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KEYWORDS Abstract The appearance of internal solitary waves (ISWs) in the Maluku Sea is often cap-
Internal tide; tured by satellite imagery. However, no study has revealed details on this phenomenon to date.
Internal wave; Here, the characteristics of such ISWs were investigated based on their appearance in synthetic
Ternate waters; aperture radar (SAR) imagery on 20 February 2015. Two different sources of ISW packets were
Lifamatola Passage; observed: one packet propagating from the Lifamatola Passage and another from the Sangihe
Sangihe Passage Passage. The vertical structure of the waves was constructed using the Korteweg-de Vries (KdV)

model, which suggests an average phase speed of ~2.8 and 2.7 m s~' for the first and the second
sources, respectively. ISWs originating from the first source had a typical amplitude of O(80 m),
while those from the second source were characterized by a lower amplitude of 0(40m). The
waves generated horizontal and vertical currents with typical magnitudes of O(1m s~') and
0(10cm s~') for the first source and 0(0.6m s~') and O(4cm s~') for the second source, re-
spectively. The mean energy densities of the first and second sources reached 461 MJ m~" and
185 MJ m~', respectively. Single leading solitary wave contained a fraction of approximately
20% and 15% of the baroclinic tidal energy generated in the Lifamatola Passage and Sangihe
Passage, respectively.

© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author at: Research Center for Oceanography, National Research and Innovation Agency (RCO-BRIN), Jakarta, Indonesia.
E-mail address: adip003@brin.go.id (A. Purwandana).
Peer review under the responsibility of the Institute of Oceanology of the Polish Academy of Sciences.

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.0ceano.2022.07.008
0078-3234/© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: A. Purwandana and Y. Cuypers, Characteristics of internal solitary waves in the Maluku Sea, Indonesia, Oceanolo-
gia, https://doi.org/10.1016/j.0ceano.2022.07.008



https://doi.org/10.1016/j.oceano.2022.07.008
http://www.sciencedirect.com
http://www.journals.elsevier.com/oceanologia
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:adip003@brin.go.id
https://doi.org/10.1016/j.oceano.2022.07.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.oceano.2022.07.008

JID: OCEANO

[mNS;August 21, 2022;14:57]

A. Purwandana and Y. Cuypers

1. Introduction

The Indonesian seas feature hotspots for internal tide
generation (Nagai and Hibiya, 2015) as well as inter-
nal solitary wave (ISW) formation (Aiki et al., 2011;
Chonnaniyah et al., 2021; Purwandana et al., 2021a;
Syamsudin et al., 2019). An internal tide is generated
when barotropic tidal currents encounter sloping topogra-
phy, such as a sill (Bouruet-Aubertot et al., 2018; Nagai and
Hibiya, 2015). Then, through a nonlinear steepening mech-
anism (Gerkema, 1996), the slackening of lee waves under
supercritical conditions (Alford et al., 2015), or the col-
lision of water masses (Bourgault et al., 2016), ISWs are
potentially formed. Their existence can frequently be ob-
served from satellite imagery as bands with a slick pattern
(Jackson, 2007; Karang et al., 2012; Mitnik et al., 2000) and
can be continuously monitored via an online platform (for
example, at https://search.asf.alaska.edu).

ISWs often appear in certain locations within Indone-
sian waters. Most of the research on ISWs has focused
on those observed in the Lombok Strait and Bali waters
(Chonnaniyah et al., 2021; Gong et al., 2021; Karang et al.,
2012; Purwandana et al., 2021a; Susanto et al., 2005;
Syamsudin et al., 2019; Wang et al., 2022). Other locations
of interest in ISW studies are the Andaman-Sabang solitary
waves (Prasetya et al., 2021; Sun et al., 2021; Vlasenko and
Alpers, 2005). However, some identified ISWs in other loca-
tions remain uncharacterized, such as those in the Maluku
Sea and the Banda Sea.

Several methods can be used to characterize ISW behav-
ior, such as costly field observations and/or time-consuming
numerical simulations. To address these limitations, ISW
characterization via remote sensing analysis is widely used
and benefits from the clear patterns of ISW events iden-
tified from satellite imagery (Chonnaniyah et al., 2021;
Karang et al., 2020; Lindsey et al., 2018; Mitnik et al., 2000;
Vasavi et al., 2021). Although each method may contain cer-
tain advantages and disadvantages, different methods can
be used to validate each other. A robust method used to in-
fer the subsurface structure of ISWs from satellite images
has also been developed and validated by previous studies
(Cai et al., 2015; Purwandana et al., 2021b; Wang et al.,
2022; Zheng et al., 2001b).

Studying ISW behavior is important for many reasons.
These waves serve as a medium that transports internal
tidal energy away from their generation sites, which even-
tually breaks on the shore. This shoaling process is crucial
for nearshore ecosystems since the breaking waves enhance
the vertical flux of nutrients, thereby increasing the pro-
ductivity of the pelagic layers (Bourgault et al., 2014, 2007;
Helfrich, 1992; Hosegood and Van Haren, 2004; La Forgia
et al., 2020, 2019; Masunaga et al., 2015; Moum et al.,
2003; Pineda and Loépez, 2002; Venayagamoorthy and
Fringer, 2006, 2007; Walter, 2014). ISWs have also been con-
sidered a threat to underwater structures and submarines
since this phenomenon drives strong horizontal and verti-
cal currents that can disturb the stability and buoyancy of
underwater structures (Cui et al., 2019; Dong et al., 2016;
Osborne et al., 1978; Zou et al., 2021). Some studies have
indicated a possible impact of ISWs on KRI Nanggala 402,
the Indonesian Navy submarine that was dragged down and

sank over a short period of time in northern Bali waters
(Gong et al., 2021; Stepanyants, 2021; Wang et al., 2022).

Recently, it was shown that the Maluku Sea is a connec-
tor for the western boundary system of the western Pa-
cific Ocean to the internal Indonesian seas via intermedi-
ate throughflow and circulation (Yuan et al., 2022). Maluku
Sea are also exposed to seasonal winds variability, where
southeasterly winds trigger lower sea surface temperature
(SST) and phytoplankton bloom hence improving regional
fisheries production (Setiawan et al., 2022). However, to
date, there is no study on short temporal variability induced
by internal tide generation and internal solitary wave events
which may affect seawater properties variability in this re-
gion. The only observation indicating the existence of in-
ternal waves was obtained from an empirical study in the
Maluku Sea is a study by Firdaus et al. (2021) using multi-
channel seismic reflection. Local mixing triggered by strong
internal tide generation as well as enhanced mixing due
to internal solitary wave breaking are mechanisms which
can modify the Pacific water masses properties (Bouruet-
Aubertot et al., 2018; Nagai et al., 2021; Nagai and Hi-
biya, 2015; Purwandana et al., 2020).

This study aimed to tackle the knowledge gap related to
ISWs in the Indonesian seas. Among the Indonesian seas, the
Maluku Sea is an ISW formation hotspot. However, no study
has characterized the existence of ISWs in the Maluku Sea
to date. By image analyses of synthetic aperture radar (SAR)
image in the Maluku Sea and optimizing a simple Korteweg-
de Vries (KdV) model, we reconstructed the substructure of
ISWs that could frequently be observed in these waters us-
ing a single SAR image containing two different generation
sources.

The paper is organized as follows. The methodology
is described in Section 2, which contains information on
dataset processing including the method used to infer the
vertical structure of ISWs as well as aspects of their ener-
getics. Section 3 provides the results and discussion, while
Section 4 summarizes the findings of the study.

2. Material and methods
2.1. Subsurface structure of ISWs

In this study, we use the product of Copernicus Sentinel
Data that has been previously processed by the Euro-
pean Space Agency (ESA), available to be downloaded at
https://search.asf.alaska.edu. The satellite images used in
this study were captured by the mission of Sentinel 1-A,
beam mode of interferometric wide beam, product type
of ground-range detected, high-resolution processing level
1 and polarization type of single VV. The appearance of
ISW packet can be viewed almost monthly in the ESA pro-
cessed images. We spotted the existence of multi-ISW pack-
ets which were captured by SAR imagery on 11 October 2014
at 21:17 local time (hereafter SAR-1410) and on 20 February
2015 at 21:17 local time (hereafter SAR-1502) in the Maluku
Sea. Both images covered the Maluku Sea and contained dis-
tinguishable ISW packets (Figure 1a). A deep analysis involv-
ing simple remote sensing data analyses was used to inves-
tigate the characteristics of these waves. In this study, we
focused on the image SAR-1502.
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Figure 1 (a) Exclusive appearance of two different sources (northward and eastward, yellow arrows) of ISW packets within
synthetic aperture radar (SAR) images (https://search.asf.alaska.edu) taken of the Maluku Sea on 11 October 2014 at 21:17 local
time and (b) on 20 February 2015 at 21:17 local time. (c) SAR image analyzed in this study (20 February 2015) overlaid on GEBCO
topography. The red star denotes the hybrid coordinate ocean model (HYCOM) station (126.5601°E; 0.5600°N) used to reconstruct
the underwater structure of the wave (https://hycom.org/dataserver/gofs-3pt1/analysis). Roman numerals / and /I represent the
wave packets propagating from the Lifamatola Passage and Sangihe Passage, respectively. The letters a, b, and ¢ denote the
locations of the ISW investigation. The red boxes represent the areas used to infer the half-width of the waves via brightness scaling
analysis. The yellow and green dashed curves denote the wave arc lines of the LP-ISW (A = 272.41 km) and SP-ISW (A = 313.55
km) used to calculate per tidal energy flux. (d) The identification process of the ISW signature D, the distance between the center
of the bright and dark bands within the SAR image taken on 20 February 2015 at 21:17 local time (upper panel), and the brightness
level (arbitrary unit) variability along the red lines (lower panel). The Islands surrounding the Maluku Sea are also indicated: (1)
Ternate, (2) Tidore, (3) Makian, (4) Maju, (5) Gureda, (6) Lembeh and (7) Sangihe.
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Figure 2 Predicted tides inferred from Oregon State University tidal inversion software (OTIS) (Egbert and Erofeeva, 2002) for

February 2015 at Lifamatola Passage (126.8514°E; 1.8296°S) and Sangihe Passage (125.3361°E; 1.8509°N), for the zonal current
component (u, cm s—') in the (a) Lifamatola Passage and (b) South Sangihe Passage, and for the meridional current component (v,
cm s~ ') in the (c) Lifamatola Passage and (d) Sangihe Passage. Red arrows indicate the timing of the observed internal solitary wave

(ISW) packets shown in Figure 1 (20 February 2015).

Sea surface roughness presented by the convergence and
divergence of ISWs is often manifested as bright and dark
bands in the wave front and rear, respectively (Mitnik et al.,
2000). As shown in Figure 1b—c, the signatures of ISWs were
observed during the spring tide period in the Lifamatola Pas-
sage (hereafter LP, considered the first source of the north-
ward propagating ISWs, Figure 2a—b) and in the Sangihe
Passage (hereafter SP, considered the second source of the
eastward propagating ISWs, Figure 2c—d).

The subsurface structures of the ISWs were recon-
structed by employing a single station for temperature and
salinity profiles obtained from the Hybrid Coordinate Ocean
Model (HYCOM), which has 0.08° grid resolution products at
126.5601°E; 0.5600°N for 20 February 2015 (https://hycom.
org/dataserver/gofs-3pt1/analysis) (Figure 3b). Theoreti-
cally, a solitary wave creates its shape following the clas-
sical sech? solitary wave solution of the Korteweg-de Vries
(KdV) equation, where the nonlinear and dispersive terms
balance each other to maintain the shape of the wave.
The KdV equation in a stratified fluid (Ostrovsky and Stepa-

nyants, 1989) is expressed as:

an an an 3377

— 4+ Cc— — — =0 1
ot T ox T¥Mox TP M
where n(x,t) is the maximum vertical displacement of the
isopycnal for a vertical mode-1 wave calculated from the
stratification profile (Holloway et al., 1997), x is distance,
and t is time. A classical solution to this equation is:

(cs +0“370A)(t0—t)i| @)

n= nosechz[

The term (c;+ano/3) is known as the phase speed (Cp)
term of the wave. ¢; is the mode-1 linear phase speed as
a function of the density gradient and layer thickness be-
tween the upper and lower layer separated by the center
of the pycnocline layer (Zhang et al., 2022; Zheng et al.,
2001a), also known as the Eigen speed of the Sturm-Liouville
equation of the mode-1 vertical Eigen function or vertical
structure of the displacement amplitude of the wave, ®(z):
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Figure 3

(a) Density perturbation during the passage of an ISW, reconstructed using the KdV solution for LP-ISW la (no = 79.78

m). (b) Potential density (black) and squared buoyancy frequency (red) profiles from HYCOM products (126.5601°E; 0.5600°N) on
20 February 2015 (https://hycom.org/dataserver/gofs-3pt1/analysis). (c) Mode-1 vertical structure of the ISW inferred from the

density profile.

Fo N

——®=0
dz? c

A3)

Here, we applied the boundary conditions ®(0) = &(—
H) = 0. N? represents the background stratification inferred
from the density profile (Figure 3b), no is the ISW amplitude
derived from the ISW band with a bright-dark pattern in the
SAR image (Holloway et al., 1997; Zheng et al., 2001b):
128 2128

= =132 (4)

Here, D is the distance between the center of the bright
and dark bands (see Figure 1d), while A is the half-width of
the wavelength, expressed as AZ = 128/ (ano). Notably, the
constant of proportionality (1.32%) in Eq. (3) was obtained
from an empirical study (Zheng et al., 2001b). « and 8 are
the nonlinear and dispersion coefficients, respectively, as
calculated by Holloway et al. (1997):

(3) 124 (c1 — U)*(do/dz)’dz
a=(2

2) f°.(c; —U) (d®/dz)’dz
(1

-(3)

where U is the background current. In absence of an in-situ
dataset, the term U was neglected in this study.

An ISW drives velocity fields in both horizontal and ver-
tical extents. By employing the mode-1 Eigen function,
these ‘pseudo’ currents were estimated using the method
of Cai et al. (2015):

1o

)

12, (¢ — Uy d2dz )
12, (ci —U) (d®/dz)*dz

B (6)

o de (a4 %R (ko — t)
u= Cp—dZ sech |:A (7)
dn
W= dt ®

where u and w are velocities in the horizontal and vertical
directions, respectively. Notably, the horizontal direction of
u is the same as the direction of the propagation.

2.2. Energetics of the ISW

The energetic properties of the wave were estimated using
the density perturbation created by the ISW and the cur-
rent fields computed by Eq. (7) and Eq. (8). The energy of
an ISW is composed of the available potential energy (APE)
and the kinetic energy (KE). The density of the APE per unit
length was computed by integrating over the vertical and
horizontal extent of an ISW as follows:

APE =/, 1%, [2® p(2)N*(2')Z'dZ'dzdx 9)

The density of the KE per unit length of the ISW was com-
puted as:

KEz%fﬂ,fﬁLp(uz—sz) dxdz (10)

3. Results and discussion
3.1. Subsurface structures of the ISWs

As shown in Figure 1a—b, the ISW crests covered nearly
the entire region of the Maluku Sea. The ISW events cap-
tured by the SAR-1502 image presented here were observed
on 20 February 2015 during the spring tide period (see
Figure 2). The LP-ISW packets propagated northward, with
their crests spanning from Sulawesi Island on the west-
ern side to Halmahera Island on the eastern side, covering
more than 270 km in length. The SP-ISW packets covered
the northern part of the Maluku Sea, propagating eastward
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and eventually breaking on the western coast of Halma-
hera Island. The ISW packets performed as rank-ordered
solitary waves and contained up to 4—5 solitary waves (see
Figure 1a—b) with a decreasing brightness trend, from the
front to the rear of the packet. In both SAR-1410 and SAR-
1502 images, we observed two packets of ISWs emanating
from the LP and SP. The distance between the two leading
waves (dashed curves in Figure 1c) for the LP-ISWs and SP-
ISWs was ~120 km. With such a distance and a semidiurnal
tidal period of 12.41 hours, this gives a phase speed of ~2.7
ms'.

Using Egs. (2)—(6), we estimated the typical amplitude
of the ISWs in the Maluku Sea to be in the order of 80 m for
the LP-ISW and 40 m for the SP-ISW. The typical half-width
of the waves was ~1800 m for the LP-ISW and ~2500 m for
the SP-ISW (see Table 1 for details). From the KdV frame-
work, we can also estimate that the typical phase speed of
the LP-ISWs and SP-ISWs was ~2.8 and ~2.7 m s~', respec-
tively which is in good agreement with the independent es-
timate obtained from satellite imagery.

Internal tide modeling studies by Nagai and Hi-
biya (2015) and Nugroho et al. (2016) have also shown the
existence of two propagation sources of M, internal tide in
the Maluku Sea, i.e. the northward propagation from the
Lifamatola Passage and the eastward propagation from the
Sangihe Passage. The existence of these two sources is char-
acterized by a strong conversion rate from barotropic to
baroclinic tides and strong M; baroclinic energy fluxes. This
conversion from barotropic to baroclinic tides results from
the interaction of the relatively strong M; barotropic flow
with the rough topography of LP and SP which forces isopy-
cnal oscillation at the M, frequency.

As can be inferred from Figure 2, the barotropic veloci-
ties Upar = v/U? 4 vZ in the LP and SP reached ~0.5 and ~0.3
m s, respectively. The mode-1 phase speed inferred from
the stratification profile in the Maluku Sea ¢; was 2.49m s,
resulting in Froude numbers Fr = Upq-/cq of 0.20 and 0.12 (Fr
<1) for the LP and SP, respectively. These results exclude
the possibility of ISW formation through a lee wave mech-
anism (Maxworthy, 1979). We hypothesize that the genera-
tion of ISWs in these waters occurs through the nonlinear
steepening effect of the waves of depression in the pycno-
cline layer. Notably, the ISW packets that propagated from
the LP (la) and SP (/la) were located ~310 and ~225 km
away from the generation sites in the LP and SP, respec-
tively, which also supports our hypothesis.

Internal tides are formed when a barotropic tidal current
encounters shallowing topography such as sills and forces
isopycnal oscillation resulting in conversion from barotropic
to baroclinic (internal) tides (Baines, 1982). For large in-
ternal tides, non-linear and non-hydrostatic processes can
then break internal tides into a sequence of ISWs follow-
ing the steepening mechanism or the lee wave mechanism
(Alford et al., 2015).

A common feature accompanying the solitary wave
events was an isopleth or bulb of strong current in both
horizontal and vertical directions. The maximum horizontal
and vertical currents triggered by the waves are shown in
Table 1. The LP-ISWs were characterized by a magnitude of
horizontal and vertical currents two times and three times
higher, respectively, compared to those of the SP-ISWs. As
shown in Figure 4 (u, uppermost panel), the strong hori-

KE/APE
1.61
1.5
1.62
1.19
1.24

PE
181.7
166.5
185.8
78.2
88

Energy (MJ m~")
KE

291.7
110.0

257.5
301.1
93.3

Wimax (€cm s™1)
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8.6
9.9
3.3
3.9
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1.14
1.06
1.17
0.56
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Cp (ms™)
2.83
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2.84

2.6
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1o (M)
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2.81 x 10°

—1.28 x 1072
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1877
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2404

The characteristics of the internal solitary waves (ISWs) in the Maluku Sea. The species of the ISWs being investigated refer to Figure 1.
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Table 1
ISW
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Ib

Ic
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IIb
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Table 2 Fraction of ISW energy estimates based on previous barotropic to internal tide energy conversion and dissipation

study by Nagai and Hibiya (2015).

Region Energy Conversion (GW) Local Dissipation Energy (GW/%) Single ISW Energy* (GW/%)
Seram Sea-Lifamatola Passage 14.3 9.4/65.7% 2.81/19.7%
Sangihe Passage 7.8 3.8/48.7% 1.20/15.4%
* This study
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Figure 4
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(a) Horizontal velocity (u, uppermost panel), (b) vertical velocity (w, middle panel), and (c) total energy density

(KE+APE, lower panel). Gray lines represent the KdV fits at several depths (100, 200, 300, 400, 500, 1000, and 1500 m). Black
contour lines of a horizontal/vertical velocity of 0.5m s~'/5cm s~' are shown. The properties of the KdV fits are shown in Table 1.

zontal currents extended up to ~400 m in depth, while the
core of velocity greater than 0.5 m s~ occurred in the up-
per 200 m for the LP-ISWs and the upper 100 m for the
SP-ISWs. The typical maximum horizontal velocities of the
LP-ISWs and SP-ISWs were 1.1 ms~' and 0.6 m s, respec-
tively. The maximum velocities of the LP-ISWs were higher
than that observed in Bali waters (0.65 m s~'; Wang et al.,
2022) but for the SP-ISWs, the maximum velocities were
comparable to that observed in the Bali waters. Below 600
m depth, the opposite direction of velocity was observed. A
typical downward-upward direction of vertical velocity oc-
curred before and after the trough of the waves, with typ-

ical maximum velocities of ~10cm s=' and 4cm s~' for the
LP-ISWs and SP-ISWs, respectively. This extended down to
~2000 m, with the core of velocity greater than 5 cm s~
covering a depth from 100 to 1400 m. These values are com-
parable to those observed for ISWs within the Lombok Strait
(Purwandana et al., 2021a; Wang et al., 2022).

3.2. Energetics

The energy contained in each ISW was computed using the
fitted solution of the KdV solution. The KE and APE for
each wave representing some areas of interest within the
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ISW packets are shown in Table 1. The mean KE/APE ra-
tios were typically 1.6 and 1.2 for the LP-ISWs and SP-
ISWs, respectively, which are close to the values reported
in the literature (Klymak et al., 2006). The total energy
density (KE4+APE) reached 461 and 185 MJ m~" for the LP-
ISWs and SP-ISWs, respectively. This value is approximately
one-third of that observed for an ISW in the South China
Sea (Klymak et al., 2006), yet two orders of magnitude
larger than the values observed for ISWs on the Oregon Shelf
(Moum et al., 2007). The vertical structure of the KE + APE
for each wave is shown in Figure 4 (lowest panel).

A clear shape of the arc front of the ISW packets enabled
us to determine the energy brought by the waves. Consid-
ering the conservation of total energy flux Fror = C,XE2PE A
and the arc front (A) of the waves being 272.41 and 313.55
km for the LP-ISW and SP-ISW, respectively (see Figure 1,
yellow and green dashed curves), a mean energy flux per
tidal cycle (12.41 hours) of ~2.81 GW and ~1.20 GW was
carried by the first leading ISW of the packet for the LP-ISWs
and SP-ISWs, respectively. We could not precisely estimate
the amplitude of all waves in each packet due to the lim-
ited image resolution of the SAR images. The energy flux
values observed in this study are higher than those reported
for ISW packets observed in the Lombok Strait (1.59 GW)
formed by the regular semidiurnal M; internal tides gener-
ated above the Nusa Penida Sill (Aiki et al., 2011). Consid-
ering that the barotropic to baroclinic tidal energy conver-
sion in the LP and SP is 14.3 GW and 7.8 GW, respectively
(Nagai and Hibiya, 2015), the energy flux carried by ISW
represents a large fraction of the internal tide energy con-
version. Table 2 presents the fraction of energy conversion
from baroclinic tidal energy into a single solitary wave front
in the LP and SP, respectively. Notably, there is a possibil-
ity for energy dissipation during the propagation due to the
variable topography and small islands in the center of the
Maluku Sea (i.e., the Islands of Maju and Gureda, Figure 1c).

4. Conclusions

Through a coupling analysis involving satellite imagery and
KdV solution, we found significant amplitudes of ISWs in the
Maluku Sea. There were at least two ISW packets from dif-
ferent sources of generation from the Lifamatola Passage
and Sangihe Passage, which traveled northward and east-
ward, respectively. The waves propagated with a typical
phase speed of 2.7—2.8 m s~! and triggered strong horizon-
tal and vertical velocities of up to 1 ms~' and 10 cm s,
respectively. Our phase speed estimates using the KdV so-
lution were validated by the satellite images, which con-
firmed that the ISW packets were generated every 12.41
hours.

The ISWs observed in this study are not among the high-
est amplitude underwater waves confirmed in the Indone-
sian seas. Compared to ISWs observed in other locations,
the amplitudes of the Maluku ISWs (LP-ISW: O(80 m); SP-
ISW: 0(40 m)) are comparable to those frequently observed
near the Lombok coast in the Lombok Strait through direct
observations (0(40 m); Purwandana et al., 2021a), a theo-
retical approach employing SAR images and the KdV model
(O(41m); Wang et al., 2022), and an approach using numer-
ical modeling (O(60—90 m); Aiki et al., 2011; Gong et al.,

2021). The highest ISW amplitude revealed from direct ob-
servations was approximately 185 m in the Lombok Strait,
which was considered as an extreme event that is known to
be the highest amplitude ever recorded in the Indonesian
seas (Pushidrosal, 2021).

This study provides the first characterization of ISWs in
the Maluku Sea and highlights the extraordinary activity of
a solitary wave event in these waters that could pose risks
to submarine navigation and other underwater activities.
Notably, further investigations involving in situ observations
are required to cross-validate the KdV estimates as well as
their fate when shoaling off western Halmahera Island. A
significant ISW breaking along the coastal region of western
Halmahera Island may induce strong mixing, which is an im-
portant mechanism that controls vertical nutrient flux and
sediment resuspension.
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