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Generation characteristics of
Internal solitary waves in the
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MODIS observations and
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and Yage Lu

The School of Physics and Optoelectronic Engineering, Ocean University of China, Qingdao, China

The generation characteristics of internal solitary waves (ISWs) in the northern
Andaman Sea are studied using remote sensing data and numerical simulations.
The dataset comprises 230 images taken by the Moderate Resolution Imaging
Spectroradiometer (MODIS) from 2020 to 2023, which reveal two distinct
propagation directions of ISWs: southeastward (type-SE) and southwestward
(type-SW). Generation hotspots are identified at the southern sill of the Preparis
South Channel for type-SE ISWs and over the eastern shelf break for type-SW
ISWs. Here, ISWs are intermittently generated, resulting in wave-free spatial
gaps. The observed gaps motivate the hypothesis that ISWs are phase-locked
with semidiurnal tides, resulting in specific generation time windows around
slack tides. This study also reveals that the generation of ISWs is closely related
to tidal ranges, with larger tidal ranges leading to more frequent ISWs.
Specifically, type-SE and type-SW ISWs are detected only when the tidal
range exceeds 1.3 m and 1.4 m, respectively. Numerical simulations with the
MIT general circulation model further show that both types of ISWs are
generated by nonlinear steepening of internal tides. The influence of
background currents on ISW generation is also examined, which supports the
proposed generation time window hypothesis. These findings highlight spatial
gaps are attributable to the synergistic effects of MODIS observation times and
intermittent generation of ISWs.

internal solitary waves, Andaman Sea, remote sensing, numerical simulation,
MODIS, MITgem
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1 Introduction

Internal solitary waves (ISWs) are common nonlinear features
in the stratified ocean, known for their ability to travel long
distances with minimal energy loss. These waves generate
strongly sheared currents and turbulence, thus enhancing ocean
mixing (Arthur and Fringer, 2014; Guo and Chen, 2014) and
regulating the marine ecosystem (Wyatt et al, 2020). The four
primary approaches to investigating ISWs are remote sensing,
numerical simulations, in-situ measurements, and laboratory
experiments (Guo et al.,, 2011; Sutherland et al., 2014).

ISWs modulate ocean surface roughness, which can be identified
by their distinctive striped patterns in Synthetic Aperture Radar (SAR)
and sunglint optical images (Alpers, 1985; Melsheimer and Kwoh,
2001). The spatiotemporal distributions, generation sites, and key
properties of ISWs (e.g., propagation speed, propagation direction,
amplitude, wavelength, and crest length) can be determined from these
surface signatures in satellite images (Liu and Sa, 2019; Zhang et al.,
2022, 2023; Koohestani et al.,, 2023). Previous studies of the
spatiotemporal distribution of ISWs have revealed the prevalence of
these waves in the Andaman Sea (Jackson, 2007; Zhou et al., 2016; Sun
etal, 2019; Meng et al,, 2022; Yang et al., 2023). For instance, hotspots
of mode-1 long-lived ISWs are identified by remote sensing in the
Andaman Sea (Sun et al,, 2019; Raju et al., 2019, 2021). These hotspots
include the continental shelf break and the North Andaman Island in
the northern region, the Nicobar Islands channels in the central region,
and the Northern Sumatra in the southern region. Multiple Images
Comparison (MIC) and Tidal Time Period (TTP) methods are
commonly employed to estimate the phase speed of ISWs.
Tensubam et al. (2021) found that the wave phase speed in the
Andaman Sea ranges from 0.83 m/s to 3.02 m/s and decreases as the
waves propagate from deep to shallow waters. Similarly, Sun et al.
(2021) observed the phase speed to range between 0.54 and 3.27 m/s,
noting that ISWs propagating westward exhibit higher speeds
compared to those propagating eastward at the same water depth in
the northern Andaman Sea. Moreover, both studies, alongside that of
Mandal et al. (2024), concluded that water depth and monthly
stratification are the two critical factors influencing the phase speed
of ISWs in the Andaman Sea. In recent years, machine learning
techniques have been applied in conjunction with remote sensing.
Specifically, it has been used for wave amplitude inversion (Zhang et al.,
2022) and propagation forecasting (Zhang et al., 2021; Lu et al,, 2021)
in the Andaman Sea. Moreover, mode-2 ISWs in the central Andaman
Sea, along the Ten Degree Channel and near the Nicobar Islands, have
been identified by high-resolution SAR images (Raju et al., 2021; da
Silva and Magalhaes, 2016; Magalhaes and da Silva, 2018; Magalhaes
et al.,, 2020; Cui et al., 2024).

The generation of ISWs is a complex process and has been an
active research theme. Tide-topography interaction mechanisms are
most common in the global ocean, particularly in regions such as
the Andaman Sea (Osborne and Burch, 1980), the Luzon Strait in
the South China Sea (Li and Farmer, 2011), the Strait of Gibraltar
(Brandt et al., 1996), and the Sulu Sea (Jing et al., 2012) [28].
The tide-topography interaction mechanisms can be further divided
into four types: the formation of lee waves (Maxworthy, 1979), the
internal tide release mechanism (Buijsman et al., 2010; Vlasenko
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et al,, 2013) (also termed as upstream influence), the internal wave
beam mechanism (Gerkema, 2001; Akylas et al., 2007) (also termed
as local generation), and the nonlinear steepening of internal tides
(Lee and Beardsley, 1974; Farmer et al., 2009). Many observations
and numerical simulations have demonstrated that, unlike other
generation mechanisms, such as river plumes (Nash and Moum,
2005), atmospheric forcing perturbations (Koohestani et al., 2023),
and eddy-topography interactions (Johannessen et al, 2019),
internal waves generated by tidal-topography interactions are
often phase-locked with the barotropic tides. In the central
Andaman Sea, observations from remote sensing and in-situ
measurement reveal that mode-1 eastward propagating ISWs are
generated between the Car Nicobar and the Teresa Island near the
moment of maximized westward tidal current, supporting the lee
wave mechanism (Cui et al., 2024; Sun et al, 2024). In parallel,
mode-2 eastward propagating ISWs are generated at the Ten
Degree Channel near the moment of maximum eastward tidal
current, which indicate nonlinear steepening of internal tides
mechanism (Cui et al.,, 2024). In the southern Andaman,
eastward-propagating ISWs evolve from lee waves generated at
the peak of westward currents, whereas westward-propagating
ISWs evolve from lee waves generated at the peak of eastward
currents (Cai et al., 2021). Conversely, the northern Andaman Sea
has been rarely investigated, and the dynamics of ISWs in this
region remain poorly understood.

This work documents uneven spatial distributions of ISW packs
derived from MODIS images in the northern Andaman Sea, with
large spatial gaps separating ISW's that have rarely been analyzed in
the global ocean. We interpret these spatial gaps by analyzing the
generation characteristics of ISWs. In Section 2, we introduce the
datasets and methodology. In Section 3, we use remote sensing
techniques to infer the generation sources and time of ISWs in the
northern Andaman Sea, exploring their association with tidal
phases. In Section 4, we combine remote sensing records with
numerical simulations to verify the generation mechanisms. The
reported generation sources and time based on remote sensing in
this paper can provide a basis for predicting ISWs in the northern
Andaman Sea.

2 Dataset and methods

2.1 MODIS observation data

MODIS (Moderate Resolution Imaging Spectroradiometer) is a
key instrument aboard two NASA Earth Observing System (EOS)
satellites, Terra and Aqua. The remote sensing dataset used in this
work comprises Level-1B Calibrated Radiances MODIS images with
a 250 m spatial resolution and a 2330 km swath width. ISW
signatures in the northern Andaman Sea are identified from 230
scenes between 2020 and 2023, with 116 scenes from Aqua and 114
scenes from Terra.

The distribution map of leading ISW crests extracted from the
satellite images is shown in Figure 1. It displays two distinct
propagation directions of ISWs: the light pink curves represent
ISWs propagating southeastward (type-SE ISWs hereafter),
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identified from 96 scenes, and the light blue curves represent ISW's
propagating southwestward (type-SW ISWs hereafter), identified
from 213 scenes. In addition, Sun et al. (2019) found some small-
scale ISW's with a crest length of approximately 400 m propagating
northeastward onto the continental shelf in the northern Andaman
Sea, which have a different origin from the two types of ISWs
identified here, and thus not the primary focus of this paper.

2.2 Tidal data

In the northern Andaman Sea, semidiurnal tides are prevalent and
ISWs are generated with a semidiurnal period, with the M2 and S2
being the two predominant tidal constituents. The tidal constituents
used in our numerical simulations and remote sensing analyses are
adopted from the OUS TPXO9 Tide Models. Figures 2A, B show that
most of the tidal major axes are nearly perpendicular to the isobaths in
the northern Andaman Sea. We select two transects, denoted SE and
SW, along the propagation directions of the two types of ISWs
observed from the remote sensing images for numerical
investigation of the full-depth wave characteristics. The directions of
the M2 and S2 major axes at the key ISW generation areas are parallel to
the selected transects. There, the tidal ellipses are large, and currents
flow mainly in the transect directions, which indicates elevated
conversion rates from the barotropic tide into baroclinic energy.

2.3 Model setup and validation

In this work, we employ a fully nonlinear, non-hydrostatic
primitive equation ocean solver [Massachusetts Institute of

10.3389/fmars.2024.1472554

Technology general circulation model, MITgecm (Marshall et al.,
1997)] with realistic bathymetry of the northern Andaman Sea to
reproduce the generation and propagation process of the ISWs. The
model simulations are performed in two-dimensional splices (X-Z
coordinate), where the positive direction of the X-axis orients
onshore and the Z-axis points vertically upward.

The horizontal grid spacing (Ax) is 100 m in the main model
domain, gradually coarsening to a maximum of 900 m at the model
lateral boundaries. To reduce internal wave reflections, we set up
sponge layers of 50 km widths at the horizontal boundaries. Vertically,
the maximum water depths of case SE and case SW are set as -1500 m
and -2000 m, respectively, discretized using 170 geopotential levels (the
upper 40 levels have a 5-m resolution, and the bottom 130 levels have a
10-m resolution) in the case of SE and 180 levels (the upper 40 levels
have a 5-m resolution, the lower 130 levels has a 10-m resolution, and
the bottom 10 levels have a 50-m resolution) in the case of SW. Time
step is set as 5 s to satisfy the Courant-Friedrichs-Lewy (CFL) stability
condition. Horizontal and vertical eddy viscosity and diffusivity

coefficients are prescribed as constants: A, =5 x 107'm?/s, A,
107'm? /s, K, = 10°m?* /s, and K, = 10 *m? /s to prevent model
instabilities, referencing Legg and Huijts (2006).

The model is driven by the TPX9-atlas tidal data mapped on a
1/30°-resolution grid (Egbert and Erofeeva, 2002), incorporating
tidal constituents M2, S2, N2, K2, K1, O1, P1, and Q1 at the
boundaries. As the 2D transects in our model are not strictly zonal
(see Figure 2), we extract the amplitude and phase for each tidal
constituent along the transects from the TPXO9-atlas dataset using
the method described by Gong et al. (2023) (see their Equations 1A
and A2). The model was run from 00:00 UTC on May 1, 2023, to
00:00 UTC on May 10, 2023. The boundary tidal flows are shown in
Figures 3F, G. The initial temperature, salinity and buoyancy
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Distribution map of leading ISW crests in the north Andaman Sea identified in MODIS images from January 2020 to December 2023. Type-SE and
Type-SW ISWs are shown in light pink and blue curves, respectively superposed on bathymetric contours of -200 m, -1000 m, and -3000 m.
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frequency of the model are averaged along the transects using the
monthly average data from HYCOM (see Figures 3A-C). The
bathymetry data are derived from ETOP02022 with a 15 arc-
second resolution (see Figures 3D, E).

During ISW propagation, sea surface roughness varies, inducing
surface convergence and divergence. This then leads to discernible dark
and bright stripes in MODIS images. The dark and bright inflection
points caused by the leading waves of ISW packets in MODIS images
were identified along the transects SE and SW, and marked as model
validation points highlighted in Figures 4A, D). These validation points
were also marked in model cases SE and SW (see Figures 4B, C, E, F).
Slight temporal lags exist in the ISWs in the two model cases compared to
the MODIS observations. The mean absolute error (MAE) for the case
SE is -5.2 km, and -11.2 km for the case SW.

Previous studies have shown that stationary currents can
significantly affect the evolution of internal waves in numerical
models (Bai et al., 2021; da Silva et al., 2015; Jia et al.,, 2021). The
local currents, driven by monsoon, air-sea heat fluxes, and tides,
primarily enters the Andaman Sea through the Preparis Channel at
the northwest and exits through the Great Channel at the southwest
(Wyrtki, 19615 Rizal et al., 2012). Additionally, a strong background
flow was observed in the Preparis Channel (Figure 5) during the
same time as in Figure 4. Therefore, the influence of the background
flow on type-SE ISWs will be assessed in detail in Section 4.

In tide-induced ISWs simulations, the barotropic tidal currents
output from the model are typically compared with TPXO or
observation data for validation (Huang et al, 2024; Jia et al,
2023). The barotropic tidal current in the model can be defined
as the vertical integrated-average current in each layer,

0
Up(x, 1) = ﬁ [Hu(x, z,t)dz

Where H(x) is the local depth, and u(x,z,t) is the current
velocity calculated by the model. Figures 4G, H show comparisons
between the barotropic tides output from the TPXO9 and model in
case SE and case SW, respectively. The results indicate that the
model reaches a quasi-steady state after four semi-diurnal tidal
periods. Overall, the tidal phase and amplitude in the model closely
match the TPXO9 data, which indicates the reliability of the model.

-1000

-1500

-2000

2500

-3000

FIGURE 2
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3 Results

Spatial gaps separating unevenly distributed ISW crests are
conspicuous from MODIS images (Figure 1), which indicates
intermittent generations of ISWs. Such gaps or intermittent
wave generations have rarely been reported in the world’s ocean.
In this section, we interpret these gaps by analyzing the generation
sources and time intervals of internal waves as detected from
remote sensing.

3.1 Generation sites and spatial gaps
identified by remote sensing

Previous studies identified major bathymetric features, such as
underwater sills, island chains, continental shelf, and straits, as
potential source sites for ISWs (Bai et al., 2023; Wang et al., 2022).
In our analyses, the distribution map of leading ISW crests,
observed from Terra-MODIS (Figures 6A, C) and Aqua-MODIS
(Figures 6B, D), provides insight into generation sites.

Internal waves propagate outward from their source regions
and disintegrate into packets. Influenced by various environmental
factors, including topography, background currents, the Earth’s
rotation, and ocean stratification, their propagation directions
vary, and the wave crests may exhibit irregular arc shapes. In
Figure 6, the black solid lines represent the transects SE and SW,
and black dashed lines are drawn to approximately delineate the
propagation direction ranges of ISWs. The intersection points of
these lines indicate potential generation sites, marked by red stars.
Figure 6 then suggests that the generation hotspots for Type-SE
ISWs are located at the sill south of the Preparis South Channel; for
Type-SW ISWs, the hotspots are located at the eastern shelf break.

In Figure 6, we again observe the non-inform spatial distributions
of ISWs. The wave crests in each subplot are categorized into three
groups (labeled SE T, II, III, or SW I, II, III, with shaded areas), with
notable spatial gaps separating these groups. Nearshore ISWs are
excluded from our classification and analyses due to wave breaking
and altered propagation directions influenced by the eastern shelf and
the Andaman Islands. Moreover, a nearly six-year ISWs spatial

Depth(m)
0

-500

-1000

-1500

-2000

-2500

-3000

Tidal ellipse maps in the northern Andaman Sea for the (A) M2 tidal component and (B) S2 tidal component. The M2 and S2 tidal ellipses at the sill (in
transect SE) and the shelf break (in transect SW) are highlighted in yellow. The reference ellipses with both axes representing a speed of 10 cm/s are
shown on the top-right corners. The SE and SW transects in our numerical model are indicated by the black solid lines.
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FIGURE 3

Input parameters for model cases of SE and SW. Initial temperature (A), salinity (B) and buoyancy frequency (C) profiles of the model domain in May.
The bands represent the standard deviation along the transects. Bathymetry for transects (D) SE and (E) SW. (F) Tidal flow (black curve) and
combined tidal and subtidal flow (blue curve) at the western boundary in case SE. (G) Tidal flow at the eastern boundary in case SW. The yellow

shaded areas indicate modal time span.

distribution map of the Andaman Sea from Sun et al. (2019) (see their
Figure 4) and a two-year map from Yang et al. (2023) (see their
Figure 1) also shown these gaps, although the authors did not
specifically focus on these phenomena.

Baines (1982) formulated the generating body force of internal
waves commonly employed to identify the sources of the ISWs.
Regions with large body forces are typically sites where strong tidal
currents slosh over steep, shallow bathymetry, considered as
potential generation regions of internal wave. The depth-
integrated body force, or Baines force F, is defined as:

- 0
F= % Vv’ (h(x%y)) [HzNz(z)dz (1)

Where h is the water depth, V' is the horizontal gradient
operator, @ is the M2 tidal angular frequency, Q = (uh, vh) is the
barotropic tidal transport with u and v being the zonal and
meridional components of the barotropic tidal velocity, respectively.

We investigate the potential generation sites of ISWs in the
northern Anaman Sea by computing the body force F. In fact, while
the body force exhibits a semidiurnal oscillation over time, the phase of

the forcing is generally not concerned in previous studies (Magalhaes
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and da Silva, 2012; Raju et al., 2019; Jia et al., 2021). The absolute
maximum of the depth-integrated body force for 15 days covering a
complete spring and neap tidal cycle, is shown in Figure 7. Red circles
in the figure indicate areas with significant body forces, which are
important for the generations of internal tides and ISWs in the region.
Notably, the -200 and -1000 m depth contours are very close in the shelf
break generation site, indicating a steep shelf break. Previous studies
have shown that internal tides and packets of ISW's are often generated
at those bathymetric hotspots where F > 0.25 m?*/s* (Lozovatsky
et al,, 2012). The potential generation sites of ISWs highlighted in
Figure 7 are nearly co-located with those based on remote sensing data
shown in Figure 6.

3.2 Generation time windows and phase-
locking mechanisms

In the previous section, we discussed the spatial gaps separating
ISW crests captured by MODIS. In this section, we interpret this
phenomenon by tracing the generation time intervals of the ISWs. It
is known that the Terra and Aqua satellites have relatively fixed

frontiersin.org
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Model validation with MODIS images and TPXO. (A) Aqua-MODIS image taken on 7 May 2023 07:10 UTC. (B, C) show horizontal velocities (shades)
and isotherms (contours) from model cases SE and SW, respectively, at the same time as in (A). (D) Terra-MODIS image taken on 8 May 2023 04:00
UTC. (E, F) show horizontal velocities (shades) and isotherms (contours) from model cases SE and case SW, respectively, at the same time as in (D).
Points for model validations are marked on the MODIS image, and on top of numerical simulation velocity maps. Points for model validations are
marked on the MODIS images and on top of the numerical simulation velocity maps. (G) shows the barotropic tide along the transect SE on the
eastern side of the sill in case SE. (H) shows the barotropic tide along the transect SW on the continental slope in case SW. The red and blue curves

indicate the TPXO and MITgcm outputs, respectively.

daily crossing times over the Andaman Sea. More precisely, the
Terra satellite passes over the northern Andaman Sea at
approximately 4:00 UTC, whereas the Aqua satellite crosses
around 7:00 UTC. In view of this, we propose a hypothesis about
the generation of ISWs: each classified wave group originates from
the same generation site at relatively fixed time intervals. This
hypothesis implicitly treats topography and ocean stratification as
two dominant factors shaping ISW propagation speeds, whereas
other environmental factors (e.g., background currents) play a
secondary role. If our hypothesis is valid, ISWs would
consistently appear in specific regions in MODIS images, leading
to the observed spatial gaps.

To verify out hypothesis, we proceed to estimate the generation
times of the internal waves. In the remote sensing images, the
locations where the leading ISW crests intersect the transect SE or
SW provide the propagation distance from the source. Combining
this distance with the theoretical nonlinear phase speed of the ISWss,
we can estimate the waves’ travel time. Lastly, based on the image
capturing times, we can deduce the generation times of the ISWs.

Frontiers in Marine Science

The linear long wave phase speed c, is calculated from the
Sturm-Liouville eigenvalue problem under the Boussinesq
approximation, given by (Gill, 1982; Pedlosky, 2003),

2 2
TH N D) =0 (2)

®0)=Dd(-H)=0 (3)

Where H is the ocean depth, N(z) = —%‘;—’Z denotes the
buoyancy frequency, which is inferred from HYCOM and
averaged along the transects SE and SW, @ represents the modal
structure function of linear waves bounded by unity.

The nonlinear phase speed c, can then be calculated as,

¢ =c +yom (4)

Following Tensubam et al. (2021), we assume the amplitude of
ISW 17 to be 60 m in the deep waters ( < —1000 m) and 20 m in the
shallow waters ( > —1000 m) to calculate the nonlinear phase speed c,.
The nonlinear coefficient & in Equation (4) is given by (Jackson, 2009),
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subtidal flow (blue curve), respectively. The isotherms are displayed at 1-hour intervals. The magenta and red arrows indicate the locations of A; and
Ao shown in Figures 4A, D, respectively. And the magenta and red boxes correspond to the capturing times of the MODIS images. (E) The time
series of the tidal flow and the combined tidal and subtidal flow at generation site.

Four typical MODIS images are selected to show the travel time
and generation time of ISW's near their generation sites (see Figure 8).
Newly generated ISWs, compared to those that have traveled further,
are less influenced by external factors, allowing for a more accurate
estimation of their generation times. The insets show the tidal current
velocities at the generation sites along the transects, with positive
values toward the eastern shelf. The insets show that both types of
internal waves originate around the time of slack tide. However, type-
SE internal waves initiate during the tide reversal from ebb to flood
tide, whereas type-SW internal waves initiate during the tide reversal
from flood to ebb tide. This indicates that both types of ISWs in the
northern Andaman Sea are phase-locked with semidiurnal tides.
These phase-locking patterns are consistent with the numerical
simulation results detailed in Section 4.

We then extend the above analyses to the four years of MODIS
data. Detected ISWs were categorized within dashed boxes
according to Figure 6, and shown in Figure 9. Figures 9A, B show
that adjacent ISW groups are separated by approximately one
semidiurnal tidal cycle. Since the Terra satellite crosses three
hours earlier than the Aqua satellite each day, ISWs within a
group appear at earlier times and positions in Terra images. The
lifecycle of type-SE ISWs exceeds 40 hours from the sill to the
continental shelf, while type-SW ISWs have a lifecycle of around 40
hours from the shelf break to the Andaman Islands.

The generation times of ISWs are determined by their travel
times and capturing times (see Figures 9C, D). Intriguingly, both
Terra and Aqua data show that the generations are confined to
specific time windows: Type-SE I (8:00 to 16:00), SE II (20:00 to 6:00
the next day), SE III (6:00 to 17:00); Type-SW I (15:00 to 21:00), SW
II (1:00 to 11:00), SW III (12:00 to 0:00). These results validate our
previously proposed generation time hypothesis, leading to spatial
gaps of ISW groups in MODIS observations.

Hyder et al. (2005) conducted a three-month in-situ
measurement in the northeast of the Andaman Islands. They
revealed that internal solitons only occurred during spring tides
when the local tidal range exceeded 1.5 m, and their probability of
occurrence increased with the tidal range. Motivated by their study,
we also analyze the correlation between the occurrence of ISWs and
tidal range using remote sensing observations (see Figures 10).
Unlike in previous study, the focus here is on the tidal range at the
generation site and generation time of ISWs rather than the local
tidal range. Similarly, ISWs only occur during spring tides: type-SE
ISWs occur only when the tidal range exceeds 1.3 m, while type-SW
ISWs occur only when the tidal range exceeds 1.4 m. The
probability of ISWs occurrence in a tidal range interval is
calculated by dividing the number of ISWs occurrence by the
number of slack tides occurrence over four years. Figures 10 also
show that the probability of ISWs occurrence increases with the
tidal range. However, there is a dip in the 2.3-2.4 m interval, which
may be due to the limited amount of data.

Figure 8 shows that ISWs are phase-locked with semidiurnal
tides, generated around the time of slack tide in the northern
Andaman Sea. Figures 9C, D show that the generations of ISWs
are confined to specific time windows. Therefore, it is likely that
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these specific time windows are related to the times of slack tides.  Specifically, the SE I and III groups align with the 11:00 peak,
Figure 11A shows the time distribution of slack tide at the  whereas the SE II group aligns with the 23:00 peak. Figure 11B
generation source of Type-SE ISWs. During spring tides, when  shows the time distribution of Type-SW ISW sources. The fitted
the tidal range exceeds 1.3 m (the threshold for ISWs to be observed ~ Gaussian distribution also shows two peaks: one at 5:30, to which
in MODIS images), the fitted Gaussian distribution shows that the ~ the SW II group corresponds, and the other at 17:30, to which the
probability of slack tide occurrence peaks twice, at 11:00 and 23:00. ~ SW I and III groups correspond. Overall, the generation time
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windows of ISWs are closely related to the time distribution of slack
tide. This further confirms that the generation time windows and
the gaps in MODIS observations are caused by ISWs phase-locking
with semidiurnal tides.

4 Discussion

To further elucidate the generation process of ISWss, this section
documents the numerical model solutions of ISWs in the northern
Andaman Sea and the generation mechanisms.

4.1 Generation process of the type-
SE ISWs

The Hovmoller diagram of temperature at a depth of -90 m in
model case SE, as shown in Figure 12, illustrate the spatio-temporal
evolution of internal tides propagating away from the sill. The
diagonal patterns of temperature indicate that the internal waves

[ Tidal range>1.3m
Fitted Gaussian distribution
SEI

SEII
- © -SEIll

Probability of slack tide occurrence
Number of ISWs

10:00 15:00
Time (HH:MM)

FIGURE 11

initiate around the slack tide (reversal from ebb to flood tide) near
the sill, which is consistent with the generation time derived from
remote sensing. The mode-1 internal wave phase speeds, inferred
from slopes of diagram (via the slope of red dashed lines in
Figure 12A), are approximately 1.9 m/s, which are close to the
theoretical values. The mode-1 internal wave then splits into a
packet of ISWs at approximately x = 70 km.

Internal tide ray trajectories which are overlaid on the model
transect (see Figures 13, 14), are computed from its slope s to the
horizontal, given by (Cole et al.,, 2009; Pingree and New, 1991),

_ wz_fz
S=H oo

where © is the semidiurnal frequency, e.g., @ = 1.41 x 107 ra
d/s for the M2 tidal frequency. The Coriolis parameter is given by
f =2Qsing, with Q being the Earth’s angular speed and ¢ being
the latitude.

The main features of the internal waves generated over

(6)

topography by barotropic tidal currents can be described with
two nondimensional parameters (Garrett and Kunze, 2007): the
slope parameter % and the tidal excursion length 6.
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Time distribution of slack tide and ISWs generation. (A) shows time distribution of slack tide (reversal from ebb to flood tide) at the sill and the
generation of type-SE ISWs, while (B) shows time distribution of slack tide (reversal from flood to ebb tide) at the shelf break and the generation of
type-SW ISWs. The red bars indicate the probability of slack tide occurrence for tidal ranges greater than (A) 1.3 m or (B) 1.4 m (left y-axis), with a
fitted Gaussian distribution shown by the red solid curve. The circles and dashed curves indicate the number of ISWs occurrences (right y-axis).
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Hovmoller diagram of temperature at a depth of -90 m for the case SE. The broad white stripe indicates the locations of the sill. The red dashed
lines indicate the propagation of the type-SE ISWs, which can be traced back to the generation time, as suggested by the red solid circles on the

time series of tidal flow above the sill.

The slope parameter is defined by the ratio between the
topographic slope and the wave slope,

(8

where h(x) is the topographic height, and x is the horizontal
coordinate. Along the transect SE, the slope of the sill is supercritical
(y > 1). The ray origin corresponds to critical slopes (y = 1) on the
eastern flank of the sill, where the seafloor slope matches the local value of s.

In parallel, the tidal excursion length is defined by (Bell, 1975;
Buijsman et al., 2010),

™)

=Y
)

1 (8)

where Uj is the characteristic barotropic flow velocity, and Lis a
horizontal topographic length scale. The generation mechanism of
ISWs in tide-topography interactions can be clarified by 6.
When § < 1, waves of tidal frequency dominate, and the generation
is governed by the baroclinic tide regime; when & >> 1, higher
harmonics make important contributions, and the generation is
termed lee wave mechanism (Maxworthy, 1979); when 6 ~ 1,
internal waves at both the forcing and harmonic frequencies are
excited, and the generation is termed a mixed lee wave mechanism.

Following Buijsman et al. (2010), the horizontal topographic
length scale L in case SE is determined by fitting a Gaussian function
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to the bathymetry. At the sill, L is found to be 20.0 km. The
maximum tidal amplitude in the far field is Uy = 0.049 m/s, with
o corresponds to the M2 tidal angular frequency. § is calculated to
be 0.017 using Equation (8), which is significantly less than 1.

The generation and evolution process of type-SE ISWs is shown
in Figures 13A-G. In Figure 13A, the magenta arrow indicates a
density front beginning to steepen. After 2 hours, the front forms a
soliton (Figure 13C), which subsequently splits into wave packets
during propagation (Figure 13E). In this case, the tidal excursion
length & < 1 indicates that the tidal-frequency internal wave
dominates. This excludes the lee wave mechanism and upstream
influence mechanism, suggesting that the ISWs likely source from
the internal tidal regime. Furthermore, internal waves propagating
in the direction of the flood tide, generated by the quasi-steady lee
wave or upstream propagating lee wave, are typically associated
with ebb tide rather than slack tide. Hyder et al. (2005) found that
solitons were apparently superimposed upon the troughs of a
background internal tide using in-situ measurements, further
supporting the internal tidal regime. Additionally, Figure 13
shows that the steepening process of the internal wave occurs
before the internal tide beams interact with the pycnocline, which
can exclude the internal tidal beam mechanism. Therefore, we
conclude that the type-SE ISWs are generated through a
steepening mechanism of the internal tide.
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4.2 Generation process of the type-
SW ISWs

To verify the relationship between the tidal phase and the generation
of type-SW internal waves, the Hovméller diagram of temperature at the
-85m depth is studied based on our numerical solutions (see Figure 15).
Itis clear that all type-SW ISWs can be traced back to the shelf break, and
their generation is associated with the slack tide (the reversal from flood
to ebb tide), which is consistent with remote sensing observations. The
diagonal patterns of temperature indicate that the phase speeds of the
internal waves originating from the shelf break are approximately 2.3 m/
s, in agreement with the theoretical first-mode phase speed. The results of
both model cases SE (Figure 12) and SW indicate that the ISW packets
are generated with a semi-diurnal period in the northern Andaman Sea.
As the internal waves pass over the underwater sill located at
approximately x=-200 km (Figure 14), the Hovmoller diagram clearly
shows the ISWs splitting into wave packets over the sill, which intensifies
their nonlinearity.

The Hovmoller diagram demonstrates that type-SW internal
waves are phase-locked with the slack tide instead of the flood tide
(see Figure 15). Furthermore, no significant lee waves propagating
outward from the shelf break are observed in Figure 5D, eliminating
the possibility of lee waves and upstream influences. For the
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continental slope topography, L can be used as the distance
between shelf break and the bottom of the slope (Legg, 2004). In
case SW, L is measured as 73.3 km. U, is found to be 0.394 m/s in
the far field. The parameter &, calculated using Equation (8), is
found to be 0.038. Similar to the case SE, § < 1 suggests an internal
tidal regime in case SW. Figure 14 illustrates that the interaction
between the internal tidal beam and the pycnocline occurs later
than the first piece of evidence in remote sensing images.
Oscillations induced by the wave beam cannot immediately form
ISWs upon impact. Instead, they need to travel several tens of
kilometers before evolving into ISWs (Akylas et al., 2007).
Figure 15A also demonstrates that the steepening of the
isotherms occurs before the interaction site. Consequently, the
internal tidal beam mechanism is excluded. The combined
analysis of numerical simulations and remote sensing
observations indicates that the generation of type-SW ISWs is
also attributed to the nonlinear steepening of internal tides.

4.3 Effect of subtidal flows

The generation time hypothesis, which neglects the effects of
background currents, was introduced in Section 3. In this section,
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FIGURE 14

Diagram of the M2 internal tidal raypath (magenta line) in transect SW. Horizontal velocities (shading) and temperature isotherms (contours) in model
case SW are shown. The yellow dashed line denotes the pycnocline. The blue point denotes the interaction point of the internal tidal beam with the
pycnhocline, and the blue triangle denotes the earliest location of Type-SW ISWs in MODIS observations.

we investigate the effects of background currents on the generation
of internal waves to verify the robustness of our hypothesis using
numerical models.

Figures 5A, B show the surface currents corresponding to the
two MODIS images in Figure 4. During this period, a strong
cyclonic eddy was observed in the northern Andaman Sea. The 8-
day averaged (1-9 May 2023, 00:00) and vertically uniform
background current along transect SE is shown in Figure 5C. Jia
et al. (2021) suggested that adding offshore background current did
not significantly change the generation mechanism of ISWs, but it
increased the nonlinearity of the internal waves and reduced the
occurrence time of SAR-observed ISWs by 4 hours. Following their
study, a vertically uniform onshore background current of 0.008 m/

s at a depth of -1,500 meters was added to model case SE. This value
closely matches the background current near the sill and the region
where the internal waves steepen, thereby explaining its impact on
the generation time of ISWs Figures 5D, E illustrates the generation
process of type-SE ISWs forced respectively by tidal flows and
combined tidal and subtidal flows, with other model setups
remaining the same. In the case with the subtidal flow, the
nonlinear steepening occurs farther from the sill, suggesting that
a background flow in the propagation direction of internal waves
reduces their nonlinearity. Concerning generation time, we assume
that internal waves propagate at an average linear speed of 1.9 m/s
as observed in Figure 12. The difference in generation time between
cases with and without the subtidal flow at the validation points A,

A B
TrC
21 22 23 24 25 26 27 28
[ | T
210} \
\ \ .
200 |
) \ <
\ \ »
190 | .
_ A\ P
&
£l NN
= \ ) €\
N
170} \‘ \‘\
160 - \ \ P W
1 \ \\ h
150 | X
L N N \LL, . A S

-400 -350 -300 -250 -200 -150
Distance (km)

-100 -50

FIGURE 15

-350 -300 -250 -200 -150 -100 -50 0 05 0 0.5
Distance (km) Current (m/s)

Evolution of temperature in model case SW. (A) Hovmoller diagram of temperature at -85 m depth for the case SW. The white broad stripe indicates
the locations of the bulges on the continental shelf. The red dashed lines indicate the propagation of the type-SW ISWs, which can be traced back
to the generation time, as suggested by the red solid circles on the time series of tidal flow above the shelf break. (B) Variations of 24.2°C isotherms
(at -85 m depth) in model case SW, with a 1-hour interval between isotherms. The red dashed line denotes the interaction point of the internal tidal
beam with the pycnocline (see Figure 14). The magenta arrows follow the generation of solitons. (C) The time series of tidal flow at generation site.
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and A, is consistently 1.3 hours, with the former case preceding the
generation time of ISWs. Given the semi-diurnal tidal period of
12.42 hours, this time difference is relatively insignificant, which
supports the robustness of our generation time hypothesis.

5 Conclusion

This study systematically investigates the generation
characteristics of southeastward (type-SE) and southwestward
(type-SW) ISWs in the northern Andaman Sea using MODIS
remote sensing data and MITgcm simulations. The generation
sites, generation time, and generation mechanisms of ISWs in the
northern Andaman Sea are identified.

ISW signatures were identified in 230 MODIS scenes from 2020
to 2023. Type-SE ISWs originate from the sill south of the Preparis
South Channel, whereas type-SW ISWs originate from the eastern
shelf break, based on spatial distribution and body force
calculations. ISWs are concentrated in specific regions of the
spatial distribution, which we classified into six groups: SE I, SE
11, SE III for type-SE ISWs, and SW I, SW II, SW III for type-SW
ISWs. Among these groups, spatial gaps where no waves are
observed, which motivate us to propose a generation time
hypothesis of ISWs.

This hypothesis posits that if each classified wave group
originates from the same generation region at relatively fixed time
intervals and the effects of only topography and stratification are
dominant, ISWs would consistently appear in specific regions in
MODIS images, thereby explaining the observed gaps. The
nonlinear phase speeds are calculated to estimate the generation
time of ISWs in MODIS images. These calculations reveal that ISW's
are phase-locked with semidiurnal tides, creating specific
generation time windows, which support the hypothesis. Type-SE
ISWs are generated during the tidal reversal from ebb to flood,
whereas type-SW ISWs are generated during the tidal reversal from
flood to ebb. Specific generation time windows are identified for
type-SE ISWs: SE I (8:00 to 16:00), SE II (20:00 to 6:00 the next day),
SE I1I (6:00 to 17:00); and type-SW ISWs: SW I (15:00 to 21:00), SW
I (1:00 to 11:00), SW III (12:00 to 0:00).

The occurrence of ISWs is significantly influenced by tidal
ranges. Over a four-year period of remote sensing data, Type-SE
ISWs occurred only when the tidal range exceeded 1.3 m, while
Type-SW ISWs occurred only when the tidal range exceeded 1.4 m.
Larger tidal ranges led to more frequent ISW occurrences, although
a dip is observed in the 2.3 to 2.4 m interval, likely caused by limited
observational data.

Numerical simulations based on MITgcm revealed that both
types of ISWs are generated through the nonlinear steepening of
internal tides. The model solutions also showed that ISWs are
phase-locked with tidal phases, consistent with remote sensing
observations. The study further explored the influence of
background currents on ISW generation in the model case SE,
revealing that vertically uniform background currents along the
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internal wave propagation could cause internal waves to form 1.3
hours earlier. Thus, background currents can only slightly modify
the nonlinearity and the generation times of internal waves.
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