation of the sea surface by
ISWs, which induces areas with rough and smooth surfaces. Rough sea surfaces scatter and
absorb sunlight, causing these areas to appear darker than the sensor. Conversely, smooth
sea surfaces reflect sunlight more effectively, resulting in brighter areas. The increased
opacity in rough areas disrupts light penetration, whereas smooth surfaces allow better
retrieval of ocean color information. This explains why the ISW pattern detected by the
ocean color products aligned with the TOA radiance product, whereas the thermal channels
and SST data showed different patterns.

The detection of ISW patterns in thermal channels and SST images can be attributed
to the impact of [SWs on the mixed layer depth, where cooler water is brought closer to the
surface than warmer water. Packet 1, which has propagated further and become shallower,
exhibits a higher amplitude compared to Packet 2, which remains at a depth of around 1500

meters in the Lombok Strait area. The amplitude of the ISWs in Packet 1 was sufficient to
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elevate the cooler water layer closer to the surface, resulting in lower thermal emissions
detected by the sensor over the smooth surface (Figure 2.13). Previous studies have also
detected the sea surface thermal manifestation of IWs (Farrar et al., 2007; Marmorino et al.,
2004; Walsh et al., 1998). The mechanism proposed in this study is consistent with that of
Farrar et al. (2007), who concluded that the signal in SST data is due to IWs affecting upper
ocean mixing by changing the depth of the diurnal warm layer. However, an additional
mechanism that may contribute significantly to the observed manifestations of ISWs is the
net particle transport induced by ISW. This process involves the movement of materials
within the water column, where ISWs lift cooler water from deeper layers to the surface of
the water. Satellite sensors, which capture snapshots of the sea surface, can precisely detect
these cooler water masses when they are elevated to the upper ocean layer by ISW. The
cooler water brought to the surface by ISWs may descend again, but the momentary lifting
captured by satellites contributes to the observed ISW patterns in SST and other remote

sensing data.
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Figure 2.13. Imaging process of ISWs using an optical sensor consisting of depression
solitons with decreasing amplitude. The sea surface roughness due to ISW activity below
the surface affects the visibility and characteristics of the sea surface recorded by optical

sensors
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When comparing the findings of Craig et al. (2012) and Hao & Shen (2020) with the
results of the present study, several key points emerge regarding the influence of IW
dynamics on surface features and the importance of local wave geometry and energy
dynamics. Craig et al. (2012) and Hao and Shen (2020) focused on theoretical and numerical
modelling approaches. This study provides empirical data from satellite imagery, allowing
for the direct observation of ISW behavior across different regions. This empirical evidence
complements theoretical models by offering real-world examples of these dynamics in
action. Vrecica et al. (2022) utilized high-resolution infrared imagery from a helicopter to
observe shoaling and breaking IWs, capturing fine spatial details and identifying areas where
waves were breaking. In contrast, the current study employed satellite-based remote sensing
data from SGLI to detect and analyze ISWs. Nonetheless, the satellite data confirmed the
presence of ISW patterns, showing consistency in the manifestation of ISWs across different
imaging channels. Both studies highlight the complex interactions of internal waves with the
ocean surface, but they do so from different perspectives and scales. Vrecica et al. (2022)
provided detailed high-resolution observations of wave breaking and spatial variability,
which are crucial for understanding local TW dynamics. The current study complements
these findings by using satellite data to observe ISW patterns over broader spatial scales,
demonstrating how these patterns manifest and influence the surface properties.

The Sentinel-2B MSI detected the ISW manifestation pattern a day before the SGLI
imagery was recorded. By combining six views from Sentinel-2B/MSI imagery, wide area
coverage was achieved, revealing three ISW packages. Newly generated ISW packets were
observed near their generation area (indicated by box 3 in Figure 2.14(a)). Analysis of the
spectral information from Sentinel-2B/MSI and GCOM-C/SGLI showed a consistent pattern
of high reflectance values in the violet band (380-443 nm). There was no significant
difference in the spectral characteristics between the bright and dark areas influenced by
ISWs on the sea surface. The spectral characteristics of these bright and dark lines in the
ISW patterns observed in the northern part of the Lombok Strait are consistent (Figure

2.14(c)~(d)).
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Figure 2.14. (a) True-color images of Sentinel-2B/MSI on 8 January 2019 at 10.20 GMT+8
with details of ISWs surface manifestation, (b) TOA reflectance of GCOM-C/SGLI on 9
January 2019 at 10.35 GMTH+8, (c) spectral reflectance information of the bright and dark
areas of ISWs manifestation by the Sentinel-2B/MSI, and (d) spectral reflectance
information of the bright and dark areas of ISWs manifestation by the GCOM-C/SGLI.
The MODIS optical sensors on the Terra and Aqua satellites also captured the ISW
manifestation pattern, but on the day before the SGLI image was captured. The absence of
MODIS imagery on the same day as SGLI was due to the limited satellite paths through the
Lombok Strait and the cloud cover. The ISW manifestation pattern detected in MODIS
images for both Terra and Aqua showed a consistent pattern with Sentinel-2B/MSI on the
same day, with a recording time difference of approximately 45 min (Figure 2.15).
Nevertheless, some uncertainties remain in this study, particularly concerning the
processes occurring below the surface that influence the reflectance and emissions of the sea
surface. The results of this analysis have not been validated using ground-truth data, and the
validation process is essential for ensuring the accuracy of these findings. However, due to
the challenges and high costs associated with data collection in the open sea, as well as the
non-linear occurrence pattern of ISW, it is rarely carried out. In future studies, it would be

beneficial to validate the findings by comparing them with field data, such as using an
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Echosounder or Acoustic Doppler Current Profiler (ADCP), as conducted by Susanto et al.
(2005) and Purwandana et al. (2021). Consequently, this study contains some biases, and

improvements are necessary for future research.

1S'E x

B o ol ; : i : ; o o
g R -l =i 5™ r : b N lé *
B A P it M = ; i FowiIN %,

= Sl A k- 2 !

Figure 2.15. The observed ISWs surface manifestation by (a) Terra/MODIS image on 8
January 2019 at 11.05 GMT+8 and (b) Aqua/MODIS image on 8 January 2019 at 13.55
GMT+8

2.5 Conclusions

The interaction between light and matter, especially at the ocean surface, is an
important topic in remote sensing. Small-scale phenomena that are sometimes ignored can
accumulate and create anomalies that are often missed in the analysis. ISWs are small-scale
phenomena that are often neglected because of their complexity and nonlinear
characteristics. ISWs are the most frequently appearing type of internal waves and have been
discussed in remote sensing research because of their unique characteristics, which allow
them to be differentiated from other phenomena above the sea surface. The interaction
between ISWs and surface waves causes changes in sea surface roughness that can be
detected using sensors. The detection of ISWs using optical sensors has been widely used to
analyze ISW dynamics based on patterns detected in images. A comprehensive analysis of
optical sensor products has never been conducted. GCOM-C/SGLI, which has a high spatial
resolution and consists of two sensors, a visible-near infrared radiometer and an infrared
scanner, comprehensively reveals the characteristics of [ISW manifestations through products
derived from different scanning techniques.

A comparison between Level-1B data and Level 2 Ocean products on SGLI indicated
that ISW patterns affect ocean color parameters and thermal channel data. The consistent

manifestation pattern of ISW detected in TOA radiance and ocean color products is assumed
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to be due to the impact of ISW on the sea surface, creating rough and smooth surfaces. Rough
sea surfaces scatter and absorb sunlight, causing the sensor to record these areas as darker.
Conversely, smooth sea surfaces reflect sunlight, causing the sensor to record these areas as
brighter owing to specular reflection. The manifestation of ISWs in the thermal channels and
SST is due to the modulation of the mixed layer depth by ISWs. This modulation lifts the
cold-water layer near the surface, causing the emissions recorded by the sensors to be
consistent with the pattern of ISW manifestation at the sea surface. Sentinel-2B/MSI and
GCOM-C/SGLI reflectance spectral information showed a consistent pattern of high
reflectance values in the violet band (380-443 nm). There was no significant difference in
the spectral characteristics between the bright and dark areas owing to the manifestation of
the ISW on the surface.

These findings confirm that ISWs influence both optical and thermal sensor data, with
implications for understanding ocean surface dynamics and improving the accuracy of
remote-sensing applications. The ability to detect ISWs using multiple sensors provides
valuable insights into their formation, propagation, and impact on the sea surface,
contributing to more accurate monitoring and analysis of oceanographic processes in the

future.
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CHAPTER 3

Estimation of Internal Solitary Waves Propagation Speeds and
Occurrence using Long-term Sentinel-1 SAR Data in the Lombok Strait,
Indonesia

3.1 Introduction

Internal Solitary Waves (ISWs) are significant oceanographic phenomena observed
worldwide in various straits and coastal regions (Apel, 2002b). These waves, generated by
tidal forces and influenced by various climatic and oceanic factors, play a crucial role in the
distribution of energy and nutrients in oceans (Klemas, 2012). Understanding the dynamics
of ISWs, particularly their occurrence frequency and propagation speed, is essential for
marine navigation, ecological studies and climate research (Woodson, 2018).

The Lombok Strait, located between the islands of Bali and Lombok in Indonesia, is
an essential region for studying ISWs because of its unique geographical and oceanographic
characteristics (Susanto et al., 2005, 2007). The strait is part of the Indonesian Throughflow
(ITF), a significant ocean current that transports water from the Pacific Ocean to the Indian
Ocean. The generation and propagation of ISWs in this region are influenced by complex
interactions between tidal currents, ocean stratification, and climatic phenomena such as the
El Nifio-Southern Oscillation (ENSO) and Indian Ocean Dipole (I0OD) (Matthews et al.,
2011).

Sentinel-1 Synthetic Aperture Radar (SAR) images are valuable tools for observing
and analyzing ISWs, offering high-resolution data that can reveal detailed patterns of wave
dynamics over time. Researchers have used ERS SAR images in the Strait of Messina to
demonstrate that Internal Wave (IW) features are more frequently detected during summer
when the thermocline is clearly defined (Brandt et al., 1997). In the South China Sea, Meng
et al. (2003) and Zheng et al. ( 2007) documented interannual and seasonal changes in IW
detection using ERS SAR. Seasonal patterns of IW activity generation, penetration, and
location have been observed in the Mozambique Strait using ENVISAT SAR (da Silva et al.,
2009). Sentinel-1 has a SAR C-band instrument similar to ERS-1/2 and ENVISAT ASAR,
with an improved temporal resolution. ISW observations using Sentinel-1 SAR time series
images have been conducted in the Timor Sea over six years, showing the variability and

characteristics of the detected ISWs (Zhang et al., 2023). Tao et al. (Tao et al., 2022)

33



published a public dataset of SAR images using Sentinel-1 SAR images, which can be used
as internal wave observation datasets using machine learning.

ISW observations in the Lombok Strait utilizing time-series data from SAR images
have been conducted previously. Matthews et al. ( 2011) statistically investigated the
frequency of ISW occurrences propagating north and south of the Lombok Strait using
PALSAR and ERS-1/2 data. This study suggests long-term modifications of the monsoon-
induced throughflow in the Lombok Strait. Karang et al. (2011) also investigated the
interannual occurrence frequencies of ISWs in the Lombok Strait using PALSAR data over
five years, demonstrating that ISWs were observed frequently in April. Zheng et al. (Zheng
et al., 2007) statistically analyzed the occurrence of internal waves in the South China Sea
and introduced a de-weighted factor to normalize SAR working days, which are typically
not evenly distributed in each annual and monthly period.

Chonnaniyah et al. (2021) provided valuable insights by estimating the ISW phase
speed in the northern part of the Lombok Strait based on a comprehensive analysis of
Sentinel-1 SAR images and Himawari-8 data. This study revealed a decrease in the ISW
propagation speed as these waves traversed shallow waters in the northern part of the strait.
Furthermore, the variability of ISW detection in the Lombok Strait was investigated over six
years, as detailed in a separate study (Chonnaniyah et al., 2021).

Previous studies have indicated that [SW occurrences in the Lombok Strait are closely
associated with tidal currents from the Indian Ocean (Mitnik, Alpers, & Hock, 2000; Susanto
etal., 2005). Previously, propagation speed estimation relied on the distance between packets
and tidal timing (Tensubam et al. 2021). If an ISW packet is assumed to have a critical phase
with semidiurnal tides, it is possible to estimate the average propagation speed of the ISW
packet by ascertaining the generation location and highest tide data at that location. This
study proposes combining information from Sentinel-1 images with tidal predictions from a
model to estimate the propagation speed of ISWs in the Lombok Strait using a nine-year
time series of Sentinel-1 SAR images. However, the relative influence of ENSO and 10D on
these occurrences and propagation speeds remains a topic of ongoing research.

This study demonstrates the utility of remote sensing techniques, such as SAR, in
detecting ISW surface signatures, although biases remain compared to in situ measurements
owing to limitations in temporal resolution and environmental factors. These findings
contribute to a deeper scientific understanding of the mechanisms driving ISW generation
and propagation, with implications for oceanographic modelling and forecasting in the
region.
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3.2 Data and Methods
3.2.1 Sentinel-1 SAR

SAR data have become the most critical remote sensor for detecting ISW occurrence
in the ocean. Sentinel-1 SAR missions distribute free open-access data and provide the
opportunity to analyze ISW dynamics using high-resolution imagery over long periods. A
pair of polar-orbiting satellites collected sentinel-1 SAR data using available day and night
C-band SAR imagery. The Ground Range Detected (GRD) Level 1 product was used to
analyze the occurrence frequencies and propagation speed estimation in the Lombok Strait
areas. The interferometry wide-swath mode on the GRD Level 1 product offers
comprehensive area coverage of 250 x 200 km in a single scene. Sentinel-1 SAR data
covering nine years, from January 2015 to December 2023, were collected from the Alaska
Satellite Facility’s Distributed Active Archive Centre (ASF DAAC). A total of 578 images
were available from different days in the Lombok Strait area for the ascending and
descending orbits of Sentinel-1A and Sentinel-1B (Figure 3.1). A total of 372 SAR images
detected the ISW pattern, and 273 SAR images focused on the northward-propagating ISW

for the analysis of the propagation speed estimation.

115°0°E 116°0°E 117°0'E
Asia S os] i
v ‘ s o < A 0
5 BB A. 7y it S
~ * 8 ~
gt i
Indian Ocean Australia

8°0'S

9°0'S

10°0'S

115°0°E 116°0'E 117°0°E

Figure 3.1. Map of the Lombok Strait. The red boxes represent the Sentinel-1 swath for
the ascending (red boxes) and descending (blue boxes) orbits. The red star indicates the
location of the tidal data validation.
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3.2.2 Tidal Elevation

The predicted tidal elevation and zonal and meridional current components were
obtained from the Tide Model Driver (TMD) — TPXO0-9. This model utilizes 22 tidal
components (Mz, Sz, N», Kz, Ki, O1, P1, Q1, Mm, My, Ma, MN4, MS4, 2N2, Sy, 2Q1, 11, Lo,
M3, MUz, NUs, and OO1) and has a resolution of approximately about 1/30°. The TMD
provides tidal elevation data at 10-minute intervals; however, for this study, the data were
filtered to one-hour intervals. TPXO-9 is a global ocean tide model that provides accurate
predictions of tidal elevation and currents across oceans. Recent research on ISW in the
central Andaman Sea has used the TPXO-9 model to observe the behavioral characteristics
of ISW (Sun et al., 2024).

Before utilizing the tidal elevation data from TMD, validation was conducted by
comparing the TMD data with real-time tidal elevation data from the Sistem Referensi
Geospatial Indonesia (SRGI), developed by the Badan Informasi Geospatial (BIG). This
validation was performed at Benoa Station (red star in Figure 3.1). Tidal elevation data from

1 May to 31 May 2024 recorded at one-hour intervals, were used for this validation.
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Figure 3.2. Validation of tidal elevation at Benoa Station, Bali.

The validation results for the tidal elevations at Benoa and Bali are presented in Figure
3.2. The comparison between the model and observed data indicated a high correlation (r)
of 0.99 and a coefficient of determination (r?) of 0.98. Additionally, the Root Mean Square
Error (RMSE) was 0.08 m (8 cm). Overall, the tidal elevation model closely matched the

observed data, indicating that it accurately represented the actual field conditions.
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3.2.3 Statistical Analysis

The occurrence frequency distribution of ISW events in the Lombok Strait for nine
years from 2015 to 2023 was analyzed using statistical methods similar to those used in
previous research on the northern South China Sea (Zheng et al., 2007). Previous research
has applied a de-weighting factor for the irregular distribution of Sentinel-1 images annually.
The annual distribution of ISW detection frequency observed by Sentinel-1 SAR is

determined as (1)

N.

=g | i 1

pi=q, ZNJ' (D
J

qi represents the de-weighted factor for annual distribution, described as (2)
D,

= min 2
%= 2)

L

D; is the Sentinel-1 mission working days in the ith year (24 (2015), 27 (2016), 55
(2017), 101 (2018), 99 (2019), 88 (2020), 80 (2021), 50 (2022), and 54 (2023)). N; (N))
denotes the total number of days for detected ISW in Sentinel-1 SAR images and represents
the total number of days for detected ISW in Sentinel-1 SAR images. The Sentinel-1 SAR
working days in 2015 were minimal (Duin); therefore, the de-weighted factor for 2015 was
assigned to a value of 1. The same calculations were performed for the seasonal and monthly
distributions.

The occurrences of Sentinel-1 SAR are categorized into four distinct seasons:
December-January-February (DJF) represents the northwest monsoon or boreal winter;
March-April-May (MAM) represents the transition season or mid-autumn; June-July-
August (JJA) represents the southeast monsoon or boreal summer; and September-October-

November (SON) represents the spring intermediate (Susanto et al., 2007).

3.2.4 Phase Speeds Estimation

ISWs in the Lombok Strait are generated by interactions between stratified water, tidal
flow, and complex bottom topography (Susanto et al., 2005). Previous research estimated
the ISW propagation speed using two ISW packets detected in SAR images. This approach
assumes that the time difference between two packets is approximately equivalent to the
tidal period, which is similar to the tidal period (Mitnik, Alpers, & Hock, 2000; Susanto et
al., 2005). Tides in the Lombok Strait are generated by tidal waves propagating from the
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Indian Ocean with a dominant M> semidiurnal period of 12.4 h (Purwandana et al., 2021).
The method proposed in this study for estimating the ISW propagation speed involves the
use of a Sentinel-1 SAR image scene that detects a single ISW packet only and then
combines it with information about the closest high tide time to the SAR image acquisition

time (Figure 3.3).
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Figure 3.3. The ISW propagation speed estimation methodology combines the distance of
the first ISW crest detected in the Sentinel-1 image to the sill (AD), the high tide interval,
and the recording time of the Sentinel-1 image (AT). The red asterisk indicates the location
of tidal data validation.
ISW propagation speed utilizing Sentinel-1 SAR image (Cs4r) and tidal data is
estimated by (3)
Dy AD

Cypp = =W = — (3)
. TSAR -7, Tidal AT

Where Dsinisw is the distance between the sill location (dashed red line) measured in
meters (m) and the first [SW crest recorded by the Sentinel-1 SAR image (Figure 3.3), Ts4r
represents the Sentinel-1 SAR image recording time, and iz is the high tide time closest to
the SAR image recording time measured in seconds (s). Csur is the ISW propagation speed

measured in meters per second (ms).
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3.3 Results
ISW packets are typically observed as alternating bright and dark bands in SAR images.

An ISW packet consists of several individual waves with different amplitudes and speeds.
Typically, the wave with the greatest amplitude is located at the front, with the amplitudes
decreasing towards the rear of the wave packet (Alpers et al., 2011). The spatial distribution of
the first crest of the ISW across the Lombok Strait was mapped using Sentinel-1 SAR images
from 2015 to 2023 (Figure 3.4). A total of 273 SAR images with the detection of [SW patterns
propagating northward were concentrated in the Lombok Strait area at Latitude 8-9°S. In this
study, the ISW packets detected in the Sentinel-1 SAR imagery were predominantly located in
the transition zone from shallow to deep water, ranging from 500 to 1500 m.
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Figure 3.4. Spatial distribution of ISW occurrence observed by Sentinel-1 SAR in the
Lombok Strait area from 2015 to 2023. The colored curved line delineates the first crest of
the ISW detected in the Sentinel-1 SAR imagery.

An analysis of long-term Sentinel-1 SAR data revealed distinct patterns in the monthly

occurrence of ISWs in the Lombok Strait. Over the nine-year study period from 2015 to
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2023, ISWs were detected every month, with their frequency varying significantly during
the year. Figure 3.5 shows the monthly distribution time series of the ISW occurrence
frequency and propagation speed, as observed in the Sentinel-1 SAR images. The highest
number of ISW was observed during the transitional period, specifically in October, with an
average of 9%. The ISW activity was relatively low at the beginning of the southeast
monsoon in June, with an average activity of 5%. The average ISW propagation speed across
the entire dataset was estimated to be approximately 2.36 ms”, which is consistent with
previously reported values for the Lombok Strait. The highest propagation speeds were
observed in December, averaging 2.72 ms™. The ISW propagation speed decreased by an

average of 2.23 ms” in October.
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Figure 3.5. Monthly average distribution of ISW occurrence frequency and propagation
speed estimation in the Lombok Strait observed by Sentinel-1 SAR during the period
2015-2023.

Seasonal analyses provided additional insights into the influence of regional climatic
and oceanographic processes on ISW activity. The highest number of ISW occurrences was
observed during the transitional periods of SON, with an average of 27%, and the lowest
was observed in DJF, with an average of 21% (Figure 3.6). The highest propagation speeds
were observed in DJF, averaging 2.56 ms™' and the lowest were observed in SON, averaging

2.29 ms™. The results of the monthly and seasonal analyses were consistent and reliable.
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Figure 3.6. Seasonal distribution of ISW occurrence frequencies and propagation speed
estimation in the Lombok Strait observed by Sentinel-1 SAR during 2015-2023.

Figure 3.7 shows the annual distribution of ISW occurrence frequencies in the Lombok

Strait, indicating significant variability across the years. The peak occurrence was in 2015,

accounting for 5% of all observed ISWs, whereas 2020 exhibited the lowest frequency of

only 3%. Although wave activity fluctuated, the propagation speed exhibited a distinctly

different pattern. The highest average speed was recorded in 2021, with ISWs traversing the

strait at 2.53 ms™, whereas 2023 displayed the lowest average speed of 2.22 ms™.
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estimation in the Lombok Strait observed by Sentinel-1 SAR during 2015-2023.
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The analysis of the monthly distribution time series data for ISW occurrence frequency
in the Lombok Strait overlaid with the ENSO and 10D indices revealed an average
occurrence frequency of 5% per month. Figure 3.8 shows that the correlation coefficient
between the ISW occurrences and the 10D index is 0.365, indicating a moderate relationship.
This suggests that fluctuations in IOD influence ISW activity in the Lombok Strait. In
contrast, the correlation coefficient between the ISW occurrence and ENSO index was -
0.006, indicating a negligible relationship. This implies that ISW occurrences in the Lombok

Strait are not significantly associated with the ENSO cycle.
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Figure 3.8. Monthly distribution time series of ISW occurrence frequencies observed by
Sentinel-1 SAR from January 2015 to December 2023. The red and blue shaded areas
represent ENSO events. The yellow and green shaded areas represent IOD events.

The time series analysis of the ISW propagation speed data revealed an average speed
of 2.4 ms™, ranging from 1.6 ms™ to 3.5 ms”'. The standard deviation of 0.32 ms” indicates
moderate variability in the speed over the observed period. Figure 3.9 shows the correlation
coefficient between the ISW propagation speeds and ENSO index, which was found to be -
0.30. This negative correlation indicates a moderately inverse relationship between the two
variables. This suggests that ISW propagation speeds may be affected by ENSO fluctuations.
The correlation between the ISW propagation speed and IOD index was -0.18, indicating a
weak negative relationship. Although this correlation is less pronounced than that with

ENSO, it suggests that variations in the [OD may influence ISW speeds.
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Figure 3.9. Monthly distribution time series of ISW propagation speeds estimated using
Sentinel-1 SAR and tidal data from January 2015 to December 2023. The red and blue
shaded areas represent ENSO events. The yellow and green shaded areas represent [OD

events.

Further analysis to identify periodic patterns in ISW occurrence and propagation speed
was conducted using the Fast Fourier Transform (FFT), a mathematical algorithm that
converts time-domain signals into frequency-domain representations. By analyzing the
frequency components of the data, FFT facilitates the identification of dominant cycles in
the ISW activity. The period of these cycles can be obtained by taking the inverse of the
frequency; specifically, the period is calculated as P = 1/, where P is the period and f'is the
frequency. Figure 3.10 shows the FFT analysis based on long-term Sentinel-1 SAR data,
indicating a dominant cycle with a period of approximately 54 months. ISW occurrence in
the Lombok Strait followed a long-term periodic trend, with increased activity
approximately every 4.5 years. This pattern is associated with climate oscillations, such as

the IOD, which influences the oceanographic conditions in the Lombok Strait.
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Figure 3.10. FFT results of ISW occurrence frequency using monthly time-series data. (a)
Original data, (b) frequency domain, (c) period.

Figure 3.11 shows that the FFT analysis revealed a prominent spectral peak
corresponding to a 12-month period, indicating significant seasonal variability in the ISW
propagation speed. For the analysis, no months with missing data were assigned a value of

zero in the original dataset.
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Figure 3.11. FFT results of ISW propagation speeds using monthly average time-series
data. (a) Original data, (b) frequency domain, (c¢) period.
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3.4 Discussion

The distinct monthly and seasonal patterns of ISW occurrence observed in the Lombok
Strait are the result of complex interactions among tidal dynamics, stratification and
atmospheric conditions. The peak ISW occurrence frequency occurred during the monsoon
transition of the SON, and lower ISW occurrence occurred during the DIJF. This study
revealed that the ISW occurrences detected in Sentinel-1 SAR images were primarily
influenced by stratification conditions during each season. In the transition season (SON and
MAM), the thermocline tended to be stable, whereas in DIJF, it became deeper. The
deepening of the thermocline affects the ISW manifestations at the surface, diminishing their
detectability and making them less significant for detection by SAR. Furthermore, ISW
occurrences are less frequent in JJA because of the presence of a net surface current south of
the Lombok Strait, which impedes the generation of ISW to the north (Susanto et al., 2007).
Additionally, the intrusion of Kelvin waves from the Indian Ocean during the transition
season contributed to the increased detection of ISW events. Kelvin wave intrusion
strengthens the tidal current flowing northward through the Lombok Strait, intensifying the
ISW generation in the northern part of the strait (Syamsudin et al., 2004). The lowest
frequency of ISW occurrence in June can be attributed to the southward strengthening of the
tidal current driven by intensified ITF transport during the southeast monsoon, which affects
the release of ISW (Susanto et al., 2007).

The distribution of propagation speeds differed from the frequency of ISW
occurrences, with the highest average propagation speed in December (boreal winter), when
ITF transport weakened, and the lowest in October. The monthly variability of ISW
propagation speeds in the Lombok Strait exhibited an inverse trend compared to the
frequency of ISW occurrence. The highest propagation speed occurred during the DIJF
season, whereas it remained relatively constant during the other seasons. These seasonal
distribution results suggest that variations in ITF transport, rather than changes in the
thermocline, influence ISW propagation speeds in the Lombok Strait. Matthews et al. (2011)
conducted numerical simulations of the dynamics of ISWs in the Lombok Strait, examining
monsoonal variations with and without ITF transport. Their study revealed that ITF transport
during the southeast monsoon weakened the current gradient, resulting in slower ISW
propagation. The analysis in this study is consistent with that of Matthews et al. (Matthews
et al.,, 2011) in terms of monthly and seasonal distributions, demonstrating that ISW

propagation speeds are faster during the northwest monsoon. However, the annual
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distribution analysis showed some inconsistencies, likely due to interannual modifications
influenced by ENSO and IOD. However, the combination of El Nifio and a positive IOD
yielded contradictory results (Sprintall et al., 2019), with a higher frequency of detected ISW
occurrences and increased propagation speed.

Correlation analysis revealed a moderate positive relationship between ISW
occurrences and the IOD index (0.365), whereas the ENSO index had a negligible influence
(-0.006). During positive 10D phases, cooler sea surface temperatures can cause the
thermocline to become shallower, contributing to a higher frequency of ISW occurrences.
Conversely, negative 10D phases are associated with warmer sea surface temperatures,
which can influence the thermocline to deepen, resulting in a decrease in ISW occurrence
(Ngetal.,2014). ISW propagation speeds were moderately negatively correlated with ENSO
(-0.30) and weakly negatively correlated with IOD (-0.18), suggesting that ENSO-related
changes in ocean stratification have a stronger impact on ISW propagation. The discrepancy
in the correlation between the ISW occurrence frequencies and propagation speed estimates
can be attributed to the assumption that ISW generation in the Lombok Strait occurs when
the water is stratified. This finding is consistent with Zhu and Wang (2024), who posited that
ENSO plays an essential role in upper layer transport in Indonesian waters, while IOD plays
a crucial role in lower layer transport. The ISW propagation speed is closely related to the
thermocline, which influences the ENSO. The ISW propagation speed during La Nifia was
higher than that during EI Nifio because of variations in the thermocline depth. During El
Nifio, the thermocline conditions in Indonesian waters become shallow, and ITF transport is
reduced, causing the current gradient to weaken (Matthews et al., 2011).

FFT analysis identified a 54-month cycle in ISW occurrence and a 12-month cycle in
propagation speed, thereby elucidating the effects of long-term climatic oscillations and
seasonal patterns on ISW dynamics. This observation indicates that, in addition to short-term
seasonal influences, long-term climatic oscillations, such as the IOD and other multi-year
cycles, significantly influence ISW generation over an extended period. While time-series
analysis provides detailed insights into the short-term variability of ISW behavior, FFT
analysis reveals the underlying long-term cycles that govern ISW activity. The correlation
analysis corroborated these findings, demonstrating a moderate positive relationship
between ISW occurrence and the IOD index, emphasizing the role of long-term climate
variability. In contrast, the ENSO index showed a negligible correlation with ISW
occurrences, although it moderately impacted the propagation speeds, as suggested by both

time series and FFT analyses. Therefore, the utilization of a long-term dataset is crucial for
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a comprehensive analysis; however, this study utilized only a nine-year dataset, which limits
its ability to fully establish the statistical significance of the observed cycles. Despite this
limitation, this study offers valuable preliminary insights into the importance of long-term
observations for understanding the impact of climate oscillations on the dynamics of ISW.
This finding is in line with previous studies that stated that long-term trend analysis,
especially those covering multi-year cycles, such as ENSO and IOD, requires data spanning
more than a decade to significantly distinguish between natural oscillations and random
fluctuations (Norel et al., 2021). Extending the dataset would not only deepen the
understanding of the critical role of climate variability in shaping ISW dynamics but also
make important contributions to the modelling and prediction of regional ocean dynamics.
ISW detection using remote sensing techniques still contains considerable bias
compared to in situ measurements. Observations using SAR imagery focus solely on
detecting surface roughness signatures caused by ISW activity beneath the ocean surface.
The modulation of sea surface roughness by ISWs is primarily influenced by environmental
conditions, which can lead to misclassification or missed events when the ISW surface
signatures are not well defined. Additionally, ISW detection using Sentinel-1 SAR is prone
to bias owing to its limited temporal resolution, which means that ISWs may occur but go
undetected by Sentinel-1 SAR. The long-term implications of this study focus only on
detecting the surface signatures of ISWs under the influence of monsoon, ENSO, and [OD
variability in the Lombok Strait. Further research is needed to observe variations in the

detected ISW properties, such as soliton number, wavelength, and first-crest length.

3.5 Conclusion

This study provides important insights into the occurrence and propagation of ISWs in
the Lombok Strait using long-term Sentinel-1 SAR data. The occurrence frequencies of
ISWs observed in Sentinel-1 SAR images demonstrated a higher correlation with [OD than
ENSO. This suggests that tidal currents from the Indian Ocean, which are predominantly
influenced by the IOD, play a substantial role in ISW generation in the Lombok Strait.
During positive IOD phases, cooler sea surface temperatures can cause the thermocline to
become shallower, contributing to a higher frequency of ISW occurrences. Conversely,
negative 10D phases are associated with warmer sea surface temperatures, which can
influence the thermocline to deepen, resulting in a decrease in ISW occurrence. ISW
propagation speeds were negatively correlated with ENSO and IOD indices, with ENSO

having a more significant impact. During La Nifia conditions, propagation speeds increase,
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whereas during El Nifio conditions, they decrease because of variations in the thermocline
depth and ITF transport.

The monthly distribution of ISW occurrences reached its maximum in October and
minimum in June, influenced by the stratification conditions during each season and
increased ITF transport. Propagation speeds were highest in December (boreal winter), when
ITF transport weakened, and lowest in October, exhibiting an inverse relationship with ISW
frequencies. Annually, the highest ISW frequency was observed in 2015, coinciding with EI
Nifio conditions, whereas frequencies decreased during La Nifia conditions, demonstrating
a more decisive and substantial IOD influence over ENSO. The highest average propagation
speed was recorded in 2021, and the lowest was recorded in 2023, highlighting the annual
variability in ISW dynamics. The results indicated that ISW activity exhibits both seasonal
and multi-year variability, as evidenced by the FFT analysis, which identified a 54-month
cycle in occurrence and a 12-month cycle in propagation speed. The moderate positive
correlation between ISW occurrence and the IOD index suggests that climatic oscillations,
particularly the TOD, play a significant role in influencing ISW activity. In contrast, the
negligible correlation with the ENSO index highlights its limited impact on ISW occurrence,
although ENSO-related changes in ocean stratification appear to influence the propagation
speed, as demonstrated by the moderate negative correlation with ENSO. However, the
utilization of only nine years of data constrains the ability to thoroughly establish the
statistical significance of the observed cycles. Consequently, future research should
incorporate longer datasets to enhance the robustness of these results.

The complex transport dynamics through the Lombok Strait resulted in varying
average distributions of ISW occurrence and propagation speeds in the different months.
This complexity necessitates further investigation, including external boundary condition
data and numerical simulations, to better understand the parameters influencing the
appearance of ISWs in SAR images. Additional observations using in-situ data and more
comprehensive numerical simulations are essential to confirm these findings and provide a
deeper understanding of ISW dynamics in the Lombok Strait. This study contributes to the
expanding body of knowledge on ISW dynamics and their broader implications for ocean

circulation and climate systems in the Lombok Strait and similar regions.
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CHAPTER 4

On the Distinction of Seasonal Internal Solitary Waves Characteristics in
the Lombok Strait Based on Multi-Satellite Data

4.1 Introduction

Internal solitary waves (ISWs) are among the easiest oceanographic phenomena to
identify using remote-sensing data. The naked eye, optical sensors, and radar satellite sensors
can observe the interaction between the ISW-induced surface roughness and the distinctive
pattern of light and dark lines on the sea surface. The combination of radar and optical
sensors can effectively determine the generation, propagation, and dynamic parameters of
ISWs. Synthetic aperture radar (SAR), which can be used to measure very small changes in
sea surface roughness in the centimeter-to-decimeter wavelength range, is the most effective
instrument for detecting ISWs from space (Alpers, 2014). The dynamics of oceanic internal
waves remain a mystery and require considerable investigation before the interaction
between the ocean and atmosphere can be fully understood. These waves are crucial
determinants of various oceanic processes, including sediment transport, nutrient dispersion,
and ecosystem dynamics. Understanding the behavior and characteristics of ISWs is
essential for accurately predicting and managing these processes, and therefore has practical
implications for coastal engineering, fisheries management, and marine environmental
monitoring.

The Lombok Strait is an essential pathway for the transoceanic transport of water. The
current that crosses the Indonesian Seas, known as the Indonesian Throughflow (ITF), plays
a role in the transfer of warm water masses from the Pacific Ocean to the Indian Ocean. The
ISWs in the Lombok Strait are the most energetic ISWs in the Indonesian Seas, and their
large amplitudes have been studied extensively (Susanto et al., 2005). Previous studies have
used remote sensing data (Chonnaniyah et al., 2021; Karang et al., 2012, 2019; Matthews et
al., 2011; Mitnik, 2008; Susanto et al., 2005), in situ measurements (Purwandana et al., 2021;
Syamsudin et al., 2019), and numerical simulations (Gong et al., 2022; Ningsih et al., 2008).
The generation and propagation of ISWs can modify currents that affect sea surface
roughness (Alpers, 1985). ISW activity below the sea surface can displace the thermocline
vertically and generate internal currents that result in convergence and divergence (Klemas,
2012). When the ISW crests pass below the surface, water on the surface flows down the

crest sides and pools into the trough sides of the ISWs. because the sea surface is converging
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(diverging) over the ISW crests (troughs), biological material and natural oils on the surface
are alternately dispersed and concentrated in a similar wave pattern (da Silva et al., 2002).

The seasonal thermocline significantly affects the manifestation and characteristics of
internal waves detected at the sea surface. Brandt et al., (1997) who observed the behavior
of internal waves detected at the sea surface in the Strait of Messina, showed that they spread
locally to the south of the strait, where they produced stronger manifestations than those
propagated northwards. This pattern reveals the influence of seasonality on the direction of
propagation and the properties of internal waves. The presence of seasonality and interannual
influences on the properties of internal ocean waves have been thoroughly examined in
numerous regions (da Silva et al., 2009; Zheng et al., 2007). Matthews et al. (2011) have
extensively studied the characteristics of ISWs in the Lombok Strait using satellite imagery
and numerical modelling. They identified two main types of ISWs in the strait: arc-like
ISWs, which propagate towards the northern part of the strait, and irregularly propagating
ISWs, which are found in the southern part of the generation site. In this study, we
distinguished the characteristics of ISWs in the Lombok Strait between the two distinct
monsoon seasons, the southeast monsoon (SEM) and the northwest monsoon (NWM).

The SEM is characterized by a strong southward throughflow between May and
October. In contrast, the NWM, which typically occurs from November to March, exhibits
more variable throughflow patterns and may even show a reversal to a northward direction.
Past research has primarily focused on examining the features of identified ISW types during
both monsoon seasons without further investigating the dynamic parameters estimated from
the observed ISW patterns. We investigated these parameters in this study by utilizing multi-
satellite data to acquire more comprehensive information about ISW parameters, including
soliton numbers, wavelengths, and phase speeds in distinct seasons.

This study used a multi-satellite approach based on SAR and optical sensors to
distinguish the characteristics of ISWs detected in different seasons in the Lombok Strait.
We used SAR and optical images to estimate ISW dynamic parameters (soliton number,
wavelength, and phase speed) in different seasons based on the detected ISW patterns. We
also used ocean color products from three different sensors to identify ISW patterns and the
possibility that ISW activity affected the conditions in the surrounding waters. This study
provided multi-satellite observation data that could be used to highlight recent progress in

understanding how ISWs affect coastal interactions in the Lombok Strait.
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4.2 Data and methods

4.1.1 Remote sensing data

Multi-satellite radar and optical images can reveal differences in the ISW patterns and
estimated characteristics of ISW dynamics in the Lombok Strait. SAR data, the most
effective tool, has been used extensively to estimate and detect the dynamic characteristics
of ISWs. In this study, we used open-access Sentinel-1 SAR data, which included day and
night C-band SAR imagery from two polar-orbiting satellites. We used Level 1 Ground
Range Detected (GRD) products to detect the ISWs in the Lombok Strait. Specifically, we
used the interferometric wide-swath mode of the Level 1 GRD products, which covers a
wide area of 250 km x 200 km in a single scene. The IW mode has the advantage of
combining two sequential scenes to create a larger research area with linear dimensions of
up to 400 km, thereby expanding the scope of the study.

Optical sensors are another type of instrument that can detect ISW patterns. They have
the advantage of high temporal resolution, although their observations are confined to
daylight hours and require cloud-free conditions to be effective. This study focused on the
analysis of ISW patterns using optical images from various instruments, including the
Second-generation Global Imager (SGLI) sensor obtained from the Global Change
Observation  Mission-Climate (GCOM-C), the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor onboard the Terra satellite, and the Visible and Infrared
Imager/Radiometer Suite (VIIRS) sensor onboard the Joint Polar Satellite System-1 (JPSS-
1) satellite. The investigation of ISW patterns and surrounding water conditions involved the
use of the visible-near infrared band and ocean color products such as chlorophyll-a
concentration (Chl-a), sea surface temperature (SST), and aerosol optical thickness (AOT).
This study used visible band products to observe and estimate the detected ISW patterns,
which were then compared with SAR images for validation. Ocean color products from three
different sensors were also used to identify ISW patterns and explore the potential influence
of ISW activity on ocean color observations. This study incorporated data from the Sentinel-
2A multispectral instrument (MSI) to further support the observed phenomenon.

To confirm the variations in the ISW patterns and dynamic parameters in the Lombok
Strait, we used satellite data captured during different seasons. The inferred surface
geostrophic transport analysis through the strait revealed significant variability across intra-
seasonal and interannual time scales (Susanto et al., 2007). In this study, we concentrated on

the two main seasons in the Lombok Strait region: the SEM from June to November and the
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NWM from December to May. The selection of satellite data was based on the proximity of
optical images detecting ISW patterns, which aligned with the ISW patterns detected by
SAR. Table 4.1 summarizes the relevant information regarding the satellite data used in this

study.

Table 4.1. Summary of used satellite data

Satellite/ Date, Time Spatial

Sensor (hh: mm, local) resolution (m) Products Aiinf: B
Sentinel-1/  October 25,2018, 18:25 20 Level 1 Copernicus Open Access Hub
SAR January 5, 2019, 18:41 20 Ground (https://scihub.copernicus.eu/)

January 9, 2019, 05:53 20 Range

January 11, 2019, 18:41 20 Detected (IW

Mode)

GCOM- October 26, 2018, 10:19 250 Visible and G-Portal JAXA
C/SGLI January 5, 2019, 10:41 250 ocean color (https://gportal jaxa.jp/gpr/)

January 9, 2019, 10:35 250
Terra/ October 26, 2018, 10:25 250, 1000 Visible and Ocean Color Web
MODIS January 8, 2019, 11:05 250 ocean color (https://oceancolor.gsfc.nasa.gov/)

January 9, 2019, 10:10 1000
JPSS-1/ October 26, 2018, 13:54 750 Ocean color Ocean Color Web
VIIRS January 9, 2019, 13:48 750 (https://oceancolor.gsfc.nasa.gov/)
Sentinel- January 8, 2019, 10:20 10 True color Copernicus Open Access Hub
2A MSI image (https://scihub.copernicus.eu/)

Our study focused on the northern area of the Lombok Strait near Kangean Island
(6.5-9°S and 114.5-117°E). The bathymetric relief data used in this study were obtained
from the Indonesian National Bathymetry (BATNAS). For the analysis, Sentinel-1/SAR data
were collected from two scenes, one from the ascending and the other from the descending
acquisitions, as shown in Figure 4.1(a). The months for the study were selected based on
salinity variations; October and January were chosen to represent the conditions during the
SEM and NWM, respectively. Salinity reaches a maximum in October and a minimum in
March (Atmadipoera et al., 2009). Conditions during October 2018 and January 2019 were
chosen for analysis because the similarity of the Oceanic Nifio Index (ONI) during those
months allowed us to ignore the impact of the El Nifio Southern Oscillation (ENSO). The
vertical temperature profiles derived from the World Ocean Atlas 2023 (WOA) climatology
dataset provided monthly spatial data for October 2018 (SEM) and January 2019 (NWM).
These profiles indicated the presence of a thermocline at a depth of approximately 100—125
m (Figure 4.1(b)). This study also used daily northward ocean current velocity data from the
Global Ocean Physics Reanalysis product obtained from the Copernicus Marine Service.

The analysis revealed distinct characteristics in the depth profiles of current velocity (Figure
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4.1(c)). During the SEM (NWM), the ISW exhibited weak southward (strong northward)

current velocity.
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Figure 4.1. (a) Bathymetry map of the Lombok Strait area. The red, green, and yellow
squares represent the Sentinel-1 SAR image swath for the ascending orbit mode (SEM),
descending orbit mode (NWM), and research location focus, respectively. The red stars
represent the locations of the vertical temperature profiles. (b) Vertical temperature profile.
(c) Vertical northward ocean current velocity.
4.1.2 Methods

The manifestation of ISWs in satellite images results from interactions between ISW-
induced surface roughness, which generates variations in roughness on the sea surface.
Variations in sea surface roughness are usually apparent as smooth and rough surfaces that
appear as dark and light bands in satellite images. Under favorable meteorological and
hydrodynamic conditions, rich information about internal waves can be obtained from SAR
images because variations in surface roughness reflect the characteristics of internal waves
(Alpers, 1985). Radar and optical images provide quantitative estimations of ISW
parameters such as phase speed, wavelength, soliton number, first crest length, and
propagation direction. The first crest (leading soliton) is the front of the soliton in a package
and usually has the brightest intensity. The soliton number is described as several bright/dark
lines in a packet. The average wavelength between solitons in one packet is the distance
between two adjacent, bright bands.

The parameters of ISW were determined or estimated across different seasons using
Synthetic Aperture Radar (SAR) from Sentinel-1 and optical imagery from SGLI and
MODIS. Ocean color products facilitated the identification of anomalies potentially
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coinciding with the ISW patterns observed during these periods. We conducted a
comparative analysis of the phase speed estimates using data from multiple satellites, given
the significant importance of the phase speed in this study. Our comparison of phase speeds
estimated using the Korteweg-de Vries (KdV) equation was similar to the previous
comparisons made by Karang et al. (2020) in the Flores Sea. The KdV equation considers
the effects of nonlinearity and dispersion, which can cause waves to exhibit interesting
phenomena, such as soliton solutions. A stable configuration of solitary waves from the KdV
equation can be obtained if the effects of nonlinearity and dispersion are in equilibrium.
Under stable conditions, one of the coefficients of the solution of the KdV equation can be
used to estimate the nonlinear ISW phase speed (Cp), as given by Equation (1):

cl,:c{nw} (1
2hh,

where Cyis the linear phase speed of the corresponding two-layer model, 4; is the upper
layer thickness, 42 is the lower layer thickness, and #o is the maximum amplitude of the

solitary wave (Osborne & Burch, 1980).

4.3 Results
4.3.1 ISW dynamics from multi-satellite images

Manifestations of ISWs at the sea surface are groups or packets of oscillations with
several cycles that vary from very few to several dozen, depending on the age and distance
from the generation site (Apel 2002). The influence of seasonal effects on wave properties
has been previously recognized (Matthews et al., 2011). We used Sentinel-1/SAR, GCOM-
C/SGLI, and Terra/MODIS sensors to observe the characteristics of ISWs in the Lombok
Strait during two distinct seasons. The combination of radar and optical sensors has proven
effective in determining the generation, propagation, and dynamic parameters of ISWs.

Two consecutive images of Sentinel-1/SAR were acquired during two different
seasons in the Lombok Strait. The first image (Figure 4.2(a)), which was recorded on 25
October 2018 at 18:25 WITA (Central Indonesian Time) during the SEM period, shows
packets of ISWs propagating both northward and southward. The second image (Figure
4.2(b)), which was recorded on 9 January 2019 at 05:53 WITA during the NWM period,
showed only packets of ISW propagating northward. This variation in the seasonal
propagation behavior of ISWs in the Lombok Strait could be explained by the results of

numerical modelling using a non-hydrostatic, incompressible Boussinesq model. Model
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simulations revealed that during the SEM period, strong southward currents restricted the
northward movement of tides from the Indian Ocean, particularly near the surface. This
limited northward influx inhibited the generation of embryonic waves and led to a relatively
weak release of ISWs in the strait (Matthews et al., 2011).

Figure 4.2(c) shows the ISW patterns extracted from the Sentinel-1/SAR images that
overlapped with bathymetric relief. The ISW pattern extracted during the SEM period (red
lines) showed two packets of ISWs, one propagating northward and the other propagating
southward. The northward-propagating ISW detected 3 — 5 solitons clearly, with the first
crest varying with the width of the strait, which was getting wider in the northern part of the
strait approaching Kangean Island. The wavelengths for the packet near Kangean Island
were approximately 6.47 km, and the packet near the strait was approximately 6.92 km. [SW
pattern extraction in the NWM period (green lines) shows three packets northward; only two
packets in the north were detected owing to the limited image coverage area. The packet that
was detected near Kangean Island had 13 solitons, while those still in the Lombok Strait area
had seven solitons. The first crest detected varied based on the width of the strait and could
be up to 175 km. The wavelengths for the packet near Kangean Island were approximately
3.27 km, and the packet near the strait was approximately 4.55 km. The difference in the
wavelength value in the packet that approached Kangean Island was higher than that when
the packet was still detected in the Lombok Strait. The wavelengths of the ISW packets were
higher when approaching Kangean Island than when detected in the Lombok Strait.

H%‘ﬁ (a)

~

Figure 4.2. Sentinel-1/SAR images with ISW patterns detected during (a) the SEM period,
(b) the NWM period, and (¢) ISW pattern extraction from Sentinel-1/SAR images overlaid
from (a) and (b). The red and green lines represent the ISW packets during the SEM and
NWM periods, respectively.
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Additionally, the wavelengths observed during the SEM period were longer than those
observed during the NWM period. The differences in the wavelengths may be attributed to
variations in the phase speed, which will be discussed in further detail. The findings of this
study align with previous research conducted in the East/Japan Sea, which demonstrated
seasonal variations in the intensity of internal tide generation and energy propagation, along
with corresponding changes in wavelengths during different seasons (Jeon et al., 2014).

During the SEM period, the SGLI and MODIS sensors captured visible band imagery
(at 673 and 645 nm, respectively) in the Lombok Strait. In Figure 4.3(a), the SGLI imagery
detected more than 13 solitons in packets near Kangean Island, with a wavelength of
approximately 6.31 km, whereas in the Lombok Strait area, more than five solitons were
detected in packets with a wavelength of approximately 7.03 km. Similarly, Figure 4.3(b)
shows the MODIS imagery in the SEM period, where more than 13 solitons were detected
in packets near Kangean Island, with a wavelength of approximately 6.20 km, and more than
three solitons were observed in packets within the Lombok Strait area, with a wavelength of
approximately 7.30 km. The time difference between the SGLI and MODIS images during
the SEM period was 3 h and 35 min.

Figure 4.3. (a) SGLI 673 nm visible band with ISW patterns detected on 26 October 2018
at 10:19 WITA during SEM period, (b) MODIS 645 nm visible band on 26 October 2018 at
13:54 WITA during SEM period, (¢c) SGLI 673 nm visible band with ISW patterns detected
on 9 January 2019 at 10:35 WITA during NWM period, (d) MODIS 645 nm visible band on
8 January 2019 at 11:05 WITA during NWM period.

56



Both visible band images from two different sensors have the same variation of ISW
parameters detected as in the Sentinel-1/SAR imagery, except that there is a difference in
the number of solitons detected owing to differences in the sensor imaging mechanisms.
Figure 4.3(c) shows an SGLI image in the NWM period, which identifies more than 25
solitons in packets near Kangean Island with wavelengths ranging from 3.85 to 5.30 km and
more than five solitons in packets in the Lombok Strait area with wavelengths of
approximately 5.00 km. Figure 4.3(d) shows a MODIS image in the NWM period which
identifies more than 20 solitons in packets near Kangean Island with wavelengths ranging
from 2.96 to 5.11 km and more than three solitons in packets still in the Lombok Strait area
with wavelengths of approximately 5.32 km. The SGLI and MODIS images in this NWM
period had a time difference of 25 h and 20 min, respectively, owing to the limited cloudy
MODIS images on the same date. The difference in wavelength variation in the same soliton
was caused by the difference in the pattern detected due to the shallowing of the bathymetry
in the eastern part and the complete absence of the ISW arc-like pattern. In addition, the
seasonal variation of the ISW wavelength in the Lombok Strait is closely related to the
seasonal variation in the thermocline depth and density differences between the two layers
(Ningsih et al., 2008).

Table 4.2. ISW phase speed estimation results from multi-satellite images and the KdV
equation.

Satellite estimation (m s™) KdV equation
Sentinel-1/SAR  GCOM-C/SGLI _ Terra/MODIS (ms™)
SEM 2.23 2.12 2.11 2.18
NWM 2.91 2.68 2.52 2.23

A comparison between theoretical and multi-satellite estimations is necessary for one
of the crucial parameters, phase speed. Fan et al. (2015) describe the ISW phase speeds as a
function of maximum wave amplitude (7o), linear wave coefficients (cp), and water depths
(Equation (1)). The estimated distance between packets in the multi-satellite phase speed
estimation was divided by the semi-diurnal dominant tidal period in the Lombok Strait. The
maximum wave amplitudes in the Lombok Strait during the SEM and NWM periods were
assumed to be ~70 m (4; ~ 100 m) and ~63 m (h; ~125 m), respectively (Ningsih et al.,
2010). The average density in the surface layer p was 1022.95 kg m>, and the density
difference 4p between the upper and lower layers was 3.27 kg m™ (Susanto et al., 2007).
The water depth (/) in the study area was 800 m, based on the average bathymetric data from
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BATNAS. A comparison of the ISW phase speed estimation results using satellite imagery
and KdV theory is shown in Table 4.2.

While in-situ data are still required for validation, phase speed estimation results from
satellite imagery can be used to predict the ISW amplitude, making it an important parameter
to study. Table 4.2 shows that the four estimation results using multi-satellite and the KdV
equation show that the phase speed in the NWM is faster than that in the SEM. In the
estimation using the KdV equation, the SEM thermocline depth was shallower. The
differences in thermocline depth play a significant role in explaining the observed variations
in phase speed during the different seasons. The contrast depth of the thermocline produces
a different pattern of thermal stratification which affects the ISW propagation characteristics.
These estimation results follow the numerical model results, which show that the phase
speed in the NWM is faster than that in the SEM period (Ningsih et al., 2008). Seasonal,
interannual, and long-term climate change effects must be thoroughly studied using long-

term time-series data.

4.3.2 Ocean color observation

The high spatial resolution (~250 m) of the SGLI ocean color products was used to
observe the ISW patterns in the Lombok Strait. The ocean color products in the SGLI images
used in this study showed a clear ISW pattern in both seasons. Figure 4.4 shows the Chl-a,
SST, and AOT images from the SGLI sensor during the SEM and NWM periods. The Chl-
a images showed the same pattern as the visible images (Figure 4.3). Interesting findings
were observed in the SST and AOT images during the NWM period. The ISW pattern was
only detected in the SST imagery in the northern Lombok Strait, whereas the AOT image
detected two ISW packets. These findings require further investigation into the effects of
atmospheric correction patterns. The ISW pattern detected in ocean color products still
requires further study because the detected pattern may be caused by the influence of sunlight
reflectance from the sea surface induced by ISW. Research on the interaction between
nonlinear internal ocean waves and the atmosphere has shown that the surface roughness
generated by internal waves has a distinct and profound impact on the physical
characteristics and structure of the near-surface atmosphere (Ortiz-Suslow et al., 2019).

A unique phenomenon is observed in Figure 4.4(d), where a pattern of high Chl-a
concentrations extends to the north, suggesting material propagation to the north. At first
glance, this pattern resembles an upwelling phenomenon during the NWM period, but the

SST image at the same time does not show any significant temperature difference. Figure
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4.5 compares the Chl-a images in the same area at almost the same time. On the same day,
the VIIRS and MODIS sensors passed through the same area as the SGLI sensors. These
three sensors showed a high Chl-a pattern that appeared to propagate to the north; however,

the pattern of light and dark lines due to surface roughness modification by ISW was not

visible on the VIIRS and MODIS sensors due to cloud factors and sun-glint position.

Figure 4.4. Ocean color products from SGLI sensors (a) Chl-a, (b) SST, (¢) AOT in the
SEM period, (d) Chl-a, (e) SST, (f) AOT in the NWM period.

Figure 4.5. Chl-a images on 9 January 2019 from (a) the SGLI sensor (~250 m spatial
resolution) at 10:35 WITA, (b) the VIIRS sensor (~750 m spatial resolution) at 13:48 WITA,
and (c) the MODIS sensor (~1000 m spatial resolution) at 10:10 WITA.

More detailed investigations of remote sensing reflectance (Rrs) can be carried out

using VIIRS and MODIS sensors. The spatial distributions of Chl-a, Rrs 443, and Rrs 555
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from the two sensors are shown in Figure 4.6. The spatial distribution of the VIIRS and
MODIS sensors showed a lower Rrs 443 and a higher Rrs 555 in the Chl-a bloom pattern

area, indicating that the Chl-a concentration detected in this image may be biased by the

Figure 4.6. Spatial distribution of (a) Chl-a, (b) Rrs 443, and (¢) Rrs 555 from the VIIRS
sensor on 9 January 2019 13:48 WITA, and (d) Chl-a, (e) Rrs 443, and (f) Rrs 555 from
the Terra/MODIS sensor on 9 January 2019 10:10 WITA.

4.4 Discussions

A rare phenomenon in the discussion of the previous results was confirmed by
Sentinel-2/MSI and Terra/MODIS images on 8 January 2019 which showed river discharge
due to flooding on Lombok Island (Figure 4.7). January is the peak month for rainfall in
southern Indonesia (Prasetia et al., 2013).

Although the Chl-a bloom detected in this study was biased due to the river discharge
phenomena on the Island of Lombok, the transport induced by ISW is interesting to study
further. We assume that the distribution of turbid water propagating to the north is dominant
because of the intense ISW activity in this area. Further investigation of the start time of the
Chl-a bloom pattern employed Chl-a data on the days before and after the Chl-a bloom
pattern appeared. Figure 4.8 shows the results of overlaying Chl-a images, extracting [SW

patterns from Sentinel-1/SAR images on the same day, and daily northward current velocity.
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The Chl-a bloom pattern was indicated to occur on 8 — 9 January 2019 because, on S January
2019 this pattern was not detected, and on 11 January 2019 the Chl-a bloom started to appear
but had not spread to the north.

Figure 4.7. (a) Sentinel-2A/MSI true color image (~10 m spatial resolution) on 8§ January
2019 at 10:20 WITA, and (b) Terra/MODIS true color image (~500 m spatial resolution) on
8 January 2019 at 11:05 WITA shows the river discharge pattern on the island of Lombok.

ISWs are generated in stratified water by the interaction among strong tidal flows,
background currents, and rough bottom topography in the sill south of the Lombok Strait
(Susanto et al., 2005). Convergence and divergence zones were identified in the SAR images
through light and dark patterns, representing the first baroclinic mode. In this mode, the
surface and deep-layer flows are in opposing directions, which could have implications for
the impact of these waves on nearshore ecosystems (Woodson, 2018). A remarkable
echogram of the water column obtained by an EK500 Echosounder captured internal waves
with a wavelength of ~1.8 km passing under the ship at a speed of ~1.5 m s™' in the Lombok
Strait (Susanto et al., 2005). Higher backscatter values indicate higher plankton
concentrations or large fish schools. A higher backscatter value at each depth indicates a
higher concentration of plankton or a large school of fish, which shows the effect of I[Ws

activity on the surrounding water conditions.
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Figure 4.8. Chl-a image overlaid with ISW patterns extracted from the Sentinel-1/SAR
and daily northward current velocities on (a) 5 January 2019 (b) 9 January 2019 and (c) 11
January 2019.

According to Heathershaw (1985), IWs directly influence sediment transport,
causing an increase or decrease in the amount of sediment carried by tidal currents,
depending on the direction of W propagation. This study suggests that the impact of [Ws is
more significant when tidal currents are only slightly above the threshold required for
sediment transport to occur. Figure 4.9 illustrates the vertical northward ocean current
velocity profiles in the Lombok Strait on 5 January 8, and 11. The northward ocean velocity
conditions were higher on 5 January and 8 than on 11 January and there was greater
variability in the current gradients on 8 January. This study hypotheses that the higher
variations in currents attributed to ISW activity in the Lombok Strait are responsible for the

sediment transport anomalies observed.

v (m s)
-0.3 0 0.3 0.6
0

e 05-J AN
e 08-Jan
400 —11-Jan

Depth (m)
w
3

Figure 4.9. Vertical northward ocean current velocity profile in the Lombok Strait.
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The study found that the quantity observed in the imagery was more strongly
associated with the surface current gradients of the IWs than with the surface currents
themselves (Alpers, 1985). Predicting the effects of IWs on the system is challenging, if not
impossible, without a comprehensive understanding of how ISWs respond to variations in

stratification, wind forcing, and thermocline depth.

4.5 Conclusion

The combination of radar and optical sensors has proven to be effective in studying
ISWs in the Lombok Strait. The Sentinel-1/SAR, GCOM-C/SGLI, and Terra/MODIS
sensors distinguished the characteristics of the ISWs observed during the two seasons.
Sentinel-1/SAR detected a higher soliton number in the northward-propagating ISW during
the NWM period than during the SEM period. The wavelength of the ISWs was wider during
the SEM period, with two distinct packets in a single image. These findings were consistent
with the observations from the optical sensors (SGLI and MODIS). Estimations of the ISW
phase speed using multi-satellite images and the KdV equation revealed faster phase speeds
during the NWM period. Seasonal variations in [SW parameters were closely associated
with changes in the thermocline depth and density differences between layers. The SGLI
ocean color products provided interesting findings in the SST and AOT images during the
NWM period, but further investigation is required to fully understand the ISW patterns in
these products. The presence of turbid water conditions biased the Chl-a pattern observed in
the SGLI, MODIS, and VIIRS products during the NWM period, influenced by river
discharge phenomena. The transport induced by ISWs presents an intriguing subject for
further study, assuming that turbid water distribution propagates northward owing to intense
ISW activity. This study contributes to the understanding of the impact of ISW on coastal
interactions in the Lombok Strait by providing multi-satellite observations and highlighting

recent progress in this field.
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CHAPTER 5

Conclusions

5.1 Conclusions
This dissertation presents a comprehensive investigation of ISWs in the Lombok Strait

using a multi-satellite remote sensing approach. This study integrated optical and radar data

to explore the surface manifestation, propagation dynamics, seasonal variability, and

climatic influences on ISWs, thereby contributing to a deeper understanding of their

behavior and environmental impact. The key findings of this study are summarized as

follows:

1. Surface manifestation of ISWs in optical imagery
Analysis of the GCOM-C/SGLI optical data revealed that ISWs significantly altered
ocean color parameters and thermal infrared signals. These manifestations are evident
in the TOA radiance and SST anomalies, indicating a strong modulation of the rough
sea surface. These findings suggest that ISWs can influence satellite-based
oceanographic measurements and may interfere with large-scale estimations of ocean
color and temperature.
2. Long-term dynamics and climate influence from Sentinel-1 SAR

A nine-year archive of Sentinel-1 SAR imagery was used to estimate the ISW
propagation speeds and occurrence frequencies. The results demonstrated that ISWs in
the Lombok Strait exhibit a 54-month occurrence cycle and a 12-month cycle in
propagation speed, reflecting both interannual and seasonal variations. Statistical
analysis showed a moderate positive correlation between ISW occurrence and the [OD,
while ENSO showed a moderate negative correlation with propagation speed and
negligible influence on occurrence.

3. Seasonal characteristics from multi-satellite observations
Seasonal comparisons using Sentinel-1, GCOM-C, and MODIS data revealed distinct
ISW behaviors during the Northwest Monsoon (NWM) and Southeast Monsoon (SEM).
More solitons and faster phase speeds were observed during the NWM, whereas wider
wavelengths and multiple wave packets were more common in the SEM. These
variations were closely linked to seasonal changes in the thermocline depth and upper-
layer density structure. Additionally, the propagation of turbid water and high
chlorophyll-a concentrations during the NWM suggested that ISWs play a key role in
sediment transport and biogeochemical processes in the strait.
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Overall, this study demonstrated the effectiveness of a multi-sensor remote-sensing

strategy for monitoring and analyzing ISWs. This highlights the importance of considering

both seasonal and long-term climatic variability when evaluating ISW behavior and its

broader oceanographic implications.

5.2 Future Work

While this study provides valuable insights, several areas offer opportunities for

future exploration and refinement.

1.

Integration with in-situ measurements

Incorporating in situ data (e.g. moorings, CTD profiles, and ADCP) would enhance the
validation of remote sensing observations, particularly for vertical wave structure,
thermocline depth, and current profiles. This would reduce reliance on indirect
inferences and improve the accuracy of speed and amplitude estimation.

Application of deep learning and Al

The development of automated detection and classification algorithms using machine
learning or deep learning techniques could significantly improve the efficiency and
consistency of ISW monitoring using satellite imagery. Time-series prediction models
(e.g. LSTM) may also help forecast ISW activity.

High-resolution modeling and simulation

Coupling observational data with numerical ocean models can help simulate ISW
generation, propagation, and dissipation processes under various forcing conditions.
Such models would support scenario-based studies on climate impact or anthropogenic
influence on ISW dynamics.

Expanded geographic scope

Applying this methodology to other key straits in the Indonesian Seas (e.g. Ombai and
Halmahera Straits) would help determine whether similar ISW behaviors and climate
interactions are observed elsewhere, thus contributing to regional and global internal
wave research.

Air-sea interaction and ecological impacts

Further studies should investigate the influence of ISWs on upper-ocean processes, such
as air-sea gas exchange, nutrient upwelling, and phytoplankton blooms. This will
deepen our understanding of how ISWs contribute to biophysical coupling and marine

ecosystem variability in tropical seas.
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