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Abstract: The Eastern Indian Ocean (EIO) is one of the eastern boundary areas, which control currents
circulation and atmospheric dynamics. This research mainly aimed to identify and analyze the water
mass transformation in the EIO. The investigated physical properties of the ocean are the temperature,
salinity, seasonal temperature—salinity, and water column stability. An extensive amount of in situ
data measurements from 1950 to 2018 was downloaded from the global datasets inventory. The
visualization and analysis of the data were defined in monthly spatial and vertical profiles. The
result showed the mixed layer is shallower during the northwest monsoon relative to the southwest
monsoon. The surface water in the EIO is documented to be warmer due to the interaction with the
atmosphere. Furthermore, low-salinity surface water around the Java Seas area is caused by a mixing
with fresh water from the eastern Indonesia rivers. The data also confirmed that, at latitude 16° S, the
maximum salinity occurred at a depth between 150 and 350 m. There are ten types of water masses
found in the EIO, which originate from several regions, including the Indonesia Seas, Pacific Ocean,
Indian Ocean, and Antarctic. During the northwest and southeast monsoons, a stable layer is found
at a depth of 40 to 150 m and 80 to 150 m, respectively. For further research, it is recommended to
focus on the coastal region, particularly the Timor Sea and Northwestern Australia, to investigate
the dynamics between the Indonesian Throughflow, Holloway Currents, and Leeuwin Currents.
Additionally, deep water observations below 800 m are crucial for a comprehensive understanding of
the oceanographic variability in the deep layers of the EIO.

Keywords: thermocline layers; Indonesian throughflow water; eastern boundary currents;

ocean—atmosphere interactions

1. Introduction

The Eastern Indian Ocean (EIO) plays an important role in regional climates and
global-scale dynamics. This region has become an important location for studying eddies,
upwelling due to wind patterns, the Indonesian Throughflow (ITF), and ocean productiv-
ity [1-3]. These physical processes produce strong and complex circulations in the eastern
Indonesia Seas [4,5]. Alongside being part of the global thermohaline circulation, four
main straits in the northern EIO (i.e., the Lombok Strait, Savu Strait, Ombai Strait, and
Timor Sea) influence the turbulent processes in the water column and have developed
specific characteristics [6]. The outflow circulations from the Indonesian Seas to the EIO
regions primarily bring warm (>28 °C) and less-saline (~34.5 psu) water to the upper
layer [7,8]. Approximately 20% of the water mass flows directly through the Lombok
Strait, with a total of ~15 Sv (Sverdrups) entering the EIO [9]. Meanwhile, the physical
process in the northern region originates from the North Pacific Intermediate Water (NPIW)
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and South Pacific Intermediate Water (SPIW) flow to the Indian Ocean due to sea level
differences [10]. During the northwest monsoon (NWM), the sea level reaches a minimum,
dropping to less than 10 cm. In contrast, during the southeast monsoon (NEM), the sea
level attains a maximum of about 28 cm [4,5,11]. In the southern EIO, several water masses
have been found, including Tropical Surface Water (TSW) and Antarctic Intermediate Water
(AAIW) [12]. Furthermore, the water mass from the outflows continues to West Africa and
West Australia.

The interaction processes between the oceanic, atmospheric, and terrestrial influence
the characteristics of the EIO. Earlier studies have stated that water mass dynamics are cor-
related with several forces, such as the monsoonal situation, bathymetric shape, and mixing
processes [7,8]. Furthermore, recent studies have shown a direct connection between water
mass from the eastern regions to Western Australia. The warm and low-salinity water in
this region is similar to the water mass characteristic in the northern regions [13]. However,
the correlation found between these two systems needs to be further investigated [14].
Furthermore, previous studies have also expressed some disagreement with the source
of the Leeuwin Current (LC). Based on a general assumption, the LC is considered as a
branch of the ITF due to the similar temperature and density characteristics [15]. However,
previous findings also found that the LC is indirectly affected by the ITF due to the water
in the LC first flowing to around 110° E, before turning (retroflect) to the West Australia
shelf [16]. It moves along South Equatorial Current (SEC), which carries warm and fresh
tropical surface water, creating almost similar water characteristics as the ITF [2,17].

Due to the lack of in situ observation, recently, many studies have described the water
mass variability based on numerical simulation and satellite data [18,19]. Understanding
the formation of ocean temperature and salinity are crucial factors that influence various
aspects of the ocean and Earth’s climate system. These characteristics help identify and track
water masses, contributing to our understanding of ocean dynamics [20]. Further, most
studies were concentrated on ocean processes and phenomena above the thermocline layer.

With the availability and free accessibility of observational data from various instru-
ments that have been collected and stored in the National Centre for Environmental Infor-
mation (NCEI) data portal [21,22], numerous research papers have utilized the valuable
data from this portal for diverse applications and insights, such as utilizing temperature
and salinity data to study the thermocline in the South China Seas [23], while the spatial and
temporal variability of ocean currents has been studied in California [24]. In the Indonesian
Seas, data were utilized to analyze turbulent kinetic energy dissipation rates [25].

This study mainly uses this in situ observation, covering the water column from the
surface to the deep layers. Understanding the long-term dynamics of the EIO is critical, and
research requires data from both the present and the past. Given the importance of water
mass transformations, this paper aims to quantify the water masses and their variability
during different seasons in the EIO region, specifically in the south Java near Australia.
Investigation of the formation, transformation, and circulation of water masses in this area
is also hoped to lead to the understanding of the mixing process, including its variability in
the era of climate change.

2. Materials and Methods
2.1. Geographical Areas

The area of interest for this study extends from 8° S to 20° S and 105° E to 129° E
(Figure 1). This area has a complex circulation due to its interaction between the North and
South Pacific Ocean, the Central Indian Ocean, and the Indonesia Seas. The ITF flows from
the Pacific to the Indian Ocean through the Indonesia Seas (IS), mostly in the eastern sides.
In the outflow, the ITF characteristics can be seen around 10° S to 20° S near the north of
Australia. Several straits passed by the ITF include the Savu, Ombai, and Lombok Straits [7].
The annual average surface transport for the ITF is around 5-7 Sv (Sv = 10° m® s71) [7],
while the LC transport near West Australia is about 2.5 Sv [26]. Furthermore, both the ITF
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and Holloway Currents (HCs) are branches of surface currents originating from the Banda
Sea through the Timor Sea.
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Figure 1. Map of the EIO showing a schematic upper-ocean circulation, adapted from several
authors [14,17,27,28], and the locations of stations sampling from the WOD 2018 (green dots). The
TS, SS, and LS denote the Timor Sea, Savu Strait, and Lombok Strait, respectively. The blue arrow
represents the South Java Currents (SJCs). The red arrow represents the Indonesian Throughflow
(ITF) merging with South Equatorial Currents (SECs) flowing into the Central Indian Ocean. Water
masses from the ITF-SEC flow towards the Southern Ocean, as indicated by the black arrows, and
join with the Eastern Gyral Currents (EGCs) (yellow arrow). The pink dashed arrow represents the
Holloway Currents (HCs) and continues flowing to South Australia and merging with the Leeuwin
Currents (LCs) (green arrow). The bathymetric data are provided by the ETOPO1 1 min dataset.

As a result of the difference in sea surface elevation in the EIO waters, the surface
currents flow from several straits in the southern part of the Indonesian archipelago, such as
the Lombok Strait, with a speed of 2.6 Sv. Subsequently, from the Sumba Strait, it flows into
the Indian Ocean through two branches, where one stream directly enters the Indian Ocean
and the other flows through the Savu Strait. The ocean currents that flow in the eastern
part originate from the Banda Sea and the Aru Sea, passing through the Ombeai Strait in
the western part of East Nusa Tenggara in the Timor Sea, with a velocity of 4.9 Sv [29].
Previous studies have suggested that the current originating from the Timor Sea flows
directly towards 12° S and then turns towards the subtropics (black arrow) due to the
convergence of currents from the Western Indian Ocean. The velocity of the surface ocean
currents exiting the South Banda Basin, which joins the Timor Passage, is approximately
7.5 Sv [29]. However, other research indicates the existence of pathways that flow towards
Western Australia, known as the Holloway Currents (HCs) [14]. In addition, in the south of
Java, there is a current that flows annually called the South Java Currents (SJCs) [30]. This
current strengthens during the Asian monsoon and experiences a decrease in speed during
the Australian monsoon due to its interaction with the ITF in the Lombok Strait.

2.2. Datasets

The data used for analysis were the temperature and salinity, extracted from the World
Ocean Database (WOD) 2018, which covered the study area. Both parameters were derived
from the field measurement data. The data were first downloaded from the updated data
for the global archive (https://www.ncei.noaa.gov/access/world-ocean-database-select/
bin/dbsearch.pl) (accessed on 17 June 2023). The WOD was chosen as the data source,
since it provides a wide range of in situ measurements, including physical, chemical,
and biological oceanography [31]. Further, the accuracy level of the data generated by
instruments in the WOD is very high, e.g., 0.2 °C for XBT [32]. The available datasets were
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mainly from the XBT instrument, with a total data casting of 252,136 data points from 1950
to 2018 (Table 1). The vertical data used were the standard level/depth, which means a
depth below the sea surface at which water properties should be measured and reported.
The data were then collected and analyzed from the surface to a depth of 800 m, based on
the availability of data from the WOD 18 in the Eastern Indian Ocean (EIO). However, this
depth already represented three different layers, i.e., mixed, thermocline, and deep layers.

Table 1. Datasets from the World Ocean Database (WOD), including the OSD (ocean station data),
CTD (conductivity temperature and depth), XBT (expendable bathythermograph), MBT (mechanical
bathythermograph), PFLs (profiling floats), MRBs (moored buoys), SUR (surface-only thermosalino-
graph), and GLD (glider data).

Casts/Cruises

Instrument OSD CTD XBT MBT PFLs MRBs SUR GLD
Data count 25,900 12,712 66,653 41,679 47,256 54,645 431 286

The geographical distribution of the dataset revealed that the temperature and salinity
data were distributed across all areas, with the number of datasets below 1000. However, in
certain regions, particularly those adjacent to Western Australia, there was an abundance of
datasets exceeding 1000, primarily sourced from glider data. Additionally, when observing
the daily data distribution, it was evident that, from the first quarter to the third quarter,
there were data points exceeding 10,000, except for the fourth quarter (Figure 2).
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Figure 2. Data distribution of temperature and salinity from 1950 to 2018: (a) Station distribution plots,
(b) season data count histogram, (c) temperature average, and (d) temperature average. Black boxes
represent specific data used for the analysis from 0 to 800 m that covered the mixed, thermocline, and

deep layers.

The highest temperature in the upper layer of the study region was recorded in August
1994 (32.4 °C), while the lowest temperature in the deep water was recorded in 2015 (1.2 °C).
This condition coincided with the highest salinity in the upper layer recorded in August
1994 (36.1 psu), and the lowest salinity in the deep water recorded in 2008 (30.6 psu)
(Table 2).
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Table 2. Data statistics with the moving average method.
Min Max Mean Standard Dev.
Temperature (°C) 1.160 32.425 27.340 2.546
Salinity (psu) 30.613 36.112 34.483 0.297

Temperature and salinity data were visualized on a monthly basis, which was sepa-
rated into two main monsoons. The northwest monsoon (NWM) represents the data from
December to February (DJF), and the southeast monsoon (SEM) represents the data from
June to August (JJA).

2.3. Data Analysis

Before being analyzed, the raw data were filtered into good-quality data/flags. For
this area, the outliers for temperature and salinity, which are outside —3 to 35 °C and 20
to 40 psu, respectively, were removed [33]. The weighted-average gridding interpolation
method was used in scalar values, and XBT/MBT corrections were done according to NCEI
Guidance and correction schemes (http:/ /www.nodc.noaa.gov/OC5/XBT_BIAS/xbt_bias.
html) (accessed on 9 October 2023) [34,35].

To identify the water mass, the T-S time (seasonal T-S) diagram plots were employed.
The T-S time was provided by salinity and potential temperature using TEOS-10. In a
T-S diagram, the potential temperature (on the vertical axis) is plotted versus the salinity
(on the horizontal axis) and combined with the density for two seasons. The density
values were calculated from each dataset using the equation of the state of the seawater.
The T-S time diagram was employed to depict the simultaneous relationship between
the temperature and salinity across different vertical depths and different seasons of the
seawater column. Furthermore, water mass types were widely used to analyze the structure
of the stratification and mixing in the water column [36]. In this study, the concepts and
definitions were classified and defined the key properties of main water masses in the EIO
based on WOD-18 data products by referring to previous findings (Table 3) [6,36].

Table 3. Water mass types in the EIO based on previous findings.

T-S Characteristics

No. Water Mass Abbreviation
Temp. (°C) Sali. (psu)
1 Indonesian Upper Water [6] TUwW 8.0-23.0 34.4-35.0
2 Bengal Bay Water [6] BBW 25.0-29.0 28.0-35.0
3 Indonesian Intermediate Water [6] nw 3.5-5.5 34.6-34.7
4 Antarctic Intermediate Water [6] AAIW 4.5-8.5 34.4-34.6
5 Tropical Surface Water [6] TSW 22.0-24.5 34.7-35.1
6 Subantarctic Mode Water [6] SAMW 8.5-12.0 34.6-35.1
7 Circumpolar Deep Water [6] CDW 1.0-2.0 34.6-34.7
8 South Indian Central Water [6] SICW 8.0-25.0 34.6-35.8
9 North Pacific Intermediate Water [36] NPIW 8.8-11.3 34.4-34.5
10 North Pacific South Water [36] NPSW 14.2-21.5 34.4-34.5

Furthermore, the stability of the water column was analyzed based on the variable
derivation of the Brunt-Viiséld Frequency (BVF), which can be calculated by the Equa-

tion [37-39]:
_ | _g9p(2)
N\ 0w

where N represents a vertically displaced water parcel that oscillates (cycle/h); g is the
acceleration due to gravity (9.8 m-s—2); o0 is the average density of the measurement
results (kg-m~3); z is the depth (positive upward). The N? was acquired from the absolute
salinity and conservative temperature values [40]. For N, a value greater than 0 indicates a
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stable layer, and a value smaller than 0 indicates an unstable layer. For additional analysis,
three section transects were made at 8° S, 12° S, and 16° S to observe the dynamics of the
temperature and salinity.

3. Results
3.1. Seasonal T-S Variation

There are distinct variations in temperature and salinity between the surface and the
layers of water below in both seasonal conditions. In general, the surface temperature is
elevated, accompanied by lower salinity levels, which contributes to the warmer conditions
compared to the lower layer in both seasons. Furthermore, the warmer areas were observed
at lower latitudes for both the surface of the waters and deep layers, with warmer areas in

the deeper layers specifically situated in subtropical areas (Figure 3).
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Figure 3. Horizontal temperature (line) overlayed with salinity (color) during the NWM (left
panels) and SEM (right panels) at three different depths: (a,b) 50 m, (c,d) 150 m, and (e,f) 600 m.
White areas represent regions for which no data have been recorded, and light gray areas represent
shallow /coastal areas.

During the NWM season (Figure 3a), data showed a gradual decrease in temperature
on the surface layer. The average temperature on the surface was warmer (27.5 °C) com-
pared to the deep layer (10 °C; Figure 3e). On the surface, temperatures ranged from 25.0
to 27.5 °C, whereas cooler water temperatures were found in subtropical areas (16 to 20° S;
Figure 3a). In some regions, such as the Bali Strait, southern Bali, the eastern part of south-
ern Java, and the southern Savu Sea, warmer temperatures of approximately 28.5 °C were
observed in comparison to the surrounding areas (Figure 3a). At the surface, higher salinity
values (ranging between 34.5 and 35.0 psu) were located between 16 and 20° S (Figure 3a).
Lower salinity levels, approximately 33.5 psu, were observed in various locations close to
the Indonesian islands, including the southern Java, southern Bali and surrounding areas,
as well as the Savu Sea (Figure 3a). At the mixed layer (Figure 3c), temperatures ranged
between 15 and 21 °C. Regions with a temperature of 15 °C were recorded around the south
of Java (9° S), and the warmest was in Northwest Australia and the far side of Southern
Indonesia (18° S; Figure 3c). Closer to the subtropic area, the temperature became warmer
(19 to 20 °C) compared to Java Island (15 to 19 °C; Figure 3c). At this particular depth, the
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salinity distribution in the waters near the Indonesian islands appeared to be quite uniform,
with salinity values ranging between 34.0 and 34.5 psu. However, moving further south
beyond the latitude of 16° S, a distinct change in the salinity pattern was evident (Figure 3c).
The salinity values in this region ranged from 35 to 36 psu, showcasing a slightly higher
concentration of salts compared to the waters near the Indonesian islands. Moreover, this
increase in salinity appeared to be evenly distributed from the west to east regions.

At the deep layer (Figure 3e), temperatures were generally more homogeneous from
the east to the west, with values ranging from 7.5 to 8.0 °C. The temperature difference
between waters close to Indonesia and more distant waters was approximately 1 °C
(Figure 3e). Colder regions were recorded in the Savu Sea, Lombok Strait, and its surround-
ings, with temperatures of around 7 °C. The highest temperature value at this depth was
approximately 8 °C, located at the south of Java (Figure 3e). Within the latitudes from 12 to
16° S, the temperature remained relatively homogenous, ranging between 7.2 and 7.4 °C.
Regarding the salinity conditions, the water with higher salinity values were primarily
located in the subtropical regions (except for the deeper depths), where a higher salinity of
34.7 psu was observed at the south of Java Island, while lower salinity was recorded in the
Savu Sea and the far side of western Australia (20° S; Figure 3e). In the central regions, the
salinity hovered around 34.6 psu.

During the SEM (Figure 3b), the sea surface temperature ranged between 24.0 and
27.5 °C. The western part of the Indonesian archipelago was warmer (27.5 °C) compared
to the eastern part (26 °C; Figure 3b). The temperature between latitudes of 12 and 16° S
was almost homogeneous, with a value of 27.5 °C. Approaching the subtropical latitudes,
the temperature became cooler again, ranging within 24.5-25 °C. There were no significant
temperature differences observed between the western and eastern regions at this depth
(Figure 3b). In contrast to the temperature, the salinity values highlighted significant
variations, especially in regions close to Indonesia (Figure 3b). The southern waters of Java
demonstrated elevated salinity levels of 34.5 psu, whereas the eastern waters of Indonesia
displayed comparatively lower salinity values ranging between 33 and 34 psu (Figure 3b).
Similar salinity patterns were also observed from the 12 to 16° S latitudes. Moving to higher
latitudes, the salinity demonstrated an increasing trend, spanning from 34.5 to 36 psu, with
the maximum salinity value recorded on the far side of Australia (Figure 3b).

In the mixed layer (Figure 3d), the sea surface temperature near Indonesian waters
were observed to have a homogeneous level, ranging between 15.0 and 17.5 °C. Elevated
temperature values were found around the Savu Sea, while lower values were located at
the south of Java. As the region approached the 14° S latitude, the temperature elevated to
19-20 °C, and these values continued dominantly across the area from the western to the
eastern waters adjacent to Australia (Figure 3d). Within the latitudes ranging from 14 to
20° S, higher temperature values were observed along the coast of Australia compared to
the area in the western waters. In terms of the salinity, the values were homogeneous from
the west to the east Indonesian waters, persisting at ~34.5 psu (Figure 3d). The salinity
value remained relatively constant until the 14° S latitude. Beyond those points, the salinity
levels increased to the range 35-36 psu, with the exception of coastal Australia, where the
salinity remained approximately 34.5 psu (Figure 3d).

At the deep layer (Figure 3f), the sea surface temperatures exhibited a range between
7.2 and 8.0 °C. Moreover, the highest temperature values were observed in the waters
situated to the south of Java, in contrast to the cooler temperatures present around the
Savu Sea and the far side of Australia. The waters to the south of Bali had a temperature
of approximately 7.4 °C. Within the latitudes from 12 to 16° S, the water temperatures
ranged between 7.4 and 7.6 °C. Moving further south to latitudes of 18 to 20° S, the
temperatures ranged from 7.2 to 7.8 °C, with the highest value found near the coast of
Australia. Concurrently, the salinity values near Indonesian waters varied between the
western and eastern parts (Figure 3f). In the western part (south of Java), the salinity was
higher (34.7-34.8 psu) in comparison to the eastern part, with a maintained salinity value
of 34.5 psu (Figure 3f). Within the latitudes from 12 to 16° S, the salinity was measured
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at approximately 34.6 psu and remained a consistent trend from east to west. In the
higher latitudes (18 to 20° S), higher salinity values of 34.6 psu were evident in the eastern
part, close to the waters of Australia, while the western part had a salinity of ~34.5 psu
(Figure 3f).

Across different latitudinal sections during both the NWM and SEM, distinct tempera-
ture and salinity patterns within the water columns emerged. Vertically, the temperature
and salinity profiles varied significantly along each transect. Generally, in both seasons,
warmer temperatures were found at the surface and gradually decreased with depth.
In contrast, below the thermocline, the temperature decreased slowly with increasing
depth. Salinity profiles were more complex than the temperature profiles, where the values
generally increased with the increasing depth (Figure 4).
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Figure 4. Seasonal cross-sections of temperature (isotherm) and salinity (color) along the latitudes of
8° S (a,b), 12° S (¢,d), and 16° S (e, f) during the NWM (left panels) and SEM (right panels). White
areas represent regions for which no data were recorded.

During the NWM season, the surface temperature ranged from 25.0 to 28.5 °C at 8° S
(Figure 4a). Regions characterized by lower temperatures were identified in the Lombok
Strait, while warmer waters were observed in the Timor Sea (~27.8 °C; Figure 4a). Moving
downward, the temperature values became colder, and the thermocline layer during the
NWM started at a depth of 50 m (Figure 4a). In the deeper layer, the temperature became
slightly homogenous, with values below 10 °C (Figure 4a). Furthermore, the surface salinity
varied between 34.0 and 34.5 psu (Figure 4a). Lower salinity values were recorded around
the longitude of 115° E, particularly near the Lombok Strait. As we moved downward, the
salinity increased and exceeded 34.5 psu (Figure 4a). Within water depths between 400
and 800 m, the western part (105 to 112° E) exhibited a slightly higher salinity (34.7 psu)
compared to the eastern part near Australia (34.5 psu).

At 12° S (Figure 4c), the surface temperature showed a warmer trend within the
waters of the Savu Sea (30 °C) in contrast to its surrounding areas (Figure 4c). Moving
to the deeper layers, the temperature gradually decreased to 17.5 °C at a depth of 200 m
(Figure 4c). In the deep layer, the temperature started at 12.5 °C and continued to decline
with increasing depth, reaching minimum at the 800 m depth (Figure 4c). Meanwhile, the
surface salinity varied between the eastern and western parts. In the eastern part, low
salinity values (34 psu) were observed around 122.5° E, which was close to the coast of
Australia (Figure 4c). As depths increased to the range from 200 to 800 m, there was a
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salinity difference between the eastern and western parts (Figure 4c). The western part (105
to 115° E) had a salinity value of 34.7 psu, while the eastern part (near Australia) had a
salinity value of 34.5 psu.

At 16° S (Figure 4e), the temperature ranged from 25.0 to 28.0 °C in the mixed layer,
with warmer values located around 110° E. Moving to the deeper layers, the temperature
decreased from 25.0 to 10.0 °C at a depth of 400 m (Figure 4e). In the deeper layers, the
temperature appeared to be more uniform compared to the upper layers. There were no
significant temperature differences documented between the eastern and western waters
(Figure 4e). Regarding the salinity within the mixed layer, there was a minimal variation
observed between the western and eastern parts. The surface salinity values ranged from
34 to 35 psu (Figure 4e). Lower salinity values were recorded within the regions between
105 and 110° E, and 115° E and 120.0 to 122.5° E. At depths ranging from 150 to 400 m, the
salinity levels were higher in the western part (between 105.0 and 117.5° E; Figure 4e), with
values ranging between 34.7 and 35.5 psu (Figure 4e). Meanwhile, in the western part, near
the coast of Australia, the salinity remained consistent around 34.5 psu. In the deep layer
(after 400 m), the salinity became more uniform, maintaining a value of approximately
34.7 psu.

During the SEM, the surface temperature at 8° S (Figure 4b) demonstrated a range
from 25.0 to 27.5 °C. Regions with lower temperatures were found in the Savu Sea, while
warmer regions were observed in the waters south of Java. Within the region of the Savu
Sea region, the mixed layer’s depth was highlighted as deeper compared to its surrounding
areas, reaching a maximum depth of approximately 150 m (Figure 4b). At depths below the
mixed layer, the temperature profile reached 15.0 °C at a depth of 200 m. In the deep layers,
the temperature demonstrated a higher homogeneity, with values below 10.0 °C. Regarding
the salinity, the surface values ranged from 34 to 34.5 psu, where lower salinity values were
found in the region around the Savu Sea (122.5° E; Figure 4b). At depths ranging from 200
to 800 m, there were significant differences in the salinity of the water column between
the western and eastern parts. Between 105 and 115° E, the salinity reached its maximum
peak value at 34.7 psu, whereas, in the eastern part, the salinity remained around 34.5 psu
(Figure 4b).

At 12° S (Figure 4d), the temperature within the mixed layer demonstrated a range
from 25.0 to 28.0 °C, with warmer values located around 105° E. Moving to the deeper
layers, the temperature gradually decreased from 25.0 °C to 10.0 °C at a depth of 400 m.
In the deeper layers (>400 m), the temperature appeared to be more uniform compared
to the layers above, and there were no significant temperature differences between the
eastern and western waters (Figure 4d). For the salinity profiles in the surface layers, the
values ranged from 34 to 34.5 psu. Higher salinity values were observed near the coast
of Australia (Figure 4d). At depths ranging from 150 to 800 m, the salinity reached its
maximum between 105 and 117.5° E, with values ranging from 34.7 to 35.5 psu, and the
highest value occurred at a depth of 400 m (Figure 4d). In the western part, near the coast
of Australia, the salinity remained around 34.7 psu.

In the mixed layer at 16° S (Figure 4f), temperature variations were significantly
observed between the western and eastern parts, with values ranging from 26.0 to 27.0 °C
(Figure 4f). Warmer temperatures were observed around 110 to 120° E (Figure 4f). Moving
to the deeper layers, the temperature decreased to 10.0 °C at a depth of 400 m. In the deeper
layers, the temperature became more uniform compared to the layers above, and there were
no significant temperature differences between the eastern and western waters (Figure 4f).
Regarding the salinity profiles in the mixed layer, there were significant variation levels
between the western and eastern parts. Surface salinity values ranged from 34 to 34.7 psu
(Figure 4f). Lower salinity values were found between 105° E and 110° E. Specifically,
around 115° E, the highest salinity value of 34.7 psu was observed. Within 100 to 400 m,
the highest salinity values were identified between 105° E and 117° E, ranging from 34.7 to
35.5 psu, with lower salinity in the western part near the coast of Australia (Figure 4f). In
the deep layer (below 400 m), the salinity became more uniform, with a value of ~34.5 psu.
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3.2. Water Mass Structures

In general, there were no significant differences in the types of water masses found
between the two monsoon seasons, except for the Arabian Sea Water (ASW), which was
not found during the northwest monsoon. Our result showed there were ten types of water
mass classes distinguished in the study area. The upper layer of the water column was
dominated by IUW, BBW, SICW, and TSW In the following layer, there were SAMW, NPIW,
NPSW, AAIW, and IIW. In the bottom layer, there was CDW (Figure 5).

8
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0

Figure 5. Temperature-Salinity-Season diagram: (a) Dot colors represent the NWM and black dots
represent the SEM; (b) Distribution of the key properties in the EIO region. Dotted circles represent
water mass near 18° S and dotted boxes represent water mass in shallow water near 125° E.

The salinity range observed during the NWM highlighted a wider span in comparison
to the SEM (Figure 5), a distinction particularly observed at a depth of 200250 m (Figure 5).
In the surface layer, it was characterized with warm (25 to 32 °C) and low-salinity (32 to
35 psu) water. Water masses, such as Bengal Bay Water (BBW) and Arabian Sea Water
(ASW), were found in the south of Java. The IUW water mass was found between 200 and
400 m, which was dominated by the water from Indonesia. This water mass was still visible
up to a 150 m water depth. In the northern regions, various areas were identified as hosting
North Pacific Intermediate Water (NPIW), including the strategically positioned Lombok
Strait (115° E) and Ombai Strait (125° E). The NPSW is characterized by its subtropical
origin, featuring warm temperatures, relatively low nutrient concentrations, and lower
salinity compared to surrounding waters. In both monsoons, the TSW water mass was
found at a depth of 150 m with a salinity value of around 35 psu. The SICW water mass
was more saline compared to other water masses. The SICW had a salinity maximum of
35.1-35.9 psu and was located between 200 and 400 m, extending from 105 to 110° E. The
IIW water mass was found at a depth of 600 m with a salinity value of around 34.6 psu and
a temperature of 8.6 °C. Furthermore, the water masses in the deep layer also included the
SAMW, which was recorded at a depth of 700 m. At the bottom layer (800 m), distinctive
water masses were identified, such as the AAIW and CDW. The AAIW was identified at
16° S within the latitudes between 105 and 110° E.

3.3. Water Column Stability

The water column stability throughout the NWM and SEM across the three transects
demonstrated significant variations from the surface down to the deep layers (Figure 6). In
general, the unstable layer was found at the surface and deep layers (Figure 6). Furthermore,
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the stable layer was located at water depth ranging between 50 and 150 m, with BVF values
of around 8 to 13 cycles/h (Figure 6).
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Figure 6. The stability of water (BVF) between the NWM and SEM along the latitudes of 8° S (a,b),
12° S (c,d), and 16° S (ef) during the NWM (left panels) and SEM (right panels). White areas
represent regions for which no data were recorded.

During the NWM, at latitude 8° S (Figure 6a), in the surface, the BVF range was
observed in the range from 3 cycles/h to 10 cycles/h. More stable areas were in the waters
of the Savu Sea (120° E) and Timor Sea (125° E), while less-stable areas were observed
south of Java (105° E), south of Bali (112° E), and the Lombok Strait (115° E). Furthermore,
at a depth of 50 m to 250 m, the water column became more stable, with a value of
10 cycles/h. Between depths of 400 m and 800 m, the BVF value ranged from approximately
two cycles/h to three cycles/h. Atlatitude 12° S (Figure 6¢), the surface showed an unstable
layer up to 30 m, with values ranging from two cycles/h to five cycles/h. A more stable
layer was observed at a depth of about 50 m, with a value of ~10 cycles/h. At a depth
of 200 m, the value was ~five cycles/h, and continued to decrease to a depth of 800 m,
with a BVF value of two cycles/h. At latitude 16° S (Figure 6e), at the surface water, the
BVF values ranged from two cycles/h to five cycles/h. As the depths increased from 30 m
to 250 m, the water column became more stable, with a value of ~10 cycles/h. At the
next depth (250 m to 800 m), the values were from two cycles/h to five cycles/h, with the
unstable layer being in the deep layer.

During the SEM, at latitude 8° S (Figure 6b), in the surface, the BVF value was in the
range from 3 cycles/h to 10 cycles/h. The more stable areas were in the waters of the Savu
Sea and Lombok Strait, while the more unstable ones were south of Java, south of Bali, and
the Timor Sea. Furthermore, at a depth from 50 m to 250 m, the water column became more
stable, with a value of 10 cycles/h. From a depth of 400 m to 800 m, the value was about
two cycles/h to three cycles/h. At latitude 12° S (Figure 6d), in the surface, characterized
by an unstable layer up to 70 m, the BVF ranged from one cycle/h to five cycles/h. There
was no significant difference from the eastern to the western areas. The more stable layer
was at a depth of about 70 m, with a value of ~10 cycles/h. At a depth of 200 m, the BVF
value was ~five cycles/h and continued to decrease to a depth of 800 m, with a value of
two cycles/h. At latitude 16° S (Figure 6f), at the water level (up to 50 m), the BVF values
ranged from one cycle/h to five cycles/h. Furthermore, at depths of 50 m to 250 m, the
water column became more stable, with a value of ~10 cycles/h. At the next depth (250 m
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to 800 m), the BVF value was two cycles/h to five cycles/h, with the unstable layer being
in the deep layer.

4. Discussion

The analysis of the temperature and salinity data from the WOD highlighted a general
structure of the EIO characteristics. In general, warmer and low-salinity water existed in
the lower latitude and surface waters. Due to regions mostly located in the tropical regions,
the heat from the atmosphere influenced the surface layer directly. Along with that, a
colder temperature and higher salinity existed in the subtropical area (Figures 3 and 4). On
the surface, some of the regions (Figure 3a) were characterized by lower salinity (~34 psu)
and warmer temperatures (>24 °C), which were found near the ITF outflow. Water masses
with lower salinity (34.5 psu) were clearly visible in the Lombok Strait during the NWM.
Conversely, these low-salinity water masses were found in the Lombok Strait and Savu Sea
during the SEM. This lower salinity present during both seasons (Figure 3a,b) suggested
the presence of freshwater input originating from the Indonesian Seas [7]. However, the
intensity of the SJV through the coastal Java Seas influenced the spreading of water masses
to the Indian Ocean, especially from the Lombok Strait [30]. The new water mass formed
during the transit through the Indonesian archipelago from the Pacific Ocean [41]. It was
reported that the ITF had the strongest velocity in the SEM and influenced the spreading
of the water mass. The water mass characteristics can reach up to 14° S near the Great
Barrier Reef (GBR) of Northern Australia. The ITF transport in the SEM is faster compared
to the NWM and confirms previous observations [7,33]. Furthermore, the river inputs from
the islands in the Java Seas, Banda Seas, and its surroundings, as well as the presence of
intense precipitation, influenced the mixing process in the Indonesian waters [33] and the
interaction between the upper ocean and lower atmosphere [42,43]. During the NWM
season, the thermocline started at a depth of 50 m, indicating a strong stratification in the
upper layers of the ocean. This stratification was influenced by the seasonal wind patterns
and vertical mixing processes [7]. During the SEM, winds originated from the Australian
continent blew towards Asia, generating surface currents in the EIO to the Central Indian
Ocean, and near Indonesian regions (Figure 3b). Our results showed a clear difference in
the characteristics of the salinity and temperature between South Java and the straits in the
eastern part. This phenomenon occurred due to the convergence between the SJV and ITF
flowing through those straits [44].

Regarding the LC, previous observations had mentioned a correlation between this
current system and the ITF. In this study, the LCs were observed at 16° S in shallow
(<200 m) water, with a narrow band (~100 km wide) of warm (~29 °C) and lower-salinity
(<34 psu) water (Figure 4d,e). The LC waters transferred water mass to the subpolar
region via Western Australia. Furthermore, the LC was characterized by the water mass
from the ITF and Central Indian Ocean [20], where it transported warm and low-salinity
water. Moreover, both the LC and ITF demonstrated a strong seasonal pattern during
the Australian winter (SEM) [45]. However, the current dataset may have limitations in
providing detailed information about the dynamics between the Indonesian Throughflow,
Holloway Currents, and Leeuwin Currents.

In between 8 and 14° S latitude (Figure 3c,d), the temperature and salinity values were
more uniform along the 150 m transect. In this water column, the temperature was cooler
in both seasons, with a range from 15 to 19 °C and a salinity value of 34.5 psu. This salinity
characteristic was also evident in a previous study by [44]. Meanwhile, at latitudes from
16 to 20° S, the water mass was warmer (20 to 21 °C), with a salinity value of 34.9 psu
that tended to decrease towards the east (Western Australia) due to input from the Central
Indian Ocean. Additionally, at 600 m in the northern region, warmer water temperatures
(7.8 to 8 °C) were found in south Java. In comparison, lower temperatures were found in
the east (Savu Sea and its surroundings), with values extending between 7.0 and 7.2 °C.
The presence of the warmer water in the west is believed to be caused by the input from
the Indonesian Seas and shallow water in Western Australia.
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At latitudes ranging from 12 to 18° S, the temperature and salinity values tended to be
more homogenous. Specifically, at the 20° S latitude, the temperature and salinity values
were lower in the west (~7.4 °C and 34.5 psu) due to input from the CDW. In the deepest
waters, the temperature elevated toward the bottom entirely due to the high pressure that
compressed the water and raised its temperature adiabatically (Figure 4).

The surface layer, also called the mixed layer, exists at the surface and is mainly mixed
due to external forces, such as wind stress and tides [33]. The types of water masses in
this region represent the branch of the global thermohaline circulation, as displayed in
Figure 5. In the upper and deep layers near the Lombok Strait, the water mass profiles and
characteristics signaled a signature of the ITF, with a salinity of about 34.5-34.7 psu [43].
The mixed layer in the NWM was shallower compared to the SEM (Figure 4) due to the
wind blowing from Australia from June to August, forcing the surface water mass to move
towards the Central Indian Ocean [2] (Figure 7).

Bali Lombok sa Tenggara Timor-Leste

(w) yidag

Figure 7. Schematic of water mass formation in the EIO overlayed with the vertical salinity profile.
The white line represents the pathway:.

The warm and low-salinity water was observed around the 200-300 m depth, which
corresponded to the high-salinity core of the TSW. This type of water mass is typically
formed in the winter season (around 30° S), reflecting the evaporation process, and was
carried to the northern regions by the large-scale interior anticyclonic circulation. Below the
SICW, a water mass identified as the SAMW occurred at 350-600 m (Figure 5). The AMW
showed a minimum salinity (34.4 to 34.6 psu), indicating the presence of the AAIW along
the western coast of Australia [46]. Furthermore, in line with the result from [47], this water
mass was also observed near the coast of Australia (120° E; 16° S), which flows from the
Antarctic. The SAMW is formed by deep winter convection at 40-50° S in the zone between
the subtropical convergence and the subantarctic front to the south of Australia [48]. Below
the SAMW and SICW, the presence of the AAIW with a salinity minimum (34.4-34.6 psu)
was observed. Furthermore, the AAIW extends northward from the Antarctic polar front
to latitudes of 10-15° S [47]. However, in the deep layer, the AAIW exists near 16° S. The
AAIW is the main intermediate water in the South Atlantic Ocean, and this water mass
formed in the Antarctic polar zone [49]. Moreover, the AAIW is modified by mixing with
the IIW, which is carried to the CIO [48]

Furthermore, the stability of the surface water column during the SEM was deeper
than the NWM (Figure 6). At 8° S (NWM), the thickness of the mixed layer is caused by
the winds blowing from Australia towards Asia through Indonesia. Typically, these winds
blow from June to August each year. The interaction between the winds and the surface
waters causes the mixed layer to become thicker. Ocean currents from Western Indonesia,
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specifically the SJC, predominantly contribute to the significant gradient between the
surface and the thermocline in the western part [50]. At latitudes between 12 and 16° S
(SEM), the differences in thickness were due to surface equatorial currents that flow toward
the Central Indian Ocean. This leads to an additional layer of thickness up to 50 m compared
to the NWM. At latitude 16° S, the decrease in water heating and the inflow of water from
Antarctica caused the middle to lower layers to have homogeneous temperatures and
salinity levels. Therefore, there was no significant difference between the depths of 50 and
800 m, suggesting the stability value was almost similar, which is a different observation
compared to transects of 8 and 12° S in the whole water column.

5. Future Challenges

The World Ocean Database provides much information about water mass dynamics
and stability from 0 to 800 m in the EIO. However, based on Figures 2c and 3a, the available
data (1950-2018) are insufficient to analyze the dynamics of water masses, especially
from 800 m to the deeper layers. Additionally, the current dataset may have limitations
in providing detailed information about the dynamics between the ITF, HC, and LC.
Therefore, to enhance our understanding of these complex circulations, future research
should consider observing coastal areas, including Northwestern Australia and the Timor
Sea regions.

In the era of global warming, long-term observational data are required to enhance
our understanding of the complexities and variations in water mass behavior within this
depth range. The deep-water layers are increasingly being impacted by global warming,
experiencing changes in temperature and circulation patterns [51]. Previous findings
have stated that various regions (the Atlantic, Pacific, and Arctic Oceans), particularly in
deep water, have already been influenced by global warming [52-54]. The Eastern Indian
Ocean (EIO) is recognized for its rich biodiversity, notably featuring coral reefs and marine
megafauna. Several publications have stated that ocean temperature and salinity changes
have influenced the ecosystem in the context of climate change, emphasizing the need for
continued research to mitigate the impacts on marine life and global climate systems [55].

6. Conclusions

In situ data (68 years) from the WOD 18 have shown water column dynamics in the
EIO areas. The study of temperature, salinity, and water column stability was undertaken
to understand the water mass characteristics in this region. Using the temperature and
salinity parameters as a proxy, the unique characteristics between water column layers have
been clearly revealed. The warmer and less-saline waters were located near Indonesia and
correlated with the inputs from the Indonesia Seas. Moving towards the subtropical regions,
the temperature tended to decrease, while the salinity was likely to increase. Furthermore,
the T-S seasonal diagram was the best approach to portray the type of water masses over
the transects in this study. The water mass in the Eastern Indian Ocean (EIO) comes from
several sources, including the Pacific, Indian, and Arctic Oceans. Ten types of water masses
exist in the EIO region, including IUW, BBW, ASW, TSW, SAMW, SICW, AAIW, IIW, and
CDW, while the BVF value of the surface water for the SEM was thicker compared to
the NWM.
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