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Abstract

The dynamics of the Banda Sea can influence larger-scale oceanic processes and contribute to the global ocean
circulation system. This research aims to utilize data from a global in situ data repository spanning the years 1960 to
2018, along with data collected from 12 stations during the recent Jalacitra 11-2022 expedition. The focus is on analyzing
salinity and potential temperature data to construct water mass features, including seasonal temperature-salinity-time
diagrams and water column stability using Brunt Vaisala Frequency. Thorpe analysis is employed to investigate
turbulent mixing within the region. The results found that temperatures are notably lower in Northwest Monsoon
(NWM), reaching 30.0°C, while Southeast Monsoon (SEM) temperatures hover around 28.0°C. Salinity profiles reveal
that SEM generally exhibits lower salinity levels, ranging from 33.5 to 34.4, compared to NWM, which ranges from
34.0 to 34.5. Vertical profiles of temperature and salinity variations in the SEM display a more varied thermocline
layer depth than NWM. Data from the JC Il expedition in the Banda Sea revealed a slight temperature decrease from
27.5°C to 26°C in August, accompanied by salinity variations. Surface salinity was measured at 33.3, while a uniform
salinity of 34.6 was observed from 100 meters downward during the same period. This study identifies five dominant
water mass types in the Banda Sea, primarily from the Pacific Ocean, which are North Pacific Intermediate Water
(NPIW) and North Pacific Subtropical Water (NPSW). During the NWM season, water column instability occurs at
depths up to 200 meters, while deeper water column instability is observed during the SEM, extending to a depth of
300 meters, with stability values lower than four cycles/hour. Furthermore, high turbulence generally occurs in the
thermocline layer (50 to 300 m).
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1. Introduction research topics in the era of climate change (Sprintall et al,,
2019). The global ocean is known to have experienced
changes in its current patterns and deep-sea warming,
which has resulted in a fresher water composition (John-
son and Lyman, 2020).

Identifying and quantifying the variability and charac-
teristics of water masses are among the most important

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence. One of the important global thermohaline passages
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in tropical regions is the Indonesian seas (Makarim et al.,
2019; Sprintall et al., 2019). The water is transported from
the Pacific to the Indian Ocean due to the different sea
levels (Katavouta et al., 2022). One of the pathways is the
Banda Sea, which has a depth of approximately 7600 m and
anarea of 470,000 km?. This large-scale circulation of deep
ocean currents is driven by temperature and salinity dif-
ferences (Zhu et al.,, 2019). As the main path of Indonesian
Throughflow (ITF), extensive research has investigated
water mass and mixing processes in the Banda Sea region.
The Banda Sea serves as a critical pathway connecting the
Pacific and Indian Oceans, which plays a vital role in the
global-scale circulation patterns, facilitating the exchange
of water masses, heat, and nutrients between these two
major oceanic basins. These currents interact and gener-
ate complex patterns of water circulation, mixing, eddies,
and upwelling, thereby resulting in substantial variability
in physical and chemical properties (Moore et al., 2003;
Purba et al,, 2021; Purba and Khan, 2019; Sprintall et al,,
2014; Tillinger and Gordon, 2009).

Previous findings have confirmed that the water masses
in the Banda Sea primarily originate from the South Pacific
Ocean, traversing through the Seram Sea before entering
the Banda Sea (Nugraha et al., 2018). Purba et al. (2021)
revealed a prevailing southward current direction within
numerous straits and seas situated in the Maluku Sea re-
gion, with a pronounced direction toward the Banda Sea.
Another ITF pathway is through the Mindanao Currents
and the Sulu Sea, passing through the Makassar Strait and
partially continuing to this region before exiting through
the Savu Sea and surrounding areas (Cai et al., 2009; Purba
and Damanik, 2021). Additionally, water masses originat-
ing from the Indian Ocean and Karimata Strait through
the Java Sea contribute to the water mass composition
of the Banda Sea as well (Susanto et al., 2010). In addi-
tion, the Banda Sea also has complex seafloor topography,
such as seamounts, ridges, and trenches. The most re-
cent seamount discoveries were made during the Jalac-
itra II-2022 “Banda” expedition. The latest insights have
been obtained regarding the Nieuwerkerk and the Em-
peror of China (NEC) Seamounts and several newly discov-
ered seamounts in the vicinity. The peak of these amounts
has a water depth of approximately 357 below the surface
water (Febriawan et al.,, 2023).

Despite being a significant component of the global
ocean circulation system, the Banda Sea has not yet re-
ceived adequate research attention, particularly the physi-
cal aspects of the water column. Comprehensive studies
in this area require regular updates. Changes in oceanic
conditions within the Banda Sea, such as sea surface tem-
perature, currents, and atmospheric interactions, can have
far-reaching impacts on regional and global climate vari-
ability. Furthermore, understanding the dynamics of the
oceanographic system in this region is crucial due to its
significant impact on biotic ecosystems and abiotic sys-
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tems (Gusviga et al., 2021). The dynamics of the Banda
Sea contribute to our knowledge of climate dynamics and
predictions on a broader scale.

Temperature and salinity are important physical pa-
rameters of the thermohaline circulation, which influences
the thermal mixing and dynamic structural characteris-
tics of the ocean (Balsamo et al.,, 2018). Despite having
challenges in getting the large spatio-temporal resolution
of the in-situ data, however, the intensive measurements
of physical and biological data have been ongoing since
2000, utilizing various instruments such as Argo floats,
ocean gliders, and drifters deployed in the global ocean (At-
madipoera et al.,, 2019; Purba et al,, 2021). By utilizing the
available in-situ dataset, this study combines data from the
World Ocean Database (WOD-18) with data obtained from
the Jalacitra 11-2022 (JC II) “Banda” expedition, which was
organized by the Centre for Hydro-Oceanography, Indone-
sian Navy (Pushidrosal), to monitor the spatial-temporal
temperature and salinity in the Banda Sea.

This paper is organized as follows: Section two dis-
cusses the data sets used in this study, validation, and anal-
ysis method. Section three describes the result from time
series data, including temperature, salinity, stability, and
mixing. Section four discusses variability and examines
how the water masses formed and the mechanism. Sec-
tion five presents conclusions and challenges for future
research.

2. Method

2.1 Geographical area and stations’ distribution

The Banda Sea is situated in the eastern part of Indonesia,
spanning from area 122°E to 135°E, 1.5°S to 8.5°S (Fig-
ure 1). This region is interconnected with the Java Sea,
Masalembo Sea, Flores Sea, and Makassar Strait to the
west. To the north, it is bounded by the Maluku Sea and
Seram Sea, while the Arafura Sea lies in the Papua Tanah
Air region. To the south, it is bordered by the regions of
West Nusa Tenggara, East Nusa Tenggara, and other islands
as a boundary towards the Indian Ocean.

The Banda Sea region is characterized by a complex
bathymetry that is mostly deeper than 4000 m and is sur-
rounded by islands. Ocean currents in the Banda Sea mainly
originate from the northern and western parts. The wa-
ter masses in this region mostly come from the Makassar
Strait and Halmahera seas (Figure 1: blue line). These
ocean currents follow the contours of the landmasses and
surrounding islands, flowing southward into the Banda
Sea. Additionally, some surface currents circulate back to
the northern Pacific (McCreary et al., 2007). In the central
region of the Banda Sea, the depths reach a maximum of
up to 6250 m, while in the eastern part, the Arafura Seas
can have depths of 1000 m.
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Figure 1. The study area of the Banda Sea and its surrounding areas overlaid with ocean depth. Schematic ocean currents
with blue dash-line represents annual surface currents from Maluku Seas and Papua Island and green dash-line represent
annual surface currents from Makassar and Java Seas (Liang et al., 2019; Zubaedah et al.,, 2021). The data subset was
obtained from the WOD-18 (yellow dots) and ]JC [I-2022 Banda expedition collections (green dots with numbers). Black
line indicates the selected transect for vertical distribution observation. This map was processed using Ocean Data View

(ODV ver. 5.6.3) software (Schlitzer, 2022).
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Figure 2. (a, b) Temporal distribution range data from the WOD-18 spanning the years 1950 to 2022, demonstrating the
availability of data over time, and (c) spatial coverage data, illustrating the extent of the study area.

2.2 Data sources

This section summarizes the in situ hydrographic profiles
obtained from two primary sources: the World Ocean
Database 2018 (WOD-18) global portal data and the recent
JC 11-2022 Banda expedition (Figure 1 and 2, Table 1). The
National Centers for Environmental Information (NCEI)
archives provided historical oceanographic data such as
temperature and salinity (https://www.nodc.noaa.gov/
OCL). This comprehensive dataset comprises information
from various WOD-18 projects. It includes high-resolution
data collected through a range of instruments, such as CTD
(conductivity-temperature-depth) instruments, XBT (ex-
pendable bathythermograph) probes, DRB (drifting buoy),
PFL (profiled buoy), and MRB (anchor buoy) (Boyer et al.,
2018). The dataset was updated every four years, and the

latest database was published in September 2018. Detailed
information about the updated database can be found in
(Boyer et al., 2018).

The Banda Sea expedition (JC II) was conducted aboard
the Indonesian Navy’s Hydro-Oceanographic Center’s ves-
sel (KRI Rigel-933) from April to August 2022. This re-
search collaboration involved researchers from relevant
ministries and research agencies, universities, profession-
als, and private sector entities with marine surveying and
geoscience expertise. The primary objective of the field-
work was to record essential physical and geological pa-
rameters that support navigational safety, marine environ-
mental protection, disaster mitigation, and other maritime
interests (https://jalacitra.pushidrosal.id). Temperature
and salinity measurements were taken using a Seabird
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Table 1. Data statistic in the three different layers.

Min Max Mean Standard

Dev.

Temperature (°C)

<70 m (mixed layer) 19.04 33.83 27.67 146
70-150 m (thermocline layer) 13.5 30.29 2243 3.05
150-800 m (intermediate layer) 2.76 29.84 9.58 3.06

Salinity

<70 m (mixed layer) 32.17 35.07 34.17 0.26
70-150 m (thermocline layer)  32.19 34.93 34.17 0.26
150-800 m (intermediate layer) 33.16 35.15 34.39 0.14

CTD sensor V19 Plus. The in situ data collection route com-
menced from the southern Banda, progressed towards the
Arafura Sea, and then proceeded northward to the Seram
Sea. During the cruise, a total of 13 CTD stations were
selected for data collection. However, for this paper, we uti-
lized only 12 stations due to the availability of data. Each
station provided comprehensive and reliable datasets that
were suitable for the specific objectives of this study.

To support the temperature and salinity data, the sur-
face currents, 600 m, and 1000 m simulations in this study
are derived from the Hybrid Coordinate Ocean Model (HY-
COM) data in the same period with JC II. Specifically, we
utilized the GOFS 3.1:41-layer HYCOM + NCODA Global
1/12° Analysis (NRL) database.

2.3 Data processing and quality control

The WOD-18 and JC II expedition datasets consist of in-
situ raw data, and for this purpose, the data was filtered to
retain only good-quality data. Quality control for this exten-
sive profile dataset is essential to improving the accuracy
of the results. Therefore, several steps were conducted
before analyzing, as follows:

1. Extracting the required data, including temperature,
salinity, oxygen, longitude, latitude, depth, and date
in the defined spatial and time range.

2. Identifying outliers and removing data outside the
ranges of 0°C to 35°C for temperature, salinity ranges
of 20 to 40.

3. Removing stations with less than three values in the
vertical direction.

4. Constructing a database from observed levels to stan-
dard depths (Purba et al., 2021).

The weighted-average gridding interpolation method was
used in scalar values, and XBT/MBT corrections were done
using Cheng et al. (2014):
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estimate = r

where w;=e”~

NEPIRT 0
and T=<H> (E)

where d; represents the weighted average of data points,
w; represents the weighting factor for each data point,
e represents the base of the natural logarithm, r repre-
sents a normalized distance measure, x and y represent
the distance between the point of estimation to the data
point along the respective axes, and Lx and Ly are length
scales along two axes.

Due to data availability, the temporal range of the data
spans from 1 January 1960 to 31 December 2022, and
the maximum depth of the data is set at 800 m (Figure 2).
The depth range was separated into three distinct layers:
the mixed layer (<70 m), the thermocline layer (70-150
m), and the intermediate/constant layer (>150 m), as ob-
served in the Indonesian region (Lana et al., 2017). The
thermocline layer is defined as a distinct layer where tem-
perature changes more rapidly with depth compared to
the layers above and below. In shallow water, the tempera-
ture decreases by 0.2°C, while in deep water, it decreases
by 0.8°C from a reference level of 10 meters (Johari and
AKkhir, 2019; Zeng et al,, 2016).

2.4 Analysis

Water-mass types by using temperature and salinity pro-
files were mapped to construct T-S Time (Seasonal T-S)
diagrams. These diagrams were created using salinity and
potential temperature, which were processed based on
TEOS-10 documentation. Furthermore, the classification
of water masses followed the methods outlined in previ-
ous studies (Emery, 2015; Wyrtki, 1961). Additionally, one
zonal section transect was created and analyzed to investi-
gate temperature and salinity dynamics. Furthermore, the
stability of the water column was analyzed based on the
variable derivation of the Brunt-Vaiséla Frequency (BVF),
which can be calculated as follows:

| g9 9p(2)
V=T 0@ (2)

where N represents a vertically displaced water parcel that
oscillates (cycle h™1); g is the acceleration due to gravity
(9.8 m s™2); p0 is the average density of the measurement
results (kg m™3); z is the depth (positive upward). The N2
was acquired from the absolute salinity and conservative
temperature values. For N, a value greater than 0 indicates
a stable layer and a value lesser than 0 indicates an unsta-
ble layer. The calculation of N? is based on the input of
absolute salinity and conservative temperature values, fol-
lowing the method by Jackett et al. (2006). A positive N2
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value suggests the presence of a stable water layer, while a
negative value indicates an unstable layer. The calculation
of the Brunt-Vaisala Frequency involves using vertical den-
sity gradients obtained from the TEOS-10 equation of state,
which was updated in 2010 (https://www.teos-10.org/).
This computation is performed for each standard-depth
interval, and the resulting value is assigned to the midpoint
of thatinterval. These midpoint BVF values were projected
back to the profile’s original pressure (or depth) values
using linear least-squares interpolation.

In the investigation of mass mixing in the Banda Sea
waters, the estimation of vertical turbulence values was
conducted. This estimation measures the turbulent kinetic
energy dissipation rate (&) and vertical eddy diffusivity
(Kp)- This study utilized the Optimized Thorpe Method
(OTM) to estimate these values, as described in the re-
search conducted by Purwandana et al. in 2020. The cal-
culation/equations used to estimate the turbulent kinetic
energy dissipation rate and vertical eddy diffusivity in this
method were defined as follows:

0.64L% N3, dissipation rate when

overturn is observed
&= N2 (3)
max(l x 10710, 8(F>), background dissipation
0 rate
where ¢ represents the turbulent kinetic energy dissipa-

tion rate (m? s~3), Ly represents the Thorpe Length Scale
2

(m), N represents the buoyancy frequency, €, <% repre-
sents the background dissipation rate (Garrett aﬁd Munk,
1975), with a value of £, = 7 X 10719 m? 573, which is the
canonical GM dissipation rate, and N, = 3 cph (cycles per
hour). The calculation is based on the range of dissipation
rates commonly found, which is 1071% to 10~ m? s73. The
value of 10710 represents the lowest dissipation rate typi-
cally observed in calm water locations far from turbulent
generation areas.

ETh—-GM
= 4

Ky =Kyrhecu=T

where K, represents the vertical eddy diffusivity (m?s™h),
I" represents the mixing efficiency, e7j,_qu represents the
Thorpe-Garrett and Munk turbulent kinetic energy dissi-
pation rate (Purwandana et al., 2020).

The analysis incorporates the current velocity vari-
ables, which are the Eastward Water Velocity. By integrat-
ing the variables, the simulation was able to determine
both the speed and direction of the ocean current within
the simulation domain. The simulation was done using
Parcels, a Python program, which is an acronym for Proba-
bly A Really Computationally Efficient Lagrangian Simula-
tor. It comprises Python classes and methods that simplify
the creation of particle tracking simulations in aquatic en-
vironments (Lange and van Sebille, 2017). Parcels appli-
cation is specifically designed to operate at the petascale,
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which denotes a computing system capable of perform-
ing at least 1,015 floating point operations per second.
This immense computational power allows Parcels to carry
out rapid and efficient computations. For this study, the
particle type chosen was JITParticle, as it aligns with the
research objectives and offers superior computational ef-
ficiency compared to ScipyParticle. The particle settings
utilized involved the release of one particle from the initial
point, utilizing freeslip interpolation. The period lasts for
a duration of one month, which starts on the same date as
each station and ends 30 days later. The choice to imple-
ment a one-month simulation was driven by the need to
examine the sea surface currents patterns in the study area.
This methodology enabled a thorough analysis required
for this study, making it easier to directly compare the vari-
ations and/or similarities among the different stations.

3. Results

3.1 Temperature and salinity profiles

In general, Sea Surface Temperature (SST) and Sea Surface
Salinity (SSS) characteristics differ slightly between North-
west Monsoon (NWM) and Southeast Monsoon (SEM). The
temperature values during the SEM season tend to be com-
paratively lower than those recorded during the NWM (Fig-
ure 3).

In the NWM season (Figure 3a), temperatures range
from 28.5-30.0°C. The lowest temperature in the NWM
was found in the southwest of the Banda Sea near the
Masalembo Seas (6.5°S, 124.5°E), while the highest temper-
atures occurred in the western Banda Sea (4°S, 124.7°E).
The eastern region (Seram and Aru Sea) was dominated
by a temperature of around 29.5°C, while the western re-
gion (Buton Island) exhibited more varied temperatures
spanning from 28.5-30.0°C. The lowest SST was found in
southern Buton Island, while the warmer is in the east-
ern. In the SEM, the temperature was 26°C in the northern
region of the Aru Islands (8°S, 135°E), while its highest
reaches 28°C near Buton Island (8°S, 122.5°E) (Figure 3b).
The colder temperature conditions were clearly visible
in the eastern part near Seram, Wetar, and Aru Sea with
values of 26.5-27.0°C. In the western part, adjacent to Su-
lawesi Island, the temperature values range from 27-28°C.
The higher SST is in the northern of Seram Island, with a
value of 28°C.

Furthermore, the salinity profile in SEM was generally
lower than that of the NWM season. Salinity in the NWM
season (Figure 3c) ranges from 34.0-34.5, with the lowest
in the northern region around Seram Island (5°S, 131°E)
and the highest in the Wetar Island region (8°S, 127°E).
Low salinity is also found in the southern island of Buton
and the northern region of the Aru Sea, with a value of
around 34. During SEM (Figure 3d), salinity ranges from
33.5-34.4, with the lowest value in the eastern (Aru seas)
and western region (Buton) with value of around 33.5 and
the southwest region, while the highest value was recorded
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Figure 3. The surface profile (color and contour lines) of a) SST in NWM and b) SST in SEM while c) Salinity in NWM and
d) Salinity in SEM. Data is provided from WOD-18 and processed using the weighted-average gridding interpolation
method with 20 x 20 scale length. White areas indicate no data.
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Figure 4. Vertical Section of temperature and salinity in both seasons in a transect from NTT to Papua from WOD-18.
Temperature profiles in NWM (a) and SEM (b). Salinity profiles in NWM (c) and SEM (d). The weighted-average gridding
interpolation with [radius interpolasi] radius was used, with white areas indicating no data.

in the north of Seram Island (34.4). In the southern Aru
Sea, the salinity is around 33.7, while in the southern Wetar,
the salinity is around 33.8.

Vertical cross-section plots were created to visualize
vertical profiles of temperature and salinity variations in
the NWM and SEM (Figure 4). These profiles reveal that
temperature and salinity in the Banda Sea vary depending
on the region and water column layers.

In the NWM (Figure 4a), surface layer temperatures
(0-70 m) ranged from 22.5-27.0°C with no significant dif-
ference between the eastern (NTT near Wetar) and west-
ern regions (Papua Indonesia near Aru Sea). The thermo-
cline layer is identified at a depth of approximately 100 m
in the western region (124°E) and 120 m in the eastern
region (132°E). Temperature values at 200-400 m depths
range from 10-15°C, while temperature ranges from 6-8°C

in the deeper layers. In the center of the Banda Sea (around
128°E), the thermocline layer is shallower compared to
the eastern and western parts. In the SEM (Figure 4b),
the SST ranged from 20-27.5°C, and below the surface,
temperature ranged from 10-20°C. Notably, the depth of
the thermocline layer in SEM varies compared to NWM.
The western region has a deeper thermocline layer than
the NWM, which was 120 m, and becomes shallower in
the eastern region, which was 90 m. In the deeper layers,
temperatures decrease drastically, ranging from 6 to 10°C.

In the NWM (Figure 4c), the salinity profile displayed
similar characteristics from the upper water column to 150
m, with values ranging from 34.25 to 34.5. In the lower lay-
ers, salinity values differed between the eastern and west-
ern parts, with the western part near Wetar Island waters
having a lower salinity value (34.5) compared to the east-
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Figure 5. Temperature and Salinity Profiles from JC I expedition, (top) colour bars represents temperature and black
line represents salinity in 12 stations (bottom) Yo-Yo Casting conducted in station 7 and 8 with colour bar represents

salinity and lines represent temperature.

ern waters near Aru Seas (34.7). In this season, a unique
profile near the NTT, with a depth of 300-500 m, has a
high salinity of around 34.5. In the deepest layer, the salin-
ity values tended to be more homogeneous, around 34.7.
During SEM, salinity exhibited depth variations, and small
variations occurred in the western regions (Figure 4d). In
the western regions, a salinity of 33.7 was observed at a
depth of about 100 m, while in the eastern region, it was
found to be at a depth of about 50 m. In the layers below,
salinity values tended to be more homogeneous, with a
salinity value of around 34.5.

Additionally, temperature and salinity measurements
in the Banda Sea were also conducted using yo-yo casts
during the JC II expedition (Figure 5). The temperature
measurements in July indicate that the upper water col-
umn had a temperature of 27.5°C, which slightly decreased
to 26°C in August. The thermocline layer in July was iden-
tified at a depth of approximately 120 m, while in August,
it was identified at 100 m. Temperature values become
relatively consistent, starting from a depth of 500 m in July
and August.

The vertical salinity profile in July displays high salin-
ity variability in the depth range of 0-100 m. The sur-
face water exhibits a salinity of 33.3, which increases to
34.0 at a depth of 50 m. At a depth of 150 m, the salinity
reaches 34.7, and it remains uniform from a depth of 200
m onwards. In contrast, during August, the salinity level
displays a relatively uniform value. The salinity on the sur-
face is around 34.3 and remains consistent from 100 m
downward, with a salinity of 34.6.

3.2 Seasonal water mass characteristics

Generally, the water masses were dominated by those orig-
inating from the Pacific Ocean. Based on water mass types
(Emery, 2015), there are eight dominant water mass types
in the study region, including Pacific Equatorial Water
(PEW) (7.0-23.0°C, 34.5-36.0), Indonesian Upper Water
(IUW) (8.0-23.0°C, 34.4-35.0), Western North Pacific Cen-
tral Water (WNPCW) (10.0-20.0°C, 34.2-35.2), Indonesian
Intermediate Water (IIW) (3.5-5.5°C, 34.6-34.7), North
Pacific South Water (NPSW), Eastern North Pacific Central
Water (ENPCW) (12.0-20.0°C, 34.2-35.0), Eastern South
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Figure 6. Temperature-Salinity Diagram a) in NWM season from WOD-18 and b) in SEM season from WOD-18 18 (colors)
and JC II expedition (grey dots), c) detailed description of water masses in each station from JC II expedition.

Pacific Central Water (ESPCW) (8.0-24.0°C, 34.4-36.4)
and Antarctic Intermediate Water (AAIW) (2.0-10.0°C,
33.80-34.50) (Figure 6).

The Indonesian Intermediate Water (IIW) and Indone-
sian Upper Water (IUW) are distinct water masses found at
different depths in the Indonesian seas. The [IW is typically
observed at a depth range of 700-800 meters, while the
IUW is found at shallower depths, ranging from 150-400
m. These water masses play a crucial role in the oceanic
circulation and contribute to the overall dynamics of the
region. In addition to the IIW and IUW, there are other sig-
nificant water masses present in the region, which include
the Pacific Equatorial Water (PEW) and Eastern North Pa-
cific Central Water (WNPCW), which are typically found
at depths ranging from 150-300 m. One notable feature
of the Indonesian seas is the observation of the highest
salinity north of Seram Island, reaching up to 35.14°C.

Conversely, in the intermediate waters, all detected wa-
ter masses are known to originate solely from the Indian
Ocean. This distinction highlights the different sources
and pathways of water masses at varying depths within
the Indonesian seas. Specifically, within the upper water
column, the water mass types detected include the Indone-
sian Upper Water (IUW) and the Western North Pacific
Central Water (WNPCW), both originating from the Pacific
Ocean.

3.3 Water column stability

The water column stability for both monsoon seasons ex-
hibits apparent disparities between the eastern and west-
ern regions. During both monsoon seasons, notable differ-
ences were observed in the water column stability across
both the eastern and western regions of the study area.
These variations extend vertically throughout the water
column (Figure 7). During NWM (Figure 7a), water column
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Figure 7. Water Column Stability from WOD-18 Data (cycles/hour) in a) NWM and b) SEM.

instability occurs at depths of 0-200 m, and stability sets
in from a depth of 200 m with stability values lower than
four cycles/hour. The eastern region of the transect ex-
hibits the most distinctive stability pattern, as the surface
water column maintains a stability value of 3 cycles/hour,
increases to 5 cycles/hour at a depth of 100 m, and then
decreases to 4 cycles/hour at a depth of 300 m. In the west-
ern region of the transect, the surface water column shows
the highest stability value of 6 cycles/hour, twice as it was
at the same depth in the eastern transect. In the central
Banda Sea (128°E), the stability occurs in the surface and
deep water, while in the depths from 50-250 m, it is less
stable.

During the Southeast Monsoon (SEM), water column
shows deeper instability compared to the NWM, extending
to a depth of 300 m and stabilizing thereafter with stability
values lower than 4 cycles/hour (Figure 7b). Similar to
NWM, the western region of the transect during SEM also
displays higher stability values than the eastern region.
Stability values during SEM are significantly higher than
those during NWM. The stability value in the eastern region
of the transect reaches six cycles/hour, increasing to 9
cycles/hour in the western transect region.

3.4 Turbulent mixing

The characteristic of mixing in the Banda Sea was deter-
mined vertically (~isopycnal) and horizontally showed
average dissipation in different layers (Figure 8). Based

on the analysis of dissipation rate (&) and vertical eddy dif-
fusivity K, using OTHORPE in each layer, it was found that
high turbulence generally occurs in the thermocline layer
(50 to 300 m). In these layers, the value of € ranges from
1077 to 107 m? s73, except at stations 7 and 8 (eastern
Banda Sea), where low turbulence was observed (< 10~7°
m? s~3). Moreover, high diffusivity was also observed in
this layer (> 10~** m? s™1), with values K,, ranging from
10™*t0 10~2°> m? s~1. In contrast, at greater depths (>300
m), values of € and K, indicate low dissipation rates and
moderate diffusivity, with values below 10~7-5 m? s~ and
107%-1073 m? s™1, respectively. Additionally, high turbu-
lence is often observed in regions close to or shaped like
straits, as indicated by the values at stations 4, 5 (north-
ern Aru Sea), and 12 (NTT), where significant changes and
mass mixing occur in those areas (Figure 9).

Vertically, the dissipation rate profile in the Banda Sea
ranges from 107 to 107® m? s™3. High turbulence
(>1077° m? s73) occurred in the mixed layer and thermo-
cline at almost all stations except for stations 1 (northern
Seram) and 8 (central of Banda Sea). The highest turbu-
lence was observed at station 4 in the thermocline layer
(50 to 180 m), with ¢ values ranging from 107° to 107>
m? s~3, This is attributed to the location of station 4 along
the path of water mass outflow in the strait. However, at
stations 1 and 8, the vertical dissipation rate profile did
not detect any turbulence (Figure 10).
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Figure 10. The vertical profile of eddy diffusivity from JC II data.

A similar pattern is observed in the vertical diffusivity
profile K,, where high diffusivity (>10~*° m? s~*) occurs
at all stations in the mixed layer and thermocline. Fur-
thermore, the highest diffusivity was observed at station 5
(northern Aru Sea) in the thermocline layer (50 to 180 m),
with K, values ranging from 1073 to 1072 m? s™*. This
also indicated a linear relationship between the dissipation
rate and diffusivity values. However, the diffusivity profile
at stations 1 and 8 was inversely related to the dissipation

rate profile, as the K, values at these stations range from
1076 t0 10735 m? s71.

3.5 Particle movement tracking

The simulation results of particles movement in the Banda
Sea during the same monsoon period indicate that the
surface currents exhibit varied directions, but they are pre-
dominantly towards the southwest and western regions
(Figure 11). Meanwhile, at 600 and 100 m, the particles
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of water from all stations were in the same area during
the simulation. For stations located in the Seram Sea (sta-
tions 1 and 2), the surface water particles movement is
towards the south. The majority of water particles from
stations located in the eastern Banda Sea (stations 3, 4,
5, 6, and 7) move westward, except for stations 3 and 6,
which move northward and eastward, respectively. Water
particles from stations located in the central Banda Sea
(stations 8, 9, and 10) move westward with their paths
remaining relatively parallel. Particles from station 9, situ-
ated further north than station 10, travel only as far south
as Buru Island, whereas particles from stations 8 and 10
extend their movement further to Sulawesi. Water parti-
cles from stations located in the south of the Banda Sea
(stations 11 and 12) move southward, passing through the
Ombai Strait and into the Savu Sea. From the Savu Sea,
the surface current parted into two directions: one heads
directly towards the Indian Ocean, and the other flows to-
wards the Timor Passage before eventually reaching the
Indian Ocean. Within a one-month timeframe, the shortest
distance is covered at station 6, which is located south of
Papua, Indonesia, while the farthest distance is observed at
station 10, which was initially situated in the middle of the
Banda Sea, where the current reaches the Selayar Islands.
The current at station 12 appears to form eddies due to the
convergence of the current from station 10, resulting in a
change in direction from northward to southward upon
merging with the ocean currents at station 11.

In the simulation at a depth of 600 m, most particles
tended to move east of the station. Stations 1 and 2 are
situated in the Seram Sea, but the direction of movement
is reversed: station 1 moved west and station 2 moved
east. However, not all the particles in both stations move
too far. In the eastern part of the Banda Sea for instance,
stations 3, 4, 5, 6, and 7 movement is to the east, except
for station 3, which moves westward toward the Maluku
Islands. The movement of water particles in the center of
Banda Sea comes from station 8, which is to the north. The
displacement of particles coming from stations 9 and 10
is to the west, as well as at the surface, but over shorter
distances. Water particles coming from the stations placed
in the southern Banda Sea move directly to the east since
the beginning of the simulation, in station 12, and first to
the south before going towards the east in station 11. The
most distant movement of particles at this depth is from
station 12, and the shortest distance from station 2.

At depths of 1000 m, particle movements are also not
too far from the release point in stations whose locations
are in the Seram Sea and also in the central and eastern
Banda Sea, while particles in stations that have places in
the southern part of the Banda Sea will move further away.
Due to the fact that the depth of the waters in both stations
was less than 1000 m, station 2 in the Seram Sea and station
5 in the eastern part of the Banda Sea do not move at all.
Water particles originating from station 1 in the Seram
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Sea run southward along the western coast of Buru Island.
The trajectory path of the water particles in the eastern
Banda Sea (stations 3, 4, 6, and 7) is to the west since the
beginning, with the longest distance at station 3 and the
shortest distance at station 6. Similar to the movement of
water particles in the eastern part, stations located in the
central Banda Sea also move westward, with the longest
distance reaching station 9. The movement pattern of the
water particles from the stations located in the southern
Banda Sea is similar to their movement at a depth of 600 m.
Station 11 first moved southward and then eastward, while
station 12 moved directly to the east since the beginning
of the simulation-with the longest range at station 12.

4. Discussions

In general, both data from the WOD-18 and JC II expedi-
tions confirmed the findings of previous studies (Moore et
al,, 2003; Zhu et al,, 2019; Zubaedah et al,, 2021). In SEM,
most of the Banda Sea has lower temperature due to an
interchange of water masses from the Banda Sea, which re-
sults in alower SST (Figure 3a). The accumulation of warm
water in the center of the Banda Sea occurs in NWM (Fig-
ure 3b). This indicates a change in the Ekman current due
to the monsoon, which results in differences in the move-
ment of water masses and the Indonesian Throughflow
(ITF) transport in NWM and SEM (Sprintall dan Timothy
Liu, 2005). Furthermore, it is established that the Banda
Sea is impacted by a pair of monsoon periods. Due to the
prevailing winds, the northwest monsoon (December to
February) triggers a current from the Flores Sea and Java
Seatowards the Banda Sea. Conversely, the flow is reversed
during the southeast monsoon (June to August). The wa-
ters from the Banda Sea move eastward through the Flores
and Java Seas (Moore et al., 2003). In contrast, during the
period of prevailing east monsoon winds (Australian mon-
soon), a pronounced movement of water masses occurs
towards the Flores Sea and Java Sea (Purba et al.,, 2021).
Meanwhile, the influx of water from the Pacific Ocean is in-
sufficient. Consequently, water from the lower layers of the
Banda Sea rises, a phenomenon known as the upwelling
process (Birowo, 1984; Wyrtki, 1961). This circulation
pattern is directly linked to the global oceanic mass cir-
culation (ocean conveyor belt) (Ilahude et al., 1999). The
process of upwelling observed in the Banda Sea during the
eastern monsoon season, driven by the deficiency of wa-
ter masses in the upper layers, reduces temperature and
increases salinity. Banda Sea is a region which affected
by the El Nifio-Southern Oscillation (ENSO). However, the
ENSO variability also influences the distribution of SST.
The Oceanic Nifio Index (ONI), the average SST anomaly
in the Pacific Ocean (5°N-5°S, 120°W-170°W), in 2022
was consistently below —0.5°C which is a sign of the occur-
rence of La Nifia. Stronger upwelling occurs because of La
Nifia, so the mass of water moving to the upper layers is
more than usual (Pei et al., 2021). This resulted in lower
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SST in SEM at AOI than it was 15 years ago, compared to
SST (Horhoruw et al., 2020).

For salinity in the NWM, the highest value is found
in the southern part of the Banda Sea (Figure 3c). This
may be due to the presence of more saline water inputs
coming from the Indian Ocean through several straits. Fur-
thermore, there is a water mass that is less saline in the
western part of the Banda Sea, which is a mass of water
that comes from the Java Sea. The Java Sea is known as
one of the regions that has many rivers and provides a lot
of freshwater input to the sea. In the SEM season, higher

salinity values can be seen in all areas (Figure 3d). In ac-
cordance with SST conditions, this season, there was an
upwelling with strong intensity due to the wind blowing
from Australia, which caused Ekman pumping (Purba et
al,, 2019). Another thing is that there are eddies that occur
permanently in the Banda Sea, but in this figure, it is not
clearly visible. Eddies found in the Banda Sea have the
characteristics of anti-clockwise and clockwise patterns,
which is a clockwise pattern carrying cold water masses
(<26°C) in the lower layer upwards with the characteris-
tics of colder water and higher salinity (>34.5).
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The temperature in both seasons has almost the same
characteristics in each layer (Figure 4a,b). In the upper
layer, the mixing process occurs due to the presence of a
monsoon. In the eastern part of the Banda Sea, the ther-
mocline layer is shallower due to upwelling (Purba et al.,
2019). The salinity from 150 m to deeper water in both
monsoons has similar characteristics, which have a homo-
geneous layer of salinity found at about 400-900 m (Fieux
etal,, 1994; Molcard et al.,, 2001). During SEM, there are
differences in the salinity, which varies with depth (Fig-
ure 4c). In the western regions, a salinity of 33.7 can be
found at a depth of about 100 m, while in the eastern re-
gion, it can only be found at a depth of about 50 m. This
happens as a result of water mass transfer, as described
in the previous section. The upwelling process transports
higher-salinity water in the eastern region to the surface,
compensating for the displacement of water in the upper
column (Vinayachandran et al,, 2021). Meanwhile, in the
SEM, it can be seen that the upper water layer has a lower
salinity compared to the NWM (Figure 4d). The conditions
were also similar to the results of the Jalacitra Il expedition,
which represents SEM (Figure 5). This shows that there
is a similarity in profile both on the surface and the lower
layer.

The upper limit of the thermocline layer that is often
used is 20 isotherm (Tomczak and Godfrey, 2003). How-
ever, previous research found that Indonesian waters have
a shallower thermocline layer than the equatorial Pacific,
so the upper limit is the 22°C isotherm (Bray et al., 1996;
Pusparini et al,, 2017). Indonesian Upper Water (IUW)
refers to the water in the upper thermocline of the ITF
within the Indonesian seas (Talley and Sprintall, 2005).
The salinity of IUW varies depending on location and depth.
For instance, salinity ranges between 34.5 and 34.8 along
the ITF pathway exiting the Indonesian waters across the
mixed layer, thermocline, and intermediate layer (Makarim
et al, 2019). In the ITF outflow region, the upper layer
is dominated by Indian Ocean waters, while the lower
layer is influenced by Pacific Ocean waters (Bayhagqi et al.,
2018). Similar to [EW, IUW exhibits a temperature range of
8.0-23.0°C (Emery, 2015). Western North Pacific Central
Water (WNCPW) is a water mass found in the northern
Pacific Ocean, characterized by a temperature range of
10.0-22.0°C (Emery, 2015). WNCPW showcases salinity
values spanning from 34.2 to 35.2 (Emery, 2015). This
water mass constitutes part of the maximum salinity water
(MSW) in the western North Pacific, distinguished by its
unique salinity characteristics compared to other regions
(Dippner et al., 2021). Intermediate Indonesian Water
(ITW) is the sole water mass identified within the interme-
diate layer. It exhibits a temperature range of 3.5-5.5°C
and a salinity of 34.6-34.7 (Emery, 2001). Salinity levels
of I[IW vary based on location and depth. Salinity remains
relatively homogeneous in the eastern Timor region within
the thermocline and intermediate layers (Atmadipoera et
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al, 2009). In the ITF outflow region, the upper layer is
dominated by Indian Ocean waters, while the lower layer
is influenced by Pacific Ocean waters (Bayhagqi et al., 2018).

The [IW and IUW are other significant water masses
present in the region, including the Pacific Equatorial Wa-
ter (PEW) and Eastern North Pacific Central Water (WN-
PCW), which are water masses that bring distinct charac-
teristics and properties to the Indonesian seas, influencing
the overall temperature, salinity, and circulation patterns.
The temperature and salinity measurements in this study
are similar to those of the ITF compared to previous re-
search (Feng et al., 2018a; Gordon and Fine, 1996; Kida
and Wijffels, 2012). The ITF in this region is categorized
as a deep throughflow, as expounded by (Feng et al., 2018).
Van Aken et al. (2009) analyzed salinity and temperature
data along the eastern route of ITF (from Maluku to Seram
to the Banda Sea). The deep throughflow of ITF is charac-
terized by the transport of low thermocline waters from
the Pacific into the Banda Sea and, ultimately, the Seram
Sea (Gordon and Fine, 1996). The yo-yo measurements
taken in June and August align with data from previous
studies, leading to the conclusion that these yo-yo surveys
encompass the ITF pathway in the Banda Sea region (Fig-
ure 6).

It is worth noting that the differences in water column
stability between the two monsoons manifest in multiple
dimensions (Figure 7). The spatial distribution across the
east-west axis and the vertical distribution within the wa-
ter column exhibit unique patterns during each monsoon.
This variation results from the intricate interplay between
wind patterns, ocean currents, and temperature-salinity
dynamics specific to each monsoon season (Moore et al.,
2003). This phenomenon indicates that the water column'’s
stability responds differently to the distinct meteorological
and oceanographic conditions associated with each mon-
soon. The dissimilarity in water column stability is evident
when comparing the two monsoons. This discrepancy is
noticeable not only across the lateral dimensions of the
study area, particularly in the eastern and western zones
but also in terms of the water column’s vertical distribu-
tion.

High turbulence in the thermocline layer of the ocean
has implications for mixing, nutrient transport, heat ex-
change, oxygenation, carbon cycling, vertical property trans-
port, and upwelling/downwelling processes. In the Banda
Sea, turbulence influences the formation and movement
of ocean currents through several mechanisms (Figure 8).
Turbulence enhances vertical mixing, disrupting density
stratification and contributing to upwelling and down-
welling currents formation. Additionally, turbulence af-
fects the behavior of boundary currents, such as the Banda
Sea Current, and influences the formation and dynamics
of eddies, which play a role in transporting heat, nutrients,
and other properties in the region.

Several factors could contribute to the occurrence of
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low turbulence at stations 1 and 8. These factors include
high thermal stability, little temperature difference be-
tween adjacent water layers, and relatively low current
velocities. Additionally, the seafloor topography in the area
and the interaction with other ocean currents can also in-
fluence turbulence levels. The absence of turbulence in
the vertical dissipation rate profiles at stations 1 and 8
may be attributed to high thermal stability, low current
velocities, and the specific location of these stations. The
thermal stability reduces the transfer of mass and energy,
thereby limiting the turbulence. The relatively low cur-
rent velocities and possibly calm flow dynamics in the area
also contribute to the lack of detectable turbulence in the
dissipation rate profiles. Further analysis and specific ob-
servational data would be needed to understand better
the reasons behind the low turbulence at stations 1 and 8.
The highest turbulence is observed at station 5 in the ther-
mocline layer (50 to 180 m), which is attributed to water
mass outflow in the strait. Straits are known to be active
turbulent regions due to higher tidal currents (Purwan-
dana et al., 2020). In contrast, low turbulence is observed
at stations 2 and 11, due to far from turbulence-generating
sources.

Subsequently, surface currents exhibit different direc-
tions due to various factors such as wind, circulation influ-
enced by the ITF, and the presence of islands (Zhu et al,,
2019). During the JC Il measurements, prevailing winds
blew from Australia towards mainland Asia, resulting in a
dominant westward surface current (Moore et al., 2003).
A southward flow is also observed in the northern region,
which is attributed to the presence of island contours. In
the southern part of the Banda Sea, the presence of eddies
was observed. These eddies are formed by the conver-
gence of several currents, including those from the Java
Sea and the Makassar Strait (Hanifah and Ningsih, 2016;
Nuzula et al., 2017).

The simulations performed at depths of 600 m and
1000 m exhibited variations in speed and direction (Fig-
ure 11). The greatest distance is observed on the surface
as a result of wind movement above sea level. The pre-
dominant flow direction on the surface, oriented towards
the southwest and south, indicates the presence of the
monsoon current and the Intertropical Convergence Zone
(ITCZ) in this area. Currents emanating from stations 3
and 4 have altered their direction due to the confluence
of currents from the northern region of Seram Island and
the Banda Sea (Purba et al,, 2021). Concurrently, station
1, situated in the southern region of Banda, encountered
a phenomenon that may indicate the presence of eddies.
At a depth of 600 m, the current’s direction at station 12,
located in the ITF outflow region, reaches its maximum
distance of approximately 400 km to the east (Figure 11b).
The eastern section (stations 4, 5, 6, 7) has a consistent
pattern, indicating that the current direction in this area
conforms to the seabed’s contours. At station 10, the cur-
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rent is directed southwest and appears to converge with
the trajectories of particles from stations 11 and 12. At
this depth, the current pattern appears to conform to the
geographical characteristics of the Banda Sea. The prevail-
ing trend at a depth of 1000 m resembles that at 600 m,
with the maximum distance recorded at station 12 (Fig-
ure 11c). The prevailing pattern in the central Banda Sea
to the northwest exhibits a discrepancy with the top layer.
This may result from the lack of wind, allowing the bottom
current to prevail due to external pressures. Even though
AAIW has a noticeable impact on the deep layer, further
study is required to enhance our knowledge of the deep
layer dynamics.

5. Conclusion

The result from the JC II Expedition confirmed the Banda
Sea characteristic from the previous finding. The Banda
Sea is situated within the Indo-Pacific region, which is
known as a primary driver of global climate patterns. This
study offers a comprehensive analysis of water mass trans-
formations within the Eastern Indonesian Seas, drawing
upon data from the World Ocean Database (WOD-18) and
the recent JC Il expedition. Understanding the character-
istics of water masses and physical processes from the
surface to the water column in the eastern Indonesian seas
is key to studying various dynamics in Indonesian waters.
Salinity characteristics at depths ranging from 150 meters
to deeper layers during the Northwest Monsoon (NWM)
and Southeast Monsoon (SEM). Nevertheless, significant
salinity variations that emerged within the Surface Equato-
rial Mass (SEM) were consistent. Specifically, the western
regions displayed a salinity of 33.7 at depths of approxi-
mately 100 meters, while the eastern region exhibited this
salinity characteristic only at depths of around 50 meters.
Furthermore, various water mass types found in this re-
gion include Bay of Bengal Water (BBW), Equatorial Inter-
mediate Water (IEW), Indonesian Throughflow Upper Wa-
ter (IUW), Western North Pacific Central Water (WNCPW),
and Intermediate Indonesian Water (IIW). These character-
izations provide valuable insights into these water masses’
temperature and salinity ranges, thereby enhancing our
understanding of their dynamics. The turbulence in the
thermocline layer of the ocean in the Banda Sea has signifi-
cant implications for various processes and phenomena. It
influences mixing, nutrient transport, heat exchange, oxy-
genation, carbon cycling, vertical property transport, and
upwelling/downwelling processes. Turbulence enhances
vertical mixing, disrupts density stratification, contributes
to the formation and dynamics of ocean currents, and influ-
ences the behavior of boundary currents and the formation
of eddies. The occurrence of low turbulence at certain sta-
tions in the Banda Sea can be attributed to factors such as
high thermal stability, minimal temperature differences
between water layers, and relatively low current veloci-
ties. These factors limit the transfer of mass and energy,
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reducing turbulence in those areas. Surface currents in
the Banda Sea exhibit different directions due to wind pat-
terns, the influence of the Indonesian Throughflow, and the
presence of islands. Prevailing winds and the presence of
islands contribute to the complex flow patterns observed,
while the convergence of currents from the Java Sea and
the Makassar Strait leads to the formation of eddies in the
southern part of the Banda Sea. Meanwhile, the deep layer
needs further analysis due to its different pattern from
the surface and intermediate layer. The Banda Sea has the
greatest biodiversity of species in the global ocean, and
it is important to enhance our knowledge about the link
between ocean condition and ecosystem.
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