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Abstract

The Bali Sea is located between the Java Sea and the Lombok Strait, which is one of the Indonesian Through Flow
exits, especially the western route. These waters are possible to be the meeting place and mixing of two water
masses with significantly different characteristics, that is the watermass brings by Indonesian Through Flow and
Indian Ocean watermass. This study describes the watermasses and its turbulent mixture in the Bali Sea using CTD
Yo-Yo casting data and spatial monsoonal wind distribution. The vertical distribution of energy dissipation rate and
diapycnal diffusivity in the Bali Sea was computed based on measurement data during KRl RIGEL 933 expedition
on April, 2021. KRI RIGEL is operated by Hidro-Oceanographyc Center Indonesian Navy’s. Identified 4 types of water
masses in a row, there are Java Sea water masses, mixed water masses between Java Sea and ITF, NPSW and
NPIW with modified water mass property characters. The internal tides formed in the sills of the Lombok Strait are
thought to contribute to the turbulent mixing parameters in the Bali Sea. The values obtained for energy dissipation
and diapycnal diffusivity are 1.58 x 10° W Kg1 and 5.07 x 10®* m?2 s, respectively. The value of this turbulent
mixing parameter is confirmed to be smaller than the mixing value in the Lombok strait and is equivalent to the
open sea. It is seen that there is a transformation of water mass which is marked by a shift in the density value in
the identified water mass type.
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Sea and then to the Banda Sea (Fieux et al., 1996).
The ITF carries water masses of NPSW and NPIW on
the western line and SPSW and SPIW on the eastern
route to the Indian Ocean through Indonesian waters

Introduction

Indonesia, which has a complex and narrow
topography as the only channel of water mass

exchange from the tropical waters of the Pacific
Ocean to the Indian Ocean, or better known as the
Indonesian Traffic Stream (Gordon and Fine, 1996;
Sprintall et al., 2004). The Indonesian Through Flow
(ITF) as formed due to a push due to the difference in
sea level between the Pacific and Indian Oceans
(Susanto and Song, 2015; Sprintall et al., 2019) this
difference reached an average of +20 cm (Mayer and
Damm, 2012). The ITF has two routes, the western
route which enters through the Celebes Sea and then
to the Makassar Strait, Flores Sea, and to the Banda
Sea. The second route is the eastern route which
passes through the Maluku Sea and the Halmahera

(Fine et al., 1994; Wyrtki, 1961). The thermocline
layer (NPSW/SPSW) is centered on isopycnal 24-24.5
with maximum  salinity characteristics and
intermediate layer (NPIW/SPIW) and centered on
isopycnhal  25-26.5  with minimum  Salinity
characteristics (Kashino et al., 1996; Atmadipoera et
al., 2009; Kashino et al., 2009).

A lot of research on ITF has been carried out on
the west and east routes, mainly on the inlet routes,
such as the Makassar Strait and the Lyfamatola
Canal and the exit routes, such as the Lombok Strait,
Ombai Strait, and the Timor route (Arief and Murray,
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1996; Gordon et al., 2010; Molcard et al., 2001;
Susanto and Gordon, 2005; Sprintall et al., 2009; van
Aken et al., 2009; Wang et al., 2020). Including ITF
secondary pathways that enter from the Karimata
strait and exit through the Sunda strait (Fang et al.,
2010; Susanto et al., 2016; Wang et al., 2019). ITF
through Indonesian Seas experienced changes in
temperature and salinity characteristics due to
turbulent mixing. Research on turbulent mixing
related to the value of energy dissipation and
diapycnal diffusivity has been carried out based on
numerical models and direct observations on the
west and east lines. The area includes narrow and
localized straits such as the Lombok Strait, Ombai
Strait, Lifamatola Strait, Alor Strait (Adhyatma et al.,
2019; Purwandana et al., 2014; Suteja et al., 2015;
Nagai et al., 2017). In addition, in wider water areas
such as in the Dewakang waters, the Labani canal,
the Banda Sea, the Sulawesi Sea, the Makassar Strait
(Koch-Larrouy et al., 2010; Nagai and Hibiya, 2015,
Purwandana et al. 2020, Nagai et al., 2015; 2021).
However, none of these studies directly estimate the
value of turbulent mixing in the Bali Strait, which is
directly adjacent to the Lombok Strait, which is the
exit route for the ITF, and the Java Sea, which has very
contrasting characteristics with the ITF.

This study presents measurements of
temperature and salinity values as material for
calculating turbulent mixing in the Bali Sea. The Bali
Sea is the waters located between the Java Sea and
the Flores Sea and between the Lombok Strait and
the Bali Strait. The Bali Sea is a water that is quite
unique because it is like a cup. In the west it is
bordered by the island of Madura which has fairly
shallow waters and the Bali Sea in some areas has
waters that are deep enough to reach more than
1000m. Its location is close to the lombok strait,
where the lombok strait is one of the waters in
Indonesia where internal waves are formed as
conversion of barotropic tides to baroclinic which has
been observed directly, numerical models or using
satellites (Hatayama, 2004; Schiller, 2004;
Robertson and Ffield, 2005; Koch-Larrouy et al.,
2007; Karang et al., 2012; Ray and Susanto, 2016;
Bouruet-Aubertot et al., 2018; Nugroho et al., 2018).

This makes the sea water mass of Bali have
the potential to be influenced by the internal waves
phenomenon. The main purpose of the field
measurements carried out by Pushidrosal is to
understand and describe the oceanographic
conditions in the Bali Sea. It use these newly acquired
data to fill the research gaps between the needs of an
updated data and the best available data from
historical cruise surveys and previous studies. This
study presents the dynamics of the waters, their
relationship with the ITF and the Java Sea and its
influence factors.

Materials and Methods
Data acquisition

Field observations in this study were carried
out using KRI Rigel 933 is operated by Hydro-
oceanography  Center Indonesian Navy's
(PUSHIDROSAL) on April 30, 2021. The research
location is in the Bali Sea which neighbouring with
Java Sea in the west, the Flores Sea in the north, the
Kangean Islands in the north and the island of Bali to
the south. In addition, this location is also between
the Bali Strait and the Lombok Strait with the
bounding area coordinates between 6.5°-9.5° South
Latitude and 113.5°-116.5° East Longitude (Figure
1.).

A total of 8 replicates were obtained in a 12-
hour data collection period (Figure 2.). The accuracy
and resolution of temperature sensors are 0.01°C
and 0.005°C, respectively, with a temperature range
of -5°C to 35°C, and for conductivity sensors are
0.01 mS.cm™* and 0.003 mS.cm, respectively. The
processed data only comes from downcast data,
namely profile measurements when the CTD is
lowered into the waters. After the data pre-processing
stage is done, then the data is corrected manually
such as removing noise and spikes. The data pre-
processing stage was carried out as done by
McTaggart et al. (2010).

Three stations of tidal data i.e in the Indan
Ocean, Lombok Strait and Bali Sea which obtained
from the Geospatial Information Agency (BIG)
(http://tides.big.go.id) are used as secondary data to
supports the analysis. Temporal resolution of tidal
data is hourly during 24 h in 6 days observation. Wind
data is taken from ECMWF Era-5
(https://www.ecmwf.int/), while ocean current data is
taken from marine copernicus (https://marine.
copernicus.eu/). Both wind and ocean current
directional are in zonal (U) and meridional (V) format
components. hourly ocean currents and wind data
over a 12 h period adjusted for CTD data recording.
Wind and ocean current data are employed to
investigate the sea-air interaction in the surface layer
of seawater mass. Sentinel-1 satellite imagery was
obtained from https://sentinels.copernicus.eu/ with
observations on the same day and time as yo-yo CTD
data collection.

Turbulent mixing analysis

Thorpe's displacement is very useful for
describing the vertical range of mixing events. Thorpe
is determined from the density repetition in the form
of static stability according to the initial density or
depth. The first step is to determine Thorpe
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Figure 1. Geographical map of Indonesia and the research area. Map of Indonesia with an enlarged area of Java and Nusa
Tenggara (top left). Map of Java-Nusa Tenggara with magnification of the research site (bottom left). Map of the
research location with a red star as the location for CTD data collection and a yellow triangle for tidal observation points.
(Maps created in python 3.8.5 https://www.python.org/downloads/release/python-385/ with jupyter notebook IDE)
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Figure 2. Collecting CTD data using the yo-yo method in the Bali Sea. Data collection was repeated 8 times with a period of 12 h
from 7 to 18 local time with various depths in the range of 680m.

Displacement (Td) (Dillon, 1982):Td = za — zb. The
identified Td was validated by the water mass test of
Galbraith and Kelly (1996) which is commonly called
the GK test. The threshold used is 0.7 to minimize the
GK test rejecting some real overturns which are
usually small overturn areas (Stanfield et al. 2001).
The calculation of the amount of kinetic energy
undergoing the dissipation process based on the
Ozmidov scale is: € =IL2N3and the turbulent
diapycnal diffusivity value at each depth is then
obtained by applying: K, = %by Osborn (1980) with

the value of y = 0.2 which has been confirmed by
empirical calculations by Purwandana et al. (2020)
and N are Brunt Vaisala frequencies. The results
obtained will be averaged every 50m and will be
displayed to a depth of 650m. The final result shows
the mean and standard deviation of all CTD Yo- Yo
replicates in the Bali Sea. Stratification of water
column layers based on temperature variations using
a temperature threshold (AT) or using a gradient. In
this study the criteria used were based on gradients.
Hao et al. (2012) stated that the thermocline layer
can be identified by using temperature gradient is

>0.05°C.m1. Analysis of water mass characteristics
using TS (Temperature-Salinity) can be used also to
study the mixing of water masses (Emery and
Thomson, 1998). TS-diagram is employed to identify
the seawater mass types and its origin, refers to
Wyrtki (1961) classification.

Result and discussion
Hydrography structure

Determination of water column layer
stratification based on temperature gradient (AT) by
Hao et al. (2012). The results of the determination of
layer stratification can be seen in Figure 3. Mixed
layers are characterized as a uniform layer with small
changes of temperature, salinity, and density to the
depth. One of the factors that cause mixing in the
surface layer is wind friction. This wind dynamic
causes the temperature to be relatively
homogeneous. In addition, the mixed layer has a high
temperature value because it is in a surface layer that
is directly receiving solar radiation (Steward, 2002).
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The thermocline layer is between the mixed layer and
the inner layer with the most significant decrease in
temperature values. The upper Ilimit of the
thermocline layer has appear in 44m depth and the
lower limit is founded in 233m depth. It is clear that
the increase in water mass property in the
thermocline layer is clearly visible. The thermocline
layer gives a greater response to the internal wave
than other layers (Susanto et al., 2005). The inner
layer is below the thermocline layer with the
characteristics  of insignificant changes in
temperature, salinity and density and tends to be
homogeneous.

The values of physical parameters
(temperature, salinity and density) can be seen in
Figure 4. The temperature at the upper limit has a
more uniform value than the lower limit. The mixed
layer has a more homogeneous value because the
dynamics on the surface of the water are large
enough to cause greater mixing The salinity in Bali
Sea has more variations, since it constructs by the
fresher Java Seawater mass and saltier ITF seawater
mass from Makassar Strait, and also form Indian
Ocean seawater mass from Lombok Strait. The role of
temperature and salinity in these waters affects the
density value. The upper limit of the role of salinity is
more dominant, while the lower limit of the influence
of salinity and temperature is equally dominant.

Figure 5 shows the cross-sectional distribution
of temperature, salinity, and density from sea level to
the last data 680m. The distribution pattern of these
three parameters still leaves a tidal pattern although
it is not significantly visible. This tidal pattern can still
be seen quite clearly in the thermocline layer,

indicated by a downward pattern on the isothermal
line 20 when the tide enters the receding phase. It is
also seen that the core of high salinity in the
thermocline layer also follows the tidal pattern. The
high-salinity core in the thermocline layer decreases
deeper when the tide is in the receding phase. Tidal
patterns that interact in these waters originate from
the Lombok Strait which is located in the southeast of
the Bali Sea (data collection location). The distribution
pattern following the tidal pattern begins to weaken
at a depth of 300m. The structure of the layering of
physical parameters in the Bali Sea is generally well
stratified and below 300m the vertical gradient
begins to weaken.

To investigating the distribution of salinity-
temperature and the character of the mass of water
in the the Bali Sea, a TS diagram has been plotted
(Figure 6.). The water mass in the Bali Sea comes
from the North Pacific Ocean (Hautala et al., 1996,
Ffield and Gordon, 1992, 1996) in the thermocline
and sub-thermocline (intermediate) layers, while the
Java Sea in the surface layer. The mass of Java Sea
water that is on the surface because it has a low
density because it is composed of fresh salinity and
colder water mass temperature.

The mass of Java sea water reaches the
waters of the Bali Sea because of the flow from the
South China Sea which enters from the Karimata
Strait and then into the Java Sea (Gordon et al.,
2010). Right between the Java Sea water masses,
there is a mixed water mass between the Java Sea
and the ITF west route that exits through the Lombok
Strait. Siregar et al. (2017) in his research found that
the seasonal average salinity during the east
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Figure 3. A vertical graph of physical parameters with color gradations according to the time of retrieval represented by the CTD
yo-yo retrieval number. Respectively for the parameters (A) Temperature, (B) Salinity and (C) Density. The black dotted

line is the boundary line of the thermocline layer
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monsoon was higher (31-34 psu) than the west
monsoon (29.5-33 psu), and the temperature during
the east monsoon was lower (27-30.5°C) compared
to the western monsoon (28.5-30.5°C). Arlindo
strengthens during the east monsoon and weakens
during the west monsoon. In the west monsoon, the
Java Sea is filled by the water mass of the South
China Sea, while in the east monsoon which coincides
with the Arlindo phenomenon, the water mass of the
Java Sea is filled by the water mass of the Makassar
Strait. while in the transitional monsoon the Java Sea
is filled by the water mass of the South China Sea and
also the Makassar Strait. This water mass was later
identified in the Bali Sea. This mass of water fills the
water column between the Java Sea and the ITF,
which is quite visible with the presence of diapycnal
mixing which is indicated by changes in water mass
properties (salinity and temperature) crossing the
isopycnal line.

The core layer of water mass with maximum
salinity at a depth of 150 m is known as North Pacific
Subtropical Water (NPSW) while the core layer S min
at a depth of 300 m is North Pacific Intermediate
Water (NPIW). Both entered Indonesian waters
through the ITF western route and experienced

changes in characteristics (temperature and salinity)
when passing through Indonesian waters due to the
complex dynamics of the waters. The complete
characteristics of the water masses that have been
identified can be seen in Table 1. The probability of
temperature, salinity and density for each mass of
water can be seen in Figure 7. It is clear that there is
a change in the characteristics of the core of the
water mass. The NPSW water mass undergoes a
change in density core. Previous studies have
identified NPSW in the isopycnal range from 24-24.5
kg.m3 (Atmadipoera et al.,, 2009; Kashino et al.,
1996). This study found the mass of NPSW water in
the isopycnal range of 24.6-25.4 kg.m3 which was
concentrated at 25.1 kg.m3. Still in comparison to
previous studies, this study found that the NPIW
experienced an increase in the density value in the
range of 26.4 - 26.7 kg.m3, although it was still with
the same value range, the previous study was 25-
26.5 kg.m3. The displacement of the core values in
isopycnal is a strong indication of the transformation
water mass due to turbulent mixing in the waters. The
peaks of the distribution of values for each parameter
are the core characteristics of the water mass in the
waters of the Bali Sea.
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Figure 4. The stratification profile of the Bali Sea layer at the time of yo-yo CTD measurement. The thermocline layer between the
upper and lower limits is gray. The upper and lower boundaries bordering the homogeneous layer are solid black lines
and black dots for the average value. The dotted lines are for values that are at the layer boundary, respectively for the
red color temperature, green color salinity and blue color density.

Tabel 1. Characteristics of the mass of seawater in Bali

Type Depth [m] Temperature [°C] Salinity [psu] Density [kg.m-3]
java Sea 1-41 27.87-29.99 32.76-33.19 20.13-21.07
java Sea - ITF 47-112 22.88-26.65 33.49-34.22 21.70-23.37
NPSW 122-197 15.60 - 19.69 34.53-34.7 24.55-25.54
NPIW 261 -387 8.87-11.46 34.42-34.49 26.26-26.72
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Figure 5. (A) Tidal elevation chart during the Yoyo CTD data collection period. Transverse profile to depth during the Yoyo CTD
data collection period for (A) Temperature, (B) Salinity and (C) Density.
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Figure 6. Identification of water masses in the waters of the Bali strait. (A) TS Diagram with description of the type of water mass,
purple Java sea, blue Java sea-ITF, green NPSW and yellow NPIW. (B) Position with respect to the depth of the water
mass identified in the Bali Sea. The color of each type of water mass is in accordance with the TS Diagram image.

Turbulent mixing analysis

The existence of instability in the water column has
the potential to trigger a mixture of water masses.
This can be expressed by calculating the value of the
buoyancy frequency or the Brunt Vaisala frequency.
The results of the calculation of the Brunt Vaisala (N2)
frequency from the overall CTD yo-yo sampling can be
seen in Figure 8 (red). It can be seen that the value of
N2 experienced a significant increase when it entered

the thermocline layer (pycnocline). The thermocline
layer in this study was found to coincide with the
pycnocline layer (Figure 3.). This pattern is similar to
that obtained by Guo et al. (2006) in the northern
South China Sea. The high value of N2 in the
thermocline layer is because in this layer the density
gradient increases significantly with depth (pressure).
The thermocline layer can be interpreted as the most
stable layer compared to the mixed surface layer and
the inner layer. If the value of N2 is higher, the static
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stability of a layer will be greater. In each repetition of
Yoyo's CTD retrieval, the value of N2 was quite high
and constant in the thermocline layer. This high N2
value condition begins to appear in the range of 40m
and persists to a depth of 210m. then below 210m
the value tends to be small and slopes to the last data
or depth when entering the deep layer.

The density inversion distribution in this study
uses data from CTD to evaluate the mixing conditions
in the water column. The relationship between density
inversion and turbulent mixing is closely related and
has been discussed in detail by (Thorpe 1977; Dillon
1982; Crawford 1986). The vertical density profile
obtained from CTD measurements has a water mass
instability structure that can be seen from the Brunt
Vaisala frequency value that has been obtained.
Displacement of a water mass parcel due to the
presence of a water mass parcel having a high density
value above a water mass parcel having a lower
density in an area of water can occur. Figure 8 (blue)
visualizes the unstable condition of the water mass is
representing a Thorpe displacement. Thorpe
displacement is obtained from the comparison of the
measured density value with the density that has

observed in this study showed a significant difference
between the thermocline layer and other layers. The
Thorpe displacement value in the thermocline layer in
all replicates of Yoyo CTD sampling shows a relatively
small value because the thermocline layer is a stable
layer.

Based on the estimation of mixing using the
Thorpe method, the range of energy dissipation and
diapycnal diffusivity values in Bali Sea waters is
obtained. This range of energy dissipation and
diapycnal diffusivity values was obtained from the
average every 50m on all repetitions of Yoyo CTD data
collection. The energy dissipation and diapycnal
diffusivity values can be seen in Figure 9. In this
study, the range of energy dissipation and vertical
diffusivity values was O (Ordo) 108 - 1012 W Kg* and
0 104 - 107 m2 s The distribution of energy
dissipation values at depth has a fairly large range
value. The largest range of energy dissipation values
is around the surface and the highest in the
thermocline layer. The range of energy dissipation
values successively decreases with increasing depth.
The diapycnal diffusivity range has a similar pattern

been rearranged. Thorpe displacement values to energy dissipation but with a different range.
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Figure 7. Probability of water mass characteristics based on the identified water mass type. The characteristics of the water
mass in the form of salinity, temperature and density respectively (A), (B) and (C) for the Java sea water mass. (D), (E),
and (F) for JS - ITF. (G), (H), and (I) for NPSW water masses. (J), (K), and (L) for the mass of NPIW water.
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Starting at a depth of 450m the range of
energy dissipation values decreases significantly and
finally starting at a depth of 500m the value range is
close to O 1010 - 1012 W.kg1. The range of diapycnal
diffusivity values decreases with increasing depth.
The range of diffusivity values on the surface to a
depth of 450m has a value that is quite close in the
range of 0 104 - 106 m2 s, It can be seen that there
is a significant difference when it reaches a depth of
500m, there is a spike in the value reaching O 101
m?2 s'1 until the value shifts smaller in the range of O
10% - 107 m2 s, The results obtained are not much
different from the research conducted by Munk
(1966) with the assumption of a balance of advection
and diffusion to obtain an average global diapicnal
diffusivity value with Kz 104 m2 s'1, More specifically,
Gregg (1998) and Polzin et al., (1995) in their
research obtained diapycnal diffusivity values of Kz
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106 m2 st and Kz 10> m?2 s'1. The diffusivity value in
the Bali Sea is equivalent to the open sea,
significantly different from the nearby waters, namely
the Lombok Strait, which has a rough water
topography. Water areas with high mixed values are
found above the rough topography (Ledwell et al.,
2000; Wu et al., 2011).

The average value and standard deviation of
energy dissipation and diapycnal diffusivity can be
seen in Figure 10. The average value of energy
dissipation in all replicates of yo-yo CTD data
collection and to depth is 1.58x10° W kg1 and the
vertical diffusivity value is 5.07x10° m2 s1. The value
obtained is small and identical to the value of the
open ocean when compared to the large value in the
Lombok strait. The Lombok Strait which is adjacent to
the Bali Sea is able to achieve energi dissipation value
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Figure 8. Vertical graph of Brunt Vaisala value (red) with smooth fit (black) and Thorpe displacement (blue). Figures (A), (B), (C),

(D), (E), (F), (G) and (H) are for CTD Yoyo 1, 2, 3, 4, 5, 6, 7 and 8 respectively, with the same Brunt Vaisala scale and

Thorpe displacement.

Seawater Masses Characteristics (G. Harsono et al.)

289



ILMU KELAUTAN: Indonesian Journal of Marine Sciences December 2021 Vol 26(4):282-297

Dissipation Energy

Vertical Difusivity

£ (W/Kg)
A

T

l =

FH

+
i

Kz (m?ts)

107 5

4.
10 T

107" 5

10 7

10 1

T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600 650

Depth {(m)

T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600 B50
Depth (m)

Figure 9. Graph of the range of values of (A) energy dissipation and (B) diapycnal diffusivity based on the average results of all
Yoyo CTD retrieval data with the orange line being the average value.

of O 105 W kg1 and diapycnal diffusivity at O 102 m?2
s1in the study of Purwandana et al. (2020); Nagai et
al. (2021); Yuliardi et al. (2021). The high value of
turbulent mixing is not only correlated with
topography but also with shear which encourages the
dissipation process. ITF flow in the thermocline layer
causes the energy dissipation value in the
thermocline layer to be greater than in other layers.
Turbulent mixing in the thermocline layer can be
driven by various factors, including surface winds,
internal waves, and internal tides.

Dynamics of the ocean and atmosphere

Figure 11 presents a plot of wind flow at the
time of yo-yo CTD data collection. The wind moves in
a dominant direction from southeast to northwest.
Indonesia's territory, which is located at the equator
and between the continents of Asia and Australia,
makes Indonesia's climate strongly influenced by the
six-month monsoon system (Aldrian and Susanto,
2003). It can be seen that the maximum wind speed
is in the ocean and weakens when it reaches land.
This is because the topographic contours of the land
are uneven and in the areas of Nusa Tenggara, Bali
and East Java, there are high mountains that are able
to reduce wind speed.

The wind that blows affects the flow of the
upper layer currents in the Bali Sea, especially in the
strait area due to intensification (Figure 12.). This
pattern appears mainly during the summer
(southeast monsoon) from April to October. When the
wind blows from the southeast to the northwest, the
wind will align with the islands in the archipelago
chain of Nusa Tenggara and Java. This will trigger
upwelling because the water mass is pushed away

from the land. There is a water mass vacancy that
causes lower sea levels throughout Nusa Tenggara
and Java (Wyrtki, 1987). In addition, this will cause a
pressure gradient between the northern and southern
regions so that it will increase the intensity of the ITF
flow (Wirasatriya et al., 2020).

The tidal dynamics can be seen in Figure 13. It
is clear that the difference in tidal elevation is quite
significant during the data acquisition area. The
highest tidal elevation is at the point of the Indian
Ocean. Indonesia is dominated by the M2 tidal
component which propagates from its starting point
in the Indian Ocean and enters Indonesian waters
and one of the gates is the Lombok Strait (Robertson
and Ffield, 2005). The Lombok strait has significant
harmonic components such as the O1 component in
the diurnal type, the semi-diurnal type has M2, the
long period has SA, SSA, MSF components and in
shallow waters the M6 significant harmonic
component is obtained. The influence of internal
waves based on SNR (Significant Noise to Ratio) is the
harmonic components M4, MS4, MSF and 01
(Pratomo et al., 2016). The tide enters the Lombok
Strait with significantly different elevations due to the
presence of a sill at the southern end of the Lombok
Strait. This reduced tidal elevation leads to the
conversion of tidal energy from barotropic to
baroclinic and into internal tides which are then
known as internal waves which have the same period
as the tide (Koch-Larrouy et al., 2007).

This study found that during yo-yo CTD data
collection it was clearly seen that there were internal
wave propagation from the Sentinel-1 satellite
observation. Pratomo et. Al. (2016) stated that at a
depth of 350 meters and 450 meters there was an
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interesting current pattern, the speed and direction of
the current tended to be north-northeast and south-
southwest. This is due to the influence of Arlindo and
the influence of long waves from the Indian Ocean
that enter the Lombok Strait. These long waves form

Dissipation Energy

an internal wave when they pass through the sill as
their propagation enters the Lombok strait. This
internal wave propagation spreads from the place of
its formation in the Lombok Strait towards the
southwest, close to the Kangean Islands (Figure 14).
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The mass flow of water in the Lombok Strait is
influenced by the presence of a sill as a specific place
for the formation of internal waves between the
islands of Nusa Penida and the island of Lombok with
a depth of up to 350m (Murray and Arief, 1988).
Research on internal waves in the Lombok strait has
previously been carried out using numerical models
(Aiki et al., 2011), satellite observations (Karang et

al., 2012), observations using Coastal Acoustic
Tomography (CAT) (Syamsudin et al., 2019) and high-
frequency comprehensive observation (Purwandana
etal.,, 2021).

Previous studies have found that this strait is
one of the straits with a very active internal wave
generation and the internal waves formed develop
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into solitary internal waves (ISW). This ISW
propagates from its formation in the sill not only in
one direction but in various directions. The internal
waves that are formed have three different
propagation patterns: southward, northward, and
both directions. This depends on ITF flow, water
stratification and tidal conditions at the time the
internal wave formation occurs (Susanto et al.,
2005). In this study, it was observed that ISW was still
strong enough to spread in the waters of the Bali Sea
to touch the Kangean Islands. At the time of yo-yo CTD
data collection, the distribution pattern of physical
parameters (temperature, salinity and density) can
still be seen quite clearly following the internal wave
pattern, especially in the thermocline layer.

Conclusion

Bali Sea have the characteristics of well
stratified seawaters which might be influenced by an
internal tides coming from Lombok Strait. Identified 4
types of water masses in a row, from the surface there
are Java Sea water masses, mixed water masses
between Java Sea and ITF, NPSW and NPIW with

modified water mass property characters. Vertical
distribution the water mass follows stratification and
there is no overlap between one type of water mass
and another. High Brunt Vaisala values were found in
the stable thermocline layer. This is in accordance
with small variations of the Thorpe displacement in
the thermocline layer. The estimation of turbulent
mixing parameters obtained energy dissipation value
of 1.58 x 109 W kg1 and diapycnal diffusivity 5.07 x
105 m2 st which is equivalent to the open ocean. This
proves the high value of localized mixing in certain
areas. The value of turbulent mixing is found to be
highest in the thermocline layer and decreases with
increasing depth. Atmospheric dynamics represented
by the wind at the time of yo-yo CTD data collection
showed that the southeast monsoon winds moved to
the southwest. The highest wind speed intensity is in
the middle of the Indian Ocean. The surface current
in the study area is dominant towards the south in
accordance with the ITF direction and intensification
occurs in the Lombok Strait due to the narrow
bathymetry of the waters. It is clear that there is
internal wave propagation during Yoyo CTD data
collection as confirmation of the similar pattern
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between the transverse profile of physical
parameters and tidal elevation.
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