
   

Water Mass and Indirect Estimation of Turbulent Mixing 
Based on Observational CTD Yoyo Data in Flores Sea  
Waters, Indonesia
Gentio Harsono1,2* , Amir Yarkhasy Yuliardi3 , Anindya Wirasatriya4 , Budi Purwanto2 , and 
Mario Cabral5

1Faculty of Science and Defense Technology, Republic Indonesia Defense University, Bogor. Indonesia
2Hydro-Oceanography Center, Indonesian Navy, Jakarta. Indonesia
3Department of Marine Science, Faculty of Fisheries and Marine Science, Jenderal Soedirman University, Purwokerto.        
 Indonesia
4Department of Oceanography, Faculty of Fisheries and Marine Science, Diponegoro University, Semarang. Indonesia
5Department of Marine Science and Fisheries, Universidade Nacional Timor Lorosa’e. Timor-Leste

ARTICLE INFO
Received: March 12, 2025
Accepted: April 30, 2025
Published: May 08, 2025
Available online: May 25, 2025 

*) Corresponding author:
E-mail: hgentio1969@gmail.com

Keywords: 
Water Mass   
Turbulent mixing 
Mixing CTD    
Yoyo method
Flores Sea

This is an open access article un-
der the CC BY-NC-SA license 
(https://creativecommons.org/li-
censes/by-nc-sa/4.0/)

Abstract 

The Flores Sea is on the western ITF trajectory connecting the Pacific and 
Indian oceans. Identification and quantification of turbulent mixing of water 
masses in the Flores Sea are essential for analyzing large-scale ocean circulation 
processes, including the circulation of the Indonesian ocean interior. However, 
direct estimations of turbulent mixing in the Flores Sea as a part of the ITF are 
underestimated. This research aims to determine water conditions, stratification, 
and water mass structures. This research used data obtained from the CTD 
instrument applying a Yoyo casting method deployed in March − April 2023. On 
the other hand, the Thorpe method was used to estimate turbulent vertical mixing 
based on the values   of energy dissipation and vertical diffusivity. The waters are 
stratified into three layers, mixed layer (1−50 m), thermocline layer (50−180 
m), and deep layer (180−500 m). The CTD data showed the presence of a stable 
thermocline layer dominated by ITF water masses carrying water masses from 
the Pacific Ocean (North Pacific Intermediate Water (NPIW) and North Pacific 
Subtropical Water (NPSW)) from the western ITF path. The energy dissipation 
value obtained at the study site was about 3.36E-07 W Kg-1 and the vertical 
diffusivity value was approximately 5.25E-05 m2s-1. The thermocline layer 
showed a large energy dissipation value which was strongly associated with the 
friction of the ITF, suggesting that turbulent mixing in this region is primarily 
driven by the interaction of ITF water masses with the surrounding environment.
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1. Introduction
Turbulent mixing processes play a significant role 

in amplifying the vertical transport of heat, maintain-
ing ocean stratification, and driving global currents 
(Wunsch and Ferrari, 2004). In addition, at the expo-
sure level, turbulent mixing also affects the redistribu-
tion of nutrients, pollutants, sediments and freshwater 
to the water column (Sharples et al., 2001). Ocean dy-
namics and climate variability are first-order governed 
by turbulent mixing processes that can currently only 
be resolved by means of parameterizations, typically in 
vertical diffusivity (Fox-Kemper et al., 2019). Several 
studies have focused on improving the parameteriza-
tion with respect to local flow characteristics (Gregg 
et al., 2018; Caulfield, 2021). The primary generating 
sources of ocean mixing in the surface layer are driven 
by wind stress and buoyancy fluxes (Liu et al., 2022), 
while in the water column, it is controlled by inertial 
motion forces and external/internal tidal propagation 
(Purwandana et al., 2020; Nagai et al., 2021).

The Indonesian Archipelago is the only low-lat-
itude link between the Pacific and Indian oceans, 
passing through rough bathymetry and narrow gaps, 
known as the Indonesian Throughflow (ITF) (Sprin-
tall et al., 2004; Nagai and Hibiya, 2015). On a time 
scale, its variation is intraseasonal to annual, and it 
is influenced by the difference in sea level of the Pa-
cific Ocean and Indian Ocean (Wyrtki, 1961; Susanto 
and Song, 2015; Sprintall et al., 2019). This region 
has many tidal mixing points as an interaction be-
tween flow and rough bathymetry, which is cited as 
one of the factors in changing the physical properties 
of seawater (Koch-Larrouy et al., 2010; Sprintall et 
al., 2014; Nagai and Hibiya, 2020; Purwandana et al., 
2020; Nagai et al., 2021). Explicitly, Ray and Susan-
to (2016) found the influence of tidal mixing on SST 
changes in the tidal cycle which is clearly visible in 
SST data using satellite observations. Therefore, Indo-
nesian waters play an important role in climate regula-
tion through changes in temperature and salinity in the 
Pacific and Indian Oceans that impact the dynamics of 
the monsoon system, the El Niño Southern Oscillation 
(ENSO) walker circulation and the Indian Ocean Di-
pole (IOD) (Sprintall et al., 2019).

The Flores Sea is on the western ITF trajectory 
that connects the Pacific and Indian oceans. The west-
ern ITF transports water masses from the North Pacif-
ic that enter Indonesian waters through the Sulawesi 
Sea, Makassar Strait, Flores Sea and some go directly 
to the Indian Ocean through the Lombok Strait (At-
madipoera et al., 2009; Sprintall et al., 2019) and it 
is identified as the North Pacific Intermediate Water 
(NPIW) and North Pacific Subtropical Water (NPSW) 

water masses characterized water masses through 
the western ITF route (Silaban et al., 2021). In ad-
dition to the western ITF water mass, the Flores Sea 
is also influenced by the eastern ITF recirculation in 
the northwest part of Banda. The Flores Sea is indi-
cated to be influenced by intra-seasonal, semi-annual, 
annual and inter-annual variability at work (Putriani 
et al., 2019). The ITF water mass entering Indonesian 
waters not only changes the temperature value which 
then becomes a climate regulator, but also affects the 
habitat of biota in the Flores Sea (Putri et al., 2021). 
The Flores Sea also receives the influence of internal 
waves that propagate from the place of generation in 
the Sape Strait as observed from satellite imagery (Ka-
rang et al., 2019). Many phenomena and ocean vari-
ability that occur in the Flores Sea make these waters 
quite complex and interesting to study.

Identifying and quantifying the turbulent mixing 
of water masses in the Flores Sea is essential for ana-
lyzing large-scale ocean circulation processes and the 
circulation of the Indonesian ocean interior. However, 
direct measurements have never been carried out to 
estimate turbulent mixing in the Flores Sea, specifical-
ly at the research site, and the estimated value is not 
known with certainty. Field measurements conducted 
by the Indonesian Navy Hydrography and Oceanog-
raphy Center (PUSHIDROSAL) in the waters of the 
Flores Sea as part of the Jala Citra 3 Flores Expedi-
tion aimed to understand and reveal the oceanographic 
conditions in the Flores Sea to complement the data 
and knowledge with respect to Indonesian waters. We 
attempted to use the newly acquired data in the ex-
pedition to fill the gaps in oceanographic data mea-
surements from previous ITF-related studies. This 
study aims to describe the general condition of the 
water, stratification and water mass structure in the 
Flores Sea, and estimate the dissipation coefficient 
and vertical diffusivity of turbulent mixing using the 
Thorpe Method acquired from the CTD instrument 
with “Yoyo” measurements. We describe herein our 
findings about the physical dynamics of waters in the 
Flores Sea, the transformation and identification of 
ITF water masses, and the value of turbulent mixing 
from indirect measurements.

2. Materials and Methods
2.1 Materials 

2.1.1 The equipments

We measured the depth, temperature, salinity 
and sound velocity profiles using the MIDAS SVX2 
CTD instrument package with the ship-derived Yoyo 
casting method. The MIDAS SVX2 CTD has a sam-
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pling rate of 8 Hz and a sampling period of 8 secs 
with a measurement interval time of 0.125 secs. The 
observation point is on the westbound ITF line (At-
madipoera et al., 2009; Sprintall et al., 2019) which 
is passed by internal wave (tidal) propagation that has 
previously been observed (Karang et al., 2019), that 
internal tides with large amplitudes are thought due to 
the interaction between tides and strong topography 
(Nagai and Hibiya, 2015).

The location of observation with initial coor-
dinates 122.3868o East and -6.5177o South and during 
low tidal conditions according to the measurement 
data at the Baubau tide station (the closest station to 
the CTD data collection location) (Figure 1B, 1C). 
9 profiles, with depths approximately ~500 m, were 
acquired between 22:02 local time on 26-Apr-23 and 
05:58 local time on 27-Apr-23 (Figure 1D).

  

 
 
 
 
 
 
 

Tidal data at Baubau station was provided by the Geo-
spatial Information Agency (BIG), accessed on 26-27 
Mar-2023, webpage http://srgi.big.go.id/tides/with a 
measurement interval of 1 min. Meteorological con-
ditions during the observation period were estimated 
using datasets retrieved from the European Center 
for Medium-Range Weather Forecasts (ECMWF) re-
analysis 5 (ERA-5). Wind parameters were obtained 
from https://cds.climate.copernicus.eu/ with spatial 
and temporal resolution of 0.25◦ × 0.25◦ and 1 h, re-
spectively (Hersbach et al., 2023). We displayed wind 
speed and direction data at locations and times that co-
incided with Yoyo CTD data. For current conditions, 
we used weekly near-real-time (NRT) data assimilated 
from in situ and satellite data (ARMOR3D) that can 
be accessed at https://data.marine.copernicus.eu/ with 
a temporal resolution of 0.25◦ × 0.25◦ and available up  
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Figure 1. (A) Indonesian transboundary currents westward (yellow line), eastward (orange line) and outward (purple 
line) (Sprintall et al., 2009; Gordon et al., 2010; Susanto et al., 2015) with red box highlighting the study area. (B) 
The study site is in the Flores Sea region, yellow triangle of Yoyo CTD collection site and red box of Baubau tidal 
station with bathymetry contours. (C) Tidal conditions at the time of CTD Yoyo data collection based on the nearest 
tidal observation station (Baubau). (D) CTD Yoyo data collection for 9 replicates between 22:00 and 06:00 local time.



to 50 depth levels (Guinehut et al., 2012; Mulet et al., 
2012). We chose 3 depth levels to observe current di-
rection and velocity: surface layer data for the mixed 
layer, 125 m depth for the thermocline layer, and 450 
m depth for the deep layer.

2.1.2 The materials 

Direct field observations were conducted us-
ing KRI Spica-934 provided by the Indonesian Navy 
Hydrography and Oceanography Center (PUSHI-
DROSAL) in the framework of the Jala Citra 3 Flores 
Expedition, focused on the Flores Sea as one of main 
routes of the western ITF (Figure 1A). The expedition 
was divided into 4 stages to collect oceanographic, 
meteorological, geological and biological data during 
the period of March to April 2023. The observations 
were divided into several CTD drop points based on 
predetermined stages. 

2.1.3 Ethical approval

 This study does not require ethical approval 
because it does not use experimental animals.

2.2 Methods
The field data was evaluated to determine the 

hydrographic structure, general characteristics and 
stratification of water masses at the study site on April 
26-27, 2023. The data acquired from the CTD were 
extracted, calculated and plotted. Water mass stratifi-
cation was analyzed using the calculation of tempera-
ture gradient changes to identify the thickness of the 
thermocline layer in the water marked by the upper 
and lower boundaries of the thermocline layer. The 
determination of the water mass layer is based on the 
temperature gradient, where the temperature gradient 
value of the thermocline layer is more than or equal to 
0.05 C/m (Hao et al., 2012). The structure of the wa-
ter mass during observation using the Yoyo CTD will 
be described or identified. By analyzing the values of 
temperature and salinity associated with a particular 
water mass, the type of water mass in a water body 
using the Temperature-Salinity (TS) diagram (Emery, 
2001) could be estimated. Water mass types have their 
own characteristics. Data was collected during the 
transitional monsoon so that the influence was not as 
strong as during the east monsoon.

2.3 Analysis Data
The vertical stability structure of the water 

mass was identified based on the Brunt-Väisälä and 
Thorpe displacement values identified from the 9 
replicates of the Yoyo CTD. The diapycnal (turbu-
lent) mixing that occurs can be measured based on 

the results of temperature and salinity profile mea-
surements (Ferron et al., 1998; Yang et al., 2014). In 
this study, the estimation of turbulent mixing based 
on density reversal occurred using the method intro-
duced by Thorpe (1977) and further developed by 
Dillon (1982). Calculation of potential density (ρθ) at 
each temperature and salinity profile from the Midas 
SVX2 “Yoyo” CTD instrument using the Gibbs-Sea-
Water (GSW) Oceanographic Toolbox (McDougall 
and Barker, 2011). Potential density is a variable that 
does not include density variations due to compress-
ibility (Jackett and McDougall, 1995), hereafter de-
fined as density. Meanwhile, the background buoy-
ancy frequency or frequency Brunt-Väisälä (N2) with 
limitation is estimated based on one-dimensional pro-
file sorting (Arthur et al., 2017). Each density profile 
will be sorted in a stable (gravity) configuration with 
the measured density to see any density inversion as 
the Thorpe length scale (LT) (Thorpe, 1977; Dillon, 
1982). The Thorpe scale (LT) value is defined as the 
RMS value for each turbulent patch di:

LT = (1/n ∑n
i=1

 Td2
i)(1/2)...........................................(i)

Where:  

n = the total number of data points or samples

Td2
i = the temperature deviation at point, 

i = the difference between the actual temperature and

a reference or mean temperature. 

Thorpe (1977) stated that the estimated length of the 
turbulent scale is associated with the occurrence of a 
water mass reversal and the water mass reversal has a 
close relationship with the Ozmidov scale. The rela-
tionship between the Ozmidov scale has been written 
in the equation:

Lo = ( ε/N3 )(1/2).....................................................(ii)

Where:   

Lo = the characteristic length scale associated with tur-
bulence  

ε = the rate of turbulent kinetic energy dissipation 

N = the buoyancy frequency, 

which describes the stability of stratified fluids. Esti-
mation of kinetic energy dissipation value by entering 
calculation components according to the equation:

ε = L2
o N 3.............................................................(iii)

The results of the energy dissipation calcula-
tion are entered into the equation:
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Kz = γε / N2............................................................(iv)

Where:   

Kz = the vertical eddy diffusivity, which quantifies the 
mixing efficiency in a stratified fluid.  

γ = is the mixing efficiency coefficient, typically de-
termined empirically, the mixing efficiency (γ) value 
used is 0.2 as stated by Osborn (1980) and Purwan-
dana et al. (2020).

3. Results and Discussion
3.1 Results

3.1.1 General conditions

The tidal system in Indonesian waters is tre-
mendously complex. It is generated by the interactions 
between bathymetry profile, coastline variation, and 
mixing of tidal wave propagation from the Pacific 
and Indian Oceans. This intricate interaction leads to 
unique tidal elevations, currents, and energy flux pat-
terns in the impacted region (Wei et al., 2016). Tides 
can be predicted based on the amplitude and phase 
lag values of their harmonic components, which are 
represented by co-phase and co-range. In Indonesian 
waters, the co-phase and co-range indicate that the M2 
semidiurnal tidal component is primarily influenced 
by the Indian Ocean. In contrast, the K1 diurnal tid-
al component moves in the opposite direction to the 
M2 semidiurnal tide (Ray et al., 2005). Reaching the 
Banda Sea and Flores Sea, a collision of two tidal 
waves takes place, resulting in increased amplitude 
in the Flores Sea, then moves westward to the Java 
Sea (Ray et al., 2005). In this study, a double daily 
inclined mixed tide type was clearly identified based 
on direct observation data at the Baubau tidal station 
(Figure 2A). Similar results were obtained by Atmaja 
et al. (2019) based on a model with the dominant M2 
tidal component and meridional tidal currents (north 
south direction).

Wind movement patterns in Indonesia gener-
ally follow the movement of the monsoons. The wind 
moves in different directions in each monsoon. In this 
study, the data was collected in April 2023, which 
is within the phase of the first transitional monsoon, 
strongly influenced by winds from Australia to Asia 
with the primary directions to the southwest/north-
west with a speed range of 1.4‒4.7 m/s (Figure 2B, 
2C). In the MAM-JJA phase, winds from the southeast 
(Australia) began to blow quite stably and gradual-
ly increased wind speed and began to align with the 
coastline on the southern island of Sulawesi (Habibi et 
al., 2012).  As a result of the southeast wind parallel to 

the coastline and the Coriolis force, the southern part 
of Sulawesi and the northern part of the Flores Sea 
have been identified as the upwelling zone (Kunarso 
et al., 2018; Kurniawan et al., 2018; Napitupulu et al., 
2022) where the transport of water masses away from 
the coast is the most significant factor in this event 
(Atmadipoera and Widyastuti, 2014).

The current flow in each layer is determined 
by its speed and direction. The vector overlay of cur-
rent direction and velocity (water mass circulation) 
during the study at the depth of the surface layer, 125 
m depth and 450 m depth is described in Figure 3. In 
each layer, the direction moves towards the east with 
the highest velocity in the surface layer of about 0.64 
m/s and successively decreases with increasing depth; 
at the 125 m depth, it reaches 0.45 m/s and at the 450 
m depth, it peaks at 0.40 m/s. The eastward propaga-
tion of currents from the eastern Java Sea to the Flores 
Sea continues to the Banda Sea occurs from Novem-
ber to May (Atmadipoera et al., 2009) and this circula-
tion is mainly influenced by surface winds. During the 
westerly monsoon, the eastern ITF disappears and is 
driven by water from the Java Sea and the eastern ITF 
reappears during the easterly monsoon (Du and Qu, 
2010). The current speed of the western ITF is usually 
stronger during the eastern monsoon (July to Septem-
ber) with a maximum speed of -0.8 m/s near 120 m 
and decreases during the western monsoon transition 
(Atmadipoera and Widyastuti, 2014). 

3.1.2 Hydrological structure 

The vertical profiles of temperature, salinity 
and density parameters are presented in Figure 4. The 
thermocline layer was identified at a depth of 50‒180 
m with a thickness of 130 m (Figure 4A). In the ther-
mocline layer, there are traces of water masses char-
acterized by maximum salinity with values close to 35 
psu (Figure 4B). The density profile shows a gradient 
that aligns with temperature, indicating a close rela-
tionship between temperature and density (Figure 4C). 
Temperature is a factor that significantly affects water 
delamination followed by salinity (Liu et al., 2016). 
Based on the observation of temperature against depth, 
three layers are well-observed, which will be used to 
analyze the mixing in each layer.

To see the transverse distribution of water 
mass at the study site based on the time of Yoyo CTD 
collection, a cross-sectional structure of the oceano-
graphic parameters (temperature, salinity and density) 
is made, shown in (Figure 5). The water stratification 
is well-observed, consisting of homogeneous layers, 
thermocline layers and deep layers. The surface layer 
shows minimal or relatively uniform changes in tem-
perature (> 29.5°C), salinity (< 33.5 psu), and density  
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(< 21 kg/m³). This layer starts from the surface layer 
to a depth range of 50 m. The thermocline layer was 
identified in the depth range of 50‒180 m. The isother-
mal and isopycnic lines are clearly visible due to sig 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nificant changes in values. The temperature parameter 
shows traces of water masses characterized by high 
salinity up to the study site. This water mass is iden-
tified with water masses from the Pacific Ocean that 

Figure 2. (A) Tidal period at Baubau observation station. (B) Windrose showing wind direction and speed and (C) 
Histogram of wind speed at CTD Yoyo observation point.

Figure 3. Spatial distribution of ocean currents at (A) Surface layer depth, (B) 125 m depth and (C) 450 m depth 
during the deployment of Yoyo CTD. Scale bar and current velocity vector (1 m/s) for each figure.
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Figure 4. Vertical profiles of (A) Temperature with description of mixed layer (ML), thermocline layer (TL), deep 
layer (DL), (B) Salinity and (C) Density. Color gradations indicate CTD replicates.

Figure 5. Cross-sectional profiles against depth during the CTD Yoyo data collection period (A) Temperature (B), 
Salinity and (C) Density in sequence.
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enter Indonesian waters through the ITF (Atmadipo-
era et al., 2009; Sprintall et al., 2019; Purwandana 
et al., 2020). After reaching a depth of 180 m (deep 
layer) the vertical gradient of temperature and densi-
ty is quite weak and tends to be homogeneous again. 
Meanwhile, the salinity parameter decreases with 
depth until the minimum salinity point and then be-
comes more homogeneous. The density value appears 
to have a similar gradient with temperature because in 
offshore or open waters the density value is more sig-
nificantly influenced by temperature (Liu et al., 2016). 

 After considering and reviewing the world 
water mass classification (Emery, 2001), this study 
identified 4 types of water masses (Figure 6). The 
first one is the Java Sea Water (JSW), identified at a 
depth of 0‒23 m with temperature and salinity rang-
ing from 29.1‒29.7 ◦C and 32.2‒33.4 psu, respec-
tively (Figure 6B). It is in the surface layer dominat-
ed by water masses with low salinity characteristics 
(fresh) which is associated with a strong influence 
from the Java Sea (Gordon et al., 2010; Susanto et 
al., 2012). The second water mass is water column 
between the surface and the ITF water masses, with 
temperature ranging from 36.5‒29.4◦C and salinity of 
33.6‒34.4 psu at a depth of 53 - 87 m (Figure 6C). 

 
 
 
 
 

This water mass was also previously identified in the 
Lombok Strait (Yuliardi et al., 2021) and Bali Sea 
(Harsono et al., 2021), which also aligns with the ITF 
of the Flores Sea from the Makassar Strait (Fan et al., 
2018). The third water mass, the NPSW water mass at 
105‒172 m depth, is characterized by a temperature of 
15.7‒23.8◦C and salinity of 34.5‒35 psu (Figure 6D). 
The fourth water mass is the NPIW water mass at a 
depth of 248‒343 m, characterized by a temperature 
of 9.6‒13◦C and salinity of 34.6‒34.8 psu (Figure 6E). 
The third and fourth water masses belong to ITF wa-
ter masses. The NPSW (NPIW) water mass is charac-
terized by maximum (minimum) salinity originating 
from the northern Pacific Ocean which enters the In-
donesian waters through the ITF (Atmadipoera et al., 
2009; Sprintall et al., 2019; Purwandana et al., 2020).

3.1.3 Turbulent mixing 

The vertical water mass stability structure is 
identified based on the Brunt Vaisala value and Thor-
pe displacement identified from 9 CTD Yoyo repeti-
tions which can be seen in (Figure 7). The relation-
ship between the Brunt Vaisala frequency and Thorpe 
displacement is clear enough to describe the stability 
of the water mass in a body of water. In general, all 
repetitions show the same/quite similar pattern. The  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. (A) T-S diagram with different water mass types with different colors, JSW (navy), JSW-NPSW (purple), 
NPSW (orange) and NPIW (yellow). Probability diagram of temperature and salinity in water mass types (B) JSW, 
(C) JSW-NPSW, (D) NPSW and (E) NPIW respectively.
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thermocline layer is the most stable layer compared 
to other layers, both in the mixed layer and the deep 
layer. The high level of stability is characterized by 
high values of Brunt-Väisälä and low values of thorpe 
displacement. 

In all replications, the Brunt-Väisälä frequen-
cy ranged from 9.75E-09 to 3.54E-03 cycles per hour 
(cycles/hr) and the Thorpe shift ranged from -22 to 
22 meters (m). We analyzed these data by depth layer 
for the study area in the Flores Sea as follows: Mixed 
Layer: Brunt-Väisälä frequency ranged from 1.41E-
07 to 9E-04 cycles/hr, with an average of 1.1E-04 
cycles/hr. The Thorpe shift ranged from -20 to 10 m. 
Thermocline Layer: Brunt-Väisälä frequency ranged 
from 1.35E-06 to 3.54E-03 cycles/hr, with an average 
of 3.39E-04 cycles/hr. The Thorpe shift ranged from 
-17 to 7 m. Deep Layer: The Brunt-Väisälä frequency 
ranges from 9.75E-09 to 7.64E-04 cycles/hour, with 
an average of 4.66E-05 cycles/hour. The Thorpe dis-
placement ranges from -22 to 22 m. 

This range reflects the vertical stability struc-
ture of the water mass, indicating that stability varies  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
significantly with depth, which affects the mixing and 
stratification processes of the water column. The ver-
tical stability structure of the water mass in the Flores 
Sea shows that the thermocline layer is the most stable 
layer based on the results obtained. The vertical struc-
ture of water mass stability is related to the vertical 
structure of turbulence that contributes to parameter-
ization in mixing. At mixing points with strong tur-
bulence, the formulation requires an understanding of 
physical processes (St. Laurent et al., 2002).

The distribution of energy dissipation rate and 
vertical diffusivity values with depth at the study site is 
shown in Figure 8. Based on the estimation of indirect 
mixing using Thorpe’s method, the energy dissipation 
value ranged from 1.02E-11 - 7.55E-06 W Kg-1 and 
vertical diffusivity ranged from 3.03E-07 - 2.16E-03 
m2 s-1. The largest range of energy dissipation values 
is observed around the surface and the highest in the 
upper thermocline layer and decreases with depth. In 
general, the range of vertical diffusivity values shows 
the same trend. The range of energy dissipation and 
vertical diffusivity values is quite wide and begins to 

Figure 7. Vertical profiles of Brunt-Väisälä frequency (red) and thorpe displacement (gray) for replicates (A) CTD Yoyo 
1, (B) CTD Yoyo 2, (C) CTD Yoyo 3, (D) CTD Yoyo 4, (E) CTD Yoyo 5, (F) CTD Yoyo 6, (G) CTD Yoyo 7, (H) CTD 
Yoyo 8, (I) CTD Yoyo 9, respectively. ML, TL, and DL are mixed layer, thermocline layer, and deep layer, respectively.
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narrow when entering the deep layer. The same pat-
tern is observed by Cuypers et al. (2017) that higher 
energy dissipation values are observed in the thermo-
cline layer. This could be due to the refraction effect 
of internal tidal energy stratification (Purwandana and 
Iskandar, 2020).

3.2 Discussion
3.2.1 Physical dynamics of waters

The dynamics of Indonesian waters are 
strongly influenced by various physical factors orig-
inating from both oceanic and atmospheric systems. 
The interaction between tidal forces, seasonal wind 
patterns, and air pressure distribution shapes complex 
ocean circulation patterns and affects the transport and 
mixing of water masses. Understanding these physical 
dynamics is essential for explaining hydro-oceano-
graphic variability in tropical maritime regions such 
as Indonesia. Semidiurnal tides from the Pacific and 
Indian Oceans (Roberton and Fields, 2005) propagate 
through the Eastern Indonesian Waters with M2 as the 
main component controlling the tidal propagation. The 
existence of these tides contributes to the transport and 
mixing of water masses in Indonesian Waters which in 
turn plays an important role in regional current flow 
and global circulations (Roberton and Fields, 2008). 
Air pressure and temperature rely on the differences 
in energy received by the earth’s surface and the wind 
blows from high to low pressure areas (differences in  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
air pressure) (Nontji, 2005). The Indonesian region is 
strongly influenced by the Australia-Indonesia Mon-
soon (AIM), which is part of the global monsoon sys-
tem in the southern hemisphere (Wang et al., 2014). 

The Indonesian region is seasonally influ-
enced by 4 monsoons, namely for December-Jan-
uary-February (DJF), well-known as the northeast 
monsoon, March-April-May (MAM) as the first tran-
sitional monsoon, June-August (JJA) as the southwest 
monsoon, and September-October-November (SON) 
as the second transitional monsoon (Aldrian and Su-
santo, 2003). Trade winds push water from the trop-
ical Pacific Ocean westward, causing higher sea lev-
els and thus forming a pressure gradient between the 
Pacific and Indian Oceans (Wyrtki, 1987). The slow-
est surface winds occur during the transitional period 
(April and November). During the peak of the West 
and East monsoons, the surface wind speed reaches 
its peak, resulting in higher mixing in the upper layer 
(Nababan et al., 2016). ITF water masses in the Flores 
Sea derive from the western and eastern passes of the 
Lifamatola Strait (Gordon et al., 2010). The western 
ITF branches out into the Flores Sea and partly into 
the Lombok Strait and the remnant circulates into the 
Bali Sea and then into the Flores Sea (Atmadipoera 
and Hasanah, 2017).

3.2.2 Characteristics of turbulent mixing parameters

The histograms of energy dissipation and ver-

Figure 8. Vertical distribution of (A) Energy dissipation (ε) and (B) Vertical diffusivity (Kz) in CTD Yoyo repli-
cates 1 - 9. The color description of CTD Yoyo replicates applies to (A) and (B).
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tical diffusivity of different layers (mixed, thermocline 
and deep) are shown in (Figure 9). The rate of ener-
gy dissipation and vertical diffusivity values with 1 
m depth data interval as individual counts. Each lay-
er has its own count range to highlight for clarity, as 
each layer consists of different amounts of data. Based 
on the amount of assessed data, most data were found 
in the deep layer, then the thermocline layer and the 
remnant were found in the mixed layer. In the mixed 
layer (surface), the energy dissipation rate is distribut-
ed fairly evenly, ranging from 1E-11 to 1E-05 W/kg, 
with no dominant peak observed (Figure 9A). While 
the vertical diffusivity values are in a fairly wide range 
ranging from 1E-06 to 5E-03 m2 s-1 (Figure 9D). In 
the thermocline layer, the energy dissipation rate rang-
es from 1E-11 to 1E-05 W Kg-1 with two peaks at 
5E-08 W Kg-1 and 5E-06 W Kg-1 (Figure 9B). Mean-
while, the vertical diffusivity values range narrowly 
from 5E-05 to 5E-04 m²/s (Figure 9E). In the inner 
layer, the energy dissipation rate is evenly distributed 
from 1E-11 to 5E-05 W/kg, with a peak at 5E-08 W/
kg (Figure 9C). Additionally, the vertical diffusivity 
values range narrowly from 5E-06 to 5E-04 m²/s, with 
a peak at 1E-05 m²/s (Figure 9F). The multi-modal 
distribution in the lower mixed layer and the uniform 
distribution in the surface layer indicate turbulence 
mixing driven by multiple forces (Mao et al., 2022).

 

 
 
 
 

 Next, we look at the layer values with an 
average per 50 m to make it clearer. The mean and 
standard deviation values of energy dissipation and 
vertical diffusivity were obtained (Figure 10). The 
near-surface layer has a relatively small value, then 
increases in the thermocline layer and then decreases 
again in the deep layer. The presence of strong ver-
tical shear friction from the presence of ITF flow is 
strongly suspected to be a factor in increasing the val-
ue of the energy dissipation rate in the thermocline 
layer (Nagai and Hibiya, 2020). The energy dissipa-
tion value obtained at the research location is around 
3.36E-07 W Kg-1 and the vertical diffusivity val-
ue is around 5.25E-05 m2 s-1. Based on the energy 
dissipation value of the observations that have been 
made, it is qualitatively quite consistent with the es-
timates made by Purwandana et al. (2020) using the 
CTD historical data set on the spatial distribution of 
energy dissipation in Indonesian waters. The value of 
the energy dissipation rate estimated at the research 
site has a smaller value than other studies at narrow 
locations as a mixing hotspot reaching O (Order) of 
1E-02 W Kg-1 (Nagai and Hibiya, 2015). While in 
general, the value of vertical diffusivity is qualitative-
ly close to the research of Ffield and Gordon (1992), 
obtaining a value of ~ 1E-04 m2 s-1 estimated using 
the advection-diffusion model in Indonesian waters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Statistical calculation of energy dissipation in (A) Mixed layer (ML), (B) Thermocline layer (TL), (C) 
Deep layer (DL) and vertical diffusivity in (D) Mixed layer (ML), (E) Thermocline layer (TL), (F) Deep layer (DL).
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4. Conclusion 

We investigated the water mass analysis and 
indirect estimation of turbulent mixing in the Flores 
Sea based on the acquisition of CTD instruments 
using the Yoyo casting method from 26 to 27 April 
2023 for 9 replicates. We found four types of water 
masses, i.e., Java Sea water mass (JSW), JSW-NPIW, 
North Pacific Intermediate Water (NPIW) and (North 
Pacific Subtropical Water) NPSW. The Brunt-Väisälä 
frequency ranges from 9.75E-09 to 3.54E-03 cyc/h 
with the largest value in the thermocline layer. Higher 
values   imply greater stability, indicating stratification 
and limited vertical movement of water masses. while 
the thorpe displacement ranges from -22 to 22 m with 
the smallest range in the thermocline layer. Positive 
displacements indicate the reversal and mixing of the 
water field, while negative values   indicate the deposi-
tion of denser water. In addition, the mixed layer and 
the deep layer have small Brunt-Väisälä values   and 
large thorpe displacement ranges. The energy dissipa-
tion value obtained from indirect measurements using 
Thorpe’s method at the study site is around 3.36E-07 
W Kg-1 and the vertical diffusivity value is around 
5.25E-05 m2 s-1. The thermocline layer is stable with 
a large energy dissipation value which is strongly as-
sociated with the friction of the ITF. While the study 
sheds light on the correlation between the thermocline 
layer and energy dissipation-vertical diffusivity linked 
to the Indonesian Throughflow (ITF) in the Flores  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sea, it has limitations. Relying solely on observational 
data may introduce uncertainties due to measurement 
variations, and the analysis overlooks potential con-
tributors to turbulent mixing. Future research should 
consider incorporating diverse observational tech-
niques, like numerical modeling and satellite remote 
sensing, to offer a more comprehensive understand-
ing. Additionally, exploring the impact of turbulent 
mixing on marine ecosystems and climate dynamics 
would enhance practical relevance. Addressing these 
limitations would strengthen assessments of oceanic 
dynamics in the Flores Sea, benefiting both scientific 
understanding and practical applications.
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